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FOREWORD 

The Office of Space Medicine, NASA Headquarters, at the request of the 
Apollo Program Office conducted a review of the existing qualitative and 
quantitative human data available for engineers and life scientists to develop 
design and operational planning criteria for manned spacecraft systems and 
operations. 

This study was conducted with five major goals in mind: 

1. To review existing Apollo documents, to extract information on 
human factors and r elated design standards, and to evaluate this 
information. 

2. To provide a comprehensive source of human factors data appli
cable to the Apollo missions which can serve as a source document 
and as a reference for all future manned space system require
ments. 

3. To assure a systematic coverage of the whole field which makes 
it possible to identify areas were available information is deficient. 

4. To produce a system for easy storage and retrieval of human 
factor s information. 

5. To ultimately provide for every critical environmental parameter 
a statement regarding (a) the range of normal function, (b) the 
range above and below normal where performance is impaired, 
and (c) the tolerance limits. 

This effort was conducted by an integrated working group consisting of: 

Lovelace Foundation, Albuquerque, New Mexico 

A. H. Schwichtenberg 
E. M. Roth (Editor of Compendium) 
S. Finkelstein 
G. W. Hoover (Consultant) 

Harvard School of Public Health, Boston, Mass. 

R. A. McFarland 
W. H. Teichner 
R. L. Craig 

Bellcomm, Inc., Washington, D. C. 
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P. R. Knaff 
A. N. Chambers 
T. A. Bottomley 

Office of Space Medicine, NASA H e adquarters, W a shington, D. C. 
J. W. Humphreys, Jr. 
J. Bollerud 

S. P. Vinograd 
F. B. Benjamin (Project Monitor) 
H. S. Brownstein 
E. J. McLaughlin 

Manned Spacecraft Center, Houston, Texas 
D. A. C a tterson 
L. F. Dietlein 
R. F. Johnston 

Human factors standards, as required for the specification of aparticular 
mission or program, can be defined as the qualitative and quantitative mea
surements of the desirable ranges and permissible limits of the environ
mental and man-machine system parameters which should be assumed to 
determine man's physiological and psychological functions. The parameters 
which, through their interaction, affect man's performance in any given 
space mission were categorized as follows: 

Physiological/Psychological Functions 
Environmental Parameters 
Mission Phases and Tasks 

In order to systematically analyze those interactions which should be 
considered in establishing human factors standards for future programs, a 
matrix was prepared to examine the effect of the Environmental Parameters 
on Physiological/Psychological Functions. The effect of mission type and 
duration on the significance of the matrix inter sections was evaluated using 
the following coding system: 

Code 0 

Code 1 

Code 2 

Code 3 

Empirical and theoretical factors regarding the 
relationships are unknown. 

The environmental parameter is critical to human 
function in the Apollo Project. 

The environmental parameter is not critical to human 
function in the Apollo Project, but may be in future 
manned space flight projects. 

The environmental parameter does not appear to be 
critical or applicable to human function in Apollo or 
in future missions. 

A copy of the matrix and detailed report examining the coding is available 
on request. 

iv 



It soon became clear that the environmentally induced degradation of 
human function and performance to be assumed by mission planners and 
system designers is very s ensiti ve to mis sion-specific variables. Thes e 
include duration and nature of the overall mission; the type and sequencing 
of tasks and subtasks; and synergism between environments. In order to 
derive an appropriate set of standards for a given mission, it is necessary 
to understand these subtle interactions. This is especially important in con
tingency planning where exposure to prior stres sful situations significantly 
alters the human response to a new environment. It was therefore felt that 
the fir st step in establishing a basis for futur e standards would be a compr e
hensive analysis of human responses to different environments with emphasis 
on the subtle pitfalls to be encountered in extrapolating to the space environ
ment many of the data obtained from previous studies of the Earth and atmos
pheric environments. 

In compliance with this specific purpose, the present document includes 
only the environmental-physiological interface under normal and abnormal 
environmental conditions. Because of extrapolation problems and the need 
for data on post-landing emergencies, extreme environments on Earth are 
included. The reaction of specific body organs and systems are covered 
only as they define the physiological and psychological responses to 
the degree required by life scientists working with mission planners. Much 
of the compendium is directed toward individuals writing specifications and 
standards for specific manned systems. For this group, effects of the en
vironment on psychomotor performance are stressed. Physiological and 
psychological mechanisms are covered only as they shed some light on cur
rent unknowns and permit extrapolation from inadequate human or animal 
data. The compendium, therefore, represents a compromise between the 
specific needs of the engineering community and those of consultants in 
the life sciences. It is not meant to be a design handbook in the usual engin
eering sens e. 

To prevent further delay, the document is being published at this time, 
although, in some areas, the information is still incomplete or lacking. The 
absence of specific information and reference to current studies is indicated 
at the appropriate points. If in any area, adequate information is unavailable 
and if this lack of information is crucial for astronaut function and perfor
mance, there is an indicated need for future research work. The compen
dium has already been used for establishing gaps in aeromedical research. 
In many cases, the combination of voluminous Earth-based data and limita
tion of space in this compendium tend to make the account in the text more 
representative than comprehensive. It is hoped that as the data are checked 
and continuously updated by experts in the various fields, any serious errors 
of omission or commission will be corrected. 

These volumes are the result of a considerable effort by a number of 
scientists and engineers. The basic organizational approach may have wide 
applications for many phases of manned space flight as well as for other 
human endeavors. The actual information is limited to space operations, 
but even within this limited frame, the material presented has to be further 
refined and the coverage increased as new data are made available. It was 
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suggested by many individuals that the compendium be pr es ented as a loos e
leaf book so that the updating could be limited to specific additions or dele
tions in pamphlet form. However, it has been the experience of the NASA 
Technical Publications Branch that, in the long run, periodic revision of the 
entire document is a more efficient way of handling the updating process from 
the point of view of both the us er and the publisher. 

The many suggestions offered by members of the NASA working group 
and by interested individuals in NASA and other organizations have been most 
valuable in defining the needs and scope of this project. Special thanks ar e 
due the board of scientific review for their critiques and valuable suggestions. 
Any errors which persist are specifically the fault of the editor in misinter
preting these suggestions. The members of the board of review were: 

Microwave 

Light 

Ultraviolet 

Radiation 

Magnetic Fields 

Electric Curr ent 

Thermal Environment 

Linear Acceleration 

Rotary Acceleration 

Zero and Sub-Gravity 

Dr. D. G. Cogan 
Dr. S. M. Michaelson 

Dr. J. H. Taylor 
Dr. R. F. Brissenden 
Dr. J. A. Bues s eler 
Dr. W. F. Grether 

Dr. H. F. Blum 
Dr. D. G. Cogan 

Col. J. E. Pickering 
Dr. W. H. Langham 
Dr. D. G;rahn 
Dr. C. A. Tobias 
Dr. C. C. Lushbaugh 

Dr. D. Beischer 

Dr. A. R. Moritz 
Dr. W. B. Kouwenhoven 

Dr. A. P. Gagge 
Dr. W. V. Blockley 

Dr. R. M. Chambers 
Dr. W. J. White 
Dr. M. McCally 

Dr. A. Graybiel 
Dr. R. W. Stone~ Jr. 
Dr. W. J. White 

Dr. E. C. Wortz 
Mr. D. E. Hewes 
Dr. J. M. Christiansen 
Dr. H. J. Von Beckh 
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Zero and Sub-Gravity 
( continued) 

Impact 

Vibration 

Sound and Noise 

Contaminants 

Nutrition 

Water 

Anthropometric and 
T emporo-spatial 
Environment 

Dr. 

Dr. 
Dr. 
Dr. 

Dr. 
Dr. 

Dr. 
Dr. 

Dr. 
Dr. 
Dr. 

Dr. 
Dr. 

Dr. 
Dr. 
Dr. 
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Dr. 

Mr. 
Dr. 
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S. 

G. 
J. 
E. 

H. 
F. 

A. 
K. 

B. 
U. 
K. 

A. 
H. 

D. 
C. 
A. 

P. 
A. 

G. 
R. 
J. 
A. 

J. Gerathewohl 

C. Mohr 
J. Swearingen 
B. Weis 

E. von Gierke 
Pradko 

Glorig 
D. Kryter 

Balke 
C. Luft 
E. Schaefer 

A. Thomas 
E. Stokinger 

H. Calloway 
F. Consolazio 
Keys 
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R. Slonim 

A. Rathert, Jr. 
Trumbull 
F. Kubis 
Damon 

The Editor wishes to express his thanks to Drs. T. Morris Fraser and 
Douglas E. Busby for permitting summary materials from published and un
published review studies performed at the Lovelace Foundation to be used 
directly at several points in the compendium. 

Many thanks are due Miss Dorothy Tyson, Mrs. Irene Brian, and the other 
members of the secretarial and document library staffs of the Department of 
Aerospace Medicine and Bioastronautics, Lovelace Foundation, for the typing 
and proofreading of this compendium. The art work of Mr. Fred Rupprecht 
editor and technical writer, and of Mr. Martin J. Schortje, Jr., and co-workers 
in the Department of Medical Illustration of the Lovelace Foundation are grate
fully acknowledged. Appreciation is also extended to Mr. Don L. Hoxie of the 
NASA Technical Publications Branch for his help in establishing the format and 
printing requirements of this document. 

Special thanks are due Dr. Fred B. Benjamin of the Office of Space Medicine, 
NASA Headquarters for his enthusiastic aid in coordinating and monitoring 
the varied aspects of this project. 

The Editor 
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Notes for the User 

The compendium is divided into 16 environmental categories as indicated 
in the general table of contents at the end of thes e notes. Each of the 16 en
vironments has its own table of contents subdividing the text into sub-sections 
required for a logical pres entation of the subject. (See volumes I-III.) 

Conversion tables covering physical, biological, and engineering terms 
us ed in this compendium follow the last section of text. (See volume IV.) 

At the end of the compendium is an alphabetic subject index covering all 
of the sections. Following each subject notation in the alphabetic index is the 
environmental section, page number in that section, a nd also the figure or 
table number where that subject is covered or even mentioned. In some cases 
the figure or table may be self explanatory; in others, perus a l of the text is 
required for appreciation of the full meaning and utility limits of the figure 
or table. A table of environments precedes the index for handy refer.ence. (See 
volume IV.) 

way: 
Acknowledgements for figures and tables have been noted in the following 

"Afterll-graphic material photocopied directly from stated reference. 

llModified from 11 -minor changes made in graphic material from stated 
reference. 

llAdapted from 11 -major changes made in graphic material or data presen
tation of the stated reference. 

At several points throughout the text whole sections were taken almost 
directly from recent summaries of the subject. Subtitles covering these 
sections will be referenced to the author of the summary and/ or a statement 
made in the text to the same effect. It is felt that scattered quotation marks 
in summary material only confuse the reader. Quotation marks will be reserved 
for those quoted statements with which the author specifically wishes to agree 
or disagree. 

Since it is planned to update this compendium periodLcally, notification 
of any errors of omis sion or commis sion and suggestions for improvement 
of content or format by the user will be much appreciated. Kindly address 
comments to: 

Director of Space Medicine 
Code MM 
National Aeronautics and Space Administration 
Washington, D. C. 20546 
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1. MICROW AVE RADIAT ION 

The radiofrequency portion of the electromagnetic spectrum is subdivided 
into wave bands according to the schematic noted in Table 1-1. The term 

~ave Band 

VLF 
LF 
MF 
HF 
VHF 
UHF 
SHF 
EHF 

Table , -, 

Wave Band Division and Designation 
in the Radiofrequency Spectrum 

Radiofrequency Bands 

Frequency Wavelength 

<30 kHz > 10 krn 
30-300 kHz 10-1 krn 
300-3,000 kHz 1-0.lkrn 
3-30 MHz 100-10 rn 
30-300 MHz 10-1 rn 
300-3,000 MHz 1-0. 1 rn 
3-30 GHz 10-1 crn 
30-300 GHz 10 -1 rnrn 

Radar Freg,uency Bands 

Radar Band Frequency Wavelength 

p 225-390 MHz 133.3 - 76 . 9 crn 
L 390-1550 MHz 76.9 - 19.3 crn 
S 1. 55 - 5. 2 GHz 19. 3 - 5. 77 crn 
X 5.2 - 10.9 GHz 5. 77 - 2 . 75 crn 
K 10.9 - 36 GHz 2.75 - 0.834 crn 
Q 36 - 46 GHz 8. 34 - 6. 52 rnrn 
V 46 - 56 GHz 6. 52 - 5.36 rnrn 

microwaves will be taken to include electromagnetic energy with wavelengths 
in the range of 1-300 cm or wave frequencies between 30,000 and 100 mega
hertz (MHz). Millimeter and submillimeter waves are currently being ex
plored for use in space communications (14 • 33). Basic data on the engin
eering aspects of microwave hazards with methods for calculating power and 
energy factors are available ( 20 • 79 • 80 ). 

Absorption and Penetration 

The absorption coefficient (IJ.) of microwaves in tis sue is defined by the 
exponential relationship 

-II d 
I = I e I'-" 

o 

giving the attenuation of intensity from I to I which a plane wave suffers as 
it propagates through a layer of thicknes~ d. The inver s e of IJ. or depth of 
penetration, D. is the distance covered by the radiant form of energy until 
its intensity is reduced to 1/ e = O. 37, its original value. In the microwave 
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case, both ~ and D are determined by the electrical and magnetic character
istics of the propagating matter. Biologic materials have no magnetic los ses 
and their magnetic permeability is for all practical purposes identical with 
that of free space. 

The heat (H) developed per unit volume is obtained from the derivative 
of this equation: 

H = ~I ( 1 ) 

Hence, from a knowledge of~, it is possible to determine the distribution of 
heat sources. The absorption coefficient and, therefore, depth of penetration 
in tissue appears to be an inverse function of the wavelength and follows the 
equation: 

( 2) 

where ()... = wavelength in air in cm, 8 = dielectric constant, p = 11K = specific 
resistance in Ohm-cm ( 60 ,61 ). Hence 8 and K are found to be the essen
tial material constants which determine the development of heat in tissue. In 
the case of several different layers of material the simple equations are sub
ject to corrections which take into account that waves are in part reflected at 
each interface separating different tissues. The principles which determine 
the electrical properties of tissues and cell suspensions have been outlined 
and empirical data have been analyzed and well summarized ( 12 , 59 , 61 
65 ). 

The dielectric constants and specific resistances of different tissues are 
known and can be used to calculate penetration depths ( 10 ,21 , 27 , 62 , 
66). The data ar e summarized in Table 1- 2. Both dielectric constant and 
conductivity are temperature dependent. However, the temperature depen
dence of the conductance is much more pronounced than that of the dielectric 

68 10 constant. In the band of 50 -1 00 MHz, the value of 100 -- C for most 
6 0 8 

ranges only from -0.4 to 1.3 and the 100 -p- I C, from -4.9 to -1. 3. 
p 

tissues 

The depth of penetration of microwaves in tis sue has been determined. 
Figure 1-3 represents the frequency dependence of penetration. Tissue with 
a low water content is penetrated by the radiation to a considerably larger 
extent than tissue with high water content such as muscle. In each case, the 
depth of penetration decreases rapidly with increasing frequency. For exam
ple, the wavelength of 2500 MHz provides a depth of penetration of about 9 
mm in muscle. For a frequency of about 900 MHz, the depth of. penetration 
is double that attained with 2500 MHz. The comparatively high depth of pene
tration in fatty tissue seems to indicate an ability of the waves to penetrate 
the subcutaneous fat without major energy loss and thereby to become avail
able for heat transfer in the deep tis sues. This would only be true if all the 
energy which reaches the muscular and other deep tissues would be absorbed 
by them. Partial reflection of electromagnetic waves will occur at the inter-

1-2 



Table 1-2 

Dielectric Constant and Specific Resistance of Body Tissues at 37°C 

(After Schwan (61)) 

fREQUENCY I N MHz 

25 50 I 100 I 200 I 400 I 700 1 ,000 I 3000 I 850Q 

Dicle.clric con,tant f 

Muscle 103-115 85-97 71-76 56 62-,54 52-,53 49-52 46-48 4H2 
Heart muscle 59-63 52-,56 60-s5 
Liver 136-138 88-93 76-79 60-s6 44-,51 42-,51 46-47 42-43 34-38 
Spleen 200 136-140 100-101 
Kidney 200 119-132 87-92 62 63-,56 60-s3 
Lung 35 35 34 
Slcin 85 46-48 43-46 4H5 36 
Brain 160 116-114 81-63 
Fat 11-13 4.6-7.5 4-7 5.3-7.5 3 . 9-7 . 2 3.6-4 . 5 
Bone IIIUrroW 6.8-7.7 4.3-7.3 4. 2-,5.8 4.4-,5. 4 

8'{1«;i/tc re8i6lance p 

~fu8cle 113-147 95- 105 86-90 73-79 76-79 43-46 12 
Heart mU8cle 95-115 86-100 78-95 
Liver 186-210 173-195 154-179 116-150 106-130 86-115 98-106 49-,50 16-17 
Spleen 128-151 
Kidney 96-145 90 85 76-77 
Lung 26H50 160 140 130 
Skin 126-140 116-130 96-110 37-,50 14 
Brai n 220 196-210 186-195 
Fat 1700-2500 1056-3500 900-2800 676-1200 440-900 246-370 
Bone marrow 2800-s000 1006-2300 445-860 216-600 

100 

{
BONE 
YELLOW MARROW 

E 
u 
"0 10 

C' 
0 FAT 

'0:; 

~ ..... 
Q) 

C 
Q) 

a.. 
..... 
0 

..c ..... 
c. 
0.> 
0 

O.IL-_______ L,,-______ ~=~ 
100 1000 

Frequency in MHz 

Figure 1-3 

Depth of Penetration d of I ypiCClI ",-issue:; 0 5 :-unction of Frequency. 
Average Fat Data Have Been Chosen, Not Reflecting Variability of d 
with Water Content. 

(Adapted From Schwan (60, 67)) 
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face separating different media. The relative amount of the total energy, 
which will be reflected, is determined by the dielectric constants and specific 
resistance values of the different media ( 61 ). 

A large part of the total energy which penetrates through subcutaneous 
fat and reaches the muscular tissue is reflected. The reflected waves super
impose with the incident waves to form a standing wave pattern. Typical 
patterns of the resultant distribution of heat sources are given in Figure 1-4, 
for various frequencies. They illustrate the pronounced effect due to the 
processes of partial reflection at fat muscle boundaries. 

'" > 

1.0 

~ 0.4 

~ 
'" a: 

\\; 
\. 

'.\ 
'. \ 
\ . 
'. \ 
'. \ 
\ . 
.. '\ 

\ '" \ . 
'. '-. , ....... 
',~ ............. 9,00 

, --. 
'" --'--

~ __ L-__ L-~LL __ L-__ L-~L-__ L-__ ~ 
3 2 cm \ 0 cm 6 

I----FAT ----tl----- .. USCLE -----------l.1 
Figure 1·4 

Distribution of Heat Sources in Subcutaneous Fat and Muscle. The Data 
Demonstrate How the Distribution of Heat Sources Changes with Frequency. 
All Frequencies Are Given in MHz. 

(After Schwan (61)) 

Because of the complex reflections which would result, it appears im
possible to construct a dosimeter which measures reproducibly the local 
absorbed energy. Biological effects must therefore be correlated with 
"distant field" power density measured in watts / cm 2. 

The relative distribution of heat sources, as pictured in the fat-muscle 
complex, is not affected by the pres enc e of the skin layer. However, at the 
boundary separating skin and subcutaneous fat an additional pronounced re
flection results, reducing the total amount of energy delivered into the fat
muscle complex. 

Thermal Factors in Microwave Absorption 

The total distribution of heat sources in the skin- subcutaneous -fat-
mus cle complex and by summation, total heat outputs in skin, fat and mus cle 
have been determined ( 62, 66 ). Under the simplifying as sumption that the 
radiation strikes at a right angle to the surface of the body, Figur es 1- 5 and 
1-6 represent absorption data for various skin thicknesses and amounts of 
subcutaneous fat at various fr equencies. The figur es illustrate that at fre
quencies lower than 1000 MHz, most of the energy reaches the deeply 
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150 MHz 

~ 
~ '0 

>-
'" a: 20 

100 

00 

_ 100 

::!? 
~ 

900MHz 

---------

Figure 1-5 

Percentage of Air-Borne Microwave Power 
Absorbed by the Body as a Function of 
Thickness dF of Subcutaneous Fat Layer 
and ds of Skin . All d Values are in cm. 

LU 0 dr(cm} 

>
'" a: 

Z 
LU 

o 100 
LU 
CD 
a: 
~ eo 
CD 
~ 

400MHz 

LU 
Z 
LU 

o 
LU 
CD 
a: 
o 
(/) 

CD 
~ 

.O~=::::==-__ --

(After Schwan (60)) 

400MHz 900MHz 3000MHz 10000MHl 

WOOF..- 10D---_', IOO~" _',_ F 100~ 
~ M M ~ ~ 

M M 

00 I 2 3 00 I 2 3 00 I 2 3 00 I 2 3 

Figure 1-6 

Heat Development in Skin (S), Subcutaneous Fat (F) and Deeper Situated Tissues (M) Are Given 
in Per Cent of Total Energy Absorbed by the Body as Function of Thickness of Subcutaneous 
Fat in cm. The Upper Row of Graphs Holds for a Skin Thickness K = 0, the Middle Row for 
K = 0.2 cm and the Lower One for K = 0.4 cm. The Solid Curves Pertain to Fat with High 
Water Content and the Dashed Curves to Dryer Fat. The Shaded Areas Emphasize the Heat 
Developed in Fat in the Wet Case. For Any Particular Combination of Values of Frequency, 
Thickness of Skin and Fat, the Sum of Al l Heat Contributions Developed in the Three Layers 
is 100 Per Cent in This Presentation. 

(After Schwan and Li(62)) 

1 -5 



l __ 

situated tissues and that for frequencies above 3000 MHz most of the radiant 
energy is absorbed in the skin. Between 1000 and 3000 MHz, transition from 
deep heating to surface heating takes place. At frequencies well below 1000 
MHz and at high frequencies above 3000 MHz, the percentage of absorbed 
energy is nearly independent of skin and subcutaneous thicknes s and is about 
40% of the airborne energy. In the range from 1000 to 3000 MHz, 20 to 100% 
of the airborne energy may be absorbed by the body depending on the thickness 
of skin and subcutaneous fat. The complexity of the situation prevailing in the 
1000-3000 MHz band reflects the fact that in the mentioned frequency range, 
both skin and fatty tissue layers of the exposed body can act as a tuning ele
ment to !!match!! or grossly "mismatch" impedances of various tissue com
binations and air. 

The specific temperature attained at any depth is a function of the per
cent of energy absorbed, the specific weight and heat of the tissue and the 
heat exchange with blood and other tissue. The complexity of these inter
actions precludes a rigid analysis from first principles of local deep body 
temperatures attained under specific conditions of wavelengths, power density, 
and time. It is estimated from theoretical models that strong differences, 
which characterize the temperature elevations for various frequencies in the 
beginning of the application of the microwave energy, disappear in time (11 ). 
The spatial temperature distribution changes but little with time for all fre
quencies in excess of 3000 MHz. This reflects the fact that depth of pene
tration becomes so small above 3000 MHz that heat conduction rather than 
true penetration of radiant energy determines deep tissue temperature to a 
great extent. Radiation of such high frequency that heat tends to be developed 
at the body surface, is much less apt to cause intolerable elevation of total 
body temperature than radiation of lower frequencies. Presence of thermal 
receptors in the skin, however, increase the sensitivity of this part of the 
body to heat loads. Presently available knowledge makes it difficult to state 
how much more heat generated at the body surface is tolerable than heat 
generated in the deep tis sues. A more differ entiated dosage statement must 
wait, therefore, until more research has been done concerning this aspect of 
heat physiology. 

Data are available on thermal effects of electro-magnetic fields below 
100 MHz ( 61). These fields have been used in ultra-short wave diathermy. 

Microthermal Effects 

Since membranes which surround body cells have little effect on elec
trical properties of tissues at frequencies above 300 MHz, electromagnetic 
waves and fields proceed without being affected by the cell membranes (61 ). 
Hence, the cell interior and exterior are exposed to the same electric field 
and since their electrical characteristics are found to be fairly similar, are 
warmed up to nearly the same extent. As a cons equence, electromagnetic 
waves cause rather uniform "volume" heating, not only on a macroscopic, 
but also on a microscopic level. This volume heating is probably due 
entirely to the movement of ions of the tissue electrolytes with the electrical 
field. 
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The similarity of the electrical properties of the cell interior and exter
ior' which is observed at ultra-high frequencies, leaves little room for speci
fic actions of electrical fields on the individual cells, unless it is considered 
possible that certain molecular components respond selectively to the elec
trical field and that these are responsible for detectable reactions. Even 
more definitely can one exclude the possibility of a specific thermal effect on 
a microscopic level (56,57). Such specific thermal heating is impossible 
even if vastly different dielectric properties of cells and surrounding medium 
are assumed. For the nearly identical values which hold in the frequency 
range of interest here, it is even more impossible. This follows from a nu
merical discussion incorporating dielectric data for cytoplasm and membranes 
of cells utilizing formulas already published (30, 64). It is still considered 
by some that low intensity effects of microwaves may be based on microther
mal reactions (46). However, selective heating on a macroscopic level, due 
to differences in the electrical properties of various tissues may be antici
pated as seen in Figures 1-2 and 1-3. Specific irradiation of the skull with 
heating of the brain may be more critical than other body sites (29, 40). 

Nonthermal Effects 

The pos sibility of nonthermal effects has been the subject of much inter
est. However, a review of the literature, which claims the existence of such 
effects, fails to be quantitatiVely convincing (61). This by nO means excludes 
the pos sibility of nonthermal effects. More res earch, especially conducted 
from a more quantitative point of view, is needed to clarify this point. The 
only example of nonthermal effects which has been the subject of much de
tailed analysis is the tendency of microscopic particles to become rearranged 
under the influence of electrical fields and form chains of particles in the 
field direction. This pearl-chain effect was first reported in emulsions of fat 
particles expos ed to high fr equency fields (41). A more complete treatment 
of this and related phenomena has recently been given, but no specific bio
logical effects can be deduced (55,63, 70). Other nonthermal effects on pro
teins, enzymes, water, nervous tis sue, etc., quoted in the Soviet and 
American literature are biologically interesting but have never been clearly 
shown to be related to specific symptoms and signs in man (2, 3, 5, 6, 17, 
18, 23, 24, 36, 43, 50, 52, 69, 70, 74, 78) . 

Microwave Effects on Animals 

Because of the early recognition of microwave hazards and control of 
exposure situations, few data are available on the accidental exposure of 
humans to excessive levels of microwaves. 

Many animal studies with microwaves have been limited to small fur bear
ing cr eatures with high coefficients of heat absorption, small body surface, 
and relatively poor heat regulating systems compared to humans. The whole 
body of the animal is usually immersed in the beam. However, studies have 
been made of dogs, monkeys,and sheep. Unfortunately, the many factors 
which influence the response of animals, such as frequency or wavelength, 
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time (period of exposure). irradiation cycle rate, air current, environmental 
temperature, position of the animal in influencing resonant conditions and 
standing waves, effect of reflections, difference in the sensitivity of organs 
and tissues, use of anesthesia or tranquilizer drugs, and, last but not least, 
the type of animal, make comparisons very difficult. The effects can be 
summarized as total body, ocular, and testicular. 

Total Body Effects 

The magnitude of the rise in body temperature depends upon the degree 
of imbalance between heat production and heat loss. If the rise of tempera
ture is excessive, the damage produced is indistinguishable from that due to 
fever of any origin. (See Thermal Environment, No.6). During the rise in 
temperature, reactions indicative of a nonspecific pituitary-adrenal response 
to stress occur, including a sharp decrease in eosinophils and lymphocytes, 
and a rise in leukocytes (19, 29, 37, 42, 43, 45, 69). Severe hyperpyrexia 
carried to the point of death results in diffuse degenerative lesions through
out the body, including renal tubular degeneration, myocardial degeneration 
and necrosis, hemorrhagic lesions in the gut, respiratory tract, liver, and 
brain. Fatally exposed animals develop acidosis, hyperpnea, and tetany, and 
finally die of respiratory arrest (31). (See Figure 1-7). 

Nervous System 

Exposure of animals to microwaves of low intensity, which do not pro
duce any appreciable thermal effect «10mW/cm 2 ) lead to functional changes 
according to some Russian workers (15, 23, 25, 35, 36, 46). Such changes 
take place mainly in the nervous and cardiovascular systems (change in 
excitation and inhibition relationships in cerebral cortex, change in rhythm 
of cardiac activity, etc.). Possible neuro-endocrine response such as in
creased thyroid activity has also been found in dogs (43). These changes 
were observed both with chronic and with single exposures and have been 
termed as nonthermal, specific effects of microwaves (23). The varied 
effects of microwaves on animal behavior have been recently reviewed (75). 

Eye 

Localized microwave radiation at certain frequencies, either continuous 
or pulsed, causes a rise in intraocular temperature and the formation of 
opacities in the lens (5, 9, 19, 34, 53, 61, 68, 82, 83). Over the several 
wavelengths studied, from 400 - 3000 MHz, the threshold for damage after 
expo sur e of more than about 20 minutes was in the range of 100 - 200 mW / cm 2. 
For les s than about 20 minutes, the damage threshold increas es. (See Figur e 
1-7). In the fr equency range of 5400 to 5500 MHz, a power density of about 
800 mW / cm 2 for 20 minutes causes lenticular changes in the eyes of 50 per
cent of exposed rabbits (83). At subthreshold power levels, there is still 
some question regarding the cumulative effects on the lens (5, 68). Differ
ences in patterns of peak puls e levels and off time between puls es may be 
critical factor s. 
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Testis 

The characteristic lesion found in the testis is a degeneration of the 
epithelium lining the seminiferous tubules, and a sharp reduction in the num
ber of maturing spermatocytes in the lumen. There is patchy irregular dis
trIbution of damage within the testis, adjacent tubules often showing markedly 
different degrees of degeneration. The damage is almost certainly reversible 
except in severe cases (19, 31). A very conservative threshold for testicular 
damage in the dog expos ed to 3000 MHz microwaves under tranquilizer s eda
tion for several hour s is around 5mW / cm 2 (19). 

Figure 1-7 summarizes threshold curves in the dog for 3000 MHz micro
waves of relatively high absorptivity. These curves separate dose rate levels 
which do no damage from thos e which are dangerous. For prolonged expos
ure, these threshold levels are independent of exposure time, while for short 
exposure, the response is a function of dose and time making it dose-rate 
dependent. Differ ent curves pertain to the three specific effects becaus e 
different levels of critical temperature elevation must be considered. For 
example, for continuous exposure, cataracts result if the eye temperature 
reaches at least 450 C, but much lower temperature elevations in excess of 
lOC are considered intolerable from the point of view of testicular damage, 
even though not necessarily fatal. These represent animal data most perti
nent to man. 

1000 

~..:...:---\ ~EYE_ 
100 

I 
(mw/cm') 

10 

I 
Imln. 

',~ _________ --"-WH:.:.:O,-,=L,,,-E....::B:..:::O.::.OY,--__ 

TESTIS 

I I 
I h, I day 

, (seconds) 

Figure 1-7 

Threshold Field Intensities as a Function of Time of Exposure to 3000 MHz 
Microwaves (10 cm) for Three Sensitive Structures in the Dog. 

(After Ely and Goldman (19)) 

Microwave Effects in Humans 

Knowledge regarding human exposures to radar has been on a retrospec
tive basis. In the U. S. A., a large group of radar-exposed employees, along 
with a control group, were put under a four-year surveillance program (4). 
During this period, they underwent repeated physical and eye examinations. 
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Detailed hematological and other laboratory investigations were carried out. 
The examinations failed to detect any significant changes in the physical in
ventories of the subjects. The incidence of death and chronic dis eas e, sick 
leave and subject complaints was comparable in both groups. A high per
centage of eye pathology was identified, but none with causal r elation to the 
hyperthermia produced by microwave absorption. Fertility studies revealed 
essentially the same findings for both groups. Laboratory studies and chest 
x-rays were noncontributory with respect to radar exposures. 

Only a small percentage of the exposed subjects had been aware of the 
heat or other subjective warning phenomena (4). Neither these tests nor 
subjective complaints are considered reliable indices of exposure. The sen
sation of heat or vibration may accompany overexposure to radar in some 
cases (4). Only 17% of subjects experienced a heat sensation when in close 
proximity to"XII band radar; 6% were aware of buzzing or pulsating sensation 
when in anllSl1 band field. Les s than 1 % experienced other sensations, such 
as sparking between dental fillings and metallic tastes. The buzzing sensa
tions which tend to peak at the 600-1500 MHz region have received recent 
study (7, 22). Occasionally, epigastric distr es s and/ or naus ea may occur at 
power densities as low as 5-10 mW/cm 2, and are most commonly associated 
within the frequency range from 8 x 10 3 to 12 x 10 3 MHz (80). A feeling of 
warmth may be experienced when the heating effect occurs mainly on the skin. 
This phenomenon is most commonly associated within the frequency range 
from 8 x 10 3 to 26 x 10 3 MHz (80). 

An eye survey of a large group of microwave workers - both civil and 
military - has been concluded (85). Barring an occasional case of cataract 
in workers accidentally exposed to high microwave flux, the overall eye 
findings in workers and an equally large control group were clinically insigni
ficant. The extent of minor lenticular imperfection does not serve as a 
clinically useful indicator of cumulative exposure to microwave radiation. 
No relationship between lens imperfection and microwave cataract was found. 
In other surveys and reports of isolated cases, quantitation of power densities 
was inadequate to set a definite microwave threshold for cataract formation in 
humans (8, 28). Recently, 26 cases of lenticular changes were found in micro
wave workers having a high probability of exposure to more than 10 mW / cm2• 
One of these cases has progressed to cataract and loss of vision (84). These 
new cases suggest to the investigator that lithe threshold for human cataracto
genesis may approximate 100 Mev/ cm 2 instead of the previously accepted 
state-of-the-art value lying between 350 and 500 mW / cm 2, II but no statistical 
evidence is presented. In the Soviet Union, several cataract surveys have 
been reported (17, 38, 71). Some cataracts having a tendency to progress 
have been observed among microwave workers but no threshold data are 
available (17). 

Many poorly defined symptoms have been attributed to microwaves. The 
Soviet observers have conducted a series of examinations on their radar 
workers and control groups (15, 16, 17, 18, 32, 35,46). Unfortunately, 
quantification of exposure levels has been poorly defined. Chronic irradia
tion under industrial conditions produces extremely polymorphic changes in 
the state of the human organism, causing functional changes in various organs 
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and systems. The degree of their manifestation and the presence of charac
teristic symptoms are determined by the intensity and duration of the micro
wave influence as well as by peculiarities of the expos ed individual. The 
clinical syndrome is basically characterized by the presence of asthenia and 
vegetative reactions. The asthenic reactions such as headache, increased 
fatigability, increased irritability and sleepiness are not usually sharply 
pronounced, and have no distinguishing features. Similar observations have 
been made in a numb er of laboratories in the U. S. A. and United Kingdom (69). 
Cardiovascular changes such as arterial hypotension and hypertension (39), 
bradycardia, sinus arrhythmia, lengthening of the conduction time in the 
heart, reduction of the amplitude of the spikes of ECG are noted. The asthenic 
and vegetative reactions mentioned above are entirely reversible. Intensifi
cation of the activity of thyroid tissue was detected in almost all the workers 
investigated by one Soviet author (17). In some surveys, a small increase in 
volume of the thyroid gland was noted; however, in all surveys, clinical 
symptoms of hyperfunction were detected only in isolated cases (17, 35, 72). 
Exposure of Soviet medical personnel to 170-1000 mW/cm 2 of 1. 6 to 2450 
MHz diathermy devices has led to symptoms such as headache, irritability, 
insomnia, chest pain, hand tremor, etc. (73). The significance of these 
Soviet findings above and below 10 mW / cm 2 is not clear and their use ln 
establishment of threshold or allowable microwave exposure levels is open to 
serious question. There is a lack of information on the measurement of 
actual exposure levels. 

Data are available pertaining to irradiation of restricted parts of the 
human body as performed, for example, in clinical practice (11, 26). At a 
frequency of 2500 MHz and power input of 100 watts over an area of 100 cm 2, 
the initial rapid temperature rise of about lOC per minute lasts only for a few 
minutes in the deep tissues under this area. In vascular tissues such as 
muscle, the temperature peak occurs at about 20 minutes and then decreases 
again to a value between initial body temperature and peak temperature, 
reflecting the effect of more efficient cooling of the irradiated segment due to 
vas odilatation. 

Human Tolerance Limits for Microwaves 

Determination from fir st principles of power density limits for continu
ous exposure has been difficult. Current approaches in the U. S. A. take into 
consideration only the thermal factors. For continued or interrupted expos
ure of the body beyond several minutes duration, one can estimate an approxi
mate limit of power density when only the gross volume heating effect is con
sidered (62, 66). The steady-state temperature elevation depends on the 
ratio of irradiated part of the body surface to total body surface and will 
increase with the area of irradiation. This means that a power density of 
about O. 3 watts / cm 2 must result in a temperature ris e of mor ethan lOC if 
the area irradiated beyond several minutes is larger than 100 cm 2. If lin
earity is assumed between tolerance flux figure and ratio of nonirradiated to 
irradiated body surface, a figure of O. 03 watts / cm 2 may be found dangerous 
if at least half of the body (i. e., about 1 m 2) is exposed. Average heat dis
sipation under normal circumstances is about 0.005 watts/ cm2 . This figure 
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is based on an energy uptake in form of food of 3000 Kcal per day, an efficiency 
of somewhat below 30 percent and a body surface of about 2 m 2 . Only under 
unusually fortunate circumstances is the body surface able to handle tenfold 
higher heat flux figures. However, double the above rate seems well within 
the capacity of the human body. This means that it is permissible to develop 
inside the human body an additional amount of energy which corresponds to 
0.005 wattl cm2 , averaged over the total body surface. In view of the fact 
that the shadowing factor limits exposure to half of the body surface, a figure 
of 0.01 watt/cm 2 absorbed energy appears as tolerable and is, therefore, 
suggested as a tolerance dosage (62, 66). This value should not be exceeded 
except under unusual circumstances, where cooling efficiency of body surface 
is excellent. 

One must also consider short time exposure to very high intensities where 
heat flow is not very effective, i. e., whenever time of exposure is small com
pared with the time constants which characterize heat exchange in the human 
body. If temperature elevation of more than lOC is considered intolerable in 
the case of total body irradiation, 0.3 watt minutes I cm2 can be calculated as 
the limiting value. Since depth of penetration of radiation decreases with 
increasing frequency, this figure should be replaced by higher values at fre
quencies below 1000 MHz and by lower values above 3000 MHz, the adjust
ment for heating of the skin makes the exact nature of this adjustment quite 
uncertain. 

If 0.01 watt/cm 2 for long time exposure and O. 1 watt hour/cm 2 for 
short exposures are not to be exceeded in case of total body exposure, the 
following tolerance levels for specific frequency ranges can be deduced: 

For microwave frequencies below 500 MHz 
with a coefficient of absorption of about 30 to 
40 percent, true deep heating is possible. An 
incident energy flux of less than 0.03 watt/cm 2 

can probably be tolerated. 

For frequencies from 1000 to 3000 MHz with 
possibly complete absorption by skin, subcu
taneous fat, and deep tissues, 0.01 watt/cm 2 

may be consider ed tolerable. 

For frequencies in excess of 3000 MHz which 
are absorbed in the surface of the body with a 
coefficient of absorption of airborne energy of 
40 to 50 percent and excellent heat dis sipation 
from surface structures, a power density level 
of O. 2 watt I cm 2 should be tolerable but this is 
the least certain of these predictions. 

The above analysis assumes that heat development occurs more or less 
uniformly through the total medium (volume heating). However, local 
heating at a subcellular level may pres ent specific heating effects in the 
degradation of cellular function. There is as yet no specific evidence for 
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such a local thermal effect (61). The above analysis also reflects tolerance 
limited by heating of the skin and peak power factors from pulsed microwaves. 

In view of the above analysis, and the data of Figure 1-7, the most 
common power density standard for maximum continuous total body exposure 
of humans to any wavelength has been 10m wi cm 2 (66). More recent evalua
tion by the U. S. A. Standards Institute has resulted in a proposed standard 
for exposure of any time duration as (81): "For normal environmental con
ditions and for electromagnetic radiation of frequencies from 10 to 100, 000 
MHz the radiation protection guide is 1 mW hrl cm 2 in any O. 1 hour period. 
This means: (a) 10 mW/cm 2 for periods of 0.1 hour or more or (b) 1 mW 
hr/cm 2 for periods up to 0.1 hour. In the case of pulsed fields, the radia
tion should be averaged over complete trains of pulses, including intervals 
between pulse trains. II 

The recent USAF extrapolation of these standards reads (80): 

Exposure of personnel within limited occupancy 
area is permitted only for the length of time given 
by the following equation: 

T 
6000 

p=~ 
W 

Wher e: Tp = permis sible time of exposure in minutes during 
any I-hour period. 

W = power density in area to be occupied in mW/cm
2

• 

The above equation is applicable only to power densities between 10 mW I cm 
2 

and 100 mW/cm 2 • (See Figure 1-8 for graphic presentation). It is not 
feasible to control limited exposures of less than 2 minutes and consequently 
this formula should not be applied to intensities over 55 mW I cm 2. 

The U. S. Navy Standards adds to the 10 mW I cm 2 level the fact that 
incident energy level should not exceed 300 millijoules per sq. cm. per 30 
second interval (7). 

Calculation of power density levels at any point in a radar beam should 
follow USAF recommZndations (79, 80). An adequate estimate of safe expos
ure below 10 mW I cm with stated limitations can be obtained from Table 1-9 
(49). 

The differences between thes e various recommendations are relatively 
minor and have as yet not been unified by any single government standard. In 
emergency situations where the above limits must be exceeded for emergency 
operations, it is suggested that an anti-microwave suit be used (54). Reduc
tion of body temperature by exposure to a cold environment will also decrease 
thermal hazards of exposure. 

The Soviet limits of safe exposure are more than one order of magnitude 
less than the U. S. levels. 
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KNOWN: Power density = W = 25 mw/cm2 
Permissible exposure time may be obtained by use of 
figure. 
Known power density = 25 mw/cm2. 

T p = 6000 = 6000 = 9.6 min Enter figure on vertical axis at 25 mw/cm2. 

(25)2 625 

(After AFM 161-7 (80)) 

Follow horizontal entry line to intersection of curve. 
Project vertical line from intersection to horizontal axis. 
Read approximately 9.6 minutes. 

Table 1-9 

Safe Distance Formulas 

If A verag e Pow er Safe Distance in Feet Is: 
in Watts (W) Is: 

Les s than 3D 
2 SAFE 

B etween 
2 

3D and 2.85 W 

5.8D
2 Wav e length in cm. 

2 6.85 nVW 
Over 5.8D Wav e length in cm. 

Chart applies to pencil-beam radar with parabolic or 
microwave lens antenna of diameter D feet. 

S a fe distances bas.ed on power density of .010 watt/ 
2 

cm 

(After Overman (49)) 
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• In the case of irradiation during the entire working day -
no more than 0.01 mW / cm 2 . 

• In the case of irradiation for no more than two hours 
per working day - no more than 0.1 mW/cm 2. 

• In the case of irradiation for no more than 15 to 20 2 
minutes per working day - no more than 1. 0 mW/cm . 
(In this case, the use of protective goggles is mandatory). 

No adequate data supporting such low levels are available (47). The 
vague "asthenia" syndromes reported above may have been a factor (16, 17, 
18, 35, 46) as were the nonthermal neural effects seen in animal studies (15). 

No formal limits have been set for electromagnetic fields below 10 MHz 
(61). No limits have been suggested for unusual situations where strong 
magnetic fields are present with weak electric fields and vice versa. 

Microwave Cross-Section of Man 

The microwave cros s - section of man is a microwave parameter which 
may be of value in such operations as search and rescue. Unfortunately, 
there are no data available on man in a pressure suit, especially an alumin
ized suit. Data are available on the monostatic and bistatic radar cross 
sections of a 200 Ib man at 410, 1120, 2890, 4800, and 9375 MHz (58). The 
measurements were made with a cw Doppler technique using both horizontal 
and vertical polarizations and for various facing aspects. Figures 1-10 to 
1-14 present the data from several points of view. 

The cross sections vary from 0.33 to 2.33 square meters, with the 
extremes at 410 mc; the smaller for horizontal polarization at side view and 
the larger for vertical polarization at rear view. The cross section is least 
for side view, and somewhat greater for rear than front view. As expected, 
there is a general decrease in polarization dependence as the frequency is 
increased. The microwave cros s section is approxirnately proportional to the 
weight of man. The theory of microwave cross sections in biological systerns 
is available (1). 

Microwaves and Ionizing Radiation 

The generation of microwaves at high power levels causes production of 
pulsed X-rays (13). Magnetrons , klystrons, and traveling wave tubes are 
the primary source of the radiation. It is recommended that shielding of 
these sources and operational procedures be instituted to keep human expos
ure to levels below thos e recommended in the Ionizing Radiation, (No.3). 

Subtle changes resulting from microwave expo sur e have been shown to 
alter the response of animals to ionizing radiation. Prior exposure to 2800 
MHz microwaves increased the LD50 for X -rays in several species of animals 
(44, 51, 76, 77) and decreased specific symptoms and lethality in dogs after 
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x-irradiation of the head (44). Simultaneous exposure decreased resistance 
to the x-irradiation. The specific effects of frequency, microwave, and 
X-ray doses and dose rates, and temporal separation of the two radiation 
modes have not yet been adequately determined, nor has the significance of 
this synergism been established for human exposure. 

REAR VIEW • 410 MHz 
01120 MHz 
02890 MHz 
.4800 MHz 
' 9375 MHz 

VERTICAL POLARIZATION HORIZONTAL POLARIZATION 
FRONT VIEW 

Figure 1-11 

Average Relative Bistatic Radar Cross Section of a Man 
as a Function of Target Aspect Angle, with Frequency 
an d Polarizati on as Parameters. 
(The Curves Are Normalized with Respect to the Radar 
Cross Section of the Front Aspect.) 

(After Schultz et al (58)) 
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Figure 1-10 

Average Bistatic Radar Cross Section of a Man as a 
Function of Target Aspect Angle, with Frequency 
and Polarization as Parameters. 

(After Schultz et al (58)) 
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Figure 1-12 

Average Bistatic Radar Cross Section of a Man as a Function of Bistatic 
Angle, for Horizontal Polarization with Frequency as a Parameter. 

(After Schultz et al (58)) 
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90 

Average Bistatic Radar Cross Section of a Man as a Function of Bistatic 
Angle for Vertical Polarization with Frequency as a Parameter. 

(After Schultz et al (58)) 
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Figure 1-14 

Average Radar Cross Section of a Man as a Function of Frequency with 
Polarization as a Parameter. 

(After Schultz et al (58)) 
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2. LIGHT ENVIRONMENT 

A. VISIBLE LIGHT 

Visible light is that band of the electromagnetic spectrum from 380 to 
750 millimicrons or nanometers (nm), capable of stimulating the photorecep
tors of the eye thereby producing a sensation called vision. The physical 
phenomenon of light may be viewed in two different ways: as energy quanta 
(photons) or as waveS passing through a medium. The interaction of visible 
light with biological systems can be interpreted as a manifestation of both 
viewpoints. 

Characteristics of the Human Sensor 

Light is sensed by the retinal photon receptors of the eye after pas sing 
along the optical path as seen in Figure 2-1. Light rays reflected from an 
object in the external world pass through the cornea at the front of the eye, 
through the liquid (aqueous humor) in the anterior chamber directly behind 
the cornea, then through the lens and vitreous humor onto the retina. Data 
on the spectral transmission of the ocular media are available (63 ). 

The rods and cones of the retina transduce the light into neuro - electrical 
phenomena. The neural elements of the retina are gathered into the optic 
nerve at the blind spot and pass by discrete pathways to the highest visual 
center in the brain in the occipital cortex. 

The human visual system is a very versatile one, with ample capabilities 
of adaptation to a variety of environmental changes. This versatility dictates 
that many variables in the physical and biological environment must be 
assessed in evaluating human standards for visual performance (117). 

Nomenclature 

A summary of terms and symbols commonly used in physiological optics 
is presented in Table 2-2. 

Figure 2-3 lists and graphically demonstrates the relationship between 
intensity and illuminance units frequently used in the literature. Table 2-4 
is a nomograph allowing conversion of the many equivalent units of luminance 
m common use. Table 2-5 allows conversion of other parameters. 

The new unit of luminous intensity is the candela or new candle. A can
dela is equal to 1/ 60th of the luminous intensity of 1 cm 2 of a blackbody sur
face at the solidification point of platinum and represents about. 981 candles. 
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L. 

a. b. 

Constant Eye Area or Measurement 

Cornea 1.37 
-+-OP TIC AXI S Aqueous hu~or 1.33 

Lens capsule 1.38* 

ANGLE 0 • 5 -70 

Outer cortex, lens 
Refractive Anterior cortex , lens 

index Poste rior cortex , lens 
Center . lens 1.41 
Calculated total index 1.41 

I Vitreous body 1.33 

DIAMETER OF CORNEA 11 · 13 mm Radius of Cornea 7 . 7 
i i 

I D IAM. PU~ 
,~S .6Imm I 

curvature , Anterior surface. lens 9 .2-12 . 2 

E~ 

~ - hI PRINC IPAL POINT 

E E 

~ ffil~nJ~iiiC~I:;:;~:: 
e £ _.- __ 

~l ~1 ' " NODAL 
POINT --T-

~dNODAC 
rOINl 

I I I 
I I ANTERIOR SURFACE OF CORNEA 

SCLERA 

RIGHT EYE 

mm 

Distance 
from 
cornea, 
mm 

Focal 
distance, 
mm 

Position of 
cardinal 
pOints 
measured 
from 
corneal 
surface, 
mm 

Diameter , 
mm 

Posterior surface , lens 5 . 4-7 . I 

Post. surface. Cornea 1.2 
Ant. surface. lens 3.5 
Post. surface. lens 7.6 
Retina 24 . 8 

Anterior focal length 17 . 1 
(14 .2)" 

Posterior focal length 22 .8 
(18.9) 

I. Focus -15 .7 
(-12 . 4) 

2 . Focus 24 . 4 
(21.0) 

I. Principal point 1.5 
( 1.8) 

2. Principal pOint 1.9 
(2 . 1) 

I. Nodal point 7 .3 
(6 . 5) 

2. Nodal point 7 . 6 
(6 .8) 

Optic disk 2-5 
Macula 1-3 
Fovea 1.5 

~ 

o .. Depth. mm Anterior chamber 2 . 7 - 42 

TEMPORAL SIDE 
(Nosol field) 

·Cortex of lens and its capsule 
··Values in brackets refer to state of maximum 

accommodation 

The diagram and table give dimensions and optical constants of the human eye. Values in brackets 
shown in the table refer to state of maximum accommodation. The drawing is a c ross section of 
the right eye from above. 

Th e horizonta l and v e rti c al diameters of the eyeball are 24.0 and 23.5 mm, respectively . The 
optic disk, or blind spot, is a bout 15 degrees to the nasal side of the center of the retina and 
a bout 1.5 degrees b e low the horizontal meridian. 

Figure 2-1 

Schematic and Optical Constants of the Eyeball 

(After White (446) Adapted from Spector, ed. (394)) 
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Table 2-2 

Summary of Terms and Symbols Commonly Used in Optics 
Term 

Velocity in vacuo 
Frequency 
Wavelength 
Velocity in any medium m 
Index of refraction 
Temperature 
Work 
Energy (see end note) 
Power 
Planck's constant 

Radiant energy (see end note) 
Radiant flux 
Unit solid angle 
Radiant intensity 
Irradiance 
Radiance 

Luminous flux 

Luminous intensity (candlepower) 
Illuminance 

Luminance 

Retinal illuminance 

Symbol 

LIGHT 

c 
v 

.\ 
Vm 
n 
T 
W 

Eor U 
p 

h 

RADIOMETRY 

Eor U 
P 
w 
J 
H 
N 

PHOTOMETRY 

F 

I 
E 

B 

L-S 

Units 

2_99776 X 1010 em/sec 
cycles/sec or Hertz 
millimicrons or nanometers 
em/sec 
ratio II = c/Vm 

degrees absolute, K 
joule = 107 ergs = 107 dyne-cm 
joule = 107 ergs = 107 dyne-em 
watt = joule/sec 
6.624 x 10- 27 erg-sec 

joule 
watt = joule/sec 
steradian = 1/471' sphere 
watt/w 
watt/m2 

watt/w/m2 

1 
lumen = 685 watt at .\ = 555 ml-' 

lumen/w = candle 
lumen/m2 = lux 

= meter-candle 
= 0_0929 ft-candle 

lumen/w/m2 = candle/m2 

= 0.3142 millilambert 
= 0.2919foot-Iambert 

troland (uncorrected for Stiles
Crawford effect) = luminance of 1 
candle/m2 on a surface viewed 
through an artificial pupil of area 
S = 1 mm2 or 

Brightness in miliilamberts 

x ~ x Area in mm2 
7r 
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Table 2-2 Continued 

Transmittance 

Reflectance 

Relative scotopic luminosity 
(also caIIed relative scotopic 
luminous efficiency; formerly 
called scotopic visibility; also 
infrequently and informaIIy,. 
spectral sensitivity.) 

Relative photopic luminosity 
(also caIIed relative photopic 
luminous efficiency; formerly 
called photopic visibility; also 
infrequently and informally, 
spectral sensitivity.) 

Luminous flux 

Dominant wavelength 
(spectral centroid) 

Tristimulus functions for the 
standard observer. Also called 
distribution coefficients. 

Tristimulus values 

Chromaticity coefficients 

(Adapted from Graham(l77)) 
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COLORIMETR Y 

R ,\ 

F 

x,ji,i 

x, Y,Z 

X,Y,Z 

Ratio T" = P"T/P"O ' where P"o is 
incident flux and P"r is transmitted 
flux at wavelength A. 
Ratio R " = P"R /P"O' where P"R is 
reflected flux at wa velength A. 
Ratio of luminous efficiency of 
light at wavelength A for standard 
observer at low levels of luminance 
to luminous efficiency maximum 
at 505 mfl-. 

Ratio of luminous efficiency of 
light at wavelength A for standard 
observer at high levels of lumi
nance to luminous efficiency maxi
mum at 555 mfl-. 

lumens = 685 tX) P"T" V" d" 

(for transmitted light) 

lumens = 685 t" P"R" V" d" 

(for reflected light) 

LX) P"T" V"Ad" 
A _ .:...:":.:..:=::..:0::...-. ___ _ 

c - L~ o P"T" V" dA 

(for transmitted light) 

L~o P"R"V"AdA 

L~o P"R" V" dA 

(for reflected light) 

Amounts of the three CIE 
primaries required to match a unit 
amount of energy at each wave
length. 
Sums of weighted values from 
spectral energy data at all wave
lengths. 

x 
X= -----

X+ y+ Z 
y 

y = -=-=--~-...". 
X+ Y+Z 

Z 
Z= -----

X+ Y+Z 

--l 



1-' 

Intensity (I) 

Illuminance (E) 

Luminous Emittance (L) 

1 lumen /steradian = 1 candle = 1 candle power = 1.02 candelas 

lumens/cm2 
1 lumen/m2 = 1 meter candle = 1 lux 
1 lumen/ft2 = 1 ft-candle (ft-c) 

lumens/cm2 
lumens/m2 
lumens/ft2 

Luminance (B) lumens/steradian/m2 (or cm2) 
lamberts (L) = millilamberts (mL) x 103 = microlambertB (ILL) x 106 

for a perfectly diffusing surface, 1 lambert = 1/1' candles/ cm2• foot
lambert (ft-L) = 1.076 mL 

~--------------------------- IMETER-------------------------

1FT --___ ~ 

COl 

AREA = I CM
2 

ILLUMINANCE = I LUMEN / CM
2 

INTENSITY : I CANDLE 
= I LUMEN/W 

W = I STERADIAN 
AREA = I FT2 
ILLUMINANCE = I LUMEN / FT2 

= I FT - CANDLE 

AREA = I METER2 
ILLUMINANCE. I LUMEN / M2 

= I METER CANDLE 
-I LUX 

I SQUARE CM 
ILl..UMINANCE • 0.0001 LUMEN/CM! 

Relationships Between Intensity Units of Source and Illuminance Units 

on Surfaces at Various Distances 

Figure 2-3 

(After Sears (375)) 
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f\J , 
0" 

Table 2-4 

Nomograph of Equivalent Values of Commonly Used Units of Luminance. Below Each Bar Logarithmic Units and their 
Subdivisions Are Given. Above the Nit Bar Natural Figures and Subdivisions Are Given. Above Each Bar Subdivisions 
for Natural Figures Are Given. 

,0'6 ,0-5 ,0 -4 ,0-3 ,O"'l ,0-' , ,0' ,0 2 ,03 ,0' ,05 ,06 ,07 ,OB ,09 ,0'0 
'.5 3 7 15 3 7 l5 3 7 l5 3 7 15 3 7 15 3 7 ,;; 3 7 l5 3 7 l5 3 7 ,:; 3 7 1.5 3 7 ,:; 3 7 15 3 7 15 3 7 15 3 7 15 3 7 

NT NIT "'1" '1 '1'" 11"1'1'1,1'''1'1' 1'11""1' 1'1'''1'1' I' i\"d' 1'1'''1'1' 1'1'''1'1' 1'1'"1'1''' ""1'1' 1'11"1'1' I' """1'1' " .. "/,,, '1"1'1'1' ""1'1' 1'1"'" :: I"'" )filii) )jjljJ1,lilj "'1).1.,'1 f 1"I""ljlf"'lh"III"IIi'j(i"j'''iliij,i'''''jiiii iillil. I. 1(11 
-6 - 5 - 4 -3 -2 -, 0 , 2 3 4 5 6 7 8 9 ,0 

MNT= MILLI-NIT 1,'0'1 ",','81'1,',\ ,', I 1',",'10', 10',',\'11'1,'0'1,', \ 1'1'1'1 0'01 """"I'i'l ,', '11',\1'11'1,'''' ",',\','\'1,',\ ,',\'1'1"'/'" I ",1'1'11'1,',\ ,', l'I'I\'I"d ",',1"'\'1 0',10',1'0'/'1'1 ,'01 ",11'0'1'1 ,', \,',1 '8'1'1"0'1",\1'11'1 "Ii ", 1'0'1'0'1 
-3 -2 -, 0 , 2 3 4 5 6 7 8 9 ,0 " ,2 ,3 

NT ,uICRO-NIT I"" 1'"'1''' \'"''/''' 'Ii'"/,,, """1' \' ""1'1" '\1""1'" """I" ,01""1 '\ """'1'" """1'1' '\"1'1" "'"''1''' """I" "',,\'1" '1'''''1'' "'''''1 ~ m ",.,' n "',1 ;., 1"'1"(' Ii "111,' Ii III if ,I", Ij Ii iilllr, "),j,,i, Ii ",1(1 ""llli, II ii' ( if 1/1,,1, ii"I'" i ",11'" ,1"1 \,' i "11"(' 

o , 2 3 4 5 6 7 8 9 ,0 " ,2 ,3 ,4 ,5 ,6 

SB'STILB 10'01 ",11'''''/ ,', I ", ""11'1 ,'," ,',I i'II'/ ,', I ,',I '0'/',0/ """'1" 1,'1','1 ,', \ "",11'1','1 ,', \ "11'81'/ ,',', ",1\'11'/ ,', I ,',11'11'1 ,',', ",11''''''/ ,'01 "I ',\'1'0'1 ,', I "I '11"'1'1 ,', I ,'11'0'1','/ ,'," "11"'1'1'1,',', ",Ii'II'1 ,', \,',1'1'1','1 
-,0 -9 -8 -7 -6 -5 -4 -3 -..2 -, 0 , 2 3 4 5 6 

BOUGIE HECTO-METRE CARRE 10',1,','11'11'1,', I ,',',\'11'/ 0',1 ",1\','1'1 ,',', ",I'iII'l 0', \ ,', 11'11'1 ,', I ,',11'1','1 "II """1'1'1'1,1 I ",',',',11,'1 0', I ,', I ''''''1'1 ,',1"",11'11'1 ,I', "," \'1'0'1 0',', ,', 1\',11'1 ,',', ",1\'1'0'/ 0', \",1 1",11,'1,', \ ",1 181'10', \,', 110'0'1'1 
-2 -, 0 I 2 3 4 5 6" .' 7 8 9 ,0 II 12 ,3 ,4 

ASB'APOSTILB 111'1','1,'01 '" 1 181'1 ,'01 ",\\'11'1 ,',I ,',',1,'",'1,', \ ,',',\'11'1 ,I, I ", "\','I'I,'d ,',1\'11'1 ,'01 ,""\'11'1 ,', 1 ",1 181'1,',',,',',\','1'1 0',\ ,',1'81'/ ,'01 '''',1','1'1 0',\ ",',1,0,'1'1 ,'," ",II'I~I ,', I '\ I \','1'1 ,', I ,', ',11'11'1 ,'d ,., 
- 5 -4 -3 -2 -, 0 2 3 4 5 6 7 8 9 10 

MASB'MILLI-APOSTILB 
-2 - I 0 2 3 4 5 £, '7 8 9 ,0 

" 
,2 ,3 

"ASB'MICRO-APOSTILB 
2 3 4 8 9 ,0 " ,2 ,3 ,4 ,5 ,6 

L'LAMBERT 
-9 -8 -7 -6 -5 -4 -3 -2 -, 6 2 :3 4 5 £, 

m L' MILLI-LAMBERT 
-6 -5 -4 -3 -2 -, 6 2 :3 4 5 6 '7 iI 9 

"L'MICRO-LAMBERT 
-3 - 2 -, 0 2 3 4 5 6 7 8 9 ,0 " ,2 

""L' MICRO- MICRO- LAMBERT 
3 4 5 6 7 8 9 ,0 " ,2 13 ,4 15 ,6 ,7 ,8 

FT-L=FOOT-LAMBERT 
-6 -5 -4 -3 -2 -, 6 2 :3 " 5 6 7 8 9 

CANDLE/SQUARE FOOT 
-7 -6 -5 - 4 -3 -2 - j 0 2 3 4 5 6 7 8 

CANDLE/SQUAREINCH 
-9 -8 -7 - 6 -5 -4 - 3 -2 -, 0 2 :3 4 5 6 

(After Rose (363)) 

o· _ _ .- _~_ __~_ 
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Candlopower 

Lumens 

Wett. 

Ergs/second 

Table 2-5 

CONVERSION FACTORS 

To convert any quantity listed in the left-most column to any quantity listed 
to the right, multiply by the factor shown. 

Luminous Flux 
(Inlonaily of 0 Soureo) 

illuminance 
(Illumination incident upon a suriace) 

Candle- Lumens Willis Ergs/second power 
Foot- Meter- Lumens/ft' candles candles 

I 4,.. 0.005882'" 5.882 .... x 10' 
(oISSSml"O) (aI555ml"O) Footcandles 1 10.764 1 

1 1 0.001471 1.471 110' 
~ (al5SSmI"O) (aI5S5ml"O) Meter-candles 0.0929 1 0.0929 

170 
I5l1O - 1 10' ... (aISSSmll') 

(at 555ml'°) 
lumens/ft' 1 10.764 1 

110 x 10- ' 680 I 10- 7 
10- ' I ... (at 555ml") 

(at 5S5ml") 
Lumens/meter' 0.0929 1 0.0929 

Lumin.nce 
(Surface brighlness or reflected light) 

Candles/ Candles/ FooUamberts Apostilbs··· Lamberts 
foot' meter' (Lumens/em' 

Candies/foot' 1 10.764 10.764,.. 
... ... 

929 

Candies/meter' 0.0929 1 0.0929 ... ... ..-.10-' 

FooUamberts 
1 10.764 

1 10.764 10.764.'0- ' - --,.. 1< 

Apostilbs··· 
0.0929 1 

0.0929 1 10"" -- -
7r 1< 

Lamberts 929 10' 
929 10' 1 (Lumens/em') - -

11' ,.. 

Quantity of Energy Received By a Surface 

Meter-candle- Foctcandle- Watt-

Seconds Seconds Ergs/em' seconds/em' 
or Joules/em' 

Meter-can dle- 1 0.0929 1.471 1.47,.,0"" 
Seconds (at S55ml'°O) (at 555ml'°O) 

Footeandle- 10.764 1 15.83 15.83.10"" 
Seconds (at 555ml'°O) (al S55ml'°O) 

Ergs/em' 0.680 0.0632 1 10- ' 
(at 555ml'°) (at 555ml'°) 

Watt-seconds/em' 6.80.10' 6.32.,0' 10' 1 or Joules/em' (at 555ml") (at 555ml'°) 

Quantity of Energy Emitted by a Source 

lumen- Candle-

Seconds power-
Seconds 

lumen-Seconds 1 
1 

4,.. 

Candlepower- 4,.. 1 Seconds 

Watt-seconds 680 
170 

or Joules (at 555ml") .. 
(at 5S5m,,') 

Ergs 680xl0' 170xtO' 
(at 555m,,') (at 555m,,') 

Watt-
seconds 

or Joules 

0.001471 
(at 555ml'°O) 

0.005882 
(at 555m"O') 

1 

10' 

Ergs 

0.00'47"'0- ' 
(a1555ml''') 

~.005882110"" 
(at S55ml'°O) 

10 ' 

I 

-Tru. ont, for monochromatic 'loht at 516m,IA- For olhef" wa.,. 
length, In ttM wi,lble region. muttJpIy by the reI,ttwe wl,lblUty 

tactor for that .a",-ngth. 

"True only tor monochrom.tic IIght.t Mam",. For other wave
length, In the ..... Ibl. region. dl ... lde by the ... i, lblltfy factot for 
that wavelength. 

---Defined a. 1 lum.n 1M' meter'; occ,.lon,lIy Incorr.ctly 

called meter-Iamb.rt. 

(Adapted by Taylor and Silverman (404) from Eastman Kodak(136)) 

Lumens. 
meter' 

10.764 

1 

10.7604 

1 

2-7 



I 

L 

The Light Environment 

In order to define the visual factors in space operations, a knowledge of 
the physical light environment is required (16, 244, 354 ). 

Table 2-6 covers the characteristic luminance on Earth and space. 
Photopic vision refers to that vision in which the cones of the eye are the 
prime receptors. In scotopic vision, the rods are the prime receptors, and 
in mesopic vision, both retinal elements are used. 

Figure 2-7 represents the daily variation of natural illumination on Earth. 
More detailed coverage of these data, including haze effects, is available 
( 73, 132). The illuminance of the Sun just outside the Earthls atmosphere is 
approximately 12, 700 foot-candles. 

Table 2-8 covers the luminance of some pertinent astronomical phenon
ena. A more detailed evaluation of the night sky is available (352). 

Figure 2-9 presents the illuminance of stars for each stellar visual mag
nitude and threshold stellar magnitude as a function of background luminance. 
Table 2-9a is based on 3.90 x 10- 8 foot candles as the illuminance of a second 
magnitude star (459). The stars are isometrically point sources and the 
light from the Sun, Moon, and other extended sources is collimated to within 
32 minutes of arc of the subtended angle of the source. There appears to be 
some confusion in the literature as to the size of the source which can be 
considered a point source to the eye. The psychophysical definition of a 
point source is given by Ricco l s law which states that the product of the thres
hold contrast and the solid angle subtended by the target are constant for any 
given adaptation level. Figure 2-18 shows the maximum visual angle for a 
point source at different background luminances. Note that the angle increas es 
with decreasing background luminance. In the debriefings of all astronauts 
of the Gemini and Mercury space flights, there has been a continual insistence 
by the astronauts that "stars cannot be seen in the daytime, 11 the only quali
fication of this statement being that planets and the Moon or perhaps the 
brightest stars (for example, Sirius) could be seen. This may have been due 
to the ambient light in the space cabin contributed by the spacecraft corona 
(see Figure 2-12) , the density of the window or scattered wi?dow light (3 19). 
However, the intensity of ocular scattering may also be sufficient by itself to 
make impos sible the obs ervation of fir st-magnitude star s if the level of illu
mination on the face of the observer exceeds about 1000 lux (100 ft-c) ( 15 ). 
"Unless the viewing window of the space capsule is protected by a conical 
sunshade it will be difficult to reduce the interior illumination below this 
critical figure, even if the other window is obscured by a blind, as 1000 lux 
is only about 1 percent of the outdoor daylight level. This fogging effect of 
ocular scattering is often experienced by city-dwelling astronomers who find 
that it is impossible to see the Milky Way within about 90 degrees of the 
direction of a single street lamp that produces an ambient light level only 
about O. 01 percent that of daylight. That ocular scattering, rather than at
mospheric scattering, produces the observed loss of contrast in the visual 
image of the sky can be shown by stepping into the shadow of the lamppost. 11 
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1 • 10
0 

8 X 10- 1 Snow III light of full moor. 

I • 10. 1 

2 X 10- 2 Lower limt t for useful 

1 • 10. 2 ('olor vision 

1 5 X 10- 3 Earth 

1 X 10-3 Uppe r limn for night vision 
1 • 10" 

1 • 10.4 

3 X 10-5 Eoirth 

I X 10 ; Absolute threshold fordark 
1 .,0·S adapted human eye. lower 

1 X 10 - 5 
lim it for mg h t VISion 

.s . 10.6 Sky 

;: :g! 
, . 10.6 

1 • 10 
.. I X 10 . 6 Spat:~ background 

VJ(~wed from OutSide earth's atmosphere 

Fireball -I miles from pOint oC detona
lion oC an tlOO K T weapon 

Photopic Vision 

Assume aluedo oC 0_59 viewed Crom 
outside atmosphere 

Viewed Crom lipat:e with cloud coverlr . O 8) 
Viewed from outside atmosphere( r:0 OV91 
Viewed In January from outside almos· 

phere. no clouds (r z 0 .39) 
Viewed from outSide atmosphere (r t O 56) 
Average sky on clear day 
Full moon viewed from outSide of 

atmosphere (r '" 0 013) 
Viewed from outSide atmosphere (r - 0 63) 
Viewed from outSide atmosphert! (r '" 0 IS) 
Full moon viewed from earth 
Average sky on cloudy day 
Viewed from outside the earth(r t 0 63) 
Viewed f rom outSide almosphere(r zO 71) 

Viewed £i'om outside the atmosphere 

Mesopic Vision 

Viewed from outside atmosphere with 
full moon 

Scotopic Vision 

Viewed from outside atmosphere at 

~~~~C':.\t~l:~~g~~~~l~\~~lli,r~~~~:tlon 

Moonless OIghl sky v iewed from earth 

Background lumlOance formed by star· 
light. 2.o(hacai and galactiC light 

This enormous range of luminances is based on a solar illuminance of 12,700 Ft-c. A uniformly diffusing 
sphere at the earth's distance from the Sun would have a luminance of 13,655 mL and the apparent 
luminances of the Su, Earth, Moon, Venus, and Jupiter have been recalculated on that basis. Albedo (r) 
as used in this figure is the ratio of the incident collimated light in a planetary body or spherical object 
to the I ight reflected and collected over 411" steradians and is considered to be invariant with wavelength_ 
Only Jupiter and Venus are large enough to be characterized by their surface brightness. 

Figure 2-6 

Characteristic Luminance on Earth and in Space 

(Modified from White(446)) 
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Range of Natural Illumination Levels 
on Earth . I 
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This Graph Shovvs the Range of Natural 
Illumination on Earth from the Sun and the 
Moon, as the Values Increase from Minimum 
Before Sun- or Moonrise to Maximum at the 
Zenith. 

(After White(446)) Adapted from Brown(73)) 

SOLAR AND LUNAR AL TITUDE - degrees 

Table 2-8 

Luminance of Astronomical Phenomena 
as Viewed from Earth 

Phenomenon 
Luminance, 

foot -lamberts 

Milky Way, dimmest region, near 
Perseus 2.9><10-5 

Gegenschein 4.6xlO-5 

Visible night glow (zenith) 5.8xlO-1 

Aurora IBC-I -6xlO-5 

Milky Way brightest region, near 
Carina 1.1X10-4 

Zodie.cal light (300 elongation) 3.5X10-4 

Visible night glow (edge-on) 1. 7><10-3 

Great Orion nebula M42 1.6XlO-2 

Full moon 1.2><103 

Fluorescent lamp 4500 white 1.2><103 

(Adapted from Dunkelman(128) by Allen(12)) 



1--

Mv Illuminance (ft-cd) 
-2 1. 55X10-6 
-1 6.18x1O-7 

0 2.46x1O-7 

1 9.79><10-6 

2 3.9OX10-s 

3 1. 55xlO-s 
4 6.18XlO-9 

5 2. 46x1O-9 

6 9.79><10 -1.0 

7 3.89><10 -1.0 

8 1. 55xlO -1.0 

Figure 2-9 

Visibility of the Stars 

(After Allen (12)) 
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b. Star Visibility Versus Background Luminance 

Figure 2 -1 0 summarizes pertinent parameters of the visual environment 
of space. Extensive reviews of the photometry of the Moon and planets are 
available (27, 244, 393). The reflectance of the Earth as viewed from out
side the atmosphere has a greater range than the range of observed reflec
tance from all other planets and satellites. The reflectance of the Earth 
varies from 0.03 for large bodies of water to 0.85 for cloud cover. More 
detailed reflectance data for local areas on Earth are available (132). Other 
solar system reflectance values range from 0.07 for Mercury to O. 7 for 
Neptune. Optical data needed for predicting the view of Earth, Moon and 
planets from space have been presented (351). 

Optical properties of the Moon pertinent to human visual function have 
received recent review (12, 244, 316, 364, 410). The natural illumination 
of the lunar surface comes from direct sunlight; reflected sunlight primarily 
from Earth, but in some small degree from other planets in the solar system; 
and from starlight. The intensity of the sunlight falling on the lunar surface 
is about 1.4 times that which reaches the surface of the Earth or 12, 700 foot
candles. The solar disc has a luminance of 6.4 x 108 it L subtending a visual 
angle of 0.5 degrees. Data are available on the mean illumination of the 
Moon by different phases of crescent Earth (316). 

From telescopic data, the rough and broken lunar surfaces (craterwalls) 
reflect from 20 to 30% of the incident light while the smooth and darker layers 
of the maria between 6 and 7% (253, 328, 402). The Moon has a highly direc
tional reflectance. The variation of reflectance with phase angles is shown 
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Table 2-10 

Primary Parameters of the Visual Environment of Space 

(After Jones et al(241)) 

90° Solar 
Illumination 
----

Earth 10,800 ft-<: 
(Night illumination 
with (ull moon = 
0.04 It-c) 

EVA 12 ,700 It-e 
(Earth Orbit ) 

Moon 12 ,700 It-<: 
(Full earth = 1.25 h-e 

300 phase = 0.80 It-e 
900 phase = 0.26 hoc) 

Mars 7,600 h-<: 

Surface 
Reflectance· 

Ocean .03 
Ground .15 

Snow .SO 

Aluminum .55 
Dark Paint .10 

White Paint .SO 

Maria .07 
Crater Wall .20 

Maria .1 7 
Continents .18 

* Lunar reflectances from references (105) 
Mars reflectances from reference (193) 

Mean Annas. 
Transmission 

.70-.80u 

1.00 

1.00 

.80 

** Function of diameter and distribution of scattering particles. 

in Figure 2 -11. The average normal albedo of the lunar surface in the 
vicinity of the Surveyor spacecraft was about 6%. The range of reflectance of 
local lunar areas is even greater than 0.06 to 0.30 (12, 112, 316). The high
est luminances (not in shadow) may vary from 0.08 t o 0.42 of a white target III 
full sunlight on the surface of the Earth. "Limb darkening" on the lunar 
surface decreases the lower value to approximate ly 0.003. Thus, the 
apparent luminance varies from 0.003 to 0.40 of the luminance of the hypo
thetical white target, or a range approximately 100 to 1. In comparison, the 
range of luminance on Earth outdoors on a partially cloudy day, with part of 
the landscape in full sunlight and part in cloud shadow, can be more than 
1000 to 1. 
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It thus appears that brighter areas may have an apparent luminance In 
excess of 1000 ft-L (410). Owing to the lack of atmospheric scattering, it 
may be expected that the deepest shadows will approach effectively zero 
luminance (lO -6 ft -L or les s). Without sun, illumination levels are likely 
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to be in the neighborhood of 10 ft-C for full Earth conditions, with a resulting 
maximum luminance of something over 1 ft-L, but decreasing markedly with 
Earth phase angle. Starshine alone is estimated to produce about 3 x 10- 5 
ft-C, and, unlike Earth and Sun, of a diffus e rather than unidirectional nature, 
so that a general average luminance might approach 10- 5 ft-L without the 
severe shadow-casting effects just noted. Ab s ence of atmos pheric haze on 
the lunar surface may be considered in visual range determinations, although 
dust may be a factor (132, 144, 353). 

In the vicinity of the spacecraft in orbit or on the lunar or planetary sur
face, the "spacecraft corona effect" must be included in the light path (319). 
This results from a cloud of particles traveling with the spacecraft. The 
surface brightness of the corona, in sunlight, has been computed as a function 
of the mas s ejection rate of particulate matter from the spacec raft (Figure 
2-12). This may have contributed to the inability ot the astronauts to see stars 
previously predicted as visible (see Figure 2-9 and discussion). 

Recommendations for dim light 
photography, photographic tracking, 
and visual observations of space phen
omena from manned spacecraft are 
available (120, 127)· 

Visual Performance and Visibility 

The interactions of the visible 
light environment with the eye should 
be considered as a dynamic and con
tinuously changing process. The 
dynamism of this operation applies to 
every situation - to a change in the 
environment, in the sense organ, or 
in both. It is very important to con
sider all psychophysiological cues 
that will optimize visual function (462). 

An excellent detailed review of 
physiological optics has recently 
been published and is recommended 
for definitive data on the more eso
teric aspects of this subject ( 177). 
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Figure 2-12 

Surface Brightness of Spacecraft Corona 
Versus Mass Ejection Rate in Space. 

(After Ney and Huch (319)) 

The determination of visibility in any environment requires basic infor
mation of human visual performance. Much of the basic data to be presented 
were determined as special test cases with circular targets of known position 
in a uniformly luminous background using binocular vision. To such data 
must be added case-specific variables of luminous environment, unknown 
location, movement, variable duration of viewing, environmental stress, 
and psychological factors to permit accurate estimation of visibility in field 
or space conditions. Many of these variables have been covered in a recent 
review of visibility ( 132). 
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Table 2-13 summarizes some of the major physiological and physical 
factors which determine visual performance. In the present discussion, 
these variables will be covered in their more general aspects. In section 3, 
those conditions sensitive to specific aspects of space operations will be 
s elected for discussion. 

Table 2-13 

Variables That Must Be Kept Constant or Carefully Controlled 
When Measuring Some of the Principal Kinds of Visual Performance 

Variables to Be Controlled 

t: .t: I c.s ~" '0 '-' '" "S "S :.2 ClJ 
Q) 

~ t: ClJ 
~ ::l '" ~ c.s ~ U tl t: 

0::" ClJ~" 
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Type of a; "8 -a -a ... ~O ~ "~ >. ~ ~ t: ::l ClJc.s E o ::J o.~ c.s '" 
.0_ ClJ ... " Visual "b'.o E E ClJ E..8 ..... ~..-: c.s 0 

~ c.s E"c;j > ClJ_ 
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~8 o ClJ c.s ::l >< '" ClJ ::l > 0 .t:ClJ 
Performance ..... ;:::: 0::00 ti5U3 UE-<al ::i!:5 Q~ o::E z< ::E O~ 

Visual Acuity X X MV)* X X X X X X 

Depth Discrimination X X X X X X X X X X 

Movement Discrimination X X X X X X X X MV)* X 

Flicker Discrimination X X X X X X X 

Brightness Discrimination X X X X (MV)· X X X 

Brightness Sensitivity X X X (MV)* X X X 

Color Discrimination X X X (My)· X X X X X X 

• Variable being measured 

(After Wulfeck et al(46:L)) 

Visual Acuity 
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Visual acuity is an important limiting factor in all human detection, 
target recongition, or other visual tasks. Acuity, like many other visual 
capacities, is measured and defined in terms of thresholds. One type of 
visual threshold is a value determined statistically at which there is a 50% 
probability of the target being seen. In most practical situations a higher 
probability of seeing, such as 95 or 100% is required. The general relation 
between threshold size and probability of detection is an ogive function of the 
general simplified form shown in Figure 2-14. This curve covers a specific 
test cas e and should be used only as a very rough guide for estimating the 
relationship between visual angle and probability of detection under different 
conditions. It can be seen that doubling the visual angle for 50% probability 
of detection should give almost 100% detection if the location of the object is 
known. Threshold data are usuaHy based on the 50% probability of detection. 
As a rough rule of thumb, these visual angle values should be doubled to give 
near 100% threshold values. More specific conversion factors for near 100% 
probabilities are available (52 ). 
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There are several ways in which 
visual acuity has been defined and 
measured, each of which has signifi
cance for detection and recognition of 
detail. These are defined in Figure 
2 -15. 

The luminance contrast between 
target and background determine s the 
minimum visual angle which can be 
detected. Luminance contrast is a 
measure of how much target luminance 
(Bd differs from background luminance 
(Bb)' The equation for obtaining con
trast is: 

B - B 
b t 

Bb 
and C

B 
= 

cfl'OO 
;!; 

z ~ 
0 75 
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~ 
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'" 50 0 
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III 
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III 
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/ 
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VISUAL ANGLE IN MINUTES 

Figure 2-14 

An Example of Probability of Detection at Different 
Visual Angles for a Specific Test Case. 

(After Baker and Grether Clb / Adapted from 
Blackwell(49)) 

(1) 

Contrast can vary from zero to mlnus one for targets darker than their 
backgrounds, and from zero to infinity for targets brighter than their back
grounds. Most studies of this aspect of vision consider targets brighter than 
their backgrounds. 

Relation between target size and background luminance for targets of 
various contrasts is shown in Figures 2-16 and 2-17. 

Thresholds in Figure 2-16 are at the 50% probability of detection. By 
multiplying the values by 2 (log 0.3), the values may be converted to about 
the 95% probability of detection. The graph shows that a reduction in anyone 
factor - background luminance, size, or contrast - may be compensated 
for by an increase in one or more of the others. The relation between mini
mum separable acuity and background luminance of Figure 2-15 is nearly 
reproduced for the 100% contrast curve in this graph. The chief effect of 
reducing contrast is a shift of the curve upward in the direction of increased 
target size for 50% probability of resolving parts of a target. The family of 
curves also shows the discontinuity at about 0.0003 mL that marks the 
transition from rod to cone vision. 

Figure 2 -17 presents similar data for luminance contrast thresholds. 
Variations in luminance contrast threshold ( 6 B/ B, where B is luminance) 
are shown as functions of background luminance and target size. (Pupil 
diameter is shown as it varies with background luminance.) Two relation
ships are shown very clearly by this graph: When it gets darker, objects 
must be a lot blacker or lighter than their background to be seen; and, at any 
level of luminance, small objects must have more contrast in order to be 
seen than large objects. In Figures 2 -16 and 2 -17, the subjects knew where 
the target would appear on the background and exposure duration varied from 
case to case. The times were empirically determined so that, when doubled, 
they did not yield a lower value of threshold contrast. 
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Variations in spatial acuity with background luminance for high contrast targets, considering the 
natural pupil and binocular vision. Minimum separable acuity defines the smallest space the eye 
can see between parts of a target. The relationship shown is for a black Landolt-ring on a white 
background. For white targets on black backgrounds, the relationship between acuity and luminance 
holds up to about 10 mL, above which acuity decreases because the white parts of the display blur. 
Vernier acuity is the minimum lateral displacement necessary for two portions of a line to be per
ceived as discontinuous. The thickness of the lines is of little importance. Stereoscopic acuity defines 
the just perceptible difference in binocular parallax of two objects or points. Parallactic angle is one 
of the cues used in judging depth. Beyond 2500 feet, one eye does as well as two for perceiving 
depth. Minimum perceptible acuity refers to the eye's ability to see small objects against a plain 
background. It is commonly tested with fine black wires or small spots (either darker or lighter) 
against illuminated backgrounds. For all practical purposes, these numbers represent the limits of 
visual acuity. Another type of acuity, not shown in the graph, is minimum visible ~cuity. This 
term refers to the detection by the eye of targets that affect the eye only in proportion to target 
intensity. There is no lower size limit for targets of this kind. For instance, the giant red star 
Aldebaran (magnitude 1) can be seen even though it subtends an angle of 0.0003 minutes (0.056 sec) 
of arc at the eye. (The conditions under which these data were obtained were nearly optimal for a 
given level of illumination . Changes in contrast, retinal location, rapid changes in illumination, and 
vibration would decrease the resolution capabilities of the eye.) 

Figure 2-15 

Variation in Visual Acuity with Background Luminance 

(Vernier and Stereoscopic Acuity Data from Berry(36); Minimum Perce!;ltible Acuity Data from Hecht 
et al. (212); Minimum Separable Acuity Curve after Moon and Spencer(302) Adapted by White(446)) 
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Relation Between Target Size, Threshold Background Luminance, and Contrast 

(After Blackwell (47)) 
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Figure 2-17 

Contrast Thresholds for Different Target Sizes, Background Luminance, and Pupil 
Diameter at Each Level 

(After Blackwell(47)) 
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Point sourc es of light are d e fined by Ricco l s law as those in which the 
product of threshold contrast and solid angle subtended by target are constant. 
Figure 2-18 represents the maximum visual angle satisfying the point source 
criterion at different luminance levels. Figure 2 -9 presents the threshold 
illuminance and st e llar magnitude at different background luminance levels. 
Figure 2 -55 gives retinal image sizes for point sources at different pupillary 
diameters. 

Increasing the size of light sources will increase their effective bright
nes s and visibility. Figure 2 -19 shows the minimum visual angle a light 
s ource can subtend at the eye and still be seen at different luminance levels 
of the source. 
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Figure 2-18 

Critical Visual Angle for Point Sources Versus 
Area Targets. 

(Adapted from Blackwell(47) by Seyb(380)) 
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Figure 2-19 

Minimum Visual Angle of a Light Source Versus 
Source Luminance. 

(After Wulfeck (462) Adapted from Data of Lash 
and Prideaux(259)) 

For spacecraft and their markings, the target may not be circular but 
rectangular. When dark bars are seen on a brighter background, minimum 
separation between bars can be determined for specific background illumina
t ion and contrast conditions. This is shown in Figure 2 -20. 

There is a distinct difference between resolution of bright bar figures on 
a dark background and dark bars on a bright background. Figure 2 -21 shows 
these differences as a function of retinal illuminance while observing the 
bars. The measure of visual acuity is the smallest distance two bars can be 
separated and still be seen as separate. As the illumination of the retina 
increases beyond about 3.2 photons (0.5 log units), the ability of the eye to 
discriminate between the bars begins to get worse instead of better. In other 
words, reflecting bars by day and luminous bars by night must be bright 
enough but not too bright. (For pupils of 2mm diameter, 10 photons = 1 mL. ) 
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Figure 2-20 

Background Luminance and Contrast Required for Bars Subtending Various 
Angles to be Seen Under Daylight Conditions. 

(After Cobb and Moss(100)) 
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Figure 2 -22 shows the effect of 
area of rectangular stimulus on thres
hold contrast /lB/ B for 5 ratios of 
length to width of rectangles. For 
large areas, threshold contrast for 
fixed area dec reas es as shape approach
es a square. When area exceeds 100 
min2 , shape again becomes unimpor
tant. The visibility of objects in fields 
of high brightness is also strongly 
dependent on the shape factor (212). 
A thin wire one degree long may b e 

~ '> -1.0 -0.5 0 0.5 1.0 1.5 2 .0 

seen silhouetted against a sky of high 
brightness of about 4000 ft Lamberts 
ifits diameter were only 1/2 second INTENSITY IN LOG P.HOTONS 

Figure 2-21 

Ability to Discriminate Bright Bars Against 
Dark Background 

(After Wilcox(451)) 

of visual angle. Silhouetted squares 
must be 18 seconds long. Square 
objects, however, are more efficiently 
s een. To be s e en with the same 
certainty, squares may b e less than 
three times the area of line stimuli. 
Filters will have different relative 
effects on visibility of objects of 
different shape under the same back
ground illuminance (212). 
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Figure 2-22 

Contrast Threshold as a Function of Shape of the Stimulus 

(Adapted by Wulfeck et al(462) from Lamar et al(256)) 

In the inspection of satellites at relatively close distances, the d e t e ction 
of critical detail may be important. Typical det e ction problems are s een in 
Figures 2 -23a and 2 -23b giving visual acuity limits for targets eithe r brighter 
or darker than the background for different background luminance con ditions. 
These curves permit prediction of visual acuity for discrimination of th e 
shape of targets of known luminance on a background of known luminanc e , to 
luminance which the human eye is adapted (17, 3 71 ). The visual acuitie s 
correspond to the visual angles subtended by the critical detail which was 
needed for distinction of a square from a circle of equal area, when vary ing 
sizes. 

Secondary factors often playa key role in visual tasks. Subjective 
sharpnes s of the contour border between two areas of sharply different 
contrast may be important in determining detail of objects under spac e 
conditions (362). Similar problems of contour sharpness are present in 
near vision requiring accommodation (109) and at the r e tinal periphe r y ( 45 ). 

In low levels of illuminance, scotopic sensitivity shows many int e resting 
irregularities (107, 361). Color perception is especially affected as will be 
discus sed below. 

The judgment of relative brightness of several objects is a complex t ask 
which has received much study (359). 

The position of target on retina as a factor in determination of visibility 
is seen in Figure 2 -24. Figure 2 -24a shows a visual acuity curve for dis
criminating objects at 0 0 , 4 0 , and 300 away from visual axis on retina. The 
advantage of foveal vision decreases with the background luminance leve ls. At 
about. 001 ft L all parts of the visual field are equisensitive. Data are avail-
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Figure 2-23 

Visual Acuity for Detecting Shape of Targets 

(After Schmidt(371) Adapted from Aulhorn(17)) 

VISUAL ACUITY 

2.2 
1.7 
1.4 

1.1 
0 .87 

.68 

.55 

.34 

.27 

.22 

.17 

. 14 

. 11 

0.087 
o 

.01 0.1 
BACKGROUND LUMINANCE 

. o~ .01 . 1 ~ 

LUMINANC E DIFFERENCE OF BACKGROUND AND TARGET 

VISUAL ACUITY 
2.2 
1.7 

1.4 

1. 1 

0 .97 

.68 

.55 

.44 

.34 

.27 

22 

.17 

. 14 

.11 

0.087 
()'Ol 

a. Brighter than Background 

LUMINANCE OF TARGET 
IN mL 

90 68 

9 6.8 0 

0.9 0.68 

0.00 0068 
j ii' 

BACKGROUND LUMINANCE 

o 

LUMINANCE DIFFERENCE OF BACKGROOND AND TARGET 

b . Darker than Background 

(See text for definition of Acuity) 

2-21 



2-22 

100.0 
90.0 
80.0 
70.0 
60.0 

50.0 

40.0 

30.0 

20.0 

10.0 
9 .0 
8 .0 
7.0 

6 .0 

5.0 

4 .0 

3.0 

2 .0 

1.0 
0 .9 
0.8 
0 .7 
0 .6 

0 .5 

0.4 

0.3 

o. 2 

o .1 

Figure 2-24 

Position of Target on Retina as a Factor in Visibility 
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able on contrast thresholds as a function of retinal position and target size 
during brief target exposure (407). 

Figure 2 -24b shows the relative photopic acuity at a fixed level of back
ground illuminance for different angular positions from the visual axis. The 
blind spot is the site of the optic disc and nerve. Such values must be con
side red when determining objects not directly along the visual axis. 
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Figure 2-24b 

Relative Visual Acuity at Different Angles from the Fovea 
for Photopic Vision. 

(After Wulfeck et al(462) Adapted from Wertheim(439)) 

The Stiles -Crawford effect is a factor which relates to the design of 
optical aids (397). A given increase in pupillary area is accompanied by 
a smaller proportional increase in the effectiveness of the light for vision. 
A marginal ray is generally less effective as a stimulus for vision than 
a ray that reaches the same point on the retina by passing through the 
center of the pupil. The relative luminous efficiencies of rays entering 
the pupil at various points away from center are shown in Figure 2-25. 
Marginal rays are sometimes less than one -third as effective as are central 
rays. Control experiments have shown that all the rays reach the retinal 
surface with nearly equal intensity; hence the disproportionately low 
efficiency of the marginal rays is a consequence of their direction of inci
dence on the receptors (178). 

The rods do not manifest the Stiles -Crawford effect as do the cones. 
Hence. it is possible to appraise the effectiveness of dim lights for the dark
adapted eye in proportion to the pupillary area prevailing at the time the 
observations are made. The practical consequence of the Stiles -Crawford 
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Figure 2-25 

The Relative Luminous Efficiency of Light Entering the 
Pupil at Various Points in a Horizontal Plane Through 
the Center of the Eye. 

Subject BHC: x left eye,. right eye. 

In this figure, 'f/ is expressed as the ratio between the 
intensity of a central ray and that of a marginal ray, 
the two having been adjusted to produce equal bright
ness as shown by the fact that no fl icker occurs with 
temporal alternation of stimuli. 

(After Stiles and Crawford (397)) 

effect is that retinal illuminance per se cannot be taken as an appropriate 
indication of the effectivenes s of visual stimulation. Thus, the troland is a 
unit of equivocal significance for vision at ordinary photopic levels of lumin
ance. Nevertheles s, it is a useful measure for many circum stances. Both 
pupil size and luminance should be clearly specified for a given situation, 
and under these conditions one may speak of the product in terms of trolands 
uncorrected for Stiles -Crawford effect. (See Table 2 -2. ) 

Optical Aberrations of the Eye 

A detailed analysis of the optical aberrations of the human eye is beyond 
t he scope of this presentation. Data on the clinical aspects of the problem 
are available (1, 126, 178). The following discus sion summa rizes the 
problems from the point of view of the designer of optical equipment (178). 

The surfaces of the cornea and lens are not perfectly spherical, and the 
optical density of the lens varies from one point to another. Furthermore, 
changes in accommodation produce changes in the surfaces of the lens, with 
corresponding changes in the aberrations of the system. (147, 226 ). Aberra
t ions are greatest in the periphery of the cornea and the lens. Pupillary con
striction thus improves the quality of the image formed on the retina by ex
cluding light that passes through the peripheral portions of the cornea and the 
lens. Thus, problems of spherical aberration are greatest when the pupil is 
larger or the fired luminance is low. 

The effects of "night myopia" have been attributed by some mainly to 
spherical aberration,(251) although others have attributed this phenomenon 
mainly to accommodative effects (330). 
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For all small pupil diameters (i. e., les s than 2.5 mm, or perhaps 4 mm 
in individual cases) the effects of spherical aberration may be negligible by 
comparison with those of diffraction (80, 178). 

One may conclude that spherical aberration probably does not have an 
important influence on measurements of visual acuity at moderate to high 
intensity levels for the normal eye. It may, however, be a significant factor 
in night vision, where pupillary apertures are large enough to bring in sig
nificant blurring by aberration effects on the marginal rays. 

Chromatic aberration is another problem, especially in the viewing of 
angularly small objects (117, 147, 178,203, 204, 225,433).Here the serious
ness of the effect on acuity is largely a function of the wavelength distribution 
of the light used for viewing the test object. 

For all low to moderate levels of intensity, acuity is better when sodium 
or mercury vapor lamps were employed rather than tungsten incandescent 
lamps (373). At the levels of intensity above 4000 meter -candles, however, 
the various illuminants were all found to yield similar acuity scores. Mono
chromatic blue light yields poor acuity values, and light from the red end of 
the spectrum, while not so bad as blue, is definitely inferior to green or 
yellow for best acuity. These matters are further complicated by the influence 
of accommodation, which appears to be most strongly activated by yellow 
light and less so by lights of other hues (434). The macular pigment absorbs 
a relatively large proportion of the blue light that would otherwise affect the 
retina. This has been interpreted to mean that the macular pigment serves as 
a filter that, among other things, acts to reduce the chromatic aberration of 
the eye for any white light that contains considerable amounts of blue light. 

Errors of diffraction are usually more significant than errors of chroma
tic or spherical aberration ( 117, 126, 178). The fairly constant level of 
visual activity in the range of pupil diameters from 2.5 to 5 mm probably 
represents a balance between the reduction in diffraction and the increase 
in optical aberrations. The testing and correction of refractive error of the 
eye is well covered by many textbooks of opthalmology (117,126). Enhance
ment of night vision depends heavily on correction of aberrations resulting 
from dilated pupils (343). 

Search and Visibility 

Much study has g<;me into visual search techniques and strategy with 
variable target and ambient conditions (43, 46, 50, 53, 77, 92, 167, 168, 
169, 170, 171, 172, 173, 174, 201). Recent reviews are available on 
visual detection of targets in search (132, 141, 151, 305, 407). 

Optimization of search strategy involves the concept of the visual detec
tion lobe (132, 7..09). Recent work has covered eye movements in search 
(108, 143, 377, 453, 454,456, 463), critical visual variables in the early 
period of search (428, 429), and search time as a function of visual acuity 
of the observer (140, 235). The dwell time in typical detection task is the 
time the eyes remain stationary between fixations and approaches a value of 
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1/3 of a second (441). For discrimination tasks, the value may increase up to 
one second or more (159). The stimulus duration is therefore a key variable 
in search strategy and visibility predictions (see Figures 2 -33 and 2 -34). 

If one does not eliminate the as sumed integrating effects of the 30 to 50 
per second components of the normal oscillatory movements, it has been 
shown that contrast threshold values depend primarily on the target size and 
position. The probability of detecting a target of particular size and location 
is ultimately determined by the number and kind of retinal elements and their 
momentary threshold; receptor interconnections; the frequency and angular 
extent of eye movements; and the duration of target (407). Visual response 
in the field condition must therefore be converted from basic laboratory data 
often representing optimum conditions. Probability functions can be deter-
mined from contrast thre sholds at P = 0.5 for other probabilities (52). Many 
of the field variables can be roughly quantitated. 

Figure 2-26 gives multiplication factors to be used in roughly correcting 
for visual accuracy and speed during non -standard visual tasks. Figure 2 - 26a 
suggests the amount that illumination must be increased to obtain increased 
accuracy of vision. These data on visual task performance as a function of 
other factors (speed, acceleration, etc.) have been based on 50% reading 
accuracy. The multiplying factor was determined by evaluating data on read
ing instruments and on identifying the area occupied by a target {382}. Since 
the shape of the curve is influenced by contrast, adaptation of the eye, acuity, 
speed of vision, and task difficulty, this curve must be used only as a rough 
estimate of error reduction. 

Figure 2 -26b suggests the amount that illumination must be increased to 
obtain increased speed of vision. The speed of vision is expres sed in dis
criminations per second with discrimination task being the identification of 
the opening in a Landolt ring (capital letter C). The determination of the 
number of discriminations per second involved in a given task would be based 
on a correlation between the time to do this task and the time to identify C 
openings with all conditions being identical. 

Figure 2 -26c suggests multiplication factors for contrast thresholds 
(Figures 2-16, 2-17, 2-20, 2-23) when inadequate knowledge is available re
garding various target properties (48, 49, 52, 132). They have been 
obtained from relatively few experiments and should be used with caution. 

Vigilance is a key factor in search for targets which occur infrequently. 
Data on the visual aspects of vigilance are available (137, 233). Several 
models of vigilance have been proposed recently (n, 81, 233, 282, 374, 403) 
and current studies are being directed to fitting visual search problems to 
these models (232, 270, 299). Visual alertness may be estimated from 
electroencephalographic data (34). The effect of simultaneous auditory noise 
and other extraneous stimuli on vigilance is also under study (71, 188, 202, 
437, 467). 

For general use, a contrast correction factor of 1.19 for vigilance alone 
has been recommended ( 30). This factor is probably satisfactory when the 
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Figure 2-26 

Correction Factors for Visual Accuracy and Speed in Search Operations 
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stimuli occur randomly and with an average frequency of 1 or 2 ln 20 min, 
higher occurence rates requiring les s correction. 

Trained observers perform better than inexperienced ones, and the 
magnitude and time course of practice effects are greater for more complex 
visibility tasks. A recent study indicates the character of the practice effects 
found in a simple laboratory detection experiment, and shows that a correction 
factor of 1.90 in contrast will compensate for the difference between trained 
and naive observers (311). This value is in excellent agreement with the 
factor reported of 2.00 for a different data collection method (32). All of 
these contrast multiplication factors are sequentially applied in determining 
the contrast needed for a given probability of detection. 

Final target aquisition times are very sensitive to specific visual functions 
in question (356). In a complex task each factor must be considered indi
vidually and in interaction before adequate predictions can be made. Many of 
the more clear -cut personal and environmental influences will be discus s ed 
below. 

Determination of visual range for a high probability of detection within 
the Earth 1 s atmosphere is a complex calculation (132, 252, 293 ). Figures 
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2 -27a and 2 -27b represent graphs permitting range estimates ln daylight and 
starlight within the Earth's atmosphere. Similar graphs are available for 
other lighting conditions (133). Sighting ranges have also been calculated for 
night and twilight light operations under field conditions (380). For stationary 
targets, the sighting range is practically the same as maximum detection 
range; for moving and approaching targets, the sighting range can be con
sidered the upper limit of the maximum detection range. Visual detection 
lobe theory has been recently applied to air to ground observations and range 
calculations (209). 

The strategy and optimization of search for objects at sea has received 
extensive review (252). Data are also available for visibility under the sea 
(134, 245, 246), under white -out conditions (243), and in jungle terrain (123). 

Color 

Color is an important factor in the design of cockpit displays and in 
optimization of visual detection and identification (25). Figure 2 -28 shows 
the eye is twice as sensitive to a yellow-green of 550 ml-', as it is to a blue 
of 450 ml-' , and many times more sensitive to a yellow -green than to violet 
and red, at the ends of the visible spectrum. The situation is further com
plicated by differences in the responses of individuals (177). Spectral sensi
tivity curves are a function of the level of illumination,in that the relative 
function of rods and cones are dependent on this factor. 

Visual Acuity as a Function of the Color of llluminant 

The color of the illuminant can be controlled either at the light source or 
by filters between the source and the observer's eyes. Both methods give 
the same effect. Colored illuminants cause the loss or reduction of color 
contrast and the distortion of the normal luminance relations. Objects of the 
same color as the illuminant will be relatively increased in luminance and 
may become invisible against a light background. Objects of complementary 
color will be darkened and may be invisible against a dark background. This 
effect can be used to advantage in some highly specific applications. In most 
cases this distortion of normal brightness and color relationships is a serious 
handicap, and greatly reduces the total information which can be resolved by 
the eye. 

Experimental findings concerning visual acuity and color of the illumin
ant have been somewhat contradictory (26, 146). When there is a large 
luminance contrast between test object and background, visual acuity varies 
only slightly with wavelength and is generally best near the middle of the 
visible spectrum, if all test objects are of equal luminance. Reducing the 
luminance contrast between test object and background degrades acuity 
similarly at all wavelengths so there is little, if any, interaction between 
wavelength and contrast (89 ). Visual acuity with red and blue backgrounds 
of different luminance is shown in Figure 2 -29. (See also chromatic 
aberration. ) 
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This graph shows the sighting range (distance in feet) of targets viewed against the sky, back
ground luminance 1000 mL (full daylight) at probability of detection of 95"/0. Meteorological 
range is the distance at which apparent brightness contrast is reduced by atmospheric s c atter 
to 2"70 of inherent contrast between the object and sky. Contrast is the ratio of the luminance 
difference between target and background and the luminance of the background (fJ.B/ B). 

A straight line connecting meteorological range and contrast will intersect a family of curves 
for various target sizes, which are shown as areas (A) in square feet. The visual range is 
obtained by projecting up or down to the range scale. By selecting meteorological range at its 
infinity point, the graph may be used to find threefold contrast for any object of a given size 
at any assigned distance. 

The graph does not apply to long narrow targets, but does apply to targets that are not very 
out - of - round . 

Figure 2-27a 

Visual Range in Natural Light - Daylight 

(After Middleton(293) Adapted from Duntley(133)) 
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This graph shows the sighting range of circ ular targets against the sky with a background lumi
nance 0.0001 mL (starlight). The following is an example of the use of the nomogram: Find the 
range that an object 100 sq ft in area could be seen in starlight when the meteorological range 
is 150 ,000 feet and the contrast of the object and sky is 0.8 . A straight line a c ross meets the 
given range and contrast . The range is read off where the line intersects the 100 sq ft curve. 
Under these conditions a 100 sq ft target V'lill be sighted with a probability of 95"lo at 1200 feet. 

Figure 2-27b 

Visual Range in Natural Light - Starlight 

(After Middleton (293) Adapted from Duntley(133)) 
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Figure 2-28 

Standard Luminosity Curves: Relative Sensitivity to 
Radiant Flux as a Function of Wavelength 

(After Hecht and Williams( 213) 
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Figure 2-29 

Visual Acuity as a Function of Color of Illumination 

(After Chapanis(93) Adapted from Schlaer et al(384)) 

The extent to which acuity can be improved depends upon the particular 
colors used. The highest color contrast possible produces visual acuity 
which is equivalent to the acuity produced by a brightness contrast of 35% (135). 
However, acuity is increased much more by increasing brightness contrast 
than by increasing color contrast. 

There is a frequent need to see and to identify objects on the basis of the 
color of the objects' surfaces. One major consideration is the ability with 
which the object may be seen against its background. Since detectability is 
increased when color and brightness contrast between the object and the back
ground are increased, such objects as life rafts, parachutes, survival tents, 
path markers, and other such objects should have carefully chosen colors and 
brightness. Generally speaking, orange (International Orange) is seen best 
at great distances. Detectability can be further increased by addition of 
fluorescence which increases brightnes s and contrast. The unnaturalnes s of 
these colors also results in heightened conspicuity (406). Fluorescent orange, 
neon red, and red are recommended for survival equipment that must be seen 
at great distances. However, if the background is predominantly orange, red, 
or brown, objects should be green for maximum detectability. Against blue
green foliage or water, orange, red, or neon red of high brightness are best. 
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Color R ecognition Thresholds 

Signal lights used in air and 
marine navigation are v iewed at great 
distances. The visual angles sub
tended by such sources are small and 
car. be considered as points sources of 
light. The recognition of a signal 
light color depends upon (1) the inten
sity of the light source, (2) the bright
nes s of the background, and (3) the 
particular colors obs erved. Figure 
2 -30 shows the illumination at the eye 
of a point source signal light that will 
be correctly identified 90% of the time 
for various colors viewed against 
various neutral background brightnes s -
es. It indicates that yellow signal 
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Figure 2-30 

Color Recognition of Point Sources of Light 

(After Baker and Grether (25) Adapted from 
Hill(217)) 

lights require the greatest intensity. This study also revealed that red and 
green signal lights were rarely interchanged, that is, red was rarely called 
green and green was rarely called red. On the other hand the yellow light 
was frequently confused with red. The confusion of color determination at 
threshold has been recently reviewed (149, 357, 435). 

These data apply to situations where the observer knows the location of 
the signal. In actual situations the observer usually knows only the general 
direction of a signal light. For such situations the threshold recognition 
values should be doubled (48, 164, 1 77). The signals can be seen at lower 
intensities than shown on the graph, but the colors may not be identified 
correctly. Intermittency of color flashes is also a factor to be considered 
(435) . 

Color Specification 

Color may be considered as having three psychological components: hue, 
saturation, and brightness. Most systems of color specification make use of 
these three concepts in one form or another. 

Hue is the aspect of color commonly denoted by such names as red, 
yellow, green, blue, orange, and many others. The most closely related 
physical property of light is wavelength - - though the hue purple does not 
correspond to any wavelength in the spectrum. 

Saturation is defined as the degree to which a sensation of hue differs 
from a gray of the same brightness. Colors that are 100 percent saturated 
are called spectrum colors. When white light is added to a spectrum color, 
the spectrum color decreases in saturation. For example, a spectrum red 
becomes more or les s pink when it is mixed with white light; it is still red 
in hue, but its saturation has decreased. 

The sensation of brightnes s is related to the amount of luminous flux 
reaching the eye from an obj e ct or light source. Other things being equal, 
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a source of high intensity or luminance will seem bright-colored -- bright 
red, bright blue, etc., - - while a source of low intensity or luminance will 
seem dark - or dull-colored. A sample of red that seems dark on a cloudy 
day will seem bright on a sunny day; the hue and saturation remain the same, 
but more luminous flux is reaching the eye. 

Systems of color specification must relate colors to a standard light 
source (39, 65 ). The most objective method in color specification is the 
tristimulus colorimetric method (1 77). The International Commis sion on 
illumination (ICI) chromaticity diagram is an example of this approach. Color 
may also be specified by visually matching samples with printed, dyed, or 
painted standards. The Munsell Atlas contains painted samples of all the 
colors in the system, presented in a three-dimensional array with hue, 
saturation, and brightnes s recorded on the axes (309, 310). Color may be 
used in coding, that is, specifying the correct identification of an object by 
its color. For example, wires, resistors, pipe lines, gas cylinders, and 
many other objects are color coded. Since errors in reading the color code 
may be disastrous, it is important to understand the sensitivity of color 
discrimination. 

Hue discrimination is usually 
measured in terms of the smallest 
difference in wavelength that two test 
fields can have and still be interpreted 
as of different hues. Figure 2-31 
shows variations in hue discrimination 
through the visible spectrum. Changes 
in hue discrimination are not equal for 
equal increments of wavelength ( ~ ). 
At high luminance (10 mL or better) 
and saturated colors, 128 hues can be 
distinguished. The difference threshold 
in the blue -green and yellow portions 
of the spectrum is of the order of one 
millimicron (mil). At the red level of 
the spectrum, the difference must be 
as great as 20 mil before it is detected. 
Data are also available on brightnes s 
saturation discrimination but these are 
n<;>t primary factors in coding (462). 
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Figure 2-31 

Hue Discrimination 

(After Wulfeck et al (462)) 

_healthy male population possesses a significantly reduced ability to distinguish 
color differences. Only. 003% of the population are completely color blind, 
that is, they see only various shades of gray. Since color coding is frequently 
used with unselected populations, at least with respect to color vision, the 
selection of the particular colors for coding becomes an important considera
tion. The four colors listed in Table 2 -32a are considered ideal for coding 
because color deficient individuals can also easily recognize them (25). The 
numbers refer to the Federal Specification TT-C -595, 'Colors for Ready 
Mixed Paints, , with the exception of blue (10B 7/6) which is a Muns ell nota
tion (309, 310). However, more than four colors will frequently be required 
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R e d 

Orange 

Yellow 

LIGHT 

1/2 inch 
diameter 
steady 

1 inch 
diameter 
steady 

1 inch 
diameter 
flashing 
(3-5/sec. ) 

2-34 

Table 2-32 

Color Code Recommendations for Pigments and Indicator Lights 

(After Baker and Grether(25) and NASA CSD-A-096(423)) 

a. Ideal For Color -Blind Persons 

Black 1770 

White 1755 

Yellow 1310 

Blue 10B 7/6 

b. For Use When More Colors Are Needed 

1110 Blue lOB 7/6 White 

1210 Purple 2715 Black 

1310 Gray 1625 Buff 

c. Coding of Simple Indicator Lights 

RED 

Malfunction, 
action 
stopped, fail-
ure, stop ac-
tion 

Master 
summation, 
(system or 
subsystem) 

Killer 
warning 
(personnel 
or equip
ment) 

AMBER GREEN 

Delay, Go ahead, 
check, in toler-
recheck ance, ac -

ceptable' 
ready 

Extreme Master 
caution summation, 
(Impend- (system or 
ing dan- subsystem) 
ger) 

N/A N/A 

1755 

1770 

1745 

WHITE 

Function-
al or physical 
position, 
action in 
progress 

N/A 

N/A 



to code objects. The nine colors listed in Table 2 -32b were selected to be the 
least confusing for individuals with normal and color-defective vision (14 ). 

Color -coded signal lights are used on display panels, maintenance equip
ment' and in navigational aids to air, marine, and surface vehicles (65 ). 
Only three colors are recommended for signals if color defective observers 
are expected to respond correctly to these signals. These three colors are 
aviation red, aviation green, and aviation blue as defined by the Army-Navy 
Aeronautical Specification AN -C -56, 'Colors, Aeronautical Lights and Light
ing Equipment.' Aviation blue is distinguished from red and green only at 
moderate distances. It must be noted that the specific requirements for 
these colors must be adhered to if the code is to be used by color deficient 
personnel because there are many reds, greens, and blues that will be con
fused. Also, no attempt should be made to include white or yellow in con
junction with the three recommended colors because the color -deficient indi
viduals may confuse red with yellow and green with white. 

A color -coding scheme for indicator lights on instrument panels conform
ing to the identification colors listed in MIL -C -25050 as suggested for the 
Apollo system are noted in Figure 2 -32c (3 ). 

Red - Red is used to alert an operator that the system or any portion of 
the system is inoperative and that a successful mission is not possible until 
appropriate corrective or override action is taken. Examples of lights 
which are coded red are those which display such information as: no-go, 
error, failure, malfunction, etc. 

Amber - Amber is used to advise an operator that a condition exists 
which is marginal insofar as system effectiveness is concerned, that an un
satisfactory or hazardous condition is being approached or exists but that the 
system can still operate (battery approaching replacement time, etc.). 

Green - Green is used to indicate that a unit or component is in tolerance 
or a condition is satisfactory and that it is all right to proceed (go ahead, in 
tolerance, ready, acceptance, normal, etc.). 

White - White is used to indicate those system conditions that are not 
intended to provide a right or wrong implication, such as indications of 
alternative functions or are indicative of transitory conditions, where such 
indication does not imply success of operations. 

Blue - Blue is used as an advisory type light, but preferential use of blue 
is di'S"COUraged. 

The flash rate for flashing warning lights should vary from 3 to 5 flashes 
per second with on time being approximately equal to off time. The indicator 
should be designed so that if energized and the flasher device fails, the light 
will come on and burn steadily. If simple -type indicator lights (rather than 
legend type lights) are used for emergency conditions (personnel or equipment 
disaster), such functions are indicated by a I-inch diameter red flashing 
light and cautionary conditions (impending danger) by a I-inch diameter steady 
amber light. Master summation indications; system or subsystem, is 
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indicated by 1 -inch diameter steady red or green lights. Indication of all 
other conditions is by 1/2 inch diameter steady lights. One-inch diameter 
lights are discriminately brighter than 1/2 -inch diameter lights. With the 
exception of small flashing white call lights commonly used on communication 
panels, no other flashing lights are used. Auditory signals may be used to 
complement the visual display ( 31 ). 

Several general reviews of factors in color coding are available ( 106, 240). 
Color mixture functions at low luminance levels have also received recent 
study as have distortions of color during underwater observation (246,447). 
Data are also available on the visibility of colored smoke signals from the 
air (438). The effect of color on the internal illumination and habitability of 
spacecraft is discussed in another section. 

Duration of Visual Exposure and Intermittent Illumination 

When a target appears as a short flash up to about 0.1 sec. duration 
(this limit depending on the conditions), the effectivenes s of the light in
creases linearly with exposure time as expres sed in Bloch I slaw. On longer 
exposures, up to a few tenths of a second or longer, the time factor is less 
effective as expressed in Blondel and Reyl slaw (5 4 ). Finally, above a 
critical time the effect of a light becomes independent of the duration. These 
laws, which expres s the temporal summating ability of the visual system, 
may also be valid for a moving object as long as its image stimulates the 
same receptive fields of the retinal elements. Figures 2 -33 and 2 -34 are 
demonstrations of the effect of target size and target exposure on the contrast 
thresholds for stationary targets. At any luminance level, less time is re
quired to see bigger objects. When size is held constant, les s time is re
quired to see at higher luminance levels. 
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Visual Acuity as a Function of Time of 
Exposure to Viewed Object 

(After Chapanis(93) Data of Ferree and 
Rand(145)) 
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Intermittent signal and warning lights are often more detectable than 
steady lights. This factor may be of value in space operations. Although a 
target may be bright enough to be visible, the pilot may not detect it against 
the star background - - particularly if its motion is very SlOW. Because the 
apparent motions at the initiation of rendezvous are, in general, very slow, 
this is an extremely important problem in acquisition. If the light is inter
rupted so as to flash off and on, it would be much more readily detected than 
a steady light (54, 312). The problem then concerns the optimum flash rate 
and flash duration. The effect of flash duration on the apparent intensity of 
a light seen by the human eye is shown in Figure 2-35. In this figure, a 
steady light which is just barely discernible is used as a datum reference 
with a relative intensity level of unity. The figure shows that little inc rease 
in relative intensity is required down to flash durations approaching O. 2 
second. For flash durations les s than one -tenth second, however, the 
required relative intensity increases as an inverse function of time. For 
example, if the flash duration is about 0.003 seconds, the intensity relative 
to the steady light must be increased by a factor of about 100. The curve of 
Figure 2 -35 can be approximated by the equation: 

where 

E 

EO 

t 

a 

= 

= 
= 
= 

E = E (t + a) o t 

intensity of flashing source required to appear 
as bright as EO 

intensity of steady source 

duration of flash, sec. 

curve fitting constant equal to 0.21 second 

(2) 

This expres sion is known as Talbot's law. 
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Figure 2-35 

Visibility of Flashing Sources of Light 

This Figure shovvs how intense a flash of light must 
be in order to be seen at the 50% probability level. 
Note that very short flashes must be much more in
tense than long flashes if they are to be seen. The 
detection of colored lights requires about the same 
illumination at the eye as detection of white light. 

(Adapted from Blondel and Rey(54)) 
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There are many variables altering the perception of intermittent light 
signals (157, 158, 247, 275, 435). Repeated flashes of light frequently lead 
to contradictory responses at the same wavelength. The variability in color 
recognition near the threshold is well known (149, 435). An observer who is 
expecting a brief :and small, circular, colored light signal in the darknes s 
and required to identify the color of the signal may be especially confused 
(435). When the signal is perceived as a circle, there is a good probability 
of correctly identifying its color. When it is perceived as a mere light sensa
tion' quite shapeless, the signal may appear as achromatic regardless of 
actual color. When the signal appears distorted in shape between the two 
extreme situations described above, little confidence may be given that the 
as sumed color response is correct. The perception of circular shape re
quires ales s intense stimulus for red stimuli than for other colors. 

The perceived brightnes s of intermittent light is greater below fusion 
than at higher frequencies (brightness enhancement) (28, 421). The maxi
mum enhancement above the Talbot plateau level appears to be at about 4-5 
cps (103). 

Visual noise interferes with perception of intermittent stimuli and may 
cause false alarms in operational situations (358, 360). In search situations, 
the effect of flash distribution and illumination level of low intensity stimuli 
may be important (450). 

It has been noted that the threshold for visibility at night is about 0.13 
km -c (. 05 mi -c) but in operational conditions for semi -trained subjects who 
have large and ill-defined solid angles to search, 0.94 km -c (.36 mi-c) 
would be a more reasonable threshold for detectability. In scotopic and 
mesopic vision, the rod perception of contrast may be improved by inter
mittent illumination of peak luminance level equal to an equivalent steady 
illumination. There are ideal wave forms and frequencies for each color 
(44 ). 

In the case where the subject knows the position in space where a flash is 
to occur, the simple reaction time is a decreasing, negatively accelerated 
function of flash luminance (261). Flash duration has no clear effect on 
reaction time. 

,The flickering effect of intermittent light at around 8 pulses per second 
may be disturbing to some people (6 ). A small percent of the population 
may even develop epileptic seizures from the flicker (35, 290, 418). At high 
frequency of flicker, fusion of the image occurs and the light is perceived as 
steady. Figure· 2 -36 represents this phenomenon as a function of luminance. 
The data are valid only for white light on the fovea. The flicker fusion fre
quency is dependent on the functional state of the central nervous system. 

Visual Fields 

The limit of field of vision possible with eyes and head fixed or free to 
move about is seen in Table 2 -37. The monocular and binocular fields for 
achromatic targets with eyes fixed are seen in Figure 2 -38a and c. Chroma
tic targets alter the field of vision as seen in Figure 2 -38b. Helmets and 
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The graph shows the relation between critical fusion frequency (CFF) and luminance. The 
curve defines the boundary between those combinations of target luminance and flicker fre
quency that are perceived as flickering and those perceived as steady. CFF is the lowest 
frequency (c/ s) of flashing that can be perceived as steady. Luminance is the variable with 
the greatest influence on CFF. Other variables are target size, color, lengths of the light
dark cycle, brightness of the surround, region of the retina stimulated, and individual differ
ences. The data shown in the graph are based on a two-degree, achromatic stimulus at zero 
degrees of angular eccentricity . 

Figure 2-36 

Temporal Discrimination of White Light at the Fovea 

(Adapted from Hecht and Verrijp(211) by White(446» 
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Table 2-37 

Binocular Visual Fields with Head and Eye Movement 

(After Wulfeck et al(462) from data of Hall and Green baum(195)) 

HORIZONTAL LIMITS VERTICAL LIMITS 

Temporal Nasal 
TYPE OF FIELD Ambinocular Binocular Field Field 

MOVEMENT AND FACTORS Field Field Angle Angle 
PERMITTED LlMITrNG FIELD (each side) (each side) Up Down 

Moderate movements of Range of fixation 60° 45° - -
head and eyes .ass umed as: 

Eyes: 15° right or left Eye deviation (assumed) 15° 15° 15° 15° 
15° up or down Peripheral field from 

point of fixation 95° (45° ) 46° 67 0 

Head: 45° r ight or left Net peripheral field 
30° up or down from cen tral fixation 110° 60° *',* 61° 82° 

Head rotation (assumed) 45° 45° 30°* 30° * 

Total peripheral field 
(from central body line) 155° 105° 91° 112° ** 

Head fixed 
Eyes fixed ( central posi- Field of peripheral vi sion 95° 60° 46° 67° 

lion with respect to head) (central fixation) 

Head fIxed Limits of eye deviation 
Eyes ma ximum deviation ( : range o f fixatio n) 74° 55' 48 ' 66° 

Peripheral field 
(from point of fixation) 91 ° Approx ( 5° ) 18° 16° 

Total peripheral field 
(from central head line) 165° 60° **', 66° 82° 

Head maximum movement Limits of head motion 
Eyes fixed (central with (: range of fixation) 72° 72° 80°* 90°" 

respect to head) Peripheral field 
(from point of fixation) 95° 60° 46° 67° 

Total peripheral field 
(from central body line) 167° 132 0 126° 157° "* 

Maximum movement of Limits of head motion 72° 72° 80°* 90°* 
head and eyes Maximum eye deviation 74° 55° 48° 66° 

Range of fixation 
(from central body line) 146° 127° 128° 156°** 

Peripheral field 
(from point of fixation) 91 ° Approx( 5° ) 18° 16° 

Total peripheral field 
(from central body line) 2:n° 132° 146° 172° ** 

*Estimated by the authors on the basis of a single subject. 
** Ignoring obstruction of body (and knees if seated) . This obstruction would probably impose a 

maximum field of 900 (or less, seated) directly downward; however, this would not apply 
downward to either side. 

***This is the maximum possible peripheral field; rotating the eye in the nasal direction will not 
extend it, because it is limited by the nose and other facial structures rather than by the op
tical limits of the eye. The figures in parentheses on the line above are calcu lated values, 
chosen to give the maximum limit thus indicated. 

Notes: The ambinocular field is defined here as the total area that can be seen by either eye; it is 

2-40 

not limited to the binocular field, which can be seen by both eyes at once. That is, at the 
sides, it includes monocular regions visible to the right eye but not to the left, and vice versa. 

The term binocu lar is here restricted to the central region that can be seen by both eyes simul
taneously (stereoscopic vision). It is bounded by the nasal field-limits of the eyes. 

------ ---- ------- - -- - -
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Figure 2-38 

Monocular and Binocular Visual Fields 

Figure 2 is a peri metric chart that shows the average 
monocular visual field for the right eye. Numbers 
are degrees; the eccentricity angle in degrees is the 
distance by which a target is displaced from the 
fovea. The head and eyes are motionless. The nasal 
field is to the left, and the temporal field to the 
right of the chart. Visual fields are mapped with a 
two-degree , achromatic circular target with a lumin-
ance of about 10m L. Age (after 40 years) tends 
to narrow field I im its. Errors of refraction (except 

a. BROW 

presbyopia) have no significant effect on the size of NOSE 

the form field, but affect the size of color fields. 

(After Ruch and Fulton. eds. (366)) 

BROW 

Figure .f. shows the normal field of view of a pair of 
human eyes. The central white portion represents the 
region seen by both eyes. The gray portions, right 
and left, represent the regions seen by the right and 
left eyes, respectively. The cut-off by the brows, 
cheeks, and nose is shown by the black area. Head 
and eyes are motionless in this case. 

(After Ruch and Fulton, eds. (::!bb)) 

CHEEK 

Figure.Q is a perimetric chart that shows average mon
ocular visual field for both achromatic and chromatic 
targets for the right eye. The chart shows that the 
visual field for form is normally the largest; those for 
blue, yellow, red and green are successively smaller in 
the order given. A three-degree red target that is be
yond 600 eccentricity will appear colorless; at 200 the 
target will appear as red . Increasing the brightness of 
the target or its size will tend to move color zones 
outward on the chart. Color fields are less stable than 
is the field for form_ 

(After Boring et al (64)) 

c. o 

08l 
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visors will alter the field of vision and fields must be determined specifically 
for each design in question. (See recommendations below and Figure 16-24). 

Movement Discrimination and Ocular Pursuit 

Movement of a target relative to the background is a factor to be con
sidered in detection of satellites in a starfield and in other ocular pursuit 
tasks. Figure 2 -39 covers the ability to discriminate movement in the 
frontal (a) plane and in depth (b and c). Discrimination of movement in depth 
is a complex function of importance in docking and extravehicular activity. 
Figure 2 -39b & c represents the basic data which may be converted to 
angular data for extrapolation to space conditions. 

Figure 2 -73 covers angular rate perceptions for small luminous targets 

-l 

in a starfield, specifically obtained for evaluation of visual satellite acquisition 
tasks in rendezvous. 

Visual acuity is affected by motion (83, 296). Dynamic visual acuity is 
the recognition of details when the observer or the target or both are moving 
in comparison to the static visual actuity where all are fixed. As seen in 
Figure 2 -40 dynamic visual acuity shows a predictable impairment with in
creasing angular velocity, starting noticeably to deteriorate with a speed 
rate of 200 per sec. The eye is unable to match the exact rate of movement 
of the object at greater speed, resulting in a motion of the image on the 
retina which reduces the contrast and thus the visual acuity. Peripherally, 
the impairment is more noticeable than centrally. In the cas e of a single 
target with increasing speed the deterioration first increases slowly then 
more rapidly. Decrement in visual acuity with motion is about the same 
when the subject or the object is moving and the other remains static (296). 
A higher dynamic visual acuity is obtainable when normal head movements 
are possible than when the head is fixed (111). Legibility criteria for moving 
alphanumeric symbols are available (266). 

The masking effects of moving light stimuli on the luminance threshold 
of a stationary stimulus have been studied (276). False movements in the 
visual fields often result from vestibular and other illusionary phenomena 
(449). These will be covered in detail in Acceleration (No.7). 

Dark Adaptation 

The eye becomes much more sensltlve to light in darkness (231). Very 
little of this can be attributed to the dilation of the pupil shown in Figure 2 -41 
which is hardly enough to account for the many orders of magnitude of dif
ference in sensitivity which occur when one adapts to darkness after exposure 
to a high illumination ( 76 ). 

Another basis for the tremendous improvement of vision under dark 
adapted conditions is the fact that the concentration of photosensitive 
materials is increased. When the eye is placed in darkness, a concentration 
which was roughly in balance with conditions of illumination at a high level is 
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Figure 2-39 

Discrimination of Movement 

a. I n the Frontal Plane 
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0. 1 10 

ANGULAR SPEED (w ) • deg/sec 

100 

The differential threshold (t:,. w ) is the amount that the angular speed of an object moving at right 
angles to the line of sight must change to be detected as a new speed _ Data points shown on the 
graph are thresholds gathered from eight different expe r iments, for abrupt changes in speed 
from w 1 to w 2. 

When an object stationary in the visual field ( w 1 = 0) is suddenly set in motion, the minimum 
speed which is perceived as motion ("rate threshold") varies from 1 to 2 minutes of arc per 
second (0.017 to 0.033 deg/secl. 

Threshold for movement in peripheral vision is higher than the threshold in central vision. 
Effects of illumination and contrast on differential threshold are imperfectly known at this time_ 
The rate threshold is higher at low illumination levels and when no fixed visual reference is 
available _ 

(After Whi te(446) Adapted from Brown (79 ) and Graham( 178)) 
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Figure 2-39 (continued) 

b. In Depth c. In Depth 
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Figure .Q shows successful perception of movement in depth of a luminous target on a black field as 
a function of change in visual angle (per cent distance traveled) and of luminance. Figure £. shows 
the time required to perceive movement in depth as a function of rate of change of visual angle 
(target speed) . Both curves are for 75% correct responses, where 50% correct would be c hance 
performanc e, sin ce the target moved both toward and away from the observer , who had to choose 
the correct direction. 

The target was a lamp measuring 3.5 inches in diameter which was moved back and forth on a track 
from an initial distance of 25 feet. At the initial distance, the lamp subtended a visual angle of 
40 minutes of arc. A 2% change in distance, which was detected as movement at the higher lumi
nan ce: ll::vels, r epresented a 2% change in visual angle, or a change of about 0.8 minutes of arc . 
The: range: of target speeds from 1.65 to 13.2 inches per second produced initial changes in visual 
angl<: fr om abou t . 25 minutes of ar c to 2 minutes of arc. 

(After White(446) Adapted from Baker and Steedman(23 l) 
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Figure 2-40. 

Dynamic Visual Acuity 
During Ocular Pursuit 

The effects of increased angular veloc ity of 
rotation on visual acuity at each of six 
levels of illumination are shown in the 
graph. The relationship shown is for a 
black Landolt-ring on a white background. 
The data show that visual acuity declines 
progressively as angular velocity increases, 
and that acuity is benefited by increasing 
the illljmination on the target. 

(After White (446) Adapted from 
Miller(296)) 
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There are a number of factors which affect the size of the pupil. The relationship shown here is 
diameter and variations in the luminance of a large uniform field. It is not possible at this time 
to predict the size of the pupil for non-uniform distributions of'luminances in the visual field. 

Figure 2-41 

Pupillary Diameter and Luminance 

(After IES Lighting Handbook( 222)) 
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supplanted by the much higher concentration which is found in the dark adapted 
eye. There is, however, a large change in sensitivity, many orders of mag
nitude, which takes place after more than 90% of the photo -sensitive materials 
have been regenerated (368). There is therefore, no direct relation between 
sensitivity and concentration. Other changes must also be occurring. One of 
the things which is probably occurring is a transition in the nature of the eye l s 
capability of utilizing energy distributed over area. This is reasonable be
cause the eye is not as capable of resolving visual detail in the dark adapted 
state and at low luminances. It would appear that spatial resolution capacity 
has been exchanged for sensitivity to flux level in the retina. The "critical 
duration" of the eye, the utilization time beyond which energy cannot be 
summated over time for the achievement of a given energy threshold level, 
becomes longer at lower levels of illumination. Increased sensitivity to flux 
is thus achieved not only at a cost of reduced spatial resolution apparently, 
but also of temporal resolution. The eye is not as sensitive to a pulsating 
light at lower luminance as it is at a high luminance. The higher the lumin
ance, the faster the pulsation the eye can detect (Figure 2 -36). 

Light sensitivity at a given moment depends on the length of time the eye 
has been exposed to a certain level of illumination. Factors that influence 
absolute sensitivity to light are: (1) the duration of, and (2) average pre
exposure luminance, (3) the size, shape, contrast conditions and viewing time 
of the test object, (4) the color of the pre -exposure light and the test light in 
measuring sensitivity, (5) the region of the retina stimulated, and (6) physio
logical status of the individual (231). The data of any investigator must 
therefore be used with great caution in predicting dark adaptation unde r dif
fe rent conditions (389 ). 

Figure 2 -42 shows examples of several variables of prior exposure on 
dark adaptation. Rods and cones differ in the time factors as sociated with 
their activities. As shown by slope change in Figure 2 -42a, the rods are 
much slower in action than the cones. The time required to adapt to a given 
threshold level is shorter when the pre -exposure brightnes s is lower, and 
when the pre -exposure light is composed of wavelengths in the red portion of 
the spectrum (Figure 2 -42b and 2 -42c). Note that the thresholds may differ 
by an order of magnitude depending on specific subjects and test conditions. 

Figure 2 -43 sho w s effect of test conditions on dark adaptation such as 
area of test object (210), wavelength of test stimulus ( 93 ), region of retina 
used (210) and population difference (388) - all under the specific conditions 
used in gathering the data. Hypoxia and nutritional state of subjects are 
major factors in dark adaptation (93 ,231 , 388 , 424). The problem of 
optimizing cockpit color lighting for preservation of dark adaptation has 
received recent review (29 1,389 ). 

When the eye has been adapted to a given luminance, the luminance that 

-I 

is just visible immediately after is the instantaneous threshold. Figure 2 -44 
shows a plot of pre -adapting luminance in mL against the instantaneous 
threshold. The curve is a straight line except at the higher luminances where 
factors other than adaptation are present. This graph is for a square target 
that subtends 10 minutes of arc, and assumes that the observer is pre-adapted 
to a given wide field luminance. An observer adapted to a luminance of 1.0 mL 
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Figure 2-42 

Dark Adaptation as a Function of Previous Light Exposure 
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a. I ntensity of Previous Light 

Dark-adaptation curves for one subject follow
ing exposures to lights of various luminances 
for four minutes. The broken lines indicate 
the color of the test light (violet) could be 
identified at threshold . The thresholds in this 
example are one order of magnitude higher 
than usually shown. 

(After Chapanis (93) from Data of Haig(192)) 

c. Dark Adaptation Curve as a Function 
of Color of Previous Light 

(After Peskin and Bjornstad(339)) 
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b. Duration of Previous Light 

Dark-adaptation curves for one subject follow
ing exposure to light of 447 mL for various 
durations. Only the rod portions of the curves 
are shown here. Thresholds are one order of 
magnitude higher than usually found. 

(After Chapan is (93) from Data of Haig( 192)) 
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Figure 2-43 

Dark Adaptation as a Function of Test Light Exposure 

-J 
::t 
::t 

t:> 
0 
--l 

Z 

w 
u 
Z 
<l 
Z 

~ 
::> 
--l 

0 
--l 
0 
:c 
<.f) 
w 
a:: 
:c 
t-

7 

6 

5 

4 

3 

CENTRALLY 
FIXATED FIELDS 

2° 

3° 

5° 

10° 

20° 

0 10 20 30 

MI NUTES IN DARK 

b. Wavelength of the Test Stimulus 

Dark-adaptation curves measured with lights 
of different wavelengths. Although lights 
were equated in brightness initially. they 
are no longer equally bright even at cone 
threshold. The differences are further 
exaggerated during rod dark adaptation . 

(After Tufts Handbook(416) Data from 
Chapan is (93)) 

a. Area of the Test Object. 

Dark-adaptation curves for centrally fixated 
areas of different size. 

(After Bartley(29) from Data of Hecht 
et al (210)) 
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Figure 2-43 (continued) 
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d. Population Factor 

Rate of dark adaptation after preadaptation 
to 1100 millilamberts. A 1-degree white 
test field located 15 degrees from fixation 

. in nasal field. The area between the upper 
and lower curves includes 95 percent of 
those tested. 

(After Sloan(388)) 

c. Region of the Retina Stimulated. 

Dark-adaptation curves measured with a 
2-degree test object placed at various angular 
distances from the fixation point. 

(After Bartley(29) from data of Hecht 

et al(210)) 
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Instantaneous Threshold for Light 

(Adapted from Nutting(322)) 
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can see a 10 minute square target about one hundredth as bright immediately 
after the pre-adapting field is turned off. If the observer in question were 
exposed to a field luminance of 1000 mL but the target luminance was 0.0001 
mL, the predicted luminance threshold in Figure 2 -42a indicates he must 
wait about 10 minutes after entering a dark room before he can see the target 
light. Figure 2 -44 is for simple light detection and does not permit a predic
tion of instantaneous visual acuity threshold, which requires discrimination 
of form. Dark adaptation data pertinent to cathode ray tube (CRT) displays 
are seen in Figures 2-67 to 2-69. 

Training techniques rr.a y aid in optimizing night vision, especially during 
lunar surface operations (286,417 ). 
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Glare and Flash Blindnes s Phenomena 

Glare is defined as any degree of light falling upon the retina in excess 
of that which enables one to see clearly; that is, any exces s of light which 
hinders instead of helps vision. Glare can be further differentiated into: 

(1) Veiling glare: created by light uniformly superimposed on 
the retinal image which reduces contrast and, therefore, 
visibility 

(2) Dazzling glare: adventitious light scattered in the ocular 
media so as not to form part of the retinal image 

(3) Scotomatic or blinding glare (flash blindnes s): produced 
by light of sufficient intensity to reduce the sensitivity of 
the retina. 

Although all three types of glare are present in the case of high-intensity 
light, the effects of the first two are primarily evident only when the source 
is present. The third type, scotomatic or blinding glare, is especially sig
nificant in flash blindnes s where it produces symptoms (afterimages) which 
persist long after the light itself has vanished. The afterimage is a prolonga
tion of the physiological processes which produced the original sensation 
response after cessation of stimulation. 

Glare 

Regardless of whether the glare source is direct or indirect (reflected or 
specular), it can cause discomfort, or it can affect the visual performance, or 
it can do both. The visual discomfort or annoyance from glare is a common 
well-understood experience and has been confirmed by many experiments. In 
connection with certain experimental studies, it has been found that people 
sometimes become more physically tense and restless under glare conditions 
than under nonglare conditions. 

In general, visual acuity is at a maximum when the eyes are adapted to 
the brightness level of the target and background. But acuity is reduced when 
the target and background are at a lower brightnes s than the greater surround. 
The curve in Figure 2-45 shows the effect of surround brightness both darker 
and lighter than the target and the immediate background (278). Acuity is best 
when the surround is a little darker than the target. Thus, it is suggested that 
for best acuity, targets should not be in a shadow or near a large area of 
much higher brightnes s. Recent reviews of surround brightnes s and size on 
visual performance are available (223,224 ). 

Visual acuity is best when the eyes have not been exposed to high levels 
of brightness. As a general rule if visual displays have to be read by people 
who have just been exposed to high levels of brightness (the open sea, clouds, 
desert, or snow), the level of brightness of the displays should be higher 
than would normally be necessary - they should be at least 0.01 as bright as 
the pre -exposure field (see Figure 2 -44). 

From a practical standpoint, data are available which provide a basis for 
specifying increased display contrast requirements when the area surrounding 
the display is substantially brighter than the background within the display. 
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Under these conditions, the contrast threshold is fairly sensitive to the 
surround -to -background ratio. The increase in a subjectl s contrast threshold 
appears to be proportional to the increase in surround brightness. This con
forms to findings with point glare sources whose effects also appeared to be 
proportional to their brightness (21 9). For threshold contrast with a given 
background brightnes s, surround -to -background brightnes s ratios greater 
than Ilone ll , and background angles in the 50 - 450 range, the following empiri
cal formula fits the experimental data fairly well (±lO%): (224) 

CI = C f (0.9815 + 0.0185 BS ) 
re BB (3 ) 

where C' = threshold contrast for a given ratio, BS > 1 BB 

C 
ref = threshold contrast when BS/BB = 1 

BS = surround brightnes s 

BB = background brightnes s 

The experimental results show some evidence suggesting that surrounds 
considerably darker than the background also adversely affect visual perform
ance, i. e., raise the contrast limen. (See Figure 2-45.) 

Changing background angle, which determines the proximity of the inner 
edge of the extended surround to the stimulus object, over a range of from 
50 to 450 , even with the highest surround -to -background brightnes s ratios, 
appears to have a surprisingly small effect upon the contrast limen ( 224). 
The change in threshold is much smaller than that predicted on the basis of 
experimental results obtained by others using point sources of glare (219, 302). 
However, findings concerning background angle effects must be interpreted 
with caution since background angle was only varied from session to session 
rather than during a given session as was the surround -to -background 
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brightness ratio. There is reason to believe that factors other than the ex
perimental variables contributed substantially to day -to -day variability. Also 
some tasks may be more strongly affected by background angle than others. 

A log -log plot of contrast threshold versus background brightnes s 
(BS/ BB = 1) showed a very nearly linear relationship over the background 
brightnes s range of from O. 17 mL to 18.43 mL (to 129 mL for one subject) 
tested. The following formula expresses this relationship for the mean data: 

log C f = -0.368 -0.253 (log BB) (4) 
re 

where C 
ref = Contrast limen (for BS/ BB = 1 ) 

BB = Background brightnes s 

(BS = Surround brightnes s 

While the effect of glare on visual performance can be of serious conse
quence by itself, the visual discomfort brought about by glare can also be a 
matter of some concern. Though the cause is physical, the discomfort 
brought about by it is often of a subjective nature. The evaluation of dis
comfort, then, must make use of subjective responses as criteria ( 13,189 , 
190,272 ). 

Involved in such procedures is the concept of the "borderline between 
comfort and discomfort!! (BCD) (272). The variables which govern whether a 
visual environment is comfortable or not include two groups. First are 
thos(1! that are basic to the situation, such as brightness of the (glare) source 
or lU:minous area, its visual size, and the brightness of the surrounding field 
or area and adaptation brightnes s. Second are certain factors that have a 
modifying effect, including the position of the source in the visual field, the 
number of sources in the visual field, and their configuration and arrangement. 
Indices of discomfort related to these variables are available (155, 191). 

The effect of angle of the glare source relative to the visual axis on 
visual performance has received study (273,278). Sudden glare in the line 
of sight under conditions of low brightness background has received much 
study for highway illumination (346). Many of the findings are pertinent to 
the space environment. They are summarized in Figure 2 -46a to d where 
comparison is made of several studies of glare sources presented on line of 
sight (219,272 ,323). Figure 2-46a and c show the variation expected under 
different experimental conditions. Figure 2 -46b indicates that the equation 
relating the BCD to adaptation brightness (F) varies as the angular size of 
glare source in steradians. The equations are of the general form: 

where B = BCD in footlamberts 

F = adaptation brightness in footlamberts 

Q = source size in steradians and determines values 
of a and b 

(5) 
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B = 529FO. 44 
(Q = 0.0011) 

B = 734FO• 36 (Q = 0.0001) 

B = 1115FO• 23 
(Q = 0.00001) 

B = 3759FO• 14 
(Q = 0.000001) 

When these data are plotted for a constant adaptation brightness (F) the 
curves in Figure 2 -46c and 2 -46d result. These curves can be represented 
by the following equations. These equations are all in the general form: 

B = -b 
(6) aQ + c 

B = o. 68Q-0. 60 + 531 (F = 1. 0) 

B = O. 4.3 Q - 0 . 62 + 124 (F = O. 1) 

B = 0.16Q-0.68 + 53 (F = 0.01 ) 

The brightness (B) at the borderline between comfort and discomfort is 
therefore a complex function of the adaptation brightnes s (F) and the size (Q) 
of a source when F varies from 1.0 to 0.01 footlamberts and Q from 0.0011 
to 0.000001 steradian. The experimental results show that the BCD bright
ness in these ranges of adaptation brightness and source size does not vary 
linearly as would be indicated by extrapolations of several investigations 
(Figure 2 -46c). As the glare source becomes smaller than 10- 5 steradian, 
the BCD brightness of the glare source becomes greater at an increasing 
rate, indicating that very high brightnesses may not be uncomfortable if the 
source is extremely small. Such data are of importance in evaluating glare 
effects on the Earth, in orbit, and on the lunar surface. In the presence of 
a non-scattering vacuum the relative effects of glare in distorting the usual 
cues for depth and size, perception and rate of closure may be altered 
(367,410). This will require further study. 

Irradiation Phenomena 

An observer attempting to measure the boundary between a bright area 
and a darker area will perceive the boundary to lie toward the darker area. 
Astronomers refer to this effect as "irradiation" and define it in operational 
terms as the spreading of a bright image on the retina of the eye making the 
diameter of any bright object to appear to be larger than it really is (30 ,415 ). 

The magnitude of the effect of irradiation on astronomical angular 
measurements with optical instruments varies with the luminance of the 
bright limb, the contrast of the bright limb against the background, the 
optical system used, the dark adaptation of the observer, and the individual 
observer. In astronomy, corrections for irradiation are empirical and ar e 
derived from performance records of experienced observers. For example, 
the Nautical Almanac uses an irradiation correction of 1.2 minutes of arc 
for measurements of the altitude of the upper limb of the Sun with the marine 
sextant. 
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Several investigations have been performed which are related to the 
problem of visually sighting a space vehicle near the sun (104, 105). Mea
sures of the minimal angle of resolution (MAR) for two small self-luminous 
objects against an unilluminated background have also been studied and have 
indicated that MAR tends to increase as a function of object luminance. For 
two point sources against different background illuminations, the MAR was 
found to depend entirely upon contrast and not upon the absolute value of 
background luminance (325). The MAR increases linearly as a function of 
the logarithm of the luminance ratio from an IslIb of 100 to at least 5 x 104 

The MAR associated with the highest contrast ratio in this study was found 
to be 4.0 minutes of arc for glare -source luminance of 4000 ml at a back
ground of O. 07 millilamberts. At luminance ratios of less than 100, the MAR 
is constant at about 1.8 minutes of arc. 

Other of the visual variables involved in celestial navigation will be 
greatly affected if the observer looks at or near the sun or other intense 
source. Perception of a moving point source in close proximity to a · source 
of high luminance and the correspondence between physical form and per
ceived shape are factors to be considered in such a task. The variables 
include (l) glare -source shape, (2) glare -source intensity, (3) point -source 
direction of movement in eight frontal-plane meridians, and (4) point -source 
direction within each meridian. In a recent study of this important problem, 
five highly trained observers viewed a stimulus configuration through an-
artificial pupil which provided a 10-1/20 field of view (194). The moving 
"star" was used as a test spot to determine the characteristics of the lumin
ous field gradient produced by the glare source of only 4250 ft L. It was 
found that the distance, in visual angle, from the perceived edge of a glare 
source at which a star disappears (or reappears) is directly related to the 
luminance of the glare source. This appears to be a curvilinear function 
which accelerates rapidly at about 1000 ft L and again begins to decelerat.e 
at about 4000 ft L as shown in Figure 2 -47. 

This finding is somewhat greater than those obtained for two point 
sources (325). The star disappears and reappears at different apparent dis
tances from the edge of the glare source, depending upon what kind of edge 
geometry exists'. An example of a straight edge can be found on the sides of 
the square and triangular mirrors. The edge of the circular mirror provides 
an example of a curved edge. The star disappears and reappears farther 
from the curved edges than it does for straight line edges under equivalent 
luminance conditions. Figure 2 -48 presents these data. 

The irradiation phenomenon results in distortion of shapes of the object 
(194,367). The apparent size of the glare source increases as a function 
of its luminance. This effect can also be seen in Figure 2 -49. The response 
variance tends to be larger under the higher luminance conditions than under 
lower luminance conditions; however, variance does not appear to be sig
nificantly affected by either the shape of the glare source or the meridian of 
travel of a test star (194). 

It can be concluded that as a result of the irradiation phenomenon, (1) 
navigational sightings should be confined to a vision envelope which does not 
include any extremely bright sources aimed in the direction of the eye. 
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Effect of Glare-Source Edge Geometry Upon 
Point Source Disappearance and Reappear
ance Position. 

After Haines(194)) (After Haines(194 )) 

(2) Visual identification of highly luminous objects in space, on the basis of 
their shape, may lead to incorrect identification. (3) If navigational sightings 
are performed using high luminance sources as reference objects of approxi
mat ely 2000 ft L apparent luminous intensity or greater, one must expect 
rather large errors in estimating star eclipse angles (from the edge of the 
luminous source). (4) Under high luminance conditions one is likely to per
ceive size and shape characteristics of the glare source which may mis repre
sent the actual glare producing object. (5) If a star is going to be chosen as 
a navigational referent with respect to either the perceived edge of the sun's 
photosphere, which is unlikely, or some man-made object having a high 
luminance (direct or reflected), optical filters will have to be used to reduce 
the photic flux to such a level that the physical e dge of the referent can be 
accurately perceived (86 , 242, 332). 

The recovery time after relatively prolonged exposure to low levels of 
glare in highway situations has received quantitative study (234). Similar 
studies are required to confirm the reciprocity law under conditions of lunar 
and extravehicular operations. The data for exposures of short duration 
presented below should not be directly used under such conditions. 

Flashblindnes s 

In flashblindness the afterimage is essentially a temporary blind area 
or scotoma in the field of vision. In spacecraft, this could be produced by the 
flash following meteoroid penetration (365). The time duration of this blind 
area is proportional to the intensity and duration of the light exposure. The 
greater the intensity and/or the longer the duration of exposure, the more 
intense and, to a certain extent, the more persistent the afterimage. Ordin
arily, the sequence of events following stimulation of the retina by a flash of 
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EDGE 
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(A) 0.4 LOG INTENSITY 
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Figure 2-49 
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14 ' 18.3' 
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6' 58.3' 
8 ' 0.8" 

10' 8.7' 
7' 15.7' 

I I' 5.1' 
13' 34.8' 

9' 22 .2' 

Effect of Glare-Source Luminance Upon Perceived Size and Shape 
of Circles, Squares, and Triangles. 

(After Haines(194)) 
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light is the primary sensation of light followed by a series of positive and 
negative afterimages. With moderate light intensities, afterimages are not 
noticed because of the complex action of succes sive stimulation and continuous 
movement of the eye. However, if the original stimulation is of sufficient 
duration and intensity, the sensation will persist with an intensity adequate 
to reduce or entirely obliterate foveal perception until the effect is dissipated. 
This is the primary factor in flashblindness. Papers from a recent symposium 
on the loss of vision from high intensity light are now available (2 ). 

The amount of visually effective light entering the eye, because it is an 
indication of the amount of photopigment bleached, seems to be the essential 
factor in the formation of the afterimage (63 ,95 ,297). A useful unit for 
specifying the amount of visually effective light is the troland -second, because 
it includes the area of the eye pupil and has the dimensions of retinal illumin
ance assuming perfect ocular transmission (see Table 2-2). The data may 
also be presented as call cm 2 at the retina. A glossary of radiometric and 
photometric concepts used in flash blindness and retinal burn research is 
available ( 19 ). 

Attempts have been made to relate the intensity of light flashes to the 
alterations in sensitivity of the dark-adapted eye. At relatively low illumi
nances of less than 50 lumens/ft 2 , there is found no alteration in the course 
of dark adaptation and a general correlation with the reciprocity law for 
momentary losses of sensitivity (10 , 400). The reciprocity law indicates 
that within certain limits L x T = K when L is in units of luminance of the 
dazzle and T is the duration of the dazzle. At a light source of moderate 
intensity, validity of the law has been confirmed ( 110, 154, 248). The law 
appears to hold up to 30,000 m-L-sec. Above this level the effect of intensity 
factor becomes relatively greater than duration (306). Also, for energy in the 
range of 3 x 10 7 troland-sec., reciprocity appears to fall; flash durations 
of 1 millisecond being less effective than longer flashes (298). Theories on 
reciprocity failure have been presented (458). 

In establishing criteria for visual recovery time after exposure to flash, 
there is some difficulty in comparing the results of different investigations, 
because the recovery times depend on the total effective integrated energy in 
the flash, the duration of the flash, the size of the critical detail in the target 
used to determine the recovery, and the luminance of the target. The pulse 
shapes may also be an important factor for the very long durations. The 
recovery time of visual performance following high -intensity flashes is re
lated to the decay of the afterimage brightnes s which is a function of the 
amount of photopigment bleached by the flash. The afterimage reduces the 
perceived contrast of a visual display in the same manner as the addition of 
a uniform luminance over the display (297). 

Figure 2 -50 summarizes data from several studies on effect of flash 
energy in lambert-seconds and recovery time for perception of targets at 
two different levels of target illumination. These are higher than the usual 
instrument illumination levels in night vision (Table 2-60 and Refs. 231). 

Figure 2 -51 represents the effect of target luminance on recovery time 
after different flash energies. 
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The recovery times following a flash appear to depend on the type of 
target used for measuring visual performance. There is an approximately 
linear relationship between the logarithm of the recovery time and the 
logarithm of the target luminance from 130 mL to 1 mL for the Snellen 
letters following high-intensity flashes. For luminances below 1 mL, the 
recovery times became increasingly longer than the simple relationship 
would predict. This is seen in Figure 2 -52 where recovery times at different 
equivalent illuminance levels for targets of different sizes after varied levels 
of effective light energy impinging on the retina. Recovery time is measured 
as the time interval from flash to the first correct letter response in two 
successive correct responses. The recovery times for the detection of 
various targets and target luminances can be generalized by specifying the 
equivalent field illuminance for threshold of the targets. The equivalent 
field illuminance is the retinal illuminance required for threshold detection 
of the targets when they are viewed against a uniform field. 

There is a linear relationship between the logarithm of the recovery time 
and the visual acuity for different size Snellen letters expres sed as the re
ciprocal of the critical detail in minutes of arc. The effect of target size is 
seen in Figure 2 -53. 
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There is variability from subject to subject in the slope of the recovery 
function (378, 379). The pupillary factor is demonstrated as seen in Figure 
2 -54. Figure 2 -41 gives expected pupillary diameters for different luminance 
levels. 

The data derived from many sources for the size of the retinal image of 
a point source are plotted in Figure 2 -55a as a function of the pupil diameter. 
It is evident from Figure 2 -55a that the data obtaine d lack reliability. To be 
safe, one best assume the course indicated by the dotted line, which means 
a blur disc of almost constant size, namely 1 min of arc up to pupil diameters 
of 6 mm. Pupil diameters below 2 mm rarely occur; above 6 mm the increase 
in incident light hardly produces an increase in retinal light concentration as 
the light from the pupil border is so badly focused. 
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Effect of Pupil Diameter on Recovery Times (Mean of 15 subject) . 
Luminance of Testing Patch was 0.06 ft-Iambert. 

(After Severin et al(379)) 

Figure 2-55 

Retinal Illumination and Image Size Under Different Pupillary 
and Ambient Light Conditions. 
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Retinal illumination as a function of the luminance of the visual field 
with pupil size taken into account is shown in Figure 2-55b. The retinal 
illumination changes only 0.86 log unit for each log unit change in luminance 
of the visual field. 

Other recent findings are available and can be summarized (297): The 
only wavelengths of radiation in the flash that influenced the recovery times 
for foveal performance were those in the visible region. Infrared beyond 
850 nm had no effect on recovery following the flashes, even when it accounted 
for more than 50% of the total flash energy. There is no significant cumula
tive effect on recovery times with successive flashes after the second flash 
when they were presented at intervals of 3 or 4 minutes. There is a small 
but statistically significant effect on foveal recovery times for different flash
field diameters from 2.50 to 100 • The smaller fields produced longer re
covery times of the order of 10%. Preadaptation to relatively high -luminance 
levels lengthens the recovery time in proportion to the amount of photopigment 
bleached by the preadaptation. The amount of pigment bleached by the flash 
will be in addition to that caused by the adapting luminance. 

Attempts have been made to write equations for visual recovery times 
after flash exposure. One equation appears to afford the best fit for all 
observers. This was an equation of the following form (75 ): 

where 

t - to = a + bl (log B - log BO) 

t = perception time in seconds 

to = 0.20 sec for all conditions of adaptation 

B = display luminance in ft L 

= minimum luminance at which the display can 
be perceived under optimum conditions. 

(-1.4 log ft L for visual acuity of 0.26; 

- 2.3 log ft L for visual acuity of 0.08. ) 

(7 ) 

Perception time t must approach a minimum to as display luminance B 
is increased, and it may safely be assumed that a value B will be reached 
beyond which there will be no further reduction of t. If this is the case, then 
the constant, a, must be of the following form: 

a = -bl (log B - log BO) max 

where B is the luminance at which to is reached. max 

As suming a value of 2. 7 for log L max , equations (7) and (8) can be 
combined and rewritten as follows: 

t = 0 2 + b (2.7 - log B) 
. (log B/BO) (2.7 - log BO) 
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It was found that the logarithm of b is proportional to the logarithm of A 
for data representing both of the two acuity levels, where A represents 
adapting flash energy in ft L sec. A simple power function therefore serves 
to relate b to A: 

b
O

.
08 

= O.108AO. 58 

b
O

.
26 

= O.022AO. 68 

(lOa) 

(lOb) 

The difficulties presented by failure of the reciprocity law at short flash 
durations of less than 1-3 msec. have been pointed out (75). Equations are 
also available for the retinal burn problem (196, 307 ,308,431 ) and planning 
charts, for flashblindness and retinal burns following nuclear blasts (l0). 

Retinal Burns 

Illumination at the eye of 240,000 lumens/ft 2 represents the probable 
level required for retinal burns. This is also given as 0.5 to 1. 5 call cm 2 
(118). This energy must be delivered at a rate of at least 0.7 cal/cm 2 -sec, 
however, or the rate of heat dis sipation in the tis sue will be sufficient to 
prevent elevation of the temperature to a degree where a burn will result. 
The threshold appears to depend upon the time of irradiation and upon the 
size of the irradiated area. See compilation of results available which leads 
to tl~reshold data as shown in Figure 2 -56. The data of Figure 2 -55 may be 
useq to arrive at values of J I cm~ at the retina for external illumination. 

Two solutions to the meteoroid or other flash problems are either to 
prevent the light from reaching the eye or, if this is impos sible, to increase 
the luminance of the instruments after exposure of the eye by flooding them 
with white lighting (365). Auxiliary storm lights have been used in aircraft 
for years to combat the relatively mild flash blindness (afterimage formation 
and los s of dark adaptation) resulting from exposure to lightning flashes. 
Such lights could probably be used after meteoroid flash as well as after 
sudden exposure to other sources giving scotomatic glare effects. 

Visor materials can attenuate light flashes. When a given filter is placed 
before the eyes, the change in retinal illumination depends not only on the 
visual transmittance of the filter but also on the size of the pupil. The size 
of the pupil, however, varies inversely with retinal illumination. Thus, if 
the retinal illumination is decreased, the pupil will increase in size and vice 
versa. Because of this interaction between pupil size and retinal illumination 
any change in luminance of the visual field will result in a final level of 
retinal illumination which depends on the change in pupil size as well as the 
change in luminance. The effective density of a filter is the ratio of the 
retinal illumination with the filter in front of the eyes to the retinal illumina
tion without the filter. Figure 2-55b indicates that retinal illumlllation 
changes only 0.86 log unit for each log unit change in the luminance of visual 
field behind the filter. It must be remembered, however, that flashes shorter 
than the pupillary reaction time are attenuated only by the filter factor. 

Data on the transmis sion of light through standard visor materials are 
available ( 4 ,82 , 87 ,216). The Clas s 3, gold -coated visors were 
designed for eye protection against weapon flashes and are MIL-L38l69 (USAF) 
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The Maximum Dose Q (in J/cm2) to Produce Retinal Burn, as a Function of Time of Irradiation, 
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(Adapted by Vos(430) from Data of Ham et al(196, 197)) 

and MIL -V -2227 2B (WP). The specified luminous transmittances for these 
visors are 2 percent ± 0.5 percent and 2.75 percent ± 0.25 percent respec
tively. The corresponding optical densities are 1.70 plus 0.12, minus 0.10 
and 1.56 plus 0.04, minus 0.02 respectively. The relative difference in 
retinal illumination that the eye would receive from a light flash is 0.86 log 
units for each unit of density of a fixed filter visor as compared to when no 
visor is worn. Therefore, the effective densities of the Clas s 3 visors with 
nominal densities of 1.70 and 1.56 are 1.46 and 1.34 respectively. (See 
Section B .Ultra violet for ultraviolet transmis sion of these fixed visor system s.) 

The use of reversible, variable -density, filter devices to reduce glare 
and flashblindnes s in high risk environments has been studied (70 , 116, 124 , 
242, 332). A survey of photochromic materials for potential use in variable 
filter devices is available (37). The effects of blue-cutoff filt e rs used in 
photochromic goggles on color discrimination are under study (94 ). 

Laser Burns (Coherent Light) 

Design of lasers for navigation and other purposes in space operation 
brings a new hazard to the skin and eye. Several excellent reviews are a vail
able on this subject (196,197,221,249,267,268,279,315,338,430,464, 465, 466). 
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All structures of the eye can be damaged, but the retina is the most 
sensitive structure. Thresholds of retinal damage for different wavelengths 
are under study and speculation (208,430 ,431 ,425). Theories of damage 
span the gap from pure thermal burn (see Figure 2 -56) through explosive 
steam damage, shock waves, Raman and Brillouin scattering, to ionization 
from intense electric field gradients (208,342). Failure of the pure thermal 
model is especially prominent in the giant pulse, Q-switched laser with the 
actual threshold ten times lower than expected. Here even for minimum 
image size, the retinal image acts infinitely large (430) . . 

A conservative practice appears to be limitation of total int e grated 
energy into the eye of less than 10 -8 Joules for pulsed beams (237,238 ,239 ). 
For pulses greater than 30 nanoseconds, an energy factor of 5 times lower 
should probably be used but no specific recommendations have been made 
(237,238). Neither have specific recommendations been made for lasers of 
shorter wavelength than 633 nm. For purposes of calculations, in the green 
spectral region, the allowable energy level of 10 -8J might be reduced slightly 
due to the shorter wavelength and increased absorption in the pigment 
epithelium. 

For continuous lasers, the power level in the eye should be kept below 
10-6 watts. 

The BG-18 and A0570 glasses have been recommended for laser protec
tion (237,238,239 , 398 ,430). Standard BG-18 glass is approximately 4.5 
mm thick and has an optical density of 10 at 694 nm to 1.3 IJ. which includes 
the two most common pulsed lasers. Using the University of California 
criteria for pulsed lasers, this would appear to be satisfacto.ry for a 100 
Joule laser pulse (237,238). It should be remembered that glass may not 2 
retain its integrity with such an exposure. Spalling occurs above 2 call cm 
irradiation densities with a neodymium Q -switched laser; yet even at 8 call cm 2, 
the filter, though cracking, remains to give adequate protection. It has been 
advised to construct the filter of two cemented halves, so that only the front 
half cracks under extreme exposure without impairment of its optical safety 
(398). For this reason, a limit of 20 Joules for the 4.5 mm glass is recom
mended over the spectral region given above. No direct viewing of pulsed 
lasers should be allowed regardless of the eye protection used. 

At 694 nm the BG-18 glass is increasing its transmission rapidly with 
decreasing wavelength. It therefore is not applicable for the common HeNe 
gas laser operating at 633 nm. For continuous lasers the AO-570 glass is 
used. This glass has an appreciable attenuation at 633 nm with an optical 
density of about 4.2. Using the University of California criteria this glass 
would then attenuate sufficiently for lasers of about 30 mW at this wavelength. 
In actual practice AO 570 glass is recommended for use at power levels up 
to 100 m W over the spectral region from 633 nm to 1. 0 J..I.. This continuous 
power is allowed because the critical value of 10-6 watt entering the eye 
contains somewhat more safety factor than is necessary for this portion of 
the spectrum. 

Other approaches have been used for calculating the thickness of BG-18 
glass required for protection against different laser types (430). These 
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equations cover both the near -distance situation where the complete b e am 
enters the pupil and the far -distance situation where magnification of collimat
ing optics and telescopic systems as well as the specular r e flection of windows 
and metal surface must be accounted for. No official U. S. Government 
Standards have be en published, but the issue i s curr ently b efore th e NAS -NRC 
Committee on Vision. 

Skin Effects 

The threshold of pulsed laser effects for human skin damage varie s with 
color. White skin of Caucasians has tolerated energy as high as 5-10 Joules 
without change. At thes e levels, Negro skin will scale superficially, char, 
crust, - even ulcerate (175). Above 20-25 Joules in white skin, acanthosis 
and bizarre nuclei are seen. At about 100 Joules, anesthetic areas and 
vascular changes are found. Skin burns are cove red in gr e ater detail in the 
Thermal Section, (No . 6). 

Environmental Factors in Vision 

The acceleration, vibration, oxygen, and nutritional conditions can sig
nificantly alter visual performance. The interactions will be cove'red in the 
appropriate Sections. (See Sections, No.7, 8, 10, and 14). 

Toxic and Drug Effects on Vision 

The most probable toxic material in a spacecraft atmosphere effe cting 
vision is carbon monoxide. Figure 2 -57 shows th e effect of this gas upon 
v isual light sensitivity. See also Contaminants (No. 13). 
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The Effect of Smoking on Visual Light Sensitivity as Compared with the 
Effect of Altitude. 

The Effect of Inhaling the Smoke of Three Cigarettes Is Equal to an 
Altitude of About 8000 Feet. 
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The effects of drugs on the visual system are complex, especially the 

psychotropic drugs which alter the sensorium at the higher centers. A recent 
review of this area covers most of the key factors to be involved (14 , 66 
331, 345, 414,440). Such factors must be considered in the choice of drugs 
for use in space operations ( 84 ). 

Visual Performance in Actual Space Flight 

There appear s to be no severe effect of orbital flight on vi sual perfor
mance. Preflight, inflight and postflight tests of the visual acuity of the 
members of the Gemini V and Gemini VII crews showed no statistically 
significant change in their visual capability in zero gravity (131). 

Observations of a prepared and monitored pattern of rectangles made 
at a ground site near Laredo, Texas, confirmed that the visual performance 
of the astronauts in space was within the statistical range of their respective 
preflight thresholds. Observations of the Texas ground-pattern site were 
made under very favorable weather conditions. Heavy clouds blanketed the 
site throughout the remainder of the mission, however, and no further obser
vations of the site were possible. Successful observations of the ground 
pattern were made by the command pilot through a clear portion of his 
window. No direct sunlight fell on the window during those observations. 
These observations occurred at 27:04:49 and 49: 26:48 ground elapsed time 
(g. e.t.) on the second and third days of the flight, respectively. The circled 
points represent the apparent contrast and angular size of the largest rec
tangles in the ground pattern. Apparent contrast was calculated on the basis 
of measured directional luminances of the white panels and their backgrounds 
of plowed soil, of atmospheric optical properties measured in the direction 
of the path, of sight to the point of closest approach, and of a small allowance 
for contrast los s in the spacec raft window based upon window scan data and 
readings of the inflight photometer at the time of the two observations. 
Angular sizes and apparent contrast were both somewhat larger for revolution 
31 than for revolution 17 because the slant range was shorter and because 
the spacecraft passed north of the site, thereby causing the background soil 
to appear darker. The orientations of those rectangles indicated by double 
circles were reported correctly, but those represented by single circles 
were either reported incorrectly or not reported at all. The solid line in 
Figure 2-58 represents the preflight visual performance of Borman as 
measured in the vision research van. The dashed lines represent the -(1, + (1 , 

and +2 (1 contrast limits of his visual performance. The positions of the 
plotted points indicate . that his visual performance was precisely in accordance 
with his preflight visual thresholds. 

The result of Soviet visual studies in orbit are not much . different from 
those in the U.S.A. (344). Visual acuity of Leonov and Belyayev in Voshkod-2 
were measured by hatched mires placed at 300 mm from the eye. Both 
cosmonauts had visual acuities of 1.7 in the laboratory. In orbit, these 
decreas ed to 1.64 for Leonov and to 1.34 for Belyayev. Visual efficiency as 
measured by reliability was reduced by 20 to 25%; and working time, by more 
than a factor of 2. The degradation of efficiency was attributed to uncompen-
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Figure 2-58 

Apparent Contrast Compared with Angular Size 
of Rectangles in Gemini V II. (See text for 
details.) 

(After Duntley et al(131 I) 

sated changes in coordination of occulomotor movement brought about by 
weightlessness. However, no data are present to support this contention. 

Color vision was tested in flight by having the cosmonauts compare the 
intensity of the colors red, green, blue, light blue, purple, and yellow with 
the intensity of staggered black and white wedges. The wedges made it 
possible to measure the intensity of objective colors within an error of 5 to 
6 percent for the averaged measurements. By establishing responses for 
different conditions of color adaptation, simultaneous and consecutive contrast, 
etc., a mean quadratic error of the monomial equation for the intensity of 
the colored and black and white fields was obtained. The measurements made 
at different times with the us e of different charts showed that the value of the 
error for the colors used amounted to ± 7.8%. In Vostok-2, the mean de
crease in intensity for all colors tested was 26. I % for Belya yev and 25% for 
Leonov. The maximum deviations were for purple, light blue and green; and 
the minimum, for red. The reasons for this change in color perception are 
not known. 

One of the surprises in the manned space flight program has been the 
ability of astronauts to perceive unexpectedly fine detail on the surface of 
the earth . L. G. Cooperl s visual acuity on the Mercury -Atlas 9 flight was 
measured as 20/12 on the Snellen scale, versus the conventional 20/20 as 
"perfect" (121). E. H. White on Gemini 4, also from an altitude somewhat 
over 100 miles, reported that he too could see roads, boat wakes, strings 
of street lights, airfield runways and smoke from trains and buildings. 
Whereas previous estimates for the resolving ability of the human eye, with 
white -black contrast, were about 1 minute of arc, thes e obse rvations demon
strated an ability to resolve a half a minute or less (121, 344). These results 
come in the face of the above suggestions that if any change in visual acuity 
were to be found in men in space it would be a minor degradation in ability. 
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The simplest explanation is the fact that many of these targets were of 
linear ·shape. The width of lines and bars can be resolved more easily than 
circles of the same diameter (s ee discus sion of Figures 2 -19 to 2 -22). One 
must also include previous experience of the astronauts in detecting land
marks from secondary cues. However, it must be remembered that photo
graphs taken by the astronauts have tended to be more distinct than pictures 
taken from high -altitude airc raft. Edward White reported that indeed he 
could see much greater detail on the surface from 100 miles than he could 
when flying at 40,000 feet. Photographs taken during the Gemini 4 flight, for 
example, revealed ,a dark, finger -like streak through the terrain of central 
Texas that was unknown to geologists despite the fact that the terrain had 
been surveyed by aerial photographs (85). 

A pos sible explanation of the superior photographs, bearing also on the 
superior visual acuity, stems from local turbulence in the atmosphere, small 
nonhomogeneous bubbles in the atmosphere and dust particles in the atmos
phere (121). The first two phenomena tend to distort and blur fine image 
details when they intervene between viewer and target, but the effect will 
diminish as a function of the distance from the effects since the angle they 
project relative to the target will diminish. The dust particles can cause 
back-scattering of light, increasing background luminance and reducing 
contrast, but again with an effect diminishing with range. These phenomena 
cannot fully explain an increased human acuity in space, however, because 
the limit of 1 minute of arc has been derived over the years under laboratory 
conditions in which, of course, atmospheric effects do not bear on the results. 
Given an excellent lens, sensitive film and the proper exposure, a camera 
can see whatever light reaches it, but the eye has an intrinsic threshold both 
for light energy and contrast beyond which it does not respond. What space 
flight suggests is that this threshold is lower than had been supposed; remove 
gravity and possibly the eye can operate more effectively as a sensor, 
approaching or perhaps reaching its threshold. 

Further evidence is provided by a series of zero -g aircraft experiments 
which found an increase in manls ability to discriminate brightness while 
weightless, the difference being greatest at the lowest illumination levels 
(443). By measuring the difference in illumination between the brightnes s 
of the target and background required for the subjects to perceive that a 
difference exists, USAFls Aerospace Medical Research Laboratory found 
the following improvements in zero g as compared to baseline I-g 
measurements: 

Illumination 
(ft-lamberts) 

0.03 
0.28 

30 

Since the brief period of weightles snes s aboard the airc raft immediately 
followed a positive g pull-up, it is possible that the eyes of the subjects were 
sufficiently affected by the increased gravity to bias the results during zero-g 
before the lens had time to reCOver. 
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The effect of zero gravity to improve V1SlOn can be two -fold. On the one 
hand the removal of friction and damping forces on the eye produced by gravity 
can permit the eye motions to proceed more efficiently in correcting drift. 
On the other hand, it is possible that part of the explanation for the observed 
increase in visual acuity lies in part in the effect of weightlessness on the 
vestibule mechanism s of the inner ear. The effect on the vestibular mechan
isms may be such to encourage physiological nystagmus in such a manner as 
to aid vision by the normal technique of eye motion (143). Electro -oculograms 
of Soviet cosmonauts have in fact provided evidence that asymmetric oculo
motor reactions and nystagmus are different in orbit from those observed on 
the ground ( 7, 254). (See also Acceleration, No.7.) More work is re
quired on the oculo -vestibular interaction in zero gravity before this hypothesis 
can be incorporated into the explanation of enhanced visual acuity in space -to
Earth observation. 

These findings suggest that laboratory visual acuity data can be combined 
with environmental optical data to predict correctly man's limiting visual 
capability to discriminate small objects on the surface of the Earth in day
time under routine orbital conditions. Data are also available on the visual 
observation of other planets from space (351). A new vision tester for use 
in future space mis sions is currently under study (218). Attempts are being 
made to generate computer programs for prediction of spac e ~to -planet visual 
capabilities under the many different operational conditions ( 130). 

Data on the observation of stars from Mercury and G e mini spacecraft 
are covered in the discussion of Figures 2-9 and 2-12 (15 ,445). Little 
from the reports of the astronauts indicates that the accelerative forces 
encountered in space flight have had a detrimental effect on vision. The 
only case of affected vision was reported by Shepard (383). At one point 
some head vibration was observed. The degradation of vision associated 
with this vibration was not serious. There was a slight fuzzy appearance 
of the instrument needles. At T + 1 min 21 sec, he was able to observe and 
report the cabin pres sure without difficulty. The indications of the various 
needles on their respective meters could be determined accurately at all 
times. Gris som (184) reported no interference with communication or 
vision which would seem to confirm Shepard's conclusion that the degrada
tion was due to vibration rather than to acceleration. With respect to the 
g force experienced during reentry, Shepard reported (383) that reentry 
and its attendant acceleration pulse of 11 g was not unduly difficult. The 
functions of observation, motion, and reporting were maintained, and no 
respiration difficulties were encountered. Glenn noted large oscillations at 
the end of powered flight but made no note of visual degradation (317). 

In the Gemini program, the launch has been free from any objectionable 
vibration with one exception. On the Gemini V flight, longitudinaloscilla
tions, or POGO, were encountered. The crew indicated that the vibration 
level was severe enough to interfere with their ability to read the instrument 
panel. However, POGO lasted only a few seconds and occurred at a non
critical time during this one flight. Unpublished data are available at NASA 
Ames Laboratory on human response to POGO-like longitudinal vibrations 
(eyeball in and out) obtained in simulator studies ( 88). The Saturn boosters 
appear to have POGO problems. 
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VISUAL CONSIDERATIONS IN THE DESIGN OF THE 
SPACECRAFT CABINS AND SPACE SUITS 

The preceding data have been presented so as to allow prediction of 
visual capabilities on the ground and in space. They can be used for specific 
problems in operational analysis as well as design. The following section 
covers the general design recommendation for spacecraft illumination, 
instrumentation and displays considering overall habitability as well as 
specific operational problems. 

General Recommendations for Spacecraft Illumination 

Experience in submarines and naval vessels has provided guidelines 
for optimizing the visual background and decor within the spacecraft. The 
following suggestions are offered as a result of this _and other experiences 
(5, 48, 152, 271, 301, 389, 412, 419). 

In the design of the lighting subsystem, it is necessary to consider 
those factors which are basic to the provision of artificial illumination most 
adequate for maintaining comfortable, healthful and effective functlOning 
of normal eyes. These factors are: quality or color of light, intensity of 
light, and distribution of illumination and brightnesses within the environment. 
Arrangement of these factors should give compartments a more pleasing 
appearance and proportions; all three should be combined to induce in the 
occupants a sense of tranquility, comfort, and "hominess". 

The use of color, as a characteristic of a reflecting medium, will be 
considered in more detail later. Illuminants, however, which vary in 
spectral characteristics, have an inherent color, which in laboratory situa
tions, at least, affects to some extent the visual acuity. For threshold 
seeing, spectral yellow, or the yellow light from sodium vapor lamps, is 
somewhat more effective than other .artificial illuminants, although the 
difference is not of operational significance and does not improve the acuity 
over that from a similar level of diffused daylight. In ordinary situations 
(e. g., print reading) the qualities of daylight, mercury arc light, tungsten 
filament light, and fluorescent lamps are all about equally effective as 
illuminants, although fluorescent light has been criticized because of its 
harsh, cold appearance. 

The intensity of light has to be considered in relation to: 1) visual 
acuity; 2) size of object to be discriminated; 3) speed of vision; 4) bright
ness contrast; and 5) efficiency of performance (48). These have been 
covered in the previous section. These data suggest that visual acuity 
increases rapidly up to about 5 foot -candles, and more slowly thereafter, when 
the object to be discriminated is of about 3 -6 minutes of arc. For smaller 
objects, vision improves perceptibly up to 40 to 50 foot -candles. The 
greater the brightness contrast, the better is the visual efficiency, and 
both acuity and speed of vision continue to improve slightly up to and beyond 
100 foot -candles. However, little is gained in acuity by increasing the 
illumination beyond 25 foot -candles, and there is no practical gain at all 
when the intensity is higher than 50 foot -candles. For large objects, 
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subtending four minutes of arc and above, there is no practical improvement 
in visual discrimination with illumination above 20 foot -candles. For 
smaller objects, there is improved visual discrimination at higher levels 
up to a limit of about 40-50 foot-candles. 

The data on speed of vision may be summarized as follows: a) for 
objects subtending three minutes of arc or larger, and with good contrast 
between object and background, speed of vision is near maximum at about 
15-20 foot-candles; b) for small objects on a background of low reflectance 
significant decreases in time for seeing occur with illumination intensities 
up to about 50 foot -candles. 

With respect to brightness contrast, when the contrast between object 
and background is high, discrimination of arc sizes of three to six minutes 
is not significantly improved by illumination above 20 foot -candles. With 
an object of 1 -minute size, performance improves significantly up to a 
practical limit of about 50 -60 foot -candles. The greater the brightnes s 
contrast, the better is the visual discrimination, although, as will be noted 
in the examination of light distribution, the effort of seeing is more fatiguing 
with high contrast. Excessive illumination will not compensate for small 
object size or poor contrast. 

Brightnes s contrast is also of significance in consideration of distribu
tion of illumination, and in this connection it must be distinguished from 
glare. The effects of glare can be minimized by increasing the brightness 
contrast between the object and its immediate background, and by incre.as
ing the illumination on the visual object. Elimination of the glare source, 
however, by removal, or by use of diffuse or indirect lighting, is superior. 
For best overall vision, with minimum fatigue, the brightnes s ratio 
between the central field and surround should not exceed three or five 
to one; ratios of ten to one should be avoided (Figure 2 -45). The 
extent to which excessive brightness contrast is diminished is largely 
determined by the degree to which the lighting is indirect, that is, reflected 
from all directions. When light is properly diffused there are no shadows, 
no dark corners, and no areas of relatively high brightnes s. Light fixtures 
in the field of vision should have a surface brightness of not over 2 candles 
per square inch and preferably less (412). Thus, vision is generally best 
when the surround is at the same brightness as the central field unless the 
visual object approaches the thresholds of acuity or discrimination, in 
which case, supplementary lighting can be utilized to increase the brightness 
ratio, provided the latter does not exceed three or perhaps five to one (271). 
Intensity and distribution, however, must be coordinated. To inc rease 
intensity without distribution will only make a bad situation worse. In fact, 
when distribution is poor, relatively low intensities must be employed to 
avoid visual discomfort. 

In relation to illumination, color serves two purposes in the perceived 
environment. It determines the reflectance of colored objects in that 
environment, and it has a psychosocial influence on the emotional set of 
individuals in that environment. From the point of view of visual perception, 
the reflection factor of walls, ceilings, and furnishings of any living or 
working space is more important than the color used, since the reflecting 
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surfaces become, in effect, secondary sources of illumination. The reflec
tance of a surface is the ratio of the light flux reflected from the surface to 
that striking the surface. Dependent upon the surface, it may be diffuse, 
specular, or compound. Diffuse reflectance arises from a matte surface; 
specular reflection comes from a highly polished (mirror) surface and gives 
rise to glare. A compound surface has qualities of both. The color of an 
object arises out of selective reflectance and absorption of particular wave
lengths of the incident light. For any specified level of illumination a region 
with highly reflecting surfaces requires a less intense light source than one 
with low reflecting surfaces. Table 2 -59 indicates the reflectance factors 
for various surface finishes. 

Table 2-59 

General Reflectance Factors for Various Surface Finishes 

.t-' e r cenl01 Percent 01 
Co lor Reflected Color Reflected 

Li.ht Light 

White 85 

Light Dark 
cream 75 gray 30 
gray 75 red 13 
yellow 75 brown 10 
buff 70 blue 8 
green 65 g r een 7 
blue 55 

Mediwn Wood finish 
yellow 65 maple 42 
buff 63 satinwood 34 
gray 55 English Oak 17 
g r een 52 waLnut 16 
blue 35 mahogany 12 

(After AFSCM 80-3(5)) 

Recommended workplace reflectances for different areas include the 
following: console panel 20 -40%; instruments 80 -1 00%; floors 15 -30%; walls 
40-60%;ceilings (i. e., above eye level) 60-95% (5 ). 

For decorative purposes, contrast is desirable. Lack of contrast 
variation tends to be monotonous and undesirable. Good decorative schemes 
cannot readily be achieved with a one to one ratio. The blending of high
lights and shadows adds attractiveness to the living space, and can be better 
achieved with higher ratios, while still remaining within acceptable limits. 
It should be recommended, however, that the unique characteristics of 
space system stations, such as restricted internal volume, irregular 
compartment configurations, multipurpose regional usage, compact working 
consoles, and special power supplies, may make application of conventional 
illumination standards· inappropriate. 

General recommendations for instrument, cockpit and console lighting 
for aircraft are consolidated in Table 2 -60 and should ~e applicable to work 
areas of spacecraft. An extensive revi ew of illumination recommendations 
for specific visual tasks is available (183). Charts, tables and calculation 
sheets have been prepared to aid the designer in rapidly calculating lighting 
distribution and average illumination conditions in symmetrical rooms (324), 
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Table 2-60 

Instrument, Cockpit, and Console Lighting 

CONDITION OF USE RECOMMENDED SYSTEM 

Instrument lighting, Red flood, indirect, 
dark adaptation or both wi th operator 
cri tical choice 

Instrument lighting, Red flood or low co lor 
dark adaptation not temperature white, 
cri tical indi rect or both wi th 

operator choice 

Instrument lighting, Whi te flood 
no dark adaptation 
requi red 

Control console Red edge 1 ighting, 
lighting, dark additional reo flood 
adaptation required lighting desirable. 

Control console Whi te flood 
lighting, dark 
adaptation not 
requi red 

Possible exposure White flood 
to bright [lashes 

SilllJlated instrument White flood 
flying (bl ue amber) 

Very high al ti tude, Whi te flood 
dayl ight restricted 
by cockp I t des i gn 

Chart readIng, dark Flood, operator' 5 

adaptation requi red chOIce of red or 
whlle 

('hart reading, dark IIhite [\000 

ac1aptation not 
f('qul rcrt 

(After Baker and Grether(25)) 
Role of Color in Habitability (152) 

BRIGIITNESS 
OF MARKINGS 

.02 to 0 .1 ft.L 

.02 to 1.0 ft.L 

1 to 20 ft.L 

.02 to 1.0 ft .L 

1 to 20 ft.L 

10 to 20 ft.L 

10 to 20 ft.L 

10 to 20 ft.L 

0.1 to 1.0 ft.L 
on while portions 
of chart 

5 ft . L or above 

BRIGHTNESS 
ADJUSTMENT 

Continuous 
thru range 

Continuous 
thru range 

May be fixed 

Continuous 
thru range 

May be fixed 

Fixed 

Fixed 

Fixed 

Cont InuOllS 

thru r ange 

May be ftxed 

The psychosocial aspects of color have received much study ( 40, 41 
42, 327). Color is perceived within the context of texture and setting. 

Sometimes it is identified with a surface, sometime with a volume, a film, 
an illumination, or illuminant. The perception of color is determined by 
the factors outlined in Figures 2 -28 to 2 -31 but is influenced by the mental 
set. It is more than the mere consciousness of color, or even conscious
ness of modes of appearance of color, but is influenced by the connotations 
of the color and its associations in the light of past experience. Distinctive 
color preferences exist. Studies of numerous investigators show the follow
ing order of preference of six common colors among over 20,000 observers: 
blue, red, green, violet, orange, yellow (142). 

Although dominant wavelength, or hue, is significant in the determina
tion of color preference, luminance (or reflectance), and purity, are also 
important. The appeal of a color inc reases wi th inc reasing luminance until 
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the comfort limit is exceeded, following which there is an increasingly 
violent loss of appeal. Somewhat similarly, appeal increases with increase 
in purity up to the spectrum limit in many individuals, although a substantial 
minority favor weak unsaturated colors (327). The increase in affective 
value noted in these circumstances is in relation to tests with very small 
areas of color; it is probable that when areas are large, as in compartment 
walls, these factors do not apply. The size of the colored area, saturation 
or tint, hue or shade, and harmony of color patterns tend to combine to 
give specific emotional responses (152, 327 ,412). 

Thus, color should provide both reflecting surfaces and pleasing 
combinations. Saturated colors and color of low reflectance should be 
avoided on large areas; tints of appropriate color should be used instead. 
A proper proportion of reflectance should be maintained on consoles, panels, 
instruments, floors, ceilings, and walls. Variety in color of decoration 
is desirable. To maintain a pleasing environment, with appealing contrasts, 
different colors should be used in the same compartment, and still different 
combinations in other compartments. Tints and light grays possess several 
advantages; they make a compartment appear more spacious and ceilings 
appear higher. Some of the favored colored tints are buff with umber, ivory, 
cream, blue, coral, and peach. Flat or matte -surface paints should be 
used to avoid specular reflection. A light that enhances warmth and softness 
of colored objects is desirable, and furthermore illumination should be 
such that it does not markedly alter the color of natural objects, e. g., skin 
complexion and food. 

Within these limitations, a variety of colors can be selected for the 
interior of spacecraft and space dwellings. Cool, work -stimulating colors 
are recommended for the work area, with bright contrasting accents on 
trim; warm, relaxing colors are recommended for public rest and recrea
tion areas, again with contrasting accents and trim; while subdued, "homey" 
colors will be appropriate for personal areas. General lightening of color 
values will as sist in providing brighter interiors with a lower level of 
illumination. The latter, as much as feasible, should be indirect, diffuse 
and non-glaring. 

The following recommendations have been suggested for the illumina
tion system of spacecraft (152, 418): 

(1) White light illumination be provided for most mission phases. 

(2) The intensity be variable from O. 1 m -L to about 40 m -L with 
the highest intensity for launch and flashblindness emergencies. 

(3) An intensity of 10 m -L be provided as the maximum value for 
non -launch conditions with local illuminance levels recommended 
above. 

(4) Provisions be made for turning off all internal lights with 
critical instruments being self -illuminated (according to Table 
2 -60) and for maintaining interior/ exterior light balance. 
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(5) Flexible floodlights should be provided to reduce extreme 
contrast to less than 5:1 between target area and general surround. 

(6) The reflectivity of suits, equipment, and interior paints be used 
to increase the evenness and diffuseness of lighting. 

(7) Color of interior should be pleasing, of low saturation and 
appropriate reflectance, and of warm and restful quality in 
public and personal areas. 

o 
(8) Red filters (6400 A) be provided for dark adaptation for all 

light sources, and the color of critical markings and legends be 
designed so that they can be seen when red lighting is used. 

(9) Trans -illuminated displays should be used and shielded to 
prevent their being masked by high -intensity light sources. (389) 
For night operation, the average cockpit display luminance 
should be minimized. 

(l 0) Lights, indicators, and self -illuminated instruments be located 
to prevent reflections from windows and other instruments. 

(11) Filters, or shutters be provided for the windows to reduce 
undesirable illumination. 

(12) Filters or shutters be readily operable to aid the astronaut in 
programming light to achieve optimal light levels. 

(13) The color and intensity of caution and warning lights be con
sidered, as they influence ambient illumination levels and dark 
adaptation, particularly for the dark side of the Earth (389). 

(14) Inadvertent light leaks, particularly from high-intensity sources, 
be identified and corrected before the mission for each space
craft, to ensure that low levels of interior illumination and 
dark adaptation can be maintained. 

Viewing Ports and Visors 

The viewing ports of spacecraft often require extreme accuracy for 
sighting and resolution, especially where optical experiments are being 
performed. The efficiency of the visual system is a function of the clarity 
of the optical window, lighting, and the angles between line of sight and 
window. The data of Figure 2-61 were obtained from subjects who looked 
through airc raft glas s, clean plexiglas, and dirty plexiglas. Deterioration 
of optical properties of glas s in Mercury and Gemini capsules by exhaust 
from the escape tower and by deposition of sublimated gasket material has 
been reported (409). 

A review of windows for aerial photography is available (150) as are data 
on optical characteristics of a Gemini window (436). 
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Figure 2-61 

Clearness of View 

(After Olenski and Gooden(326)) 

100 
o 800 900 

ANGLE BETWEEN LINE OF 
SIGHT AND WINDOW 

There are several visual problems caused by helmets and visors: 

1. Field restrictions. 
Helmets should permit the widest possible visual field. Visors 
with the largest possible area should be used and visual fields 
determined with and without head movement. 

In the Apollo helmet and visor system (423) it has been suggested that 
the crewman be able to see downward to a point on the front torso center
line 6 inches below the neck ring. With the crewman standing and nodding 
in an erect PGA, he should be able to see the toes of the boots. When the 
crewman is subjected to a sustained acceleration of 10 gl S eyeballs in, 
enclosed by a pressurized suit, and secured to the command module couch, 
vertical field of vision should not be reduced by fault of the helmet upward 
or downward. 

The recommended unrestricted range of vision is as follows: 

a) 

b) 

Horizontal Plane: 

Vertical Plane: 

1200 left, 1200 right. 

105 0 down, 90 0 up. 

Minimum vision requirements in a compound direction (example: upper 
left -hand corner) are defined by an ellipse through the specified vertical and 
horizontal points. With the head moved forward, eye relief for the primary 
pressure retention visor is 2.06 inches. This eye relief applies over a 
vertical range from 45 0 up to 100 down. 

2. Optical distortions. 
Optical distortions can be produced by curvature of visors, 
point -to -point differences in thicknes s, prism errors, changes 
in head po sition, non -neutrality, etc. No visible distortion or 
optical defects detectable by the "unaided eye" at the typical 
"as worn" position should be visible. The definition of "unaided 
eye" is a person who has a visual acuity of 20/20 or better. 
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For the Apollo visor system it has been recommended (423) that the 
refractive power in any meridian not exceed by more than plus or minus 
0.06 diopters the power inherent in a spherical lens with concentric surfaces 
having the proper radii of curvature and thickness. The inherent power of 
the visor is calculated by use of the following formulae: 

(11 ) 

where F = Power of the lens in diopters 

F 1 = Power of the convex surface in diopters 

F 2 = Power of the concave surface in diopters 

n = Index of refraction of air 

n l 

t 

= Index of refraction of the material 

= Radius of first or convex surface 

= Radius of second or concave surface 

= Thicknes s in meters 

Prismatic deviation includes the inherent prismatic power resulting 
from non-parallel surfaces of the material. The vertical prismatic devia
tion between the right eye and the left eye should , not be mo re than O. 18 
diopters at any point in the area of vision. The vertical prism at any point 
in the area should not exceed 0.18 diopters at either eye. 

The horizontal prismatic deviation is stated for specific regions of the 
typical visor given in Figure 3.1 -7 of Ref. 423. The algebraic sum of the 
horizontal prismatic deviation at point "C" for the left eye and at point "C" 
for the right eye should not exceed O. 75 dlOpter s. The algebraic difference 
between the horizontal deviation at point "C" for the left eye and at point IIC" 
for the right eye should not exceed O. 18 diopter s. 

3. Optical transmis sion. 
The transmission of light through the visor should be controlled 
to minimize the effects of glare and flashblindness, ultraviolet 
damage to the cornea, infrared heating, and haze. The light 
transmission and optical characteristics of plastic visors used 
in military helmets for aircrew are available (4, 82, 87, 216). 

For the Apollo system it has been recommended that the luminous 
transmittance of the pressure- retention, primary visor should not be less 
than 80 percent throughout the critical areas of vision noted in Figure 3.1-7 
of Ref. 423. Other visor areas should not vary in transmittance by more 
than ± 5% of the critical area transmittance. The total luminous trans
mittance through all visors including the antiglare supplemental visors, is 
a maximum of 10%. The transmittance for the left and right eyes do not 
differ by more than 5%. The haze value of the visor should not exceed 5%. 
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The spectral transmittance of the pressure visor may vary with wave 
lengths between 380 and 770 nm, the average percentage deviation within 
nine spectral bands should be less than 12. (See Figure 3.1-7 of Ref. 423 
for sample calculations. ) 

For control of electromagnetic transmittance in the visor system, the 
following has been recommended: (423) 

a) Ultraviolet - The transmission of ultraviolet 
radiation in the range 220 -320 nm be such that 
the total energy incident on the cornea and 
facial skin shall not exceed 1.0 x 10 5 ergs cm- 2 

in any 24 hours period. (See Ultraviolet light, 
Section 2, part B. ) 

b) Infrared Transmittance - The transmittance of 
infrared radiation beyond 770 nm not exceed a 
total value of 10 percent with all visors in place. 

c) Visible - The primary visor have a transmittance 
in the visible range of at least 85%. The maxi
mum transmittance through the primary visor 
and the least dense sector of one secondary visor 
should be 60%. The maximum transmittance 
utilizing all visors should be 2%. 

The temperature of the facial skin can also be used as a limit in the 
design of the visor system. It is recommended that in sunlight, the facial 
skin temperature should not exceed 1 OOoF. 

It has also been recommended that the chromaticity coordinates of the 
anti -glare visor be within the limits indicated in Fig. 3. 1 -8 of Reference 
423 when computed by the techniques of Reference 2 -1. 

4. Visual impairment due to fogging. 
Fogging of visors due to a combin_ation of high humidity in the 
helmet and low temperature of the visor surface must be pre
vented. Serious degradation of performance can result from 
this design problem. Anti -fog coatings or heating can be used 
to allow fog -free conditions under zero air flow and 100% 
humidity. About 33 watts/in2 of thermal input may be required 
for thermal control of fogging (355). 

Instrumentation and Displays 

The visual factors in the design of instruments and displays have been 
summarized by several good reviews (25, 148, 280, 304, 457). The follow
ing discus sion represents only the more generalized visual aspects of the 
problem. The original reviews should be consulted for specific design 
details when required. 
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Telescopic Device s 

Manned star tracking in navigation has received much study (11, 149, 320, 
321). It has been shown that man can track to a 1 sigma accuracy of O. 05 
milliradians in elevation and 0.12 milliradians in azimuth using a manually 
slewed, eight-power telescope. A 1 sigma tracking error of 0.01 mill is 
pos sible using a 28 power rate control telescope. The minimum field of view 
required for tracking has also been studied (11). Results indicate that star 
recognition time varies significantly as an inverse function of field of view 
size; star recognition times for viewing fields of 10, 15, and 20 degrees are 
significantly greater than for viewing fields of 30, 35, 40, and 45 degrees; 
star recognition performance does not appreciably change for viewing fields 
greater than 25 degrees; the majority of star identification errors (81 percent) 
occurs for viewing fields of 25 degrees or less; the time required to recognize 
stars, up to some maximum proficiency level is significantly related to the 
amount of training the knowledge of the star constellation. Data on effects of 
magnification and observation time on telescopic target identification in simu
lated orbital reconnaissance are available (386). 

Dials and Scales 

In the design of dials and scales, the scale base -length reading distance, 
number of scale divisions, and scale interval are key variables (311). Figure 
2 -62a is a nomograph showing this relationship. 

Alteration of scale units for low cockpit luminance conditions has been 
studied (445). At the viewing distance of 28 inches and minimum night light
ing of 0.01 to 0.002 ft lam berts, the graduation interval should not fall below 
0.11 inches and the width of minor graduation marks should be approximately 
0.032 inches for optimum speed and accuracy of reading. The following scale 
numbering and graduation interval values have been recommended in the 
Apollo system (423): . (1) Scale graduations progres s by 1, 2, or 5 units or a 
decimal multiplier of those numbers; (2) The number of minor graduations 
between major markings does not exceed nine; (3) An increase in numerical 
progression reads from left to right or bottom to top; (4) Major graduation 
marks are whole numbers; and (5) Maximum contrast between scale face and 
markings is maintained, i. e., black scale markings against white background. 

For rapid and accurate readings under illumination conditions as low as 
O. 003 foot lam berts, the dimensions in Figure 2 -62b are recommended. This 
figure is based on a 28-inch viewing distance. For other distances, multiply 
these dimensions by the factor: 

Viewing Distance in Inches = Graduation Mark (12 ) 
28 Dimension and Spacing 

When illumination levels exceed 1 to 2 foot lamberts and where reading time 
is not critical, smaller graduation marks of the same general proportions 
may be used and the separation between marks can be reduced to a minimum 
of O. 35 inche s . 

2-82 

J 



Figure 2-62 

Dial and Scale Design 

a. Dial and Scale Design Nomograph. 
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Nomograph showing relationsh ip between reading distance, scale interval, "called" interval, and 
scale base length. The method of using the nomograph to find the dial size when the max
imum reading distance is known can be illustrated by a 200-Ib pressure gauge subdivided into 
20 scale divisions at 10-lb intervals, to be read at a distance of 20 ft, to a " called" interval 
of 2 (the smallest value to be read). Enter the right side of the nomograph at 20 ft and more 
vertically until the 10 x 2 line is cut (10 x 2 is the scale interval, 10 multiplied by the "called" 
interval, 2 Ib) . From th is 10 x 2 line horizontally to the 20 line (there being 20 marked scale 
divisions) and down to the base line to give a scale base length of 17% in. ; to obtain the diam
eter, div ide by 2.36 to give 7.4 in. I n practice this means using a standard gauge with an 8-in . 
dial blank. The nearness of scale base length of 17Y2 in. at 20-ft reading distance to a 1: 1 
ratio has led the British ·Standard Institution to suggest the use of a scale base length of 1 in. 
for each 1-ft reading distance as a useful working relationship. To obtain the maximum read-
ing distance when the dial size is known, the procedure described above is reversed. It may 
be noted that should the 200-lb gauge be subdivided into 40 scale divisions, giving a 5 x 2 
interpolation , the scale diameter will be 9.1 instead of 7.4 in. I n fact, any method of a sub
division other than 10 x 2 gives a less favorable resu It, which suggests that for industrial scales, 
subdivision into 20 parts and interpolation into 5ths is optimum. 

(After McCormick( 280) Adapted from Murrell, Laurie, and McCarthy(311)) 
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Figure 2-62 (continued) 

----------------~ 

b. Minimum Recommended Circular Scale Diameters Under Illuminating 
Conditions as Low as 0.003 ft Lamberts in Apollo. 

After NASA CSD-A-096 (423) 

Number of Graduation Marks Viewing Distance 

20 28 36 

Diameter of Circular Scales 

35 1.00 
45 1.00 1.23 
50 1.11 1.43 
63 1.00 1.40 1.80 

100 1.59 2.23 2.87 
150 2.39 3.35 4.30 
200 3.18 4.45 5.73 
250 3.98 5.57 7.77 
300 4.77 6.68 8.60 
350 5.57 7.80 10.00 

The number of graduation marks required on a circular scale imposes a 
limit on the minimum diameter of the scale. The minimum distance between 
graduation marks viewed from a distance of 28 inches is 0.07 inches. For 
other viewing distances, Figure 2-62b shows recommended minimal diameters 
for thr ee viewing distances and various numb er s of graduation marks. 

Letter location on scales and dials has been recommended as follows (423): 
On circular stationary scales, orient all numbers to be read horizontally 
instead of medially. On moving scales, orient all numbers to be upright at 
the reading position. 

The general design requir ements for moving-pointer, fixed-s cale type 
indicators (circular) are presented for the Apollo system (423). Clockwise 
movement of the pointer should result from (1) clockwise movement of an 
associated rotary control, or (2) movement forward, upward, or to the right 
of an associated lever or switch, vehicle or component. In cases where 
positive and negative values around a zero value are being displayed, the zero 
should be located preferably at the 12 o' clock position although the 9 0 1 clock 
position is also acceptable. The positive values should increase with clock
wise movement of the pointer and the negative values increase with counter
clockwise movement. Except on multi-revolution instruments such as the 
clock, there should be an obvious scale br eak between the two ends of the 
scale o~ not less than 1-1/2 divisions. The numerals are usually placed 
inside of the graduation marks to avoid constriction of the scale. If space 
is not limited, the numbers may be placed outside of the marks to avoid 
having the numbers covered by the pointer. 

In the design of moving -pointer, fixed-s cale type indicator s (linear and 
curved, or arc scales), pointer movements are recommended as above (423). 
In cases where positive and negative values around a zero value are being 
displayed, the positive values should increase with movement of the pointer 
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up to the right and the negative values increase with movement of the pointer 
down or to the left. Movement of the pointer up or to the right should result 
from (1) clockwise movement of an associated rotary control, or (2) move
ment upward, forward, or to the right of an associated lever or switch. 
Numerals should be placed on the side of the graduation marks away from the 
pointer to avoid having the numbers covered by the pointer. For curved or 
arc scales, the numerals will be placed inside of the graduation marks to 
avoid constriction of the scale. If space is not limited, the numbers may be 
placed outside of the marks to avoid having the numb ers cover ed by the pointer. 
The pointer is located to the right of vertical scales and at the bottom of 
horizontal scales. 

Fixed-pointer, moving- scale indicators are not recommended for general 
use (423). If, however, the situation dictates their use, the progression of 
numbers and response to control should follow those recommended for 
moving-pointer systems. The numbers on the indicator should progress in 
magnitude in a clockwise direction around the dial face. In case of vertical 
or horizontal moving straight scales, numbers should increase from bottom 
to top or from left to right. If the as sociated control has a direct effect on 
the behavior of the vehicle, the scale should rotate counter -clockwise with 
(1) clockwise movement of the associated knob, wheel, or crank; (2) move
ment forward, upward, or to the right of a lever; or (3) movement forward, 
upward, or to the right of the vehicle or component. However, if the 
associated control has no direct effect on the behavior of the vehicle, the 
scale should rotate counter -clockwise with counter -clockwise movement of 
the associated knob or crank. The pointer of lubber line position should be 
at 12 o'clock for right-left directional information and at 9 o'clock for up
down information. For purely quantitative information, either position 
may be used. If the display is used for setting, such as tuning in a desired 
wavelength, it is usually advisable to cover the unused portion of the dial 
face. The open window should be large enough to permit at least one 
num bered graduation to appear at each side of any setting. 

The desirable size of numerals and letters is affected by the distance 
at which they are to be read. For the usual reading distance of about 28 in., 
it has been reported that two different sizes of block capital letters seem to 
satisfy the concurrent desirability for uniform size with occasional larger 
letters for emphasis (74). These two sizes are 9/64 in. for the bulk of the 
letters and 11/64 in size for emphasis. lliumination, reading conditions, 
distance, and the importance of accuracy should of course be taken into 
account in selecting the size of letters or numerals for use as labels or 
ma:rkings (280, 304). 

A formula has been developed that takes into account illumination, 
reading conditions, viewing distance, and the importance of reading 
accuracy (280, 340): 

where 

H (height of letter in inches) = 0.0022 D + K 1 + K2 (13) 

D = viewing distance 

= correction factor for illumination and viewing 
condition 
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= correction for importance (for important items 
such as emergency labels, K2 = 0.075; for all 
other conditions, K2 = 0.0). 

This formula has been applied to various viewing distances, in combina
tion with the other variables, and the heights of letters and numerals derived 
therefrom. These values are given in Table 2 -63. It should be kept in mind 
that these are approximations of desirable heights; values within reason of 
those given would generally produce relatively comparable legibility. Need
less to say, one should not apply such a formula arbitrarily, without taking 
into account special facets of the particular situation. A set of recommended 
heights for the Apollo System at 28" viewing distance, low brightness (down 
to 0.03 ft L) range from 0.05 to 0.20 in. for noncritical, normal situations, 
up to a range of 0.20 to 0.30 in. for critical, adverse situations (304, 423). 

Table 2-63 

Table of Heights of Letters and Numerals (H) Recommended for 
Labels and Markings on Panels, for Varying Distances and Conditions 

Derived from Formula H (in.) = 0.0022 D + K, + K2 

(After McCormick(280) Adapted from Peters and Adams(339)) 

V;(wing 
0.0022 D 

Non imporlanl markings important markings 

dis/ana, 
va/tit inch($ KI = 0.06 KI = 0.16 KI = 0.26 KI = 0.06 KI = 0.16 KI = 0.26 

--
14 o 0308 009 0 . 19 029 0 . 17 0 .27 0 .37 

28 0 .0616 0 . 12 022 0 .32 0 . 20 0 .30 0 .40 
42 0 0926 o 15 o 25 o 35 o 23 0 . 33 0 .43 
56 o 1232 0 . 18 o 28 0 .38 o 25 0 . 35 0 .45 

Illumination leuel,]c Reading situation Kl ualue 

Above 1 .0 Favorable 0 .06 
Above 1 .0 Unfavorable 0.16 
Below 1.0 Favorable 0 . 16 
Below 1 .0 Unfavorable 0.26 

In a study relating to legibility of numerals at distances of several feet, a 
relationship between height of numerals and legibility was established as 
shown in Figure 2 -64. Each of the three areas indicates, generally, the 
relative legibility of numerals seen under reasonably normal viewing condi
tions for per sons with normal vision. 

The use of color contrast to improve alpha numeric legibility has 
received recent review (283). The recommended use of color in the design 
of indicator warning lights is shown in Table 2 -32c. 

Both for maintaining dark adaptation and avoiding objectionable reflec
tions,it is necessary to use the minimum instrument illumination which will 
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permit adequate instrument reading. 
Figure 2 -65 shows the relationship 
between the brightnes s of instrument 
markings and relative efficiency of 
instrument reading. 

In the design of counter systems 
it is recommended that numbers 
change by snap action in preference to 
continuous movement (423). Space be
tween numerals should be no more 
than 1/2 the numeral width. The 
height to width ratio of numerals for 
counter displays should be 1: 1 rather 
than 5:3 as recommended for dials and 
scales. Numbers should not follow 
each other faster than about 2 per 
second if the observer is expected to 

Figure 2-64 

Figure Showing Relationship Between Height of 
Numerals and Legibility of Numerals at Var-
ious Distances. The I nd ications of Degrees of 
Legibility of Those Height-Distance Relationships 
in the Three Areas are Generally Valid for Per
sons with Reasonably Normal Vision· 

(After McCormick(280) Ayapted from Murrell, 
Laurie, and McCarthy(311 ) 
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Figure 2-65 

Dial Reading and Brightness Levels 

(After Baker and Grether(25) from 
Data of Chalmers et al(90)) 

read the numbers consecutively. Counters used to indicate sequencing of 
equipment should be designed to reset automatically upon completion of the 
sequence. Manual provision for resetting is usually provided. The rotation 
of the counter reset knob is conventionally clockwise to increase the counter 
indication or to reset the counter. Counters are mounted as close to the 
panel surface as possible to maximize viewing angle and minimize parallax 
and shadow s . 

CRT (Cathode Ray Tubes) Displays 

In the design of radar and other displays of the CR T type, the mlnlmum 
size, shape, and brightness contrast of target on scope is a key factor as 
is duration of presentation (160, 457, 462). Figure 2-66 shows the relation 
of a target size to accuracy and relative speed of identification of display 
targets of this latter type. From the curve, it is evident that, when the 
visual angle subtended by the largest dimension of the target is smaller than 
12 min, there is an increase in relative search-to -identification time and an 
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Figure 2-66 

Effect of Target Size on Identification 
Time in Search on CRT Soopes. 

(After Steedman and Baker(3g6)) 

increase in the number of errors in identification. These and other research 
data indicate that it probably is safe to as sume that targets should subtend, 
as a minimum, 12 min of arc to insure reasonably accurate identification 
(457). 

Dark adaptation can affect detection on CRT (cathode ray tube) displays. 
The visibility of threshold targets is best when the operator is visually adap
ted to the level of the scope brightnes s. The time lost in the detection of a 
target on a CRT scope as a function of the pre -exposure brightnes s for 
various scope brightnesses is shown in Figure 2 -67 (199). The signal, which 
subtended a visual angle of 20 min of arc at the ,eye has a 99% probability of 
detection for an operator whose eyes were adapted to the brightnes s level of 
the task. In this experiment, a detection time of 5 sec is equivalent to 
immediate detection because it took that long for the subjects to move from 
the adaptation screen to the CRT scope. 

It can be concluded that (304); 

• 

• 

• 

• 
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For very dim scopes (0. OOOl-mL background brightness) 
the operator can be pre-exposed to brightnesses as high 
as 0.01 mL without impairing target visibility. 

For dim scopes (0.022 -mL background brightness) the 
operator can be pre -exposed to brightnesses as high as 
2 mL without impairing target visibility. 

For moderately bright scopes (0.22 -mL background 
brightnes ses) the operator can be pre -exposed to bright
nesses as high as 20 mL without impairing target visibility. 

A completely dark-adapted operator will suffer a slight 
loss in detecting threshold targets on scopes with back
ground brightnesses of about 0.02 mL and above. 
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Figure 2-67 

Effect of Pre-exposure Brightness on Time to Detect 
Target on CRT Scopes of Different Brightness 
Values . 

(After Hanes and Williarns(199)) 

If the operator must do other visual tasks at higher brightnes s levels 
than those required for the above, visibility will not be seriously affected if 
the higher brightnesses are not more than 100 times as bright as the 
average brightness of the radar scope. In other words, if the operator 
must scan daylight skies (about 2, 000 mL), the average scope brightness 
should be set up to 20 mL or more to maximize visibility under these cir
cumstances (280, 462). 

The intensity contrast of the target on a scope is 
displays (199, 217, 457, 462). The curves in Figure 

also a factor for CR T 
2 -68 show the time 

r eq ui red fo rata r g et to bed et e c ted as 1000 r---------.----------------------------, 

a function of the pre -exposure bright - ¥ 
ness for targets of various intensities. 
In every case, the scope background 
brightness is O. 022 mL, and the target 
subtends a visual angle of 20 min of 
arc. As before, the detection time of 
5 sec represents immediate detection. 
The lowest contrast (13%) is for a 
target having about 99% probability of 
detection for operators adapted to the 
brightness level of the task. The other 
targets are above this threshold level. 

Numbers on Curves 
Indicate controst 

It is evident that, with stronger 
signals (higher contrasts) the range of 
tolerable adapting brightnesses is 
much greater. Indeed, for this back
ground brightness (0. 022 mL), a target 
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Figure 2-68 

Effect of I ntensity Contrast and Pre-exposure Bright
ness on Target Detection of CRT Scopes. 

(After Hanes and Williams(199)) 

that is 2 1/2 times as bright as the background can be seen immediately after 
the operator has adapted to 2, 000 mL. Thus, if a given radar operation does 
not require the detection of weak signals, greater tolerances in the operator's 
brightnes s adaptation are permissible. 

After the eye has been exposed to relatively high brightnesses for about 
2.5 min, it reaches, for all practical purposes, a IIsteady state" of adaptation. 
This means that longer periods of pre -exposure have little further effect on 
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the immediate sensitivity of the eye. 
If shorter periods of pre -exposure ar e 
used, however, the sensitivity is affec
ted proportionately les s. This rela
tionship is shown in Figure 2 -69, in 
which, for any given exposure duration, 
the value on the ordinate is used as a 
multiplier of the exposure brightness 
to give the steady -state -adaptation 
level of the eye. This relationship 
shows that, if the eye is exposed to 
2, 000 mL (daylight brightness) for 15 
sec, the eye has a sensitivity loss 
equivalent to that of being exposed to 
200 mL (15/150 x 2, 000 mL) for 150 
sec or more. Thes e adjusted values 
then can be used with the data of 
Figure 2 -68. 
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Figure 2-69 

Rate of Loss of Dark Adaptation After Exposure 
to Light. (See text) 

The brightness and color of the (After Mote and Riopelle(306)) 

scope phosphor will determine the 
specific loss of night vision caused b y a CRT scope (413, 462). Thi s may 
interfere with night vision of a crewman by the effect on dark adaptation or 
by direct glare of the scope during a visual exercise. The effect of color is 
similar to that seen on Figure 2 -42c. Recovery takes the least time when a 
red CR T sc reen is used, only 10 percent longer with a yellow scre en, but 
nearly twice as long with a green screen. The visual characteristics of 
various phosphors are available (462). The selection of cockpit and instru
ment color lighting for dark adaptation has been recently reviewed (29 1, 389). 

In CRT displays, detectability of targets of varied contrast and g e ometric 
coding may be adversely affected by visual Iinoise" or Iisnowil on the scope 
background. The effects of this noise on the perception of forms in electro
visual display systems have been studied extensively (l13, 114). Visual 
noise with a combined contrast and contour degradation impairs form dis-
c rimination to a much greater extent than reducing contrast alone. A typical 
finding is seen in Figure 2-70. The generation of noise on a prototype 
electrovisual display as Ilgranularityll of the display was varied, as well as 
the brightnes s contrast. Landolt ring targets were used against the varia
tions in background noise to measure the effects of the visual noise on visual 
disc riminations. The variations in granularity of the background affected 
primarily the clarity of the contours of the visual targets. By variations in 
the display, it was pos sible to vary the contour degradation and the brightnes s 
contrast. The sharper slope of the solid curves (in comparison with the dotted 
ones) indicates the greater influence on visual discrimination of the combina
tion of contour degradation and contrast, as compar e d with contrast alone. 

Effects of delay of image motion on target detection using side -looking 
radars are under study (32). Visual phenomena such as anomalous movement 
on CRT scopes under certain phosphor conditions are also under study (129). 
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Relationship Between Aspects of Visual Noise and Identification of Landolt-Ring 
Targets on Electrovisual Displays. The Sharper Slopes of the Solid Curves Show 
the Combined Effects on Visual Discrimination of "Contour Degradation" of the 
Target Forms Accompanied by Changes in Brightness Contrast, as opposed to the 
Flatter Slopes of the Dotted Curves Which Represent Essentially Changes in Con
trast with "Contour Degradation" Held Constant. 

(After McCormick(280) Adapted from Crook and Coules(114)) 

Complex Visual Displays 

Target recognition and acquisition of information may be difficult on 
complex displays (24, 138, 236, 258, 385, 387, 452). Optical enhancement 
techniques for visual displays have been studied (422). Displays covering 
multiple inputs may be color coded (51, 115, 122, 258, 389) and make use 
of electroluminescent techniques (341). Color mixture functions at low 
levels of luminance are under study (347). 

Visual factors in the design of large scale displays have been evaluated 
(257). Recent reviews of instrumentation and displays for night visibility 
(404, 389) and of visual factors in the design of contact analog devices (86) 
are available. It has been shown that peripheral displays can be used with 
effectiveness to decrease deterioration of tracking performance which results 
from visual switching in complex displays of advanced vehicles (420). 

Display requirements for prelaunch checkout or launch control of ad
vanced space vehicles (129, 163, 338) and planetary surface vehicles (185) 
have been outlined. 
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VISUAL PROBLEMS IN SPACE OPERATIONS 

Space operations present several visual problems not usually present 
on Earth. There are several requirements of a predictive nature needed 
to optimize contact with exterior visual environment. These data can be 
used to simulate such visual problems (12, 284). Many of the figures and 
tables in the previous sections are applicable when supplemented with the 
appropriate data and concepts. 

The following section will review the visual problems of satellite 
obs ervation, rendezvous and docking, lunar landing, and operations on the 
lunar surface. 

Observation of Other Space Vehicles 

It is often of importance to detect orbiting space vehicles from a great 
distance in order that sufficient time be available to carry out the necessary 
navigational maneuvers. For a stationary target, the visual range for 
detection as something different than the surround without identification of 
its shape, can be predicted, knowing its size, its luminance, the luminance 
of the background, to which the observer l s eye should be well adapted and 
the contrast threshold for this situation. The details of these calculations 
have been described (371, 372) and have been covered in Figure 2-23. 

A satellite frequently appears as a sunlit obj ect against the background 
of the space sky which has a luminance of about 10 -5nt or 10 -6mL . Some
times a satellite may be seen as a brighter or darker object against the 
sunlit Earth, the luminance of which depends on how much of the ground is 
covered by clouds. In rare instances, the nonilluminated satellite may 
appear against the surface of the sun or against the airglow line. At night 
it may appear as a moonlit object against the dark night sky or the surface 
of the dark Earth. 

The adaptation of the astronaut is determined by the average luminance 
of the surface which he is viewing. He probably never observes the same 
area for more than a few minutes because of his different duties. Since 
light adaptation requires only a few minutes, the sensitivity of his eyes may 
rapidly reach a plateau when he is looking at the sunlit surface of Earth or 
when inspecting the instrument panel. The cabin illumination increases 
when the window faces the sun or the sunlit Earth. On the other hand, dark 
adaptation is a slow proces s requiring at least 15 -30 minutes (depending on 
previous conditions) to achieve a fairly stationary high sensitivity (Figure 
2 -42 and 2 -43). In orbit, a terminal dark adaptation may be difficult to 
obtain in view of the short range day-night cycle. In a low orbit, there is 
a shift from day to night and vice versa about every 45 minutes. 

Some of the visual ranges may be higher than those computed for vision 
on Earth for the following reason. When observing the instrument panel first 
and then looking toward the dark sky, the eyes are adapted first to a higher 
luminance, for which the threshold was established. (Figure s 2 -16 and 
2-17). When looking out into space, a sudden rise of sensitivity occurs 
within fractions of a second, known as alpha -adaptation, followed by the 
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slower beta -adaptation proces s. During the scanning of the sky the sen
sitivity of the eyes slowly rises. There are a few data available about 
sudden changes in adaptation and pertinent studies are still in progress. 

The contrast sensitivity may be affected further by the retinal region 
stimulated, motion, time of exposure of the target and empty visual field 
myopia (448). In the presence of an empty visual field subjects cannot 
relax accommodation completely. Accommodation remains in a state of 
constant activity, fluctuating about a level of from 0.5 to 2.0 diopters. One 
is unable to focus at infinity if infinity contains no detail subject to sharp 
focus. Under these conditions, unable to focus farther than a point about 1 
to 2 m. away, one becomes effectively myopic by this amount. Empty visual 
field myopia can increase the light threshold by a factor of log 0.3 or double 
the minimum visual angle (329, 448). It is difficult to say how serious a 
factor empty visual field myopia would be in space flights since an astronaut 
is not constantly scanning a homogeneous field. When looking at the sky, he 
perceives celestial bodies which are objects for focusing at infinity. Many 
of these factors are covered in the previous section and are applicable to 
space operations. 

In the present context, these factors are interrelated in a complex way. 
Uniform sensitivity exists over the retina at the limit of scotopic and mesopic 
vision (log-3mL) up to at least a 25 0 peripheral angle. In the scotopic stage 
there is a steep increase in sensitivity from the fovea toward the parafovea 
and then a more or les s leveling off. The fovea is blind for targets of low 
luminances. Values determined for parafoveal vision are also nearly 
correct for a more peripheral region. When the adaptating luminance is 
above the scotopic level, the trend of sensitivity becomes reversed. Sensi
tivity is now highest in the fovea and decreases steadily toward the periphery, 
the decrease steepening with increasing adaptating luminance. Thus, foveal 
threshold values are not valid in the retinal periphery (see Figures 2 -24 and 
2-25). 

The findings on stationary targets may only be applicable in space when 
both satellites move with the same speed and in the same orbit. Other 
situations are possible: the target may move slower than the observer and 
thus may apparently move backwards, their pathways may cross each other 
or the target may move toward the observer. For these different situations 
there are not yet sufficient data available in the literature. The threshold 
luminances for a point light source simulating a satellite and moving 
horizontally at an angular speed of 1 to 4 degrees per sec have been calcu
lated (187). On a star -studded night sky as background, the threshold for 
detection is about 1 stellar magnitude brighter than for detection of a 
stationary target on a starless background. The difference increased 
rapidly as vision began to change over to cone or photopic vision. A moving 
target stimulates not just one point on the retina but successive retinal 
regions. In scotopic vision, successively stimulated retinal receptors may be 
of equal or similar sensitivity, whereas, in photopic vision the image of the 
target will stimulate less sensitive areas as soon as it moves from the fovea. 
Thus, under these circumstances higher threshold intensities are required. 
Data on detection times for moving targets in rendezvous are discussed 
below. 
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Another variable is the time of exposure. A satellite may be visible for 
only a limited time, especially in a restricted field of view. This factor is 
covered in Figure 2-33. Data on sensorimotor latency factors in flight opera
tions are available (52). 

Computations of sighting probability for visual search in space have 
been made (183, 255, 313, 455). Factors which favor probability of 
success in visual search are: high contrast ratio between target and back
ground, large target size, slow closure or movement rates of the target 
relative to the observer, and restricted area of search. Factors which 
reduce probability are: irregular illumination of target, interference with 
scanning efficiency by other tasks, thicknes s and clarity of the window 
glass, low angle of incidence for viewing through window, glare from the 
sun for some target directions, empty field myopia, and the visual blind 
spot in each eye. The variables are so numerous that practical use of such 
calculations must be reserved until more empirical data are available. 

Identification of the Shape and Other Details of a Satellite 

When an object in space has been detected as a lighter or darker 
silhouette, some nearer observation distance is required before its shape 
can be recognized. The recognition of a shape and other details is a com
plex function of visual acuity. Table 2 -71 shows the visual range or the 

Table 2-71 

Visibility of a Satellite in Space 

(After Schmidt(371)) 

Illumination of Astronaut adapted Visual Visual angle Visual range of 
satellite to acuity of critical identification,km* 

detail 

Sunlit, full-
phase +F space sky +F 1.7 35" 5.9 

Moonlit, full-
phase night sky .25 4' .86 

Nonilluminated I sunlit earth + F 1.5 40" 5.2 
+F 

Nonilluminated air glow line .25 4' .86 

*For a spherical satellite 5 meters in diameter with visual transmittance 
of window = .5 and 10% probability of detection. +F refers to a 
neutral density filter of 0.1 transmittance. 

farthest distance at which one can identify the shape of a satellite. The 
visual range for specific objects can be computed by using curves of 
Figure 2 -23 and by as suming that the visual angle of the critical detail 
represents 1/5 of the diameter of the satellite (371). At the identification 
distance, the sunlit satellite is at least 10 times too bright to be observed 
comfortably (346). Therefore, the transmittance, 0.1, of a neutral density 
filter was used for the computation. Table 2 -71 demonstrates that the shape 
of the satellite is recognized at about the same distance whether it is illumin
ated by the sun seen against the night sky or is perceived as a silhouette 
against the background of the sunlit Earth. The chances for identification 
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of a moonlit satellite are as low as those of a nonilluminated satellite seen 
against the airglow line and they are definitely worse for a nonilluminated 
satellite appearing against the night sky or the night time Earth. 

Differences in colors would aid in recognition of details but they are 
far less decisive than brightness contrast. Visual acuity shows a dependence 
on the exposure time: a 0.5 to 1.0 seconds exposure is optimal (Figures 
2 -33 and 2 -34). The recognition of a shape also depends on psychological 
factors such as previous experience and training of the observer. A 
familiar form is resolved more easily than an unfamiliar form; an expected 
form, more easily than the unexpected (48, 49, 52). 

Motion of a satellite relative to the star background is the factor most 
helpful in its detection. The threshold for perception of motion in laboratory 
studies under optimal conditions is equal to 1 to 2 minutes of arc per second. 
The displacement threshold (the minimal angular displacement required to 
perceive a motion) in presence of stationary objects is 20 seconds of arc. 
In the absence of fixed comparative objects the values are higher. The 
star -studded sky is then an appropriate background for the detection of a 
moving satellite (See Figure 2 -39), The motion threshold is affected by the 
same variables as the other visual functions mentioned, e. g., background 
and adaptation state of the observer, intensity of the target, retinal region 
stimulated, size of the target, and exposure time up to a certain critical 
value. 

In the absence of other lights, it has been observed that a stationary 
light after at least 9 seconds of fixation in an empty surround starts to move 
in an erratic manner. This optical illusion, known as "autokinetic movement", 
may also playa role when a satellite is observed against the dark sky (181). 
The vestibular apparatus appears to play no part in its genesis but eye 
muscle imbalance may playa role (149, 164). The operational significance 
of this subjective phenomenon is not as yet clear. 

In space operations, the estimation of the distance of another space-
ship is of crucial importance. The recognition of the distanc e is a complex 
function which involves the integration of immediate visual impres sions and 
previous experience (4, 179, 180, 182). For a moving light point far out in 
space, many cues of depth perception are invalid, especially the primary 
factor of stereopsis. An important factor for recognition of an absolute 
distance, that is a distance with reference to the observer, is the presence 
of a terrain. In case a terrain is lacking, distance judgment becomes un
reliable and, without size cues, only relative distances are recognized, 
namely that one object is nea rer than the other. An important empirical 
distance factor is the apparent size. In order for this factor to give informa
tion about the distance of an object in a homogeneous surround, the real 
size of the object must be known. When the actual size of the target is 
unknown, its distance will be indeterminate, since the same angular size 
can correspond to a small object nearby or a large object at great distance 
(See Figure 2 -74). 

One secondary distance factor is motion perspective or motion parallax 
or the gradual change in the rate of apparent displacement of objects in the 
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field when the observer is moving. When fixating the horizon toward which 
the locomotion is aimed, the ground below shows a flow opposite to the 
motion of the traveler (l6l). The visual field appears to expand anteriorly 
from a stationary focus to which attention is aimed. The visual field behind 
contracts inward to a focus. The farther objects have a slower rate of speed 
than the nearer objects. The astronauts repeatedly mention the flow of the 
surface of Earth opposite to the direction of their orbit. The drift is quite 
apparent over clear areas or broken clouds whereas a solid cloud cover 
with no pronounced texture mediates a very slow floating feeling. When 
gaze is fixated on the target satellite, it should show no such parallactic 
motion because the pursuit movements of the eyes keep its image on the 
fovea, unless its actual motion is so fast that it makes fixation impossible. 
The celestial bodies, as more distant objects, should show a parallactic 
with -motion. When the gaze is fixated on a star, the satellite as a nearer 
object should show a parallactic against motion which may conflict with its 
actual motion. 

Another empirical factor in distance recognltlon is the aerial perspec
tive; that is, the progressively increasing haziness of objects as their 
distance from the observer increases (gradient of haziness). The clearer 
the outline of an object, the nearer it is perceived. In space there is no 
gradient of hazines s. The light and dark areas on the surface of a satellite 
produce sharp boundaries (367). Clearer contours and clearer details may 
cause an underestimation of its distance, in comparison to what is known 
from observation on Earth. This, in turn, should make it appear smaller 
because the retinal image actually corresponds to farther distance. As 
long as the satellite subtends visual angles large enough to affect the eye as 
a luminous surface, its brightnes s is determined by its luminance and is 
independent of its distance, but, as soon as the visual angle becomes so 
small that it affects the eye as a point light source, its brightness decreases 
with increasing distance and thus might serve as a distance cue (Figure 2 -18). 

Visibility of Objects on Earth from Spacecraft 

Theoretical aspects regarding the detection of Earth targets from space 
with and without periscopic aid have been covered (313). Quantitative data 
obtained during actual space flight are now being processed (131). An 
example of the findings on revolutions 17 and 31 of Gemini VII are pres ented 
in Figure 2-58. Computer programs are being prepared to allow prediction 
of Space to Earth visibility (130). 

Vision in Rendezvous and Docking 

The visual tasks associated with rendezvous and docking are summarized 
in Table 2 -72. 
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Table 2-72 

Visual Rendezvous Operations 

(After Pennington and Brissenden(336)) 

PHASES OF VISUAL TASKS TARGET 
RENDEZVOUS PARAMETERS 

1. ACQUISITION DETECTION INTENSITY, COLOR 
SIGNAL SEQUENCE 

2. ESTABLISHMENT ANGULAR RATE MOTION CUES 
OF INTERCEPT DISC RIM INA TION 

3. RANGE AND RANGE II II 

RATE ESTIMATION 

4. BRAKING DISTANCE AND SIZE, SHAPE, 
OPERATIONS CLOSURE RA TE MOTION CUES 

JUDGEMENT 

5. DOCKING ATTITUDE ASPECT 

Visual information for rendezvous, docking, and navigation has bee n 
outlined (l9, 33, 67, 68, 69, 205, 207, 228, 229,230, 263, 264, 269, 334, 
335,337,349,350,370,381, 461). Visualdatacanbeusedtopredict 
accuracy of navigation techniques proposed for different phases of space 
flight (198, 200, 288, 289). These show that visual control is efficient in 
many areas and can be used in secondary or backup control techniques. 
Space flight data suggest the critical nature of visual problems in 
rendezvous and docking maneuvers (313). 

Acquisition 

Visual observation from another spacecraft of a satellite moving against 
a starfield background has obvious operational importance in any rendezvous 
mis sion where the target satellite must be detected and located to effect 
terminal guidance. The operator may be required to act as a backup system 
in the event of radar or other failure. It has been shown that a pilot can 
accomplish rendezvous using only visual sighting of the target position (264). 
Also an accurate knowledge of visual detection ranges can aid in planning 
launch time to obtain favorable illumination during acquisition phas es. 

The ability of the observer to detect a target satellite as a point source 
target moving slowly in a starfield has been covered above and quantified by 
recent studies (381). In contrast to detection problems on Earth, the target 
is identical in appearance to the other objects from which it is to be dis
tinguished. If the satellite is illuminated by solar or Earth light and the 
target intensity is within the range of visible stellar intensities, only its 
motion relative to the fixed stars and actual presence of a new object in the 
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starfield can serve as cues to the observer. (An asymmetrical rotating 
satellite may produce a variation of intensity with time.) The surface 
characteristics of a given target, the viewing angle and the direction of 
incident light are needed to determine its photometric intensity. The problem 
is compounded by the fact that the field of view, background luminance, 
adaptation level of the observer and allowable search time will influence an 
observer's detection performance. During a typical transfer orbit, a 
change in illumination geometry and line -of -sight angular motion occurs (314). 
Even if the terminal phase occurs in solar illumination, the target may be 
less visible than it was before the terminal phase, if for example, the target 
moves between the chaser and the sun. 

For the acquisition phase of rendezvous, several studies have been 
published on detection of a moving point source against a starfield. Given 
sufficient time, it is possible to see an isolated star of magnitude 8.5 (See 
Figure 2-9). However, in a field of stars the threshold of perception is 
closer to a 5th or 6th magnitude star, the former being equivalent to 104).L).L 
lamberts (336). (See Table 2-71 and the discussion of Figures 2-9 and 2-12.) 
Dark adaptation (Figures 2 -42 and 2 -43), target surface features (287), 
color (Figures 2-28, 2-29, and 2-30), and intermittency (Figures 2-33, 2-34, 
and 2 -35) of the acquisition lights must also be taken into account. 

While the flash duration influences the apparent intensity of the light, 
the flash rate influences the ease of acquisition, and these two factors in
fluence the power consumption required for the beacon. The rate must be 
slow enough to permit a flash duration not requiring exces sive power, but 
still fast enough so that at least several flashes will occur during the pilot's 
search time of the target area. For example, in evaluating a flashing light 
for use in a proposed orbital acquisition and tracking experiment, it was 
found desirable to flash at about one cycle per second, and this appears to 
be a good, representative flash rate (336). The ability of Gemini and 
Mercury pilots to acquire and track flashing beacons is still under study (314). 

The effect of angular velocity and number of background stars on detec
tion performance has been studied (461). Angular velocities from 0 to 3.2 
mrad/ sec(O. 18 0 ) were used and the number of stars ~aried from one to six 
in a visual field of 100 • The subjects were required to indicate the direction 
of movement out of five possibilities (i. e., toward each corner and zero). 
Response times varied from about 2.5 sec to 40 sec over the range of 
velocities. Significant first order interactions were found among all com
binations of subjects, number of stars, and velocities. For fields composed 
of one, two and three stars, the subjects reported an inability to establish 
a reference for determining the direction of motion. Erro rs in reporting 
direction increased with a decreasing target rate. 

The effects of target intensity and velocity on the subject's ability to 
detect a point source target when a different starfield was us ed on each trial 
has also received study (401). The range of conditions included photopic 
and mesopic targets (+2 to +5 magnitude). As part of the same study a 
second experiment was conducted to investigate the effects of target intensity, 
velocity and practice on detection performance when the same starfield was 
used on repeated trials. Both experiments showed that target angular rate 
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strongly affected detection time, but this dependence decreased with practice. 
Memory for the starfield played an important role in target detection. By 
the last session of the experiment, differences in detection time between 
different conditions of target velocity and intensity had decreased. Variations 
in target intensity produced a variation in search time for the initial sessions 
in both experiments, but the magnitude of variation decreased with practice. 
In term s of detection time, there was apparently little difference in time for 
a mesopic target as compared to that for a photopic tar get. Recent studies 
indicate that detection time also depends upon target velocity, starfield 
density and field of view (381). Differences in target velocity produced the 
greatest variability in performance with an average detection time of 220 sec 
for 0.1 mrad/ sec rate and 45 sec for 2.4 mrad/ sec rate. There is an 
appreciable difference in mean detection time between the two modes of 
starfield presentation - - 15 sec for the same starfield background contrasted 
with 150 sec for the unique or novel background. Detection time for the unique 
starfied group depended on target velocity and target intensity but for the 
group exposed to the same starfield, detection time became independent of 
these variables after a number of trials. There was no positive or negative 
transfer of training from one type of starfield presentation to the other. 

On the basis of these results two models were proposed to explain the 
observer's search strategy for each type of presentation. In novel or 
unique starfields, the observer initially uses brief fixations and rapidly 
scans the starfield to detect the moving target. If this strategy fails he then 
fixates on specific clusters of stars and memorizes their pattern, later 
returning to each cluster to determine if a change in the pattern has occurred. 
When the observer detects a change he identifies the target by ascertaining 
the change in a relative position of one of three or four stars forming a 
pattern. For searches in the same starfield, the observer uses only two or 
three fixations, detects the new object by comparing the memorized pattern 
with the presented pattern. 

Unaided visual search has been compared with search aided by a finely 
ruled reticle in a telescope (19). The reticle caused the target to blink as 
it moved across the field. A 22 0 38' starfield was used with the target 
always appearing in the central 120 • An average density starfield (not stated) 
was used with a range of stellar magnitudes from +0.5 to +6. O. The target 
intensity was +3.0 magnitude. The subjects were given two trials with and 
two trials without the reticle. For a target velocity of O. 1 mrad/ sec, the 
mean detection time was 169 sec without the reticle and about 40 sec with 
the reticle. The number of misses and incorrect identifications, if any, 
were not reported. 

Optimization of search strategies under variable starfield backgrounds 
of a moving spacecraft remains to be performed. 

Establishment of Intercept 

One technique for the intercept phase of rendezvous is to bring the 
angular rate of the line of sight of the target vehicle in an inertial reference 
system to zero and then to control closure rate to effect a safe rendezvous. 
In simulations utilizing this technique with visual references for background 
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and target, it was found that pilots could detect the target and establish the 
intercept course (228). The terminal rendezvous maneuver can be controlled 
even without instruments for range, space angles, and time derivatives of 
these parameters, if the pilot has sufficient background reference to make 
angular measurements on the order of 1 millirad (69). A simple table or 
slide -rule type of computer is sufficient for converting the angular measure
ments to range and range rate. An accurate instrument, however, is re
quired for obtaining the O. 1 -millirad/ sec line -of -sight rate needed to perform 
visual rendezvous. This instrument must have angular resolution equal to 
1 millirad over an observation time of 10 sec or more, and a timer that can 
be read to within 0.1 sec. 

Laboratory studies have shed some light on the critical aspects of this 
tracking problem. The effects of target angular velocity and of initial 
separation from a reference point on the time to identify direction of motion 
of a point source have been determined (68). The starfield background 
consisted of l06 stars in a 220 field with random separation angles. St ellar 
intensities were not given but the moving spot was slightly brighter than 
background. Tests were conducted with dim light spots on a black surface, 
and were estimated to have intensity equivalent to fifth -magnitude stars. 
The light spots subtended 1.7 milliradian but definition was such that the 
outer annulus of about O. 2 milliradian was fuzzy. The moving spot was 
slightly brighter than the background stars. The target was centered in a 
3 -star triangle or a 4-star square and different directions of motion were 
used. Initial separations from a reference star ranged from 12.5 to 60 
mrad (0.71 to 3.4 degrees). The subjects knew the location of the target so 
that search and detection were not required. The subject's task was only to 
report the direction of motion. Target velocities were varied from 0.1 
mrad/sec (0. 057 0 )/sec to 2.0 mrad/sec (1.14 0 sec). The time to detect the 
target varied from 2 sec to 35 sec for rates from O. 1 to 2.0 mrad/sec. 

Figure 2-73 shows results of one 
series where the rate of motion is 
plotted against the overall average de
tection time for six subjects. 

If the initial spacing is 12.5 milli
radians, a pilot can detect an angular 
rate of 0.1 milliradian per second in 
about 10 seconds for a 1 -milliradian 
traversed angle. Figure 2-73 also 
shows a tendency to recognize motion 
to the right more readily than motion 
to the left for the closest initial posi
tioning of the objects. One can calcu
late from these data the angles through 
which the object moves during the time 
required to detect the motion. 

If the target moved across the 
reference background in random direc
tions, the task of identifying both the 

2-100 

1.6 

.2 

DIRECfION 
~ MOTION 

o RIGHT 
o RIGHT 
r:f LEFT o LEFT 

INITIAL SEPARATION 
DISTANCE, 

MIWRADIANS 

125 
34.0 
125 

340 

o 5 10 15 20 
TIME TO IDENTIFY OBJECf MOTION, SEC 

Figure 2-73 

Typical Angular-Rate Perception 

(After Brissenden(68)) 

__--l 



,---

existence and direction of motion became more difficult than just detecting 
motion in a predetermined plane. The time required for this task when only 
the correct estimates of the direction of object motion are used is available. 
Fatigue is a distinct factor in these studies. 

Figure 2-74 is typical of results of how well subjects can detect 
separation from a superimposed condition at various speeds. The object 
and the reference both subtend 1.7 milliradians. The lldetection" curve 
is parallel to the actual separation curve at speeds of separation above 
O. 1 milliradian per second. At O. 1 milliradian per second, detection of 
separation required 17 seconds. At rates les s than this, detection times 
converged on actual times required for the objects to separate, and reaction 
time was such a small percentage of the test time that its effect was secondary. 

Errors in reporting the direction of motion increased almost linearly 
from 2% for the target initially superimposed on a star to about 25% for 
30 mrad of initial separation but decreased little beyond this separation. 
It was not stated whether or not the detection times included incorrect 
responses. 

Range, Braking and Docking Phases 

After acquisition, correction to an intercept course, and initial braking 
have been accomplished, (leading up to something less than two miles 
separation distance between the chaser and the target) the final braking and 
docking phases are initiated. The pilot observes aspect and closure rate as 
information to complete the maneuver. The visual conditions here are 
entirely different from those of the early phases where the target was seen 
as a point source. 

When target objects are nearby, change in visual angle, size cues, 
shapes, lighting patterns, and color becomes more significant variables. 
This information is sufficient to enable the pilot to control the range and 
range rate by direct visual contact, while orienting his vehicle for the 
docking and final latching maneuver. The appropriate data in section 2 
can be used for design prediction as can more specific data from other 
sources (20, 21, 38, 43, 46, 50, 53, 77, 92, 139, 162, 166, 167, 168, 169, 
170, 171, 172, 173, 174, 201, 405). 

The apparent size of the target vehicle is used by the pilot to estimate 
the separation distance between the vehicles. The ability of the pilot to 
judge object separation distance with no visual cues except the apparent 
size of the target is known (336). After a period of dark adaptation, subjects 
were asked at night to estimate the range of several models of known size 
placed at random distances. Figure 2 -75 shows the average distance 
judgments of several observers for various configurations. The solid line 
represents perfect estimates. Beyond 500 feet, estimations were better 
than expected, but with a tendency towards overestimating the range of the 
large objects and underestimating the range of the smaller target objects. 
All estimates (except for the balloon) were fairly accurate from 500 feet 
in to zero. The effects of illumination, color, and aspect are currently 
being studied. 
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Distance Judgement with No Visual Cues Except 
Size of Target 

(After Pennington and Brissenden(336)) 

Estimation of velocity is a key factor in visual docking (78). In the 
visual-docking maneuver the rate of change of size can be used to determine 
the rate of closure between two vehicles (263). Attention has been given to 
the question of visual sensitivity when the target is in motion along the line 
of sight as an important factor in judgment of closure rate. Under these 
conditions the problem may be conceived in terms of the discrimination of 
a change in angular size over time. In a dark field, the threshold as a 
function of the velocity and luminance of the target has been determined (23). 
The conditions approached those of a homing and docking maneuver, since 
the object, a 3.5 in. luminescent lamp, subtending an angle of about 40' of 
arc, corresponding to the angle subtended by a 5 ft object viewed from about 
430 ft. Detection improved as the luminance increased from O. 001 to 0.1 ft L, 
with little added improvement when the luminance was raised to 1.0 ft L. 
The rate of movement also affected the threshold, the amount depending 
upon the threshold criterion used. Movements were detected when the visual 
angle increased or decreased, by amounts ranging from about 1.5 percent 
to about 8 percent. Using the 95 percent correct threshold criterion, the 
detection threshold was between 8 percent visual angle change (at slow 
speeds) and 5 percent (at higher speeds). The threshold generally dec reased 
as the criterion was relaxed, the 65 percent correct criterion yielding 
thresholds of about 1.5 percent. 

It has been predicted that at closure rates of about 3 ftl sec, detection 
of movement would occur with 95 percent reliability when the distance 
traveled was about 8 percent of the initial distance, while at rates of about 
20 ftl sec detection would occur when the distance was about 5 percent of 
the initial distance. As suming that thrust is applied on the basis of such 
detections at the outset of a homing and docking maneuver, one may antici
pate between 5 and 8 percent error in the distance at which initial thrusts 
were applied to establish the approach rates. These would be expected to 
undergo adjustment as approach continued. 

A more recent study has been primarily concerned with vertical 
descent to the lunar surface, and in the simulation a projection of the lunar 
surface was servo -driven in a closed-loop system for closure cues. The 
pilot applied a braking thrust to stop the apparent closure velocity; the 
thrust voltage was fed to an analog computer and then to the landscape-
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projector drive system. The results 
seen in Figure 2-76 obtained for one 
observer over the range of visual 
angles considered may be applied to. 
docking. The ratio of closure rate S 
to distance S, define (for this particu
~ar test subject) the boundary of this 
SI S ratio. This threshold was bas ed on 
a reply time of 2 seconds dictated by 
time lags inherent in the test proced
ure. The figure is of interest because 
it shows that the maximum perception 
of closure occurs at visual angles, as 
subtended by the target outline, from 
700 to 900 . This boundary agrees with 
an analytical de:rivation of the relation 
between Sand S. For this subject, 
:i:t was found that a representative 
yalue for the closure threshold 
S . 
m~n fell between 0.013 and 0.016. 

In docking, the pilot should be able to 
judge the closure rate to about 0.15 
feet per second from a distance of 10 
feet. It is clear that estimation of 
closure rates is subject to strong 
training effects (22). 
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Figure 2-76 

Threshold of Velocity Perception 

(After Lina and Assadourian(263)) 

Simulation studies have added much to the use of many of these concepts 
in operational design (33, 98, 205, 206, 228, 265, 269, 334, 337, 348, 349, 
350). Operator performance in the control of remote maneuvering units 
during satellite inspection is currently under study (96, 97). Most translation 
errors existing at termination of pilot-controlled docking appear to be caused 
by visual cues (337). Pilots are capable of visually aligning the Gemini and 
Agena within about 10 of roll and 20 of pitch and yaw using direct 
(acceleration -command) control mode. Inaccuracies tend to arise from 
parallax problems in observation of indexing bars and by inability to separate 
attitude and translation errors. 

Oscillation of visual target vehicle can effect efficiency of docking in 
the visual mode (349). A brief study has been made with a fixed -base simu-
1ator employing closed-circuit television to determine the effects of target 
sinusoidal oscillations in three angular degrees of freedom on pilot -controlled 
Gemini -Agena docking. Flights were initiated at a range of about 300 feet 
and were performed by using both the rate -command and direct (acceleration 
command) attitude -control modes with only visual observation of the target 
for guidance. Vehicle mass and moments of inertia simulated the parachute 
configuration of the Gemini spacecraft with a one -half fuel load. The results 
of the study apply to a fully illuminated target with rear -mounted visual-aid 
bars for additional boresight information and are as follows: 
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• For docking flights using either the rate -command or direct attitude
control modes, task performance and pilot ratings comparable with those 
for a rigidly stabilized target were obtained with the target oscillating at 
± 50 amplitude in each of three angular degrees of freedom at oscillation 
periods of 160 seconds or greater. Fuel consumption and flight time in
creased, pilot ratings were less favorable, and the percentage of successful 
dockings decreased as the period of the oscillations was reduced below 
160 seconds. 

• For the rate -command, attitude -control mode, limited results on the 
effect of oscillation amplitude indicate that for an amplitude of 2. 5 u , target 
oscillations have little influence on the docking task except at small values 
of period (30 to 40 seconds or less) where docking-ring velocity tolerances 
can more easily be exceeded. For the amplitude range between ± 2.50 and 
± 100 , increasing the motion amplitude for a given value of period (below 
about 120 seconds) results in increases in fuel used, increases in flight 
time required, and les s favorable pilot ratings. 

• Suggestions are available for optimizing docking cues during day and 
night operations (269, 284, 337). No concrete data are as yet available on 
the effect of sunlight and glare on docking control. More data are required 
on star navigation capabilities in rotating vehicles and the effect of glare 
on this function (s ee Figure 2 -46). 

• Visual aspects of lunar orbit establishment and translation and hover 
maneuvers over the lunar surface have been studied and preliminary 
simulator data are available (294, 295). 

Visual Requirements for Lunar Landing 

The visual parameters for establishing a circumlunar orbit and 
accomplishing survey of the lunar surface in preparation for landing have 
been determined (lOS, 295). In preparation for landing, the rate at which 
the objects traverse the visual field also has to be taken into account (see 
Figures 2 -39 and 2 -40). Study of the effect of stimulus velocity on acuity 
thresholds revealed that the threshold value increased by a factor of four 
as stimulus velocity was increased to 1400 of visual angle/ sec (274). 
Subjects were required to identify the orientation of Landolt C stimuli 
exposed for 0.4 sec. Acuity thresholds increased from 3 to 11 min of arc 
as stimulus velocity increased. Beyond 1400 /sec the perceptual task was 
impossible for most subjects; stimuli were reported blurred beyond 
recognition. 

For the clear perception of a contour, however, the perceptual respons e 
breaks down at lower rates of target movement. A contour subtending 30 
min of visual angle and moving horizontally ac ros s a 50 visual field could not 
be perceived for rates greater than ISo/sec (390, 391, 392). Presenting the 
contour in a stationary position a few hundred milliseconds prior to the 
movement, permitted the contour to be perceived at higher rate s. It was 
observed, how eve r, that for velocities beyond 400 / sec contour perception 
was impossible for any amount of stationary exposure time. In addition, 
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increasing the contrast and illumination level improved contour perception 
for higher velocities. 

The velocity of lunar landmarks across the visual field is determined 
by the (a) orbital and de -orbital speed, and (b) altitude of the spacecraft. 
At speeds of 5000 ft/ sec and altitudes ranging from 50,000 ft to 100 miles 
the maximum apparent velocity of lunar objects is slightly les s than 6 0 / sec, 
which is within the range of human capability for contour perception (350). 
The rotation of the moon is not considered in these calculations since the 
speed of rotation is only 15.18 ft/ sec at the equator and contributes a minor 
effect on the apparent velocity of landmarks perceived from the spacecraft. 
It appears that angular motion of the target should present little difficulty 
to the astronaut in locating and identifying lunar landmarks for initiating 
a deorbit and landing sequence on the moon with unaided eyes. 

In planning for manned lunar landings, one must consider the capabilities 
of a pilot to make final corrections required to land a vehicle on the lunar 
surface. For the lunar landing, judgment of vertical velocity has funda
mental similarity to the necessary ability displayed by a helicopter pilot in 
making a vertical landing. However, in the case of the helicopter landing, 
small distances and velocities are involved, whereas the lunar landing 
deceleration might, under emergency conditions, encompas s much larger 
distances. 

Human judgment of speed (or vertical velocity) relative to a two
dimensional object is based on rate of change of the subtended visual angle. 
Analysis of the problem is presented as follows (263): 

As suming, 

h distance perpendicular to reference plane, ft 

h velocity normal to plane, ft/ sec 

h. threshold perception of velocity, ft/ sec 
mIn 

s distance on the reference plane between features which are 
equally spaced from the perpendicular line of sight, ft 

!:l t maximum image -retention time of the eye, sec 
max 

6 total visual angle which is subtended by the reference 
base -line distance s, radians unles s otherwise indicated 

L1 6
m

in angular resolution of the eye, radians 
. 
6 rate of change of visual angle, radians/ sec . 
6 min threshold perception of visual angular rate, radians/ sec 

a descent from height ho to height hI will result in an increase of the visual 
angle from 6 0 to ei when an object of size s on the ground is seen. The 
visual reference distance s may be the size of a single object such as a 
boulder or it may be the distance between two objects. In the case of a 
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descent above a reference circle or crater, the increase in visual angle 
would be seen as an apparent growth in diameter. 

The relation between height size of object, and subtended visual angle 
is 

6 s 
tan-z = 2h (14) 

The threshold of perception of relative velocity is related to the threshold of 
detecting visual-angle rate. The relationship, obtained by differentiating 
equation (14) with respect to time, is 

. 

( 2 }) h 
min . 1 + tan 

-h- = -6 
min 

2 tan! 
(15 ) 

and can also be expressed 

. (:2 + ~) h 
min = -6 mln (16 ) 

by substituting equation (10) in equation (15). If 8m in is a constant and 
has no dependence on visual angle, then for the case of a single reference 
object, the most sensitive velocity cue will be at impact with the surface. 
When the view is unobstructed, however, distinctive terrain features may 
be seen over a wide range of visual angles. In this case, it is necessary 
to find the object size at a given height that will minimize the vertical 
velocity at the threshold; this is done by differentiating equation (16) with 
respect to s, holding Omin and h constant, to give 

. 
dh . 

mln 
ds 

s 
h = 2: 

(17 ) 

(18 ) 
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The maximum sensitivity to velocity would therefore be provided by terrain 
features on a 900 visual cone. However, for human control, it is the product 
on the right side of equation (11) that must be minimized ( e min cannot be 
assumed a constant with no dependence on e). Measurements necessary to 
determine variations in the threshold of the angular -velocity perception of 
the eye over a range of visual angles have been made (263). The threshold 
is defined as the minimum angular rate that can be detected visually with a 
high degree of probability in 2 seconds. Figure 2 -76 and discus sion cover 
the results of these studies. These values seem reasonable in view of 
human visual resolution and maximum rr:ajor retention time s. Additional 

helicopter descent studies indicate the (~) values are conservative enough 

for design assumptions (263). These data can also be used for calculation 
of the point on approach path in lunar landing where emergency visual mode 
with velocity detection maybe brought into play. 

Visual determination of altitude on the lunar surface has been simulated 
(262). Surface feature techniques, when the surface feature is viewed from 
directly above, seems considerably more accurate for altitude determination 
than do horizon -matching techniques. 

Visual Performance on the Moon 

The lunar optical environment has been covered in section 1. Figure 
2 -17 shows the manner in which contrast and size of objects are related at 
a wide range of adapting luminances. The near coincidence of the curves 
at 1000, 100, and 10 mL for objects subtending 10 minutes or more is 
important to note, for it indicates that eye -protective filters which transmit 
10% total or one percent of visible light will not significantly impair 
contrast discrimination at the higher ambient levels of field luminance. It 
is clear that the expected luminance levels on the lunar surface (Fig. 2 -10 & 
Table 2 -11) are, in the main, well within the operational tolerances of ordinary 
seeing. There are, however, certain special properties of the lunar visual 
environment which are unlike any naturally -occurring terrestrial ones (410). 

The lack of a lunar atmosphere has several important consequences for 
the lunar explorer. The first consequence of a missing atmosphere is the 
absence of diffused light. Shadowed parts of the moonls surface will be 
very black; the contrasts in the scene will be extremely high and it seems 
likely that details of the shadowed areas can only be seen by use of some 
reflective device or auxiliary light source. Another property of the atmos
phere on Earth, generally known as atmospheric haze, is habitually used in 
the estimation of distance and size of features. Since this cue will not be 
available, and because objects of familiar size may not be available for 
direct visual comparison, it is believed that the judgment of size and dis
tance will have to be aided by special devices (theodolites, rangefinders) 
and by special observing techniques (motion parallax), at least at distances 
where manls accommodation and convergence cues are inoperative and 
stereopsis no longer helps. Correction for Ilirradiationll factors must be 
considered (194) (see Figure 2-49). Simulated studies in dust-free environ 
ments suggest some of the illusions which may arise (367). 
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Distance estimates of surface and flying objects on or near the lunar 
surface may offer some difficulty because of the unusual lighting conditions. 
Size, distance, motion and numerosity cues must be considered in analysis 
of the problem (153). (See also references on the discussion of range 
estimates during braking and docking maneuvers.) The use of these cues in 
night operations is another problem which needs further study (417). 

Since the sky above the horizon will appear essentially black (unless the 
Sun or Earth is in the field of view) the adaptive capabilities of the man on 
the lunar surface may be taxed and his visual performance under such condi
tions cannot confidently be predicted from existing data (410). For the 
sunlit and earthlit conditions, the highly directional nature of the illumination 
will, especially at low angles, combine with the low average surface reflec
tance to produce wide extremes in the appearance of the terrain (l12) 
(Figure 2 -11). Small change in the sun's azimuth and elevation markedly 
alters the contrast conditions. With an apparent luminance of around 
6.4 x 108 ft -L, and subtending a half degree, the sun constitutes a glare 
source of tremendous magnitude. If the man on the lunar surface must 
operate with the solar disc in his visual field, it is imperative that suitable 
protective devices be provided which will prevent discomfort or temporary 
or permanent visual disability. It has been argued that the man will always 
operate so as to avoid looking into or near the sun, but we must recognize 
the probability that accidental exposure will occur. Figure 2-4Eb suggests 
that an attenuation factor of about 105 will be required for direct viewing 
of the solar disc without discpmfort. Furthermore, the eye -protective 
devices which have been proposed are far from ideal from the visual stand
point, tending to introduce contrast and acuity losses by reason of scattering 
or distortion (410). 

Other potentially serious glare sources may be introduced by man him
self. The need for thermal regulation of lunar excursion vehicles and, 
eventually, fixed habitats, has dictated that their surfaces be so treated as 
to be highly reflective. These surfaces are likely, therefore, to be very 
much brighter than the surrounding scene, especially if seen partly or 
wholly against the dark sky and may produce serious glare problems and 
temporary flash blindnes s. The reciprocity law and visual acuity during 
recovery should be confirmed under specific luminance x tim e conditions 
expected for lunar surface operations. 

Preliminary data are available on performance of vision-based tasks 
in a lunar light simulator (376). The most unfavorable situation occurs 
when the astronaut's body or other obstacle blocks off light to the task equip
ment' creating deep shadows. Performance time decrement associated with 
control tasks varies between 18 and 50% under these conditions. Backlighted 
panels and display markings and reflecting bezels are recommended. 
Storage areas or containers require more lighting than in equivalent Earth 
design. Visual simulation for evaluation of lunar surface roving vehicles is 
currently under study (427). 

Visualization of a vehicle in orbit as it appears near the lunar horizon 
is required in order to compute a launch time for optimum rendezvous, 
i. e., rendezvous in a direction away from the sun and prior to entering the 
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moon's shadow. In this case the astronaut is looking toward the sun. The 
minimum angle of separation between the command module and the sun for 
detectability, therefore, appears to be a function of two variables, viz., the 
brightness of the command module and the degree of impairment of visual 
resolution due to the glare effects of the sun. The surface of the moon, also 
a glare source, does not offer a serious problem since the average reflec
tivity coefficient is relatively low and methods for shielding these reflections 
are readily available, e. g., binoculars. The data on minimal angle of 
resolution (MAR) for two small luminous objects may be used in evaluating 
this problem and the l1irradiation11 factors of Figures 2 -47 to 2 -49 (194, 325, 
326 ). 

B. ULTRAVIOLET RADIATION 

The major source of ultraviolet radiation expected during a space mission 
is the sun. Transmission of light by the atmosphere obeys the following 
equation very closely for any given wavelength, ;>...: 

I A = 10 A e -m,>.,. sec z (19) 

wherein I,>.,. is the intensity of radiation of wavelength,>.,. arnvlng at the surface 
of the EaTth, 10 A is the intensity of this radiation arriving at the outer margin 
of theEarth's atmosphere, rn,>.,. is dependent only on A and z is the angle 
which the sun subtends with the zenith, called the zenith angle. The length 
of atmosphere through which the sun's rays must pas s (air mas s) is directly 
proportional to the secant of z. The magnitude of m determines the extent 
of variation of the intensity I of any wavelength with zenith angle, and hence 
with latitude, season and time of day. For wavelengths for which m is 
large, the effect of increasing zenith angle is greater than for wavelengths 
for which m is small. An idea of the effect of zenith angle on the spectrum 
of sunlight at sea level may be gained from Figure 2 -77 where curve 0 repre
sents the spectrum of sunlight outside the Earth's atmosphere, curve 1 with 
the sun at zenith, and curve 2 with the sun at 600 from zenith (300). The 
strong effect of ozone absorption is seen at the short wavelength (ultraviolet) 
end of the spectrum; the effect of the absorption bands of water vapor, in the 
long wavelength (infrared) region. Detailed data on solar light absorption 
are available (250, 354). 

The transmission of light of a given wavelength by an absorbing system 
in which scattering of light is negligible, may be described by Lam bert 1 s 
Law: 

I = I o 
-at 

e (20 ) 

where 10 is the intensity of the light entering the system. I is the intensity 
at depth t, a is a constant generally called the absorption coefficient, and R 
is the reflective coefficient. 

In a system where there is a good deal of scattering, such as human 
skin, an equation of similar form may be applied: 
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Figure 2-77 

Spectral Distribution of Sunlight 

o - outside earth's atmospheres 

- at sea level with sun at zenith 

2 - at sea level with sun at 600 

R - relative sensitivity of the human 

C relative sensitivity of the human 

(After Blum(60)) 

I I 
-m (a, s) = e 

0 

eye, scotopic vision 

eye, photopic vision 

(21 ) 

where m (a, s) is a function called the attenuation coefficient, which contains 
an absorption function, a, and a scattering function, s. The functions a 
and s are mutually dependent, but vary to different extents with the optical 
character of the medium and with the wavelength. 

Effects of Ultraviolet Light on the Skin 

The absorption of light by the skin is of interest to the designer of optical 
skin sensors as well as to those interested in ultraviolet effects. 

Figure 2-78 represents the spectral absorption of light by white (W) 
and negro (N) skin. 

Representation of the skin structures is diagrammatic, glvlng a 
schematized conception in which the dimensions should not be taken as 
generally representative, since the skin may vary widely in its thickness: 
c - corneum (horny layer of epidermis), m - Malpighian layer of epidermis, 
sw. - sweat gland, seb. - sebaceous gland, p - the most superficial blood 
vessels, arterioles, capillaries, and venules, h - hair follicle, s - hair 
shaft. The curves wand n give only rough estimates of depths at which 
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Figure 2-78 

Penetration of Sk in by Light 

(After Blum(55)) 

radiation of the corresponding wavelengths is reduced to 5 percent of its 
incident value. There are insufficient data to make more than rough 
estimates, and these curves should be regarded as suggestive only. 

The penetration of ultraviolet rays of wavelengths shorter than 0.32 J.J. 

into the skin is of particular interest since these wavelengths produce 
specific physiologic and pathologic effects, the most obvious of which is 
sunburn. The thickness of the corneum varies widely from part to part of 
the body, and the depth of penetration of rays of these wavelengths varies 
accordingly. On the palms of the hands and soles of the feet, where this 
layer is very thick, virtually all of this radiation is absorbed before reach
ing the Malpighian layer. On the other parts of the body, the thickness may 
depend largely upon previous exposure to ultraviolet rays. Figure 2-79a 
shows the antirachitic (Rickets -preventing) action spectrum in two independent 
rat studies and the absorption spectrum of pro -vitamin D for conversion to 
active vitamin D in the skin. Figure 2 -79b shows the erythema (rednes s) 
spectrum for the skin and absorption by the corneum which has a maximum 
near 0.28 /J corresponding to an absorption maximum for protein, a large 
component of this layer. 

The fraction of radiation which has passed through the corneum is 
largely absorbed by the cells of the Malpighian la y e r by such strongly 
absorbing substances as proteins and nucleic acids. Here, scattering is 
probably considerably les s, the optical boundaries being much les s sharp 
than in the corneum. In general, very little radiation of wave lengths 
shorter than O. 32/J penetrates deeper than the epidermis, but a small 
fraction may reaCh the papillary layer of the dermis and have its effect 
there. Another absorbing component of the epidermis needs particular 
mention, the melanin pigment, which gives the brown and black color to 
skin. This is a finely granular substance found in skin, hair, and some 
other organs of mammals. There is a good deal of variety in chemical com
position. From its chemical composition, melanin may be expected to 
show a maximum of absorption at about the same position as that of protein, 
at 0.28 f.J. ; but, since the former is present in a much smaller amount in 

l 
I 

the corneum than the latter, its contribution to total absorption might be 
expected to be small. Melanin is a good scattering agent, however, and 
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Figure 2-79 

Biological Action Spectrum of Ultraviolet Light 

(After Blum(58)) 
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may increase the absorption p ath. The quantitative role of melanin in pro
tecting the skin again~t ultraviolet light is difficult to assess. 

Transmission by the epidermis increases sharply for wavelengths longer 
than 0.321-'; the light penetration into the skin as a whole increases to a 
maximum in the near infrared around 1.0)J., then falls to virtual extinction 
at about 1.4}J. due to strong absorption by water. Absorption by carotenoids 
and by hemoglobin in the long ultraviolet and shorter wavelengths of the visible 
can be neglected. Both these substances are important factors in determining 
the color or complexion of white skins, but have a minor effect on the total 
penetration of sunlight. 

Sunburn 

Exposure of skin to ultraviolet light results in the sunburn complex (56). 
Exposure of the skin to bright summer sunlight for half an hour or longer is 
followed, after a latent period of 3 to 6 hours, by dilatation of the minute 
vessels of the exposed area, manifested grossly as erythema (57, 216, 333). 
The erythema is accompanied by swelling, often so slight as to be almost 
imperceptible. If the exposure is prolonged, marked edema (swelling), 
desquamation (peeling), or blistering may follow, and there may be pain or 
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itching. The erythema fades in the course of a few days, being gradually 
replaced by llsuntan" due to a rearrangement and increase of melanin in the 
epidermis. The suntan may persist for months or even years. In addition 
the suntan may darken by a process beginning almost immediately upon 
exposure, and ceasing with the exposure. The long latent period between 
exposure and the physiological responses may be accounted for by assuming 
that the physiologically active substances are elaborated by the injured cells 
at relatively slow rates. 

Figure 2 -79 shows an action spectrum for the erythema of sunburn of 
human skin obtained by determining, for a range of wavelengths, the dose of 
radiation required to elicit a just perceptible reddening. Numerous factors 
contribute to the complexity of the erythema response, and each may have 
somewhat different action spectra. This would help to explain the apparent 
paradox that reciprocity (dos e -rate x time = constant) holds very well when 
erythema production is studied with monochromatic radiation, whereas with 
polychromatic radiation this is not the case (62). The erythema spectrum 
has sometimes been used as a standard for comparison of the action of sun 
light with the action of artificial sources; but it is clear that with these 
complicating factors there may be considerable inaccuracy involved. 

Thickening of Skin 

A result of the action of ultraviolet radiation on the epidermis is a rapid 
proliferation of the cells of the Malpighian layer. This leads to thickening 
of that layer and also of the corneum, as many of the Malpighian cells die 
and are incorporated into the horny layer (60). Thickening of the corneum 
results in a marked decrease in the amount of sunburJl -producing radiation 
that reaches the Malpighian layer; that is, the effectiveness of the corneum 
as a filter is increased, with a resultant reduction in sensitivity to sunburn. 
In white -skinned people, the thickening of the corneum is clearly a principal 
cause of the apparent immunity to sunburn that is experienced after exposure 
to sunlight or other source of ultraviolet radiation. This point is not generally 
understood, and it is commonly thought that the tanning of the skin, that is, 
the production of melanin pigment in the epidermis , is the only thing that 
gives protection from sunburn. 

Tanning 

The tanning process is itself quite complicated. In white races the 
melanin pigment, which confers the tan color, is found principally in the 
deepest part of the Malpighian layer (60, 62, 214, 215). About twenty hours 
after the exposure to ultraviolet light, some of this melanin begins to 
migrate toward the surface, and following this there is production of new 
pigment in the basal layer. Later, with the death of cells from the Malpighian 
layer and their incorporation into the corneum, the melanin gets into that 
layer too. In Negro skin the melanin is present in greater quantity and is also 
distributed more uniformly through the epidermis, including the corneum. 
Negro skin not only contains more melanin but also is thicker (411), both 
factors apparently contributing to the greater opacity that is associated with 
low susceptibility to sunburn (60). Ultimately, if the skin is not exposed, the 
melanin not only bleaches but also may disappear completely; but the 
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disappearance may take months or even years, whereas susceptibility to 
sunburn will have returned in several weeks. 

Photoxicity and Photalle r gy 

Certain drugs and disease states increase the sensitivity of the skin to 
long wave ultraviolet and even visible light. Several excellent reviews are 
available (18, 59). 

Effects of Ultraviolet on the Eye 

Light reaches a much greater depth in the eye (2.3 cm) than in any other 
part of the body. The media of the various parts of the eye,including the 
retina,are highly transparent to the wavelengths of visible light (approximately 
0.39,.,. to O. 65J.1. ), with little absorption and scattering (63). At the short 
end of the visible spectrum, however, about 50% of the light is scattered (101). 
Absorption of all wavelengths is virtually complete in the retinal pigment 
layer. There is no horny layer, as in the skin. The outer layer of the eye, 
the cornea, is a membrane consisting of extracellular collagen and poly
saccharide. A thin layer of viable cells is kept moist by secretion from the 
lacrimal glands. Some attenuation of ultraviolet of greater than O. 32J.1. wave
length takes place in the lens. Wavelengths shorter than 0.32 }l, on the other 
hand, penet rate very little, apparently not reaching the lens to any great 
extent. As in the case of skin, water absorption sets the long wavelength 
limit at about 1.4 J.I.. A diagram of the estimated spectral intensity of sun
light reaching the level of the retina is shown in Figure 2-80. Fluorescence 
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Figure 2-80 

Estimates of Sunlight Reaching the HUman 
Retina. A - Sun at Zenith, Dry Air; 
Band C - Air Containing 20 mm. Pre
cipitable Water; B, Sun at Zenith, and 
C, Sun 600 from Zenith. 

(After Blum(56)) 

of the optical media by ultraviolet light of abCQut .36J.1. can degrade vision by 
decreasing contrast conditions through a glare effect. 

Wavelengths shorter than O. 32J.1. that cause sunburn are absorbed very 
superficially in the eye, where they may cause damage to the cells of the 
cornea, called keratitis. The manifest symptoms are pain, disturbances of 
vision, and photophobia (light intolerance)' with congestion of the conjunctiva, 
excessive secretion, and swelling, according to the extent of the injury. When 
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such symptoms occur after exposure in the neighborhood of snow fields, where 
there is a good deal of diffuse reflection, the condition is often referred to as 
" snow blindness ll • These wavelengths are absorbed so superficially that they 
do not cause damage to structures at any depth. Arc welders also get 
keratitis from UV emission in the arc (395). 

The spectral dependence of energy required for threshold keratitic 
damage has not been determined for humans but is known for rabbits (102). 
The data are probably valid for humans. 

The most characteristic sign of keratitis with threshold reactions is a 
stippled appearanc e within the corneal surface epithelium as seen by trans
illumination with the slit lamp and after staining with fluorescein. This 
stippling may be seen to be due to multiple punctate erosions (101). With 
more severe reactions there is a corresponding increase in the number of 
granules, ultimately forming a mosaic. With relatively severe exposures 
the cornea becomes uniformly hazy. It is of interest that the cloudiness 
of the stroma occurs only with amounts of radiation which would be expected 
on the basis of transmis sion measurements to penetrate the cornea in 
sufficient quantities to produce a threshold reaction in the endothelium or 
inner lining layer. 

Figure 2 -81 represents the action spectrum of keratitis and the absorption 
spectrum of several glas s es 2 mm in thicknes s. 
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Figure 2-81 

Curves Illustrating the Action Spectrum (Rabbits) 
of Keratitis (Line and Triangles) and the 
Absorption by Glass of 2 mm. Thickness of 
the Following Types : Crown or Spectacle 
Glass (Line and Crosses), Window Glass 
(Line and Dark Circles), Plate Glass (Line 
and Hollow Circles), and Flint Glass (Line 
and Rectangles). 

(After Cogan and Kinsey(102)) 

The action spectrum rises abruptly with a peak of 288 nm, and shows by 
extrapolation that the long wavelength limit lies somewhere between 306 and 
326 nm. The absorption curve of corneal epithelium peaks at 265 nm. 
There is no evidence of selective absorption at the wavelength corresponding 
to the peak of the action spectrum causing keratitis. This suggests that the 
amount of photosensitive substance present is small, e. g., an enzyme, or 
alternatively, that the abiotic effects are due to absorption by some small 
fraction of the protein complex having absorption maximums similar to the 
keratitis maximum. The energy necessary to elicit a threshold reaction in 
the cornea at the wavelength of peak sensitivity is of the

6
0rder of 0.15 x 106 

ergs. This is to be compared with the value of 2.0 x 10 ergs when the whole 
ultraviolet portion of the spectrum is utilized (102, 125, 426). 

The lens does absorb some of the longer wavelengths of the ultraviolet. 
When the lens is removed these reach the retina where they stimulate the 
rods; the eye thus perceiving shorter wavelengths more than normally (431 ). 
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Retinal blindnes s caused by looking directly at the sun is not produced by 
ultra violet but by focusing of light in the visible spectrum on the retinal 
structures (See Section A - Visible Light). Claims that ultraviolet rays may 
damage the retina seem unfounded. It is doubtful that either the ultraviolet 
or the total energy from sunlight can cause cataract in human eyes, that is, 
opacification of the lens. This may be brought about, however, by radiation 
from lower temperature sources, such as glas s blowers I furnaces (glass 
blowers l cataract), which may have much more emission in the infrared 
than does sunlight (60). 

Eye Protection Against Ultraviolet 

The absorption of ultraviolet by optical media follows LambertI sLaw 
of Equation 2 -20. Part of the incident radiation is reflected at the front 
surface; part of it is absorbed in passing through the substance; and part is 
reflected at the back surface. In the case of glass about 4 percent of the 
radiation is reflected at each glas s air surface when the radiation is incident 
normal to the surface. Another 4 percent is reflected at the surface where 
the light emerges, so that even if the glass had no absorption (and consequently 
100 percent internal transmittance ),its external transmittance would only be 
92 percent. 

A convenient way of presenting information about the internal trans
mittance of substances, II la, is to give the values of the absorption coefficient 
at various wavelengths. Knowing this, the transmittance for any particular 
thickness may be calculated from Equation 2-20. For convenience in calcu
lating, this relation is given graphically in Figure 2-S2a where values of 
transmittance are plotted as a function of a with the thickness of the absorb
ing medium as a parameter. Figure 2 -S2b shows the values of transmittance 
as a function of the thickness of the medium with absorption coefficient as a 
parameter. 

Data are available on the absorption coefficient of many different glasses 
and plastics (250). The transmission of glass in the ultraviolet is deter-
mined largely by the iron oxide content (ferric state) which absorbs strongly 
in this region. Impurities of less than 0.01 percent may have profound 
effects. Figure 2 -Sl indicates the absorption characteristics of the common 
glasses. A 2mm. thicknes s of crown glas s reduces the exposure hazard 
approximately fifteenfold at 305 millimicrons, forty-five fold at 297 milli
microns and a hundred fold at 268 millimicrons (320). A 2 mm. thickness 
of flint glass affords essentially complete protection at all wavelengths. 
Pyrex and Corex, heat resistant glasses, have higher transmissions than 
plate or flint glasses. Vycor glasses, approaching silica in their properties, 
show very high transmission in the ultraviolet. These have been used for 
windows in the Mercury series (l65). Fused quartz can be used where 
optimum ultraviolet transmission is required. Various glasses, crystalline 
minerals, and solutions can be used as filters for specific ultraviolet bands 
(250). Exposure to sunlight will gradually oxidize the absorbing minerals 
and increase the absorption of UV in glasses and plastics. This solarization 
must be accounted for when precise control of the ultraviolet transmission 
is required. Noviol glasses can be used in eye-protective devices where 
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Transmittance as a Function of Absorption Coefficient for Various Thicknesses 
of Absorbing Medium 

(After Koller(250)) 
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high intensity ultraviolet exposure is anticipated such as in welding (250, 395). 
Polaroid ultraviolet filters are also available (395). 

Plastic materials vary in their absorption of ultraviolet (250, 395). Care 
must be taken in choosing the appropriate plastic window and visor materials 
maximizing UV absorption. Helmet polycarbonates do require UV inhibitors. 
Figure 2 -83 presents the UV absorbance of four compounds used in plastics 
to increase the natural UV absorbance. In addition to absorbing ultraviolet 
light from the visual pathway, these compounds also stabilize the plastics by 
decreasing photo -oxidation and degradation of structural integrity. These 
cQmpounds do tend to discolor the plastics to a variable degree. This factor 
must be controlled in helmet and visor applications (176). 

In orbit or on the lunar or planetary surface, the full intensity of ultra
violet radiation is experienced (see solid line in Figure 2-77). Data are 
available on the ultraviolet transmission of military helmet visor systems 
(82, 87). For the gold-coated visor (Class 3) there is less than 0.5% for 
any wavelength in the 290 to 320 nm erythemal band. Such visor systems can 
absorb the visible light band to a 2% transmis sion level and cause no opera
tional problems except in dusk light conditions (87). 

Eye Trauma in Space Operations 

Weightlessness in orbit increases the chances of trauma to the eye by 
floating debris and chemicals. Treatment of the various eye trauma 
syndromes in space operations has been covered in great detail in a recent 
review (84). 

Figure 2-83 
Variations in UV Absorbance of the Four 

Compounds Most Commonly used as 
UV Absorbers in Plastics 

Wavelength range shown is that most important in 
protection of plastics against photodegradation. 
Absorbers were at a concentration of 1.0 mg/l00 ml 
in CHCI3 

(After Gordon and Rothstein(176)) 
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3. IONIZING RADIATION 

Operational evaluation of the radiation hazard to man is dependent on the 
nature and timing of the radiation flux incident on the vehicle, the compo
sition and three-dimensional thickness of the shielding, the geometrical 
position of the human behind the shielding, the self-shielding of the body, the 
current-to-dose conversion factors in the body, and the pathophysiology of 
radiation damage. The following are data which may be used for calculation 
of specific organ doses, radiation shielding, and mission risk-hazard analysis 
for man. Emphasis will be placed on the interaction between radiation and 
man. The physical nature of space radiation and the molecular aspects of 
radiobiology will be covered only as they contribute directly to the evaluation 
of radiobiological risks and operational problems. 

SPACE RADIATIONS 

The physical nature of the radiation environment has received much study 
and review. Space radiation can be defined as falling into three categories: 
primary cosmic or galactic radiation; the geomagnetically trapped radiations 
of the Van Allen belts; and solar wind and flare events. Cosmic radiation is 
now preferably called galactic radiation to distinguish it from trapped radia
tion and solar-particle fluxes. The current hypotheses assume that these 
nuclei have traveled for eons in galactic space, gradually being accelerated 
in turbulent magnetic fields or aris e from supernovas or other events near 
the center of our own galaxy. The galactic radiation spectrum has been 
described in great detail but is continually changing as new data are obtained 
from geophysical satellites and other sources (87, 90, 162, 243). Table 3-16 
presents the composition of the primary cosmic-ray flux outside the atmos
phere at northern latitudes. The truly primary galactic radiation (i. e .• the 
flux containing no secondaries produced locally in a compact absorber), 
consists of 85 percent hydrogen nuclei (protons, 14 percent helium nuclei 
(alpha particles), and 1 percent of the heavier nuclei up to iron (Z = 26) as 
regular constituents and so-called superheavy nuclei beyond iron occasionally 
recorded. These particles transfer energy to matter by ionization along their 
pathway, by terminal absorption ("thindowns"), and by inelastic collision 
("star formation"), which result in highly localized areas of very dense ioniza
tion. The intensity of galactic radiation in the vicinity of the Earth varies 
with the II-year solar cycle, with magnetic storms, and possibly with the 
appearance of supernovae near the solar system. 

Trapped particle radiation is a problem in the Van Allen belts, where 
protons and electrons are injected and trapped in the Earth l s magnetic field. 
Though the topological conditions and direction of injection are still obscure, 
it is currently thought that the trapped particles arise from protons and 
electrons from the primary cosmic-ray beam backscattered from the Earth1s 
atmosphere - the source of the bulk of this component is neutrons decaying 
into protons and electrons; protons from the solar wind; and primary cosmic
ray protons, which are assumed to be of minor importance. 
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EstiITlation of exposures during space flight in these toroidal belts is 
ITlost difficult becaus e of the cOITlplicated geomagnetic and particle interactions 
determining the geometric distribution of the radiation. Magnetic storms 
can influence the nature of the belts (163,235 ,296). The inner belts contain 
not only protons, but sizable fluxes of soft electrons of natural origin and 
from fis sion electrons injected into the trapping region by high altitude nuclear 
weapons testing. 

A summary of the particles! energies has been recently presented from 
which the following data are taken directly (145). In going vertically up from 
sea level at the geomagnetic equator, the flux of trapped protons in the inner 
belt is found to start rising sharply at 1.16 Earth radii (about 1,000 km 
altitude above sea level) and reaches a first ITlaximum at 1. 5 Earth radii 
(3,185 km), with an integral flux of slightly more than la, 000 protons/cm 2 

sec of 40 MeV minimum energy. In the heart of the inner belt, a flux of 
2,000 protons/ cm 2 sec per unit solid angle in the energy interval from 40 to 
110 MeV, corr esponds to a range interval in aluminum from 2 to 12 g/ cm 2. 
Since the radiation sensors on Relay I discriminated fluxes only in the energy 
intervals from 1. 1 to 14 MeV, from 18. 2 to 35 MeV, and from 40 to 110 MeV, 
the slope in the last interval can only be inferred indirectly by extrapolation 
plotting of the three flux fractions. The flux then drops slightly and reaches 
a second flat maxiITlum smaller than the first one at 2.2 Earth radii and 
finally drops below 100 protons / cm 2 sec at 2. 8 Earth radii. The corr espond
ing altitude profiles toward higher magnetic latitudes show gradually smaller 
fluxes up to geomagnetic latitude 37. 50, which marks the boundary at which 
the fluxes of high- ener gy protons and electrons drop to insignificant levels. 

A phenomenon of special importance for satellite missions in near -Earth 
orbits is the so-called South Atlantic anomaly. It is a region where the 
mirror points of the trajectories of trapped protons in the inner belt dip 
down more closely to the Earth than at any other longitude, due to an asym
metry of the geomagnetic field. Dos e rates below 1. 5 g/ cm 2 shielding corne 
close to 100 ITlrads/hr at altitudes as low as 120 miles, as direct dose-rate 
measurements on the Gemini IV mis sion indicate. Since the point of inter-
s ection of a satellite orbit with the geographic equator continuously drifts 
westward due to the rotation of the Earth, any mission comprising a large 
enough number of revolutions passes through the anomaly on some orbits. 
Although the time of a single pas sage is les s than 15 min and the accumulated 
passage time on a mission of many orbits remains well below 10 percent of 
the total time in orbit, the proton exposure in the anomaly accounts for more 
than 90 percent of the total exposure. The accumulated exposure in the 
anomaly will be a limiting factor for long- duration, low-orbital mis sions. 

A large fraction of the artifically injected electron fluxes shows lifetimes 
of at least several years, and it might still take 30 years for the natural 
radiation levels to be restored. It now seems reliably established that elec
trons injected into regions of L< 1. 2 Earth radii, corr esponding to an altitude 
of 1,275 km above sea level at the geomagnetic equator, are rapidly removed 
by the Earth!s atmosphere. Electrons injected into L regions beyond 1. 7 
(4, 460-km altitudes) are also removed comparatively rapidly by ITlagnetic 
fluctuations due to solar activity. These are the same fluctuations that cause 
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the lar ge variations of natural flux levels noted above. In the intermediate 
altitude region between 1. 2 and 1. 7 L, however, artificially injected electrons 
become s emipermanently trapped with 1/ e decay times of the order of 5 to 
10 years. In January 1963, the flux at 1. 5 L in the plane of the geomagnetic 
equator was 5 x 10 8 electrons / cm 2 sec for the energy band from about O. 5 to 
5 MeV and 1. 5 x 10 7 electrons/cm 2 sec for the band higher than 5 MeV. The 
combined exposure hazard from protons and electrons in the heart of the 
artificial electron belt, which happens to coincide with the heart of the 
natural inner proton belt, was predominantly due to electrons 6 months after 
creation of the artificial belt. Whereas the decay times for the fluxes in the 
outer regions and the inner fringes of the artificial belt are on the order, 
respectively, of months and weeks, they grow to the order of at least several 
years in the center of the belt. In the natural outer belt of electrons, fluxes 
show large irregular fluctuations. At 4.0 L (sea-level altitude of 3 Earth 
radii at the magnetic equator), peak electron intensities closely approach the 
maximum values found in the heart of the artificial belt at 1. 5 L. 

Models of the trapped radiation environment are available as are com
puter codes for their us e in establishing dose rates ( 91 , 184, 284, 285). 

Solar plasma comes from the Earth in three ways: the solar wind, solar 
corpuscular streams, and solar flare emissions or plasma shells. Solar 
wind is a perpetual outflow from the solar corona all over the sun. The solar 
wind is distinguished from the other two flows which are called ejected flows. 
The magnetic fields and low energy particles of the solar wind have been 
recently reviewed (163, 195,235). The solar wind does not appear to repre
sent a significant human hazar d. 

The solar corpuscular str eam is an intermittent emission continuing for 
weeks and months, apparently from the same region of the Sun. These spiral 
streams interact with the solar wind and the cosmic galactic radiation (163). 
The solar flare emissions are of much shorter duration, usually lasting about 
an hour or less. The solar ejected flows vary from one event to the next in 
the differential energy spectrum and intensity of the proton and alpha particles. 
Analyses of these spectral data are available ( 14 , 30 , 93 , 142, 162 , 242, 
295). The proton:alpha flux ratio for equal rigidity intervals in four events 
were 1: 1 and in 3 events were >5: 1. Calculations of the exponential rigidity
flux relationship and rigidity-kinetic energy relationship for the time-inte
grated spectra are available (184). Values of Po or characteristic rigidity 
are uniformly distributed between 45 and 150 mV for all events of solar cycle 
19 when the largest solar particle events were recorded. (See discussion 
of Table 3-33). The typical characteristic rigidity is 100 mV and may be 
used for first-order dose computations. Data are now available on large 
events during the quiet sun period (237). 

Reviews of Soviet studies on the geophysical aspects of space radiations 
are available ( 35, 255). 
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NOMENCLATURE AND DOSAGE FACTORS 

The basic terms for expressing the exposure field and absorbed dose of 
radiation are seen in Figure 3-1. RBE (relative biological effectiveness) 

ROENTGEN 

Quantity of radiation 
equIvalent to an absorbed 
dose of 83 ergs/gram dry 
aIr. Used in measuring 
exposure to X and gamma 
radiation only. 

RAD 

100 ergs/gram 
any medium 

RadiatIon 
Absorbed 

Dose 

Figure 3-1 

Relative 
Biological 

Effectiveness 
or 

Quality Factor 

Radiation Terms 

REM 

Applied to man, and 
corrects for specific 
ionization of the 
radIation. 

Roentgen 
EqUlvalent 

Man 

expresses the effectiveness of a particular type of radiation in producing th e 
same specific biological respons e as 250 kVp X- radiation or gamma radia tion 
having a linear energy transfer (LET) equivalent to 3.5 kilovolts per micron of 
water and delivered at the rate of about 10 rads per minute. When an RBE is 
used not for a specific biological endpoint but for general considerations of 
health protection, it is referred to as OF or quality factor (41). The exact 
degree of relative effectiveness is dependent also on the c riterion of effect, 
the tissue or organ of interest, the dose rate, and whether the response is 
early or delayed (41 , 76 ). High-LET radiations (arbitrarily taken as those 
radiations having a mean LET greater than 3. 5 keY /IJ. ) are more effective 
per rad than the conventional x and gamma rays normally used as standard 
radiations. For late or delayed effect of low dose rate, the OF-LET relation
ship shown in Table 3-2 has been proposed (122). To a first approximation, 

Table 3-2 

Values of OF L for Late or Delayed Effects as a Function of Average LET 

(After ICRP(122)) 

LET. 

(keV /1' I N WATER) 

X rays and electrons of any LET 

~ .5 or less 
3.5-7 
7-23 
23-53 
5~- 1 75 

QF 

I 

1-2 
2-5 
5-10 

10-20 

this relationship may be represented as: 
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OF L = O. 8 + O. 16 L (1) 

where L is the mean LET in keY / ~ . No official committee or organiza tion 
has made specific recommendations with respect to the OF-LET relationship 
for e arly e ffects. Accurate calculation of the biological e ffect should r e fer to 
d e tailed LET spe ctra where available. 

In g eneral, early responses to large doses deli v ered at high dose rates 
are less dependent on LET than are late responses to low doses at low dose 
rates. The relationship generally follows the equation: 

OFE = 0.9 + 0.05 L ( 2) 

For gros s evaluation it is suggested that the general OF E -LET relationships 

shown in Table 3-3 be applied to early responses from nigh-intensity space
radiation exposure (145). For computer programming of more exact dosage 

Table 3-3 

Suggested QFE Values for Early Effects of High-Intensity Space-Radiation Exposure 

(After Langham (ed_)-NAS-NRC(145)) 

Skin responses 

Prodromal syndrome 
H emalOlogical respo nses 
Lethality. hematological 

syndrome 
Lethality. intestinal 

syndrome 
Atrophy of germinal 

epithelium 

COMPONENT 

Low LET (;;i 3.5 keV / !") 
High LET (> 3.5 keVil") 
T Olal flux 
T otal flux 
Total flux 

Low LET (;;i3 .5 keY / !") 
High LET (>3.5 keV/ !") 
Low LET (;;i 3.5 keY / !") 
High LET (> 3.5 keY / !") 

QF 

schedules under operational conditions, more specific energy-LET-OF 
relationships can be used when available. It must be kept in mind that RBE 
or OF is dose-rate dependent (41, 76). In general, radiation of low LET 
tends to be more sensitive to dose rate factors than does radiation of high 
LET. Particles of high LET may have higher RBE or OF at low dose rates 
than at higher dose rates. Specific examples will be noted below. In all 
cases, the biological dose equivalent for late and early responses should be 
calculated separately. 

Examples of RBE or OF values for late effects at low dos e rates us ed 
in ground laboratories are seen in Table 3-4. In some animal studies, RBEls 
of o v er 35 have been reported for genetic changes after neutron irradiation 
(251). At high dose rates, the O~E of Table 3-3 may be used for neutrons 
and the other radiations of Table s=4 (134). 
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Table 3-4 

Typical QF L for Late Effects at Low Dose Rate in Ground-Based Exposure 

T.l::Ee of radiation RBE or QF 

X-rays 
Gamma rays 
Beta particles, 1.0 mev 

0.1 mev 

Neutrons, thermal energy 2.8 
11 0 .0001 mev 2.2 

0.005 mev 2.4 
11 . 0.02 mev 5 

0 . 5 mev 10.2 
11 1.0 mev 10.5 

10.0 mev 6.4 

Protons , greater than 100 mev 1 - 2 
11 1.0 mev 8.5 
11 0.1 mev 10 

Alpha particles, 5 mev 15 
1 mev 20 

For more specific calculations of organ dos es in experimental ground
based studies, the energy-LET -OF relationship will be covered in more 
detail below. 

Reference Equivalent Space Exposure (RES) 

Quantitative evaluation of the factors that modify radiation respons es is 
singularly the greatest uncertainty in establishing human response criteria 
for space radiation exposur e. The most obvious modifying factor s are radia
tion quality, dose rate (as influenced both by protraction and fractionation), 
and dos e distribution (both topical and depth). For space applications it has 
been suggested that "dose equivalentll in ll rems ll used in conventional occupa
tional radiation protection, be replaced by ll reference equivalent space 
exposure11 (RES) in ll reference equivalent unitsll designated llreu11 (145). 
Conceptually, the method of evaluation is the same as that employed in con 
ventional radiation protection. The space radiation dose (D) is multiplied 
by a radiation quality factor (OF) and subsequently by other appropriate 
modifying factors to give the reference equivalent space exposure : 

RES (reu) = D (rads) x QF x (fl· f2 ... f
n

), (3) 

where fl ... f are the appropriate modifying factors for early vs. late effects, 
dose protractlj:on, and dose distribution of the particular response being 
evaluated. In principle, this procedur e is applicable to evaluation of both 
early and late radiation responses. However, inadequate knowledge of the 
quantitative influence of the relevant modifying factors such as dose dis-
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tribution and dose protraction and their interdependence necessitates the 
choice of a set of values for each specific situation on the basis of rather 
arbitrary simplications and generalizations. 

Dos e Distribution Factors 

Dose distribution in space radiation exposure will be highly non-uniform 
with respect to depth, area, volume, and region or organ systems exposed. 
More detailed evaluation will be made for each organ system. At present, 
only very arbitrary simplifying generalizations will be made. 

With respect to depth-dose distribution the acquired dose is calculated 
or measured at the average depth or anatomical site (volume) of interest for 
the particular response. The point of interest for skin responses is at a 
depth of O. 1 mm; for hematological depression, a depth- of 5 em; for hemato
poietic and gastrointestinal lethality, a depth of 11 ern; and for prodromal 
response and general physiological injury a 15-cm diameter sphere in the 
mid-epigastric region. At these depths the penetration factor (f ) will be 
considered to be one. p 

With regard to region or volume exposed, it has been suggested for pro
dromal, hematological and early lethal responses a dose involving a major 
portion of the trunk be considered as capable of eliciting full response and be 
assigned a "volume factor" (fv) of one (145). Exposure of the extremities 
exclusive of the trunk would be much less effective. Based on fraction of 
total body mass and active bone marrow, an arbitrary choice of a fv of 1/5 
might be suggested for the extremities when only the hematological response 
IS considered. 

Skin and germinal epithelium responses must be considered specifically. 
A severe response of even a small skin area, regardless of location, could 
be highly uncomfortable particularly under a space suit. Furthermore, dose 
values are usually established for skin areas of", 35 to 100 cm 2 ; and early 
erythema and desquamation are somewhat area-dependent up to ",300 to 400 
cm 2. The area-effect over this range amounts to an increase in effective 
dose of",25 percent. It is suggested, therefore, that an area-effectiveness 
factor (fa) of ",1. 25 be applied to the doses given when exposure involves 
skin areas greater than ",150 cm 2. 

In the case of the germinal epithelium response is considered a local 
effect. Because of the limited size and localization of the testicles, it is 
reasonable to assume that they either will or will not be in the exposure field 
in which cas e fv will either be unity or zero. In mentioning the germinal 
epithelium it is emphasized that the response in this case is considered of no 
significance in evaluating risk of early performance decrement but may have 
social or emotional significance to the astronaut. 
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Dose Protraction 

The effect of dose protraction has been studied to some degree for most 
of the early signs and symptoms (32,41 ,73 ,148,172,191,201,205, 
2.2.8,2.31 , 2.38). Some suggestions are possible regarding general "dose
effectiveness " factors (fr) that are useful for exposure periods up to three or 
four weeks. To derive the factors, it has been assumed that the decrease per 
rad in biological effect associated with a dose-rate decrease can be compen
sated for by an increase in total dose required to produce the given effect 
(145). Thus the ratio of total doses required for low dose-rate versus high 
dose-rate exposure will determine the "dose-rate-effectiveness" factors. 
This is not the same as taking a ratio of dose rates, however, since for some 
tissues the latter may change by a factor of 10 or more while being accom
panied by a change in effect of only about 2. There is also considerable dif
ference in protraction period over which the change from maximum to mini
mum effect occurs in the various tis sues and systems. 

Table 3 - 5 attempts to encompas s all of thes e variables for expo sur e 
periods varying from a few hour s to a few weeks with respect to total dos es 

Table 3-5 

Suggested Dose-Rate or "Rate-Effectiveness" Factors (fr) for Early Responses 

Following Exposure to Low-LET Radiations at High Intensity. (See text for specific definitions) 

(After Langham (ed.)-NAS-NRC(145)) 

Duration of Exposure to Produce Same Response Level 

Skin Erythema Hematological 
and Prodromal Depression and 

Desquamation Signs Lethality 

A. High Dose-Rate 

Duration of Exposure for 1 - 2 hours 2 - 4 hours 1 - 2 days 
Maximum Effectiveness or less or less or less 

B. Low Dose-R a te 

Duration of Exposure for 4 - 6 days 2 - 4 days 3 - 4 weeks 
Minimum Effectiveness or longer or longer 

Ratio of Total Doses to Produce 
S " me Response Level (B/ A) 3 2. 5 2 

Rate-Effectiveness Factor 
(fr) 1/3 1/2.5 1/2 

high enough to elicit the more significant early responses. The rate-effec
tiveness factors (fr) are given as the reciprocals of the ratios of total doses. 

In general, "maximum dose" implies no repair is possible. For the pro
dromal syndrome, fractionated doses longer than 7 days apart can be con
sidered as single doses with no residual effects from the prior doses. For 
the hematological syndrome, the range of population sensitivity will spread 
with prolongation beyond 3-4 weeks and an increasingly larger fraction will 
show no effects as the doses are separated by longer intervals. The terms 
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"high" dose rate and !!low!! dose rate are difficult to define for all situations. 
What is considered a high and a low dose rate for early responses might be 
quite different from high and low dose rates for progressive and late responses. 
Furthermore, a high and a low dose rate for early skin responses might be 
different from those for early hematological and prodromal responses. In 
general, Table 3-5 attempts to take these variations into consideration for 
the important early responses. As an example of the use of this table, a 
given prodromal sign (e. g., nausea) may have a 10 percent probability of 
occurrence following an exposure of 50 rads delivered over 2 to 4 hours (dose 
rate 12 to 25 rads /hr), while an exposure of 125 rads (2. 5 x 50) would pro-
duce the same probability of response if the dose was protracted over 2 to 4 
days (dose rate 30 to 60 rads/day) . It is suggested, therefore, that the space 
radiation dose (D) be multiplied by the appropriate rate-effectiveness factor 
(fr ) from Table 3 - 5 to evaluate RES when exposur es are protracted over 
periods comparable to thos e specified. 

Radiation recovery rates are influenced by L ET and for this reason, the 
fr values given in Table 3-5 are specified for low - LET radiations. Techni
cally, the rate- effectivenes s factors shoul d be applied only to the low -LET 
components of space radiation . Cor r ection of fr for LET appears unneces sary 
under shielding conditions that result in only a small fraction of the absorbed 
dose at the site of interest being delivered at high LET. Information on early 
skin responses suggests, however, that the s l opes of the time-dose response 
curves decrease with increasing L ET . For ear l y skin responses under ex
posure conditions of very light to nominal shiel ding, where from", 10 to", 75 
percent of the absorbed dos e at O. I - mm depth from solar flare events may be 
due to densely ionizing components, a d justments should be made by assum-
ing fr is unity for that fraction of the dose delivered at or above some arbi
trary cut-off for high L ET e. g . ,""'" 1 5 keY /fl. 

Application of the information given in this section to an evaluation of a 
risk of early performance decrement may be illustrated (using skin erytbema 
as the early response ) by a hypothetical mission during the triplet solar flare 
event of July 10 - 16 , 1959. No attempt is made to make the as sumptions con
form necessarily to the actual conditions . If it is assumed that the average 
effective shielding of the spacecraft was 2 g/ cm 2, the accumulated skin dose 
(D) during the 6-day period of the tripl et flare would have been 674 rads. 
L et it be assumed also that the Q FE was 1. 45, the skin area involved was a 
major portion of the front surface of the body, the dose received was mea 
sured at a depth of O. 1 mm, and 25 percent was delivered at a LET of 
> 15 keY /fl . Under thes e con ditions , QFE = 1. 45, fa = 1. 25, fp = 1, and fr = 
(l / 3 x O. 75 + 1 x O. 25 ) = O. 5 . The reference equivalent space exposure, 
eval uated from Equation 1 would be: 

RES = 674 x 1. 45 x 1. 25 x 1 x O. 5 = 610 r eu. 

Since 1 reu is equivalent in effectiveness to 1 rad of reference radiation, 
comparison of RES with the r efe r ence radiation dose-response relationship 
given in Table 3-47 suggests that the probability of an erythema response 
under the specified con ditions would have been of the order of 50 percent. 
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Since most exposures to radiation in space flight are expected to be at 
low dose rates, the dose factors noted for early effects following high dosage 
of radiation must be modified. Under space flight conditions a gradually 
accumulating injury to the bone marrow may be expected. Since injury and 
recovery may be concurrent for long periods of time, the dose distribution and 
protraction factors applied to acute injury cannot be directly applied to this 
situation. Suggestions for dosage factors covering these "progressive per
formance decrements ll will be presented in a separate section below. Dosage 
factors for late or delayed injury following acute exposures will also be 
covered as a separate entity. 

INTERACTION OF RADIATION WITH BIOLOGICAL MATERIALS 

In order to calculate the rate of energy transfer, QF or RBE, tissue 
range, and stopping power of space radiations, data are needed on the inter
action with tissue. Since the bulk of absorption takes place in bone or muscle, 
much of the data have been generated for these model tissues. Table 3-6 
represents the model composition of muscle and bone which can be used in 
the many calculations noted above. 

To apply the general purpose nucleon transport codes to the calculation 
of usable current-to-dose conversion factors of sufficient generality of 
application, the nuclear density must be known. A tissue of composition 
C2lH1400S7N 3 with a density of 1 gm/ cm3 , results in the nuclear densities 
seen In T aole 3 -7. The average ionization potentials can be us ed in the 
stopping-power formulas for the computation of particle ranges in tissue. 

Energy -LET and Quality Factors 

The stopping power and rate of energy loss given as MeV / cm or keY / 
micron (LET) for protons in standard muscle and bone is given in Table 3 -8. 
The calculations of DEI DZ, DEI DX, and LET ( 127) were made from the 
ICRU data of Table 3-6 (190), and the energy loss equations of references 
11 , 17 , and 218. The resulting information can be applied to the dosi
metric measurement of the protons found in the space environment and can 
be used in the design of tissue-equivalent radiation detectors. Similar data 
on proton path length, straggling factors, percent scattering, and probability 
of inelastic nuclear interaction are available for muscle and other materials 
( 125). 

When particles of high energy pass through solid materials, star forma
tion occur s with the r eleas e of many nucleons and mesonS of different type. 
These stars are not as frequently generated in biological materials because 
of the low -3 values. The secondary particles from wall materials can pas s 
through biological tissue. Tables 3-9 and 3-10 represent the stopping power 
and range of muons, pions, kaons, and protons in muscle and bone for a 
wide range of energies. Powers of 10 are indicated by the symbol E; e. g., 
1. 234EO 2 means 1. 234 x 10 2 . The mean excitation ener gy, Iadj, (in e V) is 
indicated by the symbol!. These data for protons replace previous data 
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Table 3-6 

Composition of ICRU Muscle and Bone 

Data compiled by Janni(127) from the Report of the International 
Commission on Radiological Units and Measurements (ICRU) (190)) 

a. Muscle * 

Element 

H 

C 

N 

o 
Na 

Mg 

p 

5 

K 

Ca 

b. Bone** 

Element 

H 

C 

N 

o 
M g 

p 

5 

Ca 

Atomic 
number 

6 

8 

11 

1 2 

1 5 

16 

19 

20 

A tomic 
number 

6 

7 

8 

1 2 

15 

16 

20 

Atoms/ 
molecule 

10. 11 905 

1. 024 15 

o. 24986 

4. 55625 

0.00348 

O. 00082 

o. 00646 

0 . 0 1559 

U.00767 

J. 00017 

Atoms/ 
molecule 

6.349 1 

2.3 1474 

0. 19275 

2 . 5625 

0.00822 

0.22599 

0.00628 

0.36677 

Percent 
by weight 

10 . 20 

12.30 

3.50 

72.90 

0.08 

0 . 02 

J. 20 

0.50 

0 . 30 

0.0 1 

Percent 
by weight 

6.40 

27 . 80 

2 . 70 

41. 00 

0.20 

7.00 

o. 20 

14.70 

Atomic 
weight 

I. 01 

12.01 

14.0 1 

16.00 

23.00 

24. 33 

30.98 

32 . 07 

39 . 1 1 

40. 09 

Atomic 
weight 

1. 0 1 

12.01 

14.0 1 

16.00 

24 . 32 

30.97 

32.07 

40. 08 

" Densi t y of muscle IS I gram per gm/cm 3 ; electron density 3.313 x 10
23 

electrons/gm 

l~* Denslly of bone is 1 .85 gram per gm/cm 3; electron density 3.193 x 10 23 electrons/gm 

Table 3-7 

Composition and Mean Excitation Potentials 

for Model Tissue 

(After NBS(189) , Kinney and Zerby(139)) 

Nucleon de'lsi t y 24 M ean exci tation 
Ele m ent (n Uclei/em l xl0 pot~ntial. 

eV 

H 6. 265 x 10 - 2 17.5 

0 2 . 55075 x 10 - 2 99.0 

C 9.3975 x 10 - 3 74.44 

N 1. 3425 x 10 - 3 86 . 0 
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Table 3-8 

Stopping Power and Rate of Energy Loss of Proton s 
in Standard Muscle and Bone 

(After Janni(127)) 

ICRU Muscle 

PROTON 
ENERGY DE/Dl DE/OX l E T 

MEV MEV CM2IGM MEY/CJI' KEY /IIH CRON 

0.50 408.62 "08.62 ItO.86 
0.60 365.03 365.03 36.50 
0.10 331.02 331.02 33.10 
0.80 302.30 302.30 30.23 
0.90 279.13 219.13 21.91 
1.00 259.74 259.14 25.97 
2.00 158.7 C 158.70 15.87 
3.00 117.37 117.37 11.7" 
4.00 94.26 91t. 2 6 9.lt3 
5.00 79.28 7<J.28 7.93 
6.CO 68.72 68.72 6.81 
7.00 60.83 60.83 6.08 
8.00 54.67 54.67 5."7 

10.00 45.13 45.73 It.57 
20.00 26.08 26.08 2.61 
30.00 18.76 18.76 1.88 
40.00 14.87 1".87 1.49 
50.00 17.44 12.44 1.24 
60.00 10.77 10.77 1.08 
80.00 8.6 2 8.62 0.86 

100.00 1.28 7.28 0.13 
200.00 4.49 It.49 0.45 
300.00 3.51 3.51 0.35 
400.00 3.03 3.03 0.30 
500.00 2.74 2.74 0.27 
800.00 2.33 2.33 0.23 

1COO.00 2.21 2.21 0.22 
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Table 3-8 (continued) 

b. ICRU Bone 

PROTON 
ENERGY OE/Ol OF/OX L E T 

MEV /'lEV CtJ?IG'" "1EV/CM KEV/MICRON 

0.50 369.42 683.43 68.34 
0.60 329.59 A09.7,) 60.97 
0.70 298.75 557.69 55.27 
0.80 273.26 505.53 50.'>5 
0.90 252.56 467.25 46.72 
1.00 235.24 435.19 43.57 
2.00 144.91 268.08 26.81 
3.00 107.65 199.1') 19.91 
4.00 86.68 11>0.'16 16.04 
5.00 73.02 135.10 13.51 
6.00 63.41 117.31 11.73 
7.00 56.21 103.99 10.40 
8.00 50.58 93.58 9.31> 

10.00 42.38 78.41 7.84 
20.00 24.29 44.94 4.49 
30.00 17.51 32.40 3.24 
40.00 13.90 25.72 2.57 
50.00 11.64 21.54 2.15 
60.00 10.09 18.67 1.87 
80.00 8.08 14.95 1.49 

100.00 6.83 12.64 1.26 
200.00 4.22 7.80 0.713 
300.00 3.31 6.12 0.61 
400.00 2.85 5.27 0.53 
500.00 2.511 4.77 O.ItA 
800.00 2.20 4.06 0.41 

lCOO.OO 2.08 3.85 0.39 
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Table 3-9 

Stopping Power, MEV/CM 2/G 

(See text for explanation of symbols) 

(Adapted from Berger and Seltzer(24)) 

MUON PION KAON PROTON 
ENERGY MUSCLE BONE MUSCLE BONE MUSCLE BONE MUSCLE BONE 

MEV 1= 66.2 1= 85.1 Ie 66.2 Ie 85.1 12 66.2 1= 85.1 I' 66.2 I- 85.1 

2.0 2.901E 01 2.680E 01 3.638E 01 3.353E 01 1.029E 02 9.356E 01 1.619E 02 1.513E 02 
4.0 1.651E 01 1.533E 01 2.010E 01 1.918E 01 5.140E 01 5.232E 01 9.816E 01 8.980E 01 
6.0 1.193E 01 1.110E 01 1.49lE 01 1.385E 01 4'158E 01 3.821E 01 1.049E 01 6.424E 01 
8.0 9.520E 00 8.810E 00 1.185E 01 1.102E 01 3.293E 01 3.038E 01 5.509E 01 5.037E 01 

10.0 8.023E 00 7.483E 00 9.939E 00 9.258E 00 2.746E 01 2.538E 01 4.622E 01 4.249E 01 
14.0 6.256E 00 5.842E 00 1.680E 00 7.164E 00 2.088E 01 1.935E 01 3.520E 01 3.245E 01 
18.0 5.243E 00 4.901E 00 6.380E 00 5.951£ 00 1.103E 01 1.581E 01 2.869E 01 2.651E 01 
22.0 4.581£ 00 4.290E 00 5.533E 00 5.110E 00 1.448E 01 1.346E 01 2.437E 01 2.255E 01 
26.0 4.127E 00 3.862£ 00 4.936E 00 4.615E 00 1.267E 01 1.179E 01 2.127E 01 1.970E 01 
30.0 3.787E 00 3.545E 00 4.494E 00 4.204E 00 1.131E 01 1.053E 01 1.893£ 01 1.756E 01 

34.0 3.526E 00 3.302E 00 4.153E 00 3.886E 00 1.025E 01 9.549E 00 1.7l1E 01 1.588E 01 
38.0 3.319E 00 3.108E 00 3.882E 00 3.634E 00 9.403E 00 8.162E 00 1.564E 01 1.452E 01 
42.0 3.152E 00 2.952E 00 3.662E 00 3.429E 00 8.105E 00 8.115E 00 1.443E 01 1.34LE 01 
46.0 3.015E 00 2.825E 00 3.480E 00 3.259E 00 8.122E 00 1.574E 00 1.341E 01 1.241£ 01 
50.0 2.901E 00 2.118E 00 3.326E 00 3.114E 00 1.621E 00 1.115E 00 1.255E 01 1.11>1E 01 
60.0 2.682E 00 2.513E 00 3.034E 00 2.842E 00 6.61>3E 00 6.220E 00 1.086E 01 1.011E 01 
70.0 2.531E 00 2.366E 00 2.827E 00 2.649£ 00 5.962E 00 5.569E 00 9.630E 00 8.972E 00 
/l0.0 2.421E 00 2.266E 00 2.612E 00 2.504E 00 5.429E 00 5.073E 00 8.681E 00 8.098E 00 
90.0 2.337E 00 2.188E 00 2.556E 00 2.390E 00 5.010E 00 4.683E 00 7.942E 00 7.408E 00 

100.0 2.272E 00 2.128E 00 2.465E 00 2.306E 00 4.611E 00 4.369E 00 7.338E 00 6.841E 00 

110.0 2.222E 00 2.081E 00 2.391E 00 2.238E 00 4.393E 00 4.109E 00 6.838E 00 6.383E 00 
120.0 2.182E 00 2.044E 00 2.331E 00 2.183E 00 4.159E 00 3.892E 00 6.418E 00 5.992E 00 
130.0 2.150E 00 2.014E 00 2.282E 00 2.131E 00 3.961E 00 3.707E 00 6.059E 00 5.659E 00 
140.0 2.123E 00 1.989E 00 2.241E 00 2.099E 00 3.790E 00 3.549E 00 5.149E 00 5.371E 00 
150.0 2.102E 00 1.968E 00 2.201E 00 2.067E 00 3.642E 00 3.41lE 00 5.'<78E 00 5.119E 00 
160.0 2.084E 00 1.951E 00 2.118E 00 2.040E 00 3.513E 00 3.290E 00 5.240E 00 4.898E 00 
170.0 2.069E 00 1.937E 00 2.154E 00 2.011E 00 3.391E 00 3.181E 00 5.029E 00 4.701E 00 
180.0 2.057E 00 1.926E 00 2.133E 00 1.998E 00 3.296E 00 3.086E 00 4.840E 00 4.526E 00 190.0 2.047E 00 1.916£ 00 2.115E 00 1.981E 00 3.205E 00 3.002E 00 4.611E 00 4.368E 00 200.0 2.039E 00 1.908E 00 2.099E 00 1.966E 00 3.123E 00 2.925E 00 4.518E 00 4.226E 00 

220.0 2.026E 00 1.896E 00 2.074E 00 1.942E 00 2.983E 00 2.794E 00 4.252E 00 3.979E 00 
240.0 2.018E 00 1.889E 00 2.055E 00 1.924E 00 2.866E 00 2.686E 00 4.030E 00 3.772E 00 260.0 2.012E 00 1.885E 00 2.041E 00 1.910E 00 2.168E 00 2.593E 00 3.841E 00 3.596E 00 280.0 2.009E 00 1.882E 00 2.031E 00 1.900E 00 2.683E 00 2.515E 00 3.619E 00 3.445E 00 
300.0 2.008E 00 1.8BlE oe 2.023E 00 1.893E 00 2.613E 00 2.449E 00 3.538E 00 3.314E 00 
320.0 ' 2.008E 00 1.88lE 00 2.017E 00 1.888E 00 2.551E 00 2.386E 00 3.414E 00 3.191E 00 
340.0 2.009E 00 1.883E 00 2.013E 00 1.885E 00 2.498E 00 2.337E 00 3.306E 00 3.095E 00 
360.0 2.010E 00 1.885E 00 2.010E 00 1.883E 00 2.451E 00 2.293E 00 3.209E 00 3.005E 00 
380.0 2.013E 00 1.808E 00 2.009E 00 1.882E 00 2.409E 00 2.254E 00 3.123E 00 2.925E 00 
400.0 2.015E 00 1.891E 00 2.008E 00 1.88lE 00 2.372E 00 2.220E 00 3.046E 00 2.853E 00 
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Table 3-9 (continued) 

MUON PION KAON PROTON 
ENERGY MUSCLE BONE MUSCLIi: BONE MUSCLE 1l0NE MUSCLE BONE 

MEV Iz 66.2 I- 85.1 1= 66.2 I: 85.1 1= 66.2 1= 85.1 I - 66.2 I- 85.1 

'<20.0 2.018E 00 1.894E 00 2.008E 00 I.082E 00 2.338E 00 2.189E 00 2.976E 00 2 .788E 00 
1040.0 2.022E 00 1.898E 00 2.008E 00 1.883E 00 2.308E 00 2.I62E 00 2.9l3E 00 2.729E 00 
1060.0 2.025E 00 1.902E 00 2.009E 00 1.884E 00 2.282E 00 2.137E 00 2.855E 00 2.675E 00 
480.0 2.029E 00 1.906E 00 2.011E 00 1.886E 00 2.257E 00 2.114E 00 2.802E 00 2.625E 00 

500.0 2.032E 00 1.910E 00 2.012E 00 1.888E 00 2.236E 00 2.094E 00 2.754E 00 2.580E 00 
520.0 2.036E 00 1.914E 00 2.014E 00 1.690E 00 2.216E 00 2.016E 00 2.1l0E 00 2.539E 00 
540.0 2.040E 00 1.918E 00 2.016E 00 1.892E 00 2.l99E 00 2.060E 00 2.667E 00 2.500E 00 
560.0 2.044E 00 1.922E 00 2.019E 00 1.895E 00 2.183E 00 2.045E 00 2.630E 00 2.465E 00 
580.0 2.048E 00 1.926E 00 2.021E 00 1.898E 00 2.l68E 00 2.031E 00 2.596E 00 2.421E 00 
600.0 2.052E 00 l.930E 00 2.024E 00 l.901E 00 2.155E 00 2.018E 00 2.563E 00 2.397E 00 

620.0 2.056E 00 1.934E 00 2.021E 00 1.904E 00 2.142E 00 2.001E 00 2.534E 00 2.370E 00 
640.0 2.060E 00 1.939E 00 2.029E 00 1.907E 00 2.UIE 00 l.996E 00 2.506E 00 2.344E 00 
660.0 2.063E 00 1.943E 00 2.032E 00 1.910E 00 2.121E 00 1.986E 00 2.480E 00 2.320E 00 
680.0 2.067E 00 1.947E 00 2.035E 00 1.913E 00 2.lllE 00 1.977E 00 2.455E 00 2.297E 00 
700.0 2.071E 00 1.95lE 00 2.038E 00 1.916E 00 2.102E 00 1.969E 00 2.432E 00 2.276E 00 
720.0 2.075E 00 1.9551: 00 2.041E 00 1.919E 00 2.094E 00 1.96lE 00 2.411E 00 2.256E 00 
740.0 2.079E 00 1.958E 00 2.044E 00 1.922E 00 2.087E 00 1.954E 00 2.390E 00 2.238E 00 
760.0 2.082E 00 1.962E 00 2.047E 00 1.925E 00 2.060E 00 1.946E 00 2.371E 00 2.220E 00 
780.0 2.086E 00 1.966E 00 2.050E 00 1.928E 00 2.074E 00 1.941E 00 2.353E 00 2.203E 00 
800.0 2.089E 00 1.970E 00 2.053E 00 1.932E 00 2.068E 00 1.936E 00 2.33 7E 00 2.188E 00 

820.0 2.093E 00 1.974E 00 2.056E 00 1.935E 00 2.063E 00 1.931E 00 2.32lE 00 2.l73E 00 
840.0 2.096E 00 1.977E 00 2.059E 00 1.930E 00 2.058E 00 1.926E 00 2.305E 00 2.159E 00 
860.0 2.100E 00 1.981E 00 2.062E 00 1.941E 00 2.053E 00 1.921E 00 2.29lE 00 2.146E 00 
880.0 2.103E 00 l.984E 00 2.065E 00 1.944E 00 2.049E 00 1.917E 00 2.277E 00 2.133E 00 
900.0 2.107E 00 l.988E 00 2.068E 00 1.947E 00 2.045E 00 1.914E 00 2.265E 00 2.121E 00 
920.0 2.ll0E 00 1.99lE 00 2.070E 00 1.950E 00 2.041E 00 1.910E 00 2.253E 00 2.110E 00 
940.0 2.113E 00 l.995E 00 2.073E 00 l.953E 00 2.038E 00 1.907E 00 2.241E 00 2.099E 00 
960.0 2.116E 00 1.998E 00 2.076E 00 1.956E 00 2.035E 00 1.904E 00 2.231E 00 2.089E 00 
980.0 2.119E 00 2.001E 00 2.079E 00 1.959E 00 2.032E 00 1.902E 00 2.220E 00 2.080E 00 

1000.0 2.123E 00 2.004E 00 2.082E 00 1.962E 00 2.030E 00 1.899E 00 2.211E 00 2.071E 00 

1200.0 2.151E 00 2.034E 00 2.108E 00 1.989E 00 2.0l3E 00 1.885E 00 2.136E 00 2.000E 00 
1400.0 2.l76E 00 2.060E 00 2.l32E 00 2.0l4E 00 2.008E 00 1.881E 00 2.0BBE 00 1.955E 00 
1600.0 2.19BE 00 2.083E 00 2.153E 00 2.036E 00 2.009E 00 I.B83E 00 2.057E 00 1.925E 00 
2000.0 2.235E 00 2.122E 00 2.1B9E 00 2.074E 00 2.019E 00 1.896E 00 2.024E 00 1.B94E 00 
2400.0 2.266E 00 2.154E 00 2.219E 00 2.105E 00 2.035E 00 1.912E 00 2.011E 00 1.883E 00 
2BOO.0 2.292E 00 2.180E 00 2.245E 00 2.132E 00 2.052E 00 1.930E 00 2.00BE 00 1.882E 00 
3200.0 2.3lltE 00 2.203E 00 2.267E 00 2.155E 00 2.068E 00 1.94BE 00 2.010E 00 I.B85E 00 
3600.0 2.334E 00 2.2Z4E 00 2.287E 00 2.176E 00 2.084E 00 1.96ltE 00 2.016E 00 1.892E 00 
4000.0 2.351E 00 2.2lt2E 00 2.305E 00 2.19ltE 00 2.099E 00 1.980E 00 2.023E 00 1.900E 00 
5000.0 2.388E 00 2.280E 00 2.3lt2E 00 2.232E 00 2.133E 00 2.015E 00 2.0lt5E 00 1.923E 00 
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Table 3-10 

Range, G/CM 2 

(See text for explanation of symbols) 

(Adapted from Berger and Seltzer(24)) 

MUON PION KAON PROTON 
ENERGY MUSCLE BONE MUSCLE BONE MUSCLE BONE MUSClE BONE 

MEV I- 66.2 I z B 5.1 1= 66.2 1= B5.1 1= 66.2 Iz 65.1 I- 66.2 I- 85.1 

2.0 3.813E-02 4.154E-02 3.042E-02 3.324E-02 1.124E-02 1.250E-02 7.233E-03 6.162E-03 
4.0 1.HBE-01 1.447E-Ol 1.067E-01 1.151E-Ol 3.639E-02 4.230E-02 2.335E-02 2.594E-02 
6.0 2.7B5E-01 3.005E-Ol 2.223E-Ol 2.403E-Ol 1.989E-02 B.149E-02 4.761E-02 5.265E-02 
6.0 4.677E-01 5.036E-Ol 3.141E-Ol 4.035E-Ol 1.344E-Ol 1.466E-Ol 6.008E-02 6.820E-02 

10.0 6.976E-01 1.502E-Ol 5.593E-Ol 6.024E-Ol 2.012E-Ol 2.189E-01 1.198E-Ol 1.315E-Ol 
14.0 1.268E 00 1.362E 00 1.022E 00 1.099E 00 3.700E-Ol 4.014E-Ol 2.200E-01 2.403E-Ol 
18.0 1.971E 00 2.113E 00 1.597E 00 1.7l5E 00 5.835E-Ol 6.315E-Ol 3.467E-Ol 3.175E-Ol 
22.0 2.789E 00 2.989E 00 2.213E 00 2.438E 00 8.392E-Ol 9.068E-Ol 4.985E-Ol 5.411E-Ol 
26.0 3. ?lIE 00 3.974E 00 3.040E 00 3.259E 00 1.135E 00 1.225E 00 6.747E-Ol 7.320E-Ol 
30.0 4.724E 00 5.057E 00 3.891E 00 4.169E 00 1.470E 00 I.S85E 00 8.745E-Ol 9.474E-Ol 

34.0 5.820E 00 6.221E 00 4.818E 00 5.160E 00 1.842E 00 1.964E 00 1.091E 00 1.181E 00 
38.0 6.991E 00 1.477E 00 5.815E 00 6.225E 00 2.250E 00 2.422E 00 1.342E 00 1.451E 00 
42.0 8.229E 00 8.799E 00 6.871E 00 1.359E 00 2.692E 00 2.897E 00 1.608E 00 1.138E 00 
46.0 9.521E 00 1.018E 01 1.998E 00 8.557E 00 3.168E 00 3.408E 00 1.896E 00 2.048E 00 
50.0 1.088E 01 1.163E 01 9.175E 00 9.813E 00 3.617E 00 3.953E 00 2.205E 00 2.319E 00 
60.0 1.447E 01 1.546E 01 1.233E 01 1.318E 01 5.084E 00 5.461E 00 3.064E 00 3.303E 00 
10.0 1.832E 01 1.951E 01 1.515E 01 1.683E 01 6.674E 00 7.164E 00 4.044E 00 4.355E 00 
tlO.O 2.236E 01 2.389E 01 1.939E 01 2.072E 01 8.435E 00 9.046E 00 5.139E 00 5.530E 00 
90.0 2.651E 01 2.839E 01 2.322E 01 2.481E 01 1.035E 01 1.110E 01 6.345E 00 6.823E 00 

100.0 3.091E 01 3.302E 01 2.121E 01 2.901E 01 1.242E 01 1.331E 01 1.656E 00 8.228E 00 

110.0 3.536E 01 3.178E 01 3.133E 01 3.348E 01 1.463E 01 1.568E 01 9.069E 00 9.742E 00 
120.0 3.991E 01 4.263E 01 3.551E 01 3.800E 01 1.691E 01 1.818E 01 1.058E 01 1.l36E 01 
130.0 4.452E 01 4.156E 01 3.991E 01 4.264E 01 1.944E- 01 2.0SlE 01 1.218E 01 1.308E 01 
140.0 4.921E 01 5.255E 01 4.433E 01 4.736E 01 2.202E 01 2.351E 01 1.388E 01 1.489E 01 
150.0 5.394E 01 5.761E 01 4.883E 01 5.216E 01 2.47lE 01 2.645E 01 1.566E 01 1.680E 01 
160.0 5.872E 01 6.271E 01 5.339E 01 5.703E 01 2.751E 01 2.943E 01 1.153E 01 1.880E 01 
110.0 6.353E 01 6.186E 01 5.801E 01 6.196E 01 3.041E 01 3.253E 01 1.948E 01 2.086E 01 
180.0 6.838E 01 7.303E 01 6.268E 01 6.694E 01 3.340E 01 3.512E 01 2.151E 01 2.305E 01 
190.0 7.325E 01 7.824E 01 6.138E 01 1.197E 01 3.6't7E 01 3.900E 01 2.361E 01 2.530E 01 
200.0 1.815E 01 8.347E 01 7.213E 01 7.704E 01 3.963E 01 4.238E 01 2.579E 01 2.763E 01 

220.0 8.799E 01 9.399E 01 6.112E 01 6.728E 01 4.619E 01 4.936E 01 3.035E 01 3.251E 01 
240.0 9.788E 01 1.046E 02 9.141E 01 9.763E 01 5.303E 01 5.668E 01 3.519E 01 3.166E 01 
260.0 1.078E 02 1.152E 02 1.012E 02 1.081E 02 6.014E 01 6.426E 01 4.027E 01 4.311E 01 
280.0 1.l78E 02 1.258E 02 l.llOE 02 1.186E 02 6.148E 01 1.210E 01 4.560E 01 4.860E 01 
300.0 1.271E 02 1.364E 02 1.209E 02 1.291E 02 7.503E 01 6.016E 01 5.114E 01 5.412E 01 
320.0 1.377E 02 1.470E 02 1.308E 02 1.391E 02 8.218E 01 8.844E 01 5.690E 01 6.081E 01 
340.0 1.476E 02 1.571E 02 1.407E 02 1.503E 02 9.07lE 01 9.691E 01 6.285E 01 6.123E 01 
360.0 1.576E 02 1.683E 02 1.506E 02 1.609E 02 9.879E 01 1.056E 02 6.900E 01 7.379E 01 
380.0 1.675E 02 1.769E 02 1.60bE 02 1.7lSE 02 1.070E 02 1.143E 02 7.531E 01 6.053E 01 
400.0 1.775E 02 1.895E 02 1.70SE 02 1.8Z2E 02 1.154E 02 1.233E 02 8.180E 01 6.146E 01 
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Table 3-10 (continued) 

MUON PION KAON PROTON 
ENERGY MUSCLE BONE MUSCLE BONE MUSCLE BONE MUSCLE BONE 

MEV I- 66.2 12 85.1 I" 66.2 1= 85.1 I>; 66.2 [" B5.1 1= 66.2 I- 85.1 

"20.0 1.874E 02 2.000E 02 l.eaSE 02 1.928E 02 1.239E 02 1.324E 02 8.845E 01 'J.455E 01 
440.0 1.973E 02 2.106E 02 1.905E 02 2.034E 02 1.325E 02 1.416E 02 9.524E 01 1.018E 02 
460.0 2.072E 02 2.211E 02 2.004E 02 2.140E 02 1.412E 02 1.509E 02 1.022E 02 1.092E 02 
480.0 2.170E 02 2.316E 02 2.104E 02 2.246E 02 1.500E 02 l.603E 02 1.092E 02 l.168E 02 
500.0 2.269E 02 2.421E 02 2.203E 02 2.352E 02 1.589E 02 1.698E 02 1.164E 02 1.244E 02 
520.0 2.367E 02 2.526E 02 2.303E 02 2 .458E 02 1.679E 02 1.794 E 02 1.238E 02 1.323 E 02 
540.0 2.465E 02 2.630E 02 2.402E 02 2.564E 02 1.770E 02 1.890E 02 1.312E 02 1."02E 02 
560.0 2.563E 02 2.734E 02 2.50lE 02 2.670E 02 1.861E 02 1.988E 02 1.388E 02 l.482E 02 
580.0 2.66lE 02 2.838E 02 2.600E 02 2.775E 02 1.953E 02 2.086E 02 1 ~ 4 64 E 02 l.564E 02 
600.0 2.759E 02 2.942E 02 2.699E 02 2.880E 02 2.046E 02 2.185E 02 1.S42E 02 1.647E 02 

620.0 2.856E 02 3.045E 02 2.798E 02 2.986E 02 2.139E 02 2.284E 02 1.620E 02 1.731E 02 
640.0 2.953E 02 3.149E 02 2.896E 02 3.091E 02 2.232E 02 2.384E 02 1.700E 02 l.816E 02 
660.0 3.050E 02 3.252E 02 2.995E 02 3.195E 02 2.326E 02 2.485E 02 1.780E 02 1.902E 02 
680.0 3.147E 02 3.354E 02 3.093E 02 3.300E 02 2.42lE 02 2.586E 02 1.86lE 02 1.988E 02 
700.0 3.244E 02 3.457E 02 3.19lE 02 3.404E 02 2.516E 02 2.687E 02 1.943E 02 2.076E 02 
720.0 3.340E 02 3.559E 02 3.289E 02 3.509E 02 2.611E 02 2.789E 02 2.025E 02 2.l64E 02 
740.0 3.436E 02 3.662E 02 3.387E 02 3.6l3E 02 2.707E 02 2.891E 02 2.109E 02 2.253E 02 
760.0 3.533E 02 3.764E 02 3.485E 02 3.717E 02 2.803E 02 2.993E 02 2.193E 02 2.343E 02 
780.0 3.629E 02 3.866E 02 3.583E 02 3.821E 02 2.899E 02 3.096E 02 2.277E 02 2.433E 02 
800.0 3.724E 02 3.967E 02 3.6eOE 02 3.924E 02 2.996E 02 3.199E 02 2.363E 02 2.524E 02 

820.0 3.820E 02 4.069E 02 3.777E 02 4.028E 02 3.092E 02 3.303E 02 2.448E 02 2.616E 02 
840.0 3.9l5E 02 4.170E 02 3.875E 02 4.l31E 02 3.190E 02 3.407E 02 2.535E 02 2.708E 02 
860.0 4.011E 02 4.271E 02 3.972E 02 4.234E 02 3.287E 02 3.5llE 02 2.622E 02 2.601E 02 
880.0 4.106E 02 4.372E 02 4.069E 02 4.33 7E 02 3.3()4E 02 3.615E 02 2.7l0E 02 2.695E 02 
900.0 4.201E 02 4.472E 02 4.165E 02 4.440E 02 3.462E 02 3.7l9E 02 2.798E 02 2.989E 02 
920.0 4.296E 02 4.573E 02 4.262E 02 4.543E 02 3.580E 02 3.824E 02 2.886E 02 3.083E 02 
940.0 4.39lE 02 4.673E 02 4.359E 02 4.645E 02 3.678E 02 3.929E 02 2.975E 02 3.l78E 02 
960.0 4.485E 02 4.774E 02 4.455E 02 4.747E 02 3.776E 02 4.034E 02 3.065E 02 3.274E 02 
980.0 4.580E 02 4.874E 02 4.5S1E 02 4.850E 02 3.875E 02 4.139E 02 3.155E 02 3.370E 02 

1000.0 4.674E 02 4.973E 02 4.647E 02 4.952E 02 3.973E 02 4.244E 02 3.245E 02 3.466E 02 

1200.0 5.610E 02 5.964E 02 5.602E 02 5.964E 02 4.963E 02 5.301E 02 4.l66E 02 4.450E 02 
1400.0 6.534E 02 6.940E 02 6.545E 02 6.963E 02 5.958E 02 6.364E 02 5.114E 02 ~.462E 02 
1600.0 7.448E 02 7.906E 02 7.479E 02 7.951E 02 6.954E 02 7.426E 02 6.080E 02 6.494E 02 
2000.0 9.252E 02 9.807E 02 9.321E 02 9.897E 02 8.941E 02 9.544E 02 8.043E 02 8.59lE 02 
2400.0 1.103E 03 1.168E 03 1.114E 03 l.l81E 03 1.091E 03 1.164E 03 l.003E 03 1.071E 03 
2800.0 1.278E 03 1.352E 03 1.293E 03 1.370E 03 1.287E 03 1.373E 03 1.202E 03 1.284E 03 
3200.0 1.452E 03 1.535E 03 1.470E 03 l.556E 03 1.481E 03 1.579E 03 1.401E 03 1.496E 03 
3600.0 1.624E 03 1.716E 03 1.646E 03 1.741E 03 1.674E 03 1.783E 03 1.600E 03 1.708E 03 
4000.0 1.795E 03 1.895E 03 1.820E 03 1.924E 03 l.865E 03 1.986E 03 1.798E 03 1.919E 03 
5000.0 2.217E 03 2.337E 03 2.250E 03 2.376E 03 2.338E 03 2.487E 03 2.289E 03 2.442E 03 
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which were erroneously calculated ( 17). The data for protons are slightly 
different from those of Table 3 -8 because of different assumptions regarding 
the molecular properties of the tissues in question. Similar data are available 
for other materials ( 24 ). 

Similar stopping powers, ranges, and radiation yield(brems strahlung 
efficiency) for electrons are seen in Tables 3-11 and 3-12. These can be used 
for secondary electrons or primary electrons in the Van Allen belts. These 
tables replace previous data which were erroneously calculated ( 25). Similar 
data are available on other non-biological materials ( 24). The angular dis
tribution of thick-target bremsstrahlung including multiple electron scattering 
is now under study (248). Figure 3 -13 compares the rate of energy loss for 
electrons and protons in tis sue. Neutron mean free paths in ICRU muscle vs. 
energy are seen in Figure 3 -14. 

In the past, stopping power and range for ions >Z = 18 have been poorly 
investigated either theoretically or experimentally. The Omnitron accelerator 
may make available ions up to 500 MeV/atomic mass unit (amu) and Z numbers 
through 92. A program has been recently written which computes range, 
energy, and stopping power data. These are available for hydrogen, helium 4, 
carbon 12, neon 20, argon 40, krypton 84, xenon 131, and uranium -238 inci
dent upon water, aluminum, copper, silver, lead, and uranium (262). Pro
grams are available in Chippewa, Fortran, and Fortran IV. The calculations 
have been corroborated by comparison with experimental data available on 
ions of Z<lO (197). Figures 3-l5a, b, and c represent only water, alumin
um, and lead targets most pertinent to the space radiation problem. The 
stopping power has been plotted as a function of ion residual range. The 
symbols on each curve match points corresponding to various energies. The 
Ne -C and Xe -U crossovers are low energy, and although possibly a physical 
reality, occur in regions of low confidence of the calculations. Discontinuities 
and irregularities in several of the curves are caused by different equations 
and assumptions used for calculation of Z < 10 and for 4 separate energy 
regions of Z>lO (262). 

As noted in the discussion of Figure 3 -15 a, b, and c, calculation of 
LET's for the primary galactic cosmic -ray flux is difficult. Table 3 -16 
shows theoretical considerations of dose and energy distribution in tissue 
from the constituents of the primary cosmic -ray flux. The sections, energies, 
and angles of emissions, as well as relative frequencies of alternate decay 
schemes for the various types of secondaries, are not well enough known to 
allow more than a tentative designation for this table. Data are available for 
some of the nuclei above iron in the primary cosmic ray spectrum ( 90). A 
large percentage of the absorbed dose appears to be derived from particles 
giving very heavy ionization. 

Figure 3 -17 pres ents examples of primary cosmic -ray data graphically. 
Contrary to conditions tor electrons, where the LET reaches its maximum at 
the very end of the particle track, the maximum LET occurs for nuclear 
particles a very short distance before the end (2 mic ra T for protons, 46 
micra T for Ca nuclei) and then drops steeply to zero. As the exact shape 
of this final descent of the LET to zero is not known, the exact height of the 
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Table 3-11 

Electrons in Muscle 

(After Berger and (Seltzer(24)) 

ENERGY STOPPING POWER RANGE RADIATION 
COLLISION RADIATION TOTAL YIELD 

MEV MEV CM2/G MEV CM2IG MEV CM2IG G/CM2 

0.010 2.292E 01 4.911E-03 2.292E 01 2.467E-04 1.236E-04 
0.015 1.670E 01 4.874E-03 1.670E 01 5.061E-04 1.674E-04 
0.020 1.334E 01 4.810E-03 1.335E 01 8.435E-04 2.072E-04 
0.025 1.123E 01 4.766E-03 1.123E 01 1.254E-03 2.443E-04 
0.030 9.763E 00 4.735E-03 9.768E 00 1.733E-03 2.794E-04 

0.035 8.b86E 00 4.705E-03 8.691E 00 2.276E-03 3.128E-04 
0.040 7.859E 00 4.702E-03 7.863E 00 2.882E-03 3.449E-04 
0.045 7.202E 00 4.110E-03 7.207E 00 3.547E-03 3.761E-04 
0.050 6.669E 00 4.726E-03 6.673E 00 4.269E-03 4.066E-04 
0.055 6.225E 00 4. -/49E-03 6.230E 00 5.045E-03 4.365E-04 

0.060 5.851E 00 4.177E-03 5.856E 00 5.873E-03 4.659E-04 
0.065 5.531E 00 4.808E-03 5.536E 00 6.752E-03 4.948E-04 
0.070 5.254E 00 4.843E-03 5.259E 00 7.679E-03 5.234E-04 
0.075 5.012E 00 4.881E-03 5.017E 00 8.653E-03 5.516E-04 
0.080 4.799E 00 4.921E-03 4.804E 00 9.672E-03 5.795E-04 

0.085 4.609E 00 4.952E-03 4.614E 00 1.073E-02 6.071E-04 
0.090 4.440E 00 4.995E-03 4.445E 00 1.184E-02 6.344E-04 
0.095 4.287E 00 5.041E-03 4.292E 00 1.298E-02 6.615E-04 
0.100 4.149E 00 5.087E-03 4.154E 00 1.417E-02 6.88'.E-04 
0.150 3.261E 00 5.609E-03 3.267E 00 2.792E-02 9.497E-04 

0.200 2.811E 00 6.169E-03 2.817E 00 4.451E-02 1.201E-03 
0.250 2.543E 00 6.HlE-03 2.550E 00 6.323E-02 1.446E-03 
0.300 2.366E 00 7.420E-03 2.373E 00 8.359E-02 1.687E-03 
0.350 2.244E 00 8.088E-03 2.252E 00 1.052E-01 1.926E-03 
0.400 2.155E 00 8.754E-03 2.164E 00 1.279E-Ol 2.162E-03 

0.450 2.088E 00 9.432E-03 2.097E 00 1.514E-01 2.397E-03 
0.500 2.036E 00 1.011E-02 2.046E 00 1.755E-Ol 2.629E-03 
0.550 1.996E 00 1.078E-02 2.007E 00 2.002E-Ol 2.859E-03 
0.600 1.964E 00 1.146E-02 1.976E 00 2.253E-01 3.086E-03 
0.650 1.939E 00 1.214E-02 1.951E 00 2.508E-01 3.311E-03 

0.700 1.918E 00 1.282E-02 1.931E 00 2.766E-01 3.534E-03 
0.750 1.901E 00 1.350E-02 1.915E 00 3.026E-01 3.754E-03 
0.800 1.887E 00 1.418E-02 1.902E 00 3.288E-Ol 3.973E-03 
0.850 1.876E 00 1.487E-02 1.891E 00 3.552E-01 40190E-03 
0.900 1.867E 00 1.556E-02 1.882E 00 3.817E-01 4.405E-03 

0.950 1 .• 859E 00 1.625E-02 1.875E 00 4.083E-01 4.619E-03 
1.000 1.852E 00 1.694E-02 1.869E 00 4.350E-01 4.831E-03 
1.100 1.843E 00 1.834E-02 1.861E 00 4.886E-01 5.252E-03 
1.200 1.836E 00 1.975E-02 1.B56E 00 5.424E-01 5.668E-03 
1.300 1.832E 00 2.116E-02 1.854E 00 5.963E-01 6.081E-03 
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Table 3-11 (continued) 

ENERGY STOPPING POWER RANGE RADIATION 
COLLIS I ON RADIATION TOTAL YIELD 

MEV MEV CM2/G MEV CM2/G MEV CM2IG G/CM2 

1.400 1.830E 00 2.259E-02 1.853E 00 6.503E-01 6.490E-03 
1.500 1.829E 00 2.402E-02 1.853E 00 7.043E-01 6.895E-03 
1.600 1.829E 00 2.546E-02 1.854E 00 7.582E-01 7.299E-03 
1.700 1.830E 00 2.687E-02 1.857E 00 8.121E-01 7.698E-03 
1.800 1.831E 00 2.833E-02 1.859E 00 8.660E-01 8.096E-03 

1.900 1.833E 00 2.981E-02 1.862E 00 9.l97E-01 B.492E-03 
2.000 1.835E 00 3.130E-02 1.866E 00 9.733E-Ol 8.8B7E-03 
2.200 1.839E 00 3.432E-02 1.874E 00 1.080E 00 9.674E-03 
2.400 1.844E 00 3.739E-02 1.8B2E 00 1.l87E 00 1.046E-02 
2.600 l.850E 00 4.050E-02 1.890E 00 1.293E 00 l.l24E-02 

2.800 1.855E 00 4.354E-02 1.899E 00 1.398E 00 1.203E-02 
3.000 1.86lE 00 4.673E-02 1.907E 00 1.504E 00 1.2BOE-02 
3.500 l.874E 00 5.495E-02 1.929E 00 1.764E 00 1.476E-02 
4.000 1.88bE 00 6.346E-02 1.950E 00 2.022E 00 1.673E-02 
4.500 1.898E 00 7.230E-02 1.970E 00 2.277E 00 1.871E-02 

5.000 1.908E 00 8.129E-02 1.990E 00 2.530E 00 2.072E-02 
5.500 1.9l8E 00 9.045E-02 2.008E 00 2.780E 00 2.274E-02 
6.000 1.927E 00 9.977E-02 2.026E 00 3.028E 00 2.477E-02 
6.500 1.935E 00 1.092E-01 2.044E 00 3.273E 00 2.682E-02 
7.000 1.942E 00 1.188E-Ol 2.06lE 00 3.517E 00 2.887E-02 

7.500 1.949E 00 1.285E-01 2.078E 00 3.758E 00 3.093E-02 
8.000 1.956E 00 1.384E-Ol 2.094E 00 3.998E 00 3.299E-02 
8.500 1.962E 00 1.483E-Ol 2.110E 00 4.236E 00 3.506E-02 
9.000 1.967E 00 1.593E-Ol 2.l27E 00 4.472E 00 3.715E-02 
9.500 1.973E 00 1.695E-01 2.l42E 00 4.706E 00 3.925E-02 

10.000 1.978E 00 1.798E-Ol 2.158E 00 4.939E 00 4.135E-02 
20.000 2.043E 00 3.986E-Ol 2.441E 00 9.289E 00 8.266E-02 
30.000 2.079E 00 6.311E-Ol 2.710E 00 1.3l7E 01 1.214E-01 
40.000 2.103E 00' 8.70lE-01 2.973E 00 1.670E 01 1.570E-Ol 
50.000 2.l23E 00 1.113E 00 3.236E 00 l.992E 01 1.894E-Ol 

60.000 2.138E 00 1.360E 00 3.498E 00 2.289E 01 2.189E-Ol 
80.000 2.163E 00 1.859E 00 4.021E 00 2.B22E 01 2.710E-Ol 

100.000 2.182E 00 2.363E 00 4.545E 00 3.289E 01 3.l52E-01 
200.000 2.241E 00 4.927E 00 7.167E 00 5.027E 01 4.654E-Ol 
300.000 2.275E 00 7.521E 00 9.796E 00 6.215E 01 5.542E-Ol 

400.000 2.299E 00 1.013E 01 1.243E 01 7.119E 01 6.139E-Ol 
500.000 2.31BE 00 1.274E 01 1.506E 01 7.B49E 01 6.574E-Ol 
600.000 2.334E 00 1.536E 01 1.769E 01 B.461E 01 6.90BE-Ol 
BOO.OOO 2.358E 00 2.061E 01 2.296E 01 9.451E 01 7.391E-Ol 

1000.000 2.377E 00 2.585E 01 2.B23E 01 1.023E 02 7.727E-Ol 
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Table 3-12 

Electrons in Bone 

(After Berger and (Seltzer(24)) 

£NERGY STOPPING POWER RANGE RADIATION 
COl.Ll S I ON RADJ ATION TOTAL YIELD 

MEV MEV CM2/G MEV CM2IG MEV CM2IG G/CM2 

0.010 2.101E 01 6.373E-03 2.101E 01 2. 711~-04 1.726E-04 
0.015 1.536£ 01 6.282E-03 1.537E 01 5.533E-04 2.341E-04 
0.020 1.231E 01 6.206E-03 1.231E 01 9.195E-04 2.898E-04 
0.025 1.037E 01 6.172E-03 1.038E 01 1.364E-03 3.418E-04 
0.030 9.030£ 00 6.159£-03 9.036E 00 1.882E-03 3.913E-04 

0.035 8.041£ 00 6.153£-03 8.047E 00 2.469E-03 4.387E-04 
0.040 7.281E 00 6.169E-03 7.287E 00 3.123E-03 4.846E-04 
0.045 6.618£ 00 6.196£-03 6.684£ 00 3.841E-03 5.292E-04 
0.050 6.186E 00 6.231E-03 6.193E 00 4.619E-03 5.730E-04 
0.055 5.778E 00 6.211E-03 5.785E 00 5.455E-03 60159E-04 

0.060 5.434E 00 6.316£-03 5.440E 00 6.347E-03 6.581E-04 
0.065 5.139E 00 6.365E-03 5.145E 00 7.292E-03 6.998E-04 
0.070 4.883E 00 6.417E-03 4.890E 00 8.290E-03 7.409E-04 
0.075 4.660E 00 6.472E-03 4.666£ 00 9.331E-03 7.814E-04 
0.080 4.4.63E 00 6.528E-03 4.469E 00 1.043E-02 8.216E-04 

0.085 4.288E 00 6.571E-03 4.294E 00 1.157£-02 8.612E-04 
0.090 4.131£ 00 6.631£-03 4.138E 00 1.276E-02 9.003E-04 
0.095 3.990£ 00 6.693£-03 3.997E 00 1.399E-02 9.392E-04 
0.100 3.862E 00 6.157E-03 3.869E 00 1.526E-02 9.778E-04 
0.150 3.041E 00 7.442E-03 3.049E 00 3.001£-02 1.351E-03 

0.200 2.623E 00 8.154E-03 2.631E 00 4.778E-02 1.706E-03 
0.250 2.374£ 00 8.941E-03 2.383E 00 6.781E-02 2.050E-03 
0.300 2.210E 00 9.765E-03 2.219E 00 8.960E-02 2.388E-03 
0.350 2.092£ 00 1.063E-02 2.103E 00 1.126E-01 2.723E-03 
0.400 2.011E 00 1.148E-02 2.022E 00 1.311E-01 3.054E-03 

0.450 1.949E 00 1.235E-02 1.961E 00 1.622E-01 3.380E-03 
0.500 1.901£ 00 1.321E-02 1.914E 00 1.880E-01 3.701E-03 
0.550 1.864E 00 1.407E-02 1.878E 00 2.144E-01 4.019E-03 
0.600 1.835E 00 1.493E-02 1.850E 00 2.412E-01 4.333E-03 
0.650 1.811E 00 1.578E-02 1.826E 00 2.684E-Ol 4.642E-03 

0.700 1.791E 00 1.664E-02 1.808E 00 2.959E-01 4.948E-03 
0.150 1.775£ 00 1.750E-02 1.793E 00 3.237E-01 5.250E-03 
0.800 1.762E 00 1.836E-02 1.780E 00 3.517£-01 5.550E-03 
0.850 1.751E 00 1.925E-02 1.770E 00 3.799E-01 5.847E-03 
0.900 1.742E 00 2.012E-02 1.762E 00 4.082E-01 6.141E-03 

0.950 1.734E 00 2.098E-02 1.755E 00 4.366E-01 6.433E-03 
1.000 1.128E 00 2.185E-02 1.750E 00 4.652£-01 6.722£-03 
1.100 1.720E 00 2.359E-02 1.743E 00 5.224E-01 7.294E-03 
1.200 1.714E 00 2.533E-02 1.140E 00 5.798E-01 7.856E-03 
1.300 1.111E 00 2.708E-02 1.738E 00 6.314E-01 8.411E-03 
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Table 3-12 (continued) 

ENERGY STOPPING POWER RANGE RADIATION 
COLLISION RADIATION TOTAL YIELD 

MEV MEV CM2/G MEV CM2IG MEV CM2IG G/CM2 

1.400 1.7l0E 00 2.883E-02 1.739E 00 6.949E-Ol 8.959E-03 
1.500 1.709E 00 3.059E-02 1.740E 00 7.524E-01 9.501E-03 
1.600 1.710E 00 3.236E-02 1.742E 00 8.098E-01 1.004E-02 
1.700 1.711E 00 3.400E-02 1.745E 00 8.672E-01 1.056E-02 
1.800 1.713E 00 3.580E-02 1.749E 00 9.244E-01 1.109E-02 

1.900 1.715E 00 3.761E-02 1.753E 00 9.815E-01 1.161E-02 
2.000 1.717E 00 3.944E-02 1.757E 00 1.039E 00 1.212E-02 
2.200 1.723E 00 4.317E-02 1.766E 00 10152E 00 1.315E-02 
2.400 1.728E 00 4.697E-02 1.775E 00 1.265E 00 1.418E-02 
2.600 1.734E 00 5.084E-02 1.785E 00 1.377E 00 1.520E-02 

2.800 1.741E 00 5.483E-02 1.795E 00 1.489E 00 1.622E-02 
3.000 1.747E 00 5.883E-02 1.805E 00 1.600E 00 1.724E-02 
3.500 1.761E 00 6.907E-02 1.830E 00 1.875E 00 1.980E-02 
4.000 1.775E 00 7.963E-02 1.854E 00 2.147E 00 2.237E-02 
4.500 1.787E 00 9.053E-02 1.878E 00 2.415E 00 2.495E-02 

5.000 1.798E 00 1.016E-01 1.900E 00 2.679E 00 2.754E-02 
5.500 1.809E 00 1.129E-01 1.922E 00 2.941E 00 3.014E-02 
6.000 1.818E 00 1.243E-01 1.943E 00 3.200E 00 3.274E-02 
6.500 1.827E 00 1.359E-Ol 1.963E 00 3.456E 00 3.534E-02 
7.000 1.835E 00 1.477E-01 1.983E 00 3.709E 00 3.795E-02 

7.500 1.843E 00 1.596E-01 2.003E 00 3.960E 00 4.056E-02 
8.000 1.850E 00 1.716E-01 2.022E 00 4.209E 00 4.317E-02 
8.500 1.857E 00 1.838E-01 2.040E 00 4.455E 00 4.578E-02 
9.000 1.863E 00 1.969E-01 2.060E 00 4.699E 00 4.839E-02 
9.500 1.869E 00 2.093E-01 2.078E 00 4.940E 00 5.101E-02 

10.000 1.874E 00 2.218E-01 2.096E 00 5.180E 00 5.362E-02 
20.000 1.945E 00 4.885E-01 2.434E 00 9.599E 00 1.040E-01 
30.000 1.983E 00 7.718E-01 2.755E 00 1.346 E 01 1.499E-01 
40.000 2.010E 00 1.063E 00 3.073E 00 1.689E 01 1.909E-01 
50.000 2.029E 00 1.360E 00 3.389E 00 1.999E 01 2.276E-Ol 

60.000 2.045E 00 1.660E 00 3.705E 00 2.281E 01 2.606E-01 
80.000 2.070E 00 2.267E 00 4.337E 00 2.780E 01 3.172E-Ol 

100.000 2.089E 00 2.880E 00 4.969E 00 3.210E 01 3.642E-01 
200.000 2.147E 00 5.994E 00 8.141E 00 4.766E 01 5.172E-01 
300.000 2.180E 00 9.144E 00 1.132E 01 5.803E 01 6.033E-01 

400.000 2.204E 00 1.231E 01 1.451E 01 6.581E 01 6.599E-Ol 
500.000 2.222E 00 1.548E 01 1.770E 01 7.204E 01 7.003E-Ol 
600.000 2.237E 00 1.865E 01 2.089E 01 7.724E 01 7.310E-Ol 
800.000 2.260E 00 2.501E 01 2.727E 01 8.559E 01 7.747E-01 

1000.000 2.278E 00 3.137E 01 3.365E 01 9.218E 01 8.048E-01 
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Figure 3-13 

Energy Loss Per Unit Path Length for Protons 
and Electrons in Model Biological Materials 

(After Janni et al(128)) 
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Figure 3-14 

Neutron Mean Free Paths for ICRU Muscle Tissue and a Tissue Equivalent Manikin 

(After Janni et al(128)) 
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b. 
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Figure 3-15 

Stopping-Power Curves as a Function of Range for Various Ions 
as Calculated by a UCR L Computer Program. Various Ion Energies 
in Units of MeV/ amu Are Designated on Each Curve by the same 
Symbols as Noted for H. (See text for details) . 

(After Steward and Wallace(262)} 
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Figure 3-15 (continued) 

c. In Lead 
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Table 3-16 

Composition of the Primary Cosmic- Ray Flux 
Outside the Atmosphere in Northern Latitudes 

(After Langham-NAS-NRC(145)) 

TYPE NUCLEUS 

He 
ALPHA 

H PAR-

PROTONS TICLES CNO Mg Ca 

za: 2 7 )2 20 

Particle flux· 4,460 633 32 8.4 2.9 
Absorbed dose 

contribution 
(mrads/24 hr) 4 2.3 1.4 0.99 0.13 

LET (keV /IJ. tissue) 
Minimum 0.21 0.84 10.5 30.3 84 
Maximum 57.8 252 1,230 1,780 2,570 

A bsorbed dose to 
centrally traversed 
cell (rads)' 

Minimum 0.07 0.24 0.36 2.85 
Maximum 20 85 420 6 10 870 

tlZ numbers from 7 to 26 are group representatives. 
bParticle intt!nsity: particles traversing sphere of 1 cm2 cross section per hour 
dir~tions. 

('Dose per particle calculated for a lO·~ cell at center of trl'.ck. 

Fe 

26 

1.4 

0.28 

142 
3,500 

4.8 
1,200 

from all 

3-25 



L 

-l--If---+----,--I 75 
"0 
> 
2 .5 
.£ 

~_+~+r~~rr.~~-r_~~-+_~_+-~~~ 5 ~ 

o 
V> 
V> 
U 
V> 
.0 
<l: 0 '-----L---'"":..L--'---'~~'--"---'IO:...<....<-"-"-"---100'-----'----'--'-IO-'3----'-------'10. 

§ 2 r_~-,~..--,-~~~r_,_~---~---_, 
., 
a. 
c: 
o 
-g 
a. 
in 
V> 

6 

10 100 

Linear Energy Transfer (LET), kev/micron
T 

'" 

Figure 3-17 

LET Distributions of Standard X-Rays 
and of Heavy Galactic Primaries 
in Tissue and RBE/LET Function. 

(After Schaefer(239) and Cormack and 

Johns(57)) 

spike at the upper end of the LET distribution remains uncertain. For this 
reason the spikes in the lower graph of Figure 3 - 17 are drawn with the same 
arbitrary height for all five components . Accordingly, the spikes should be 
interpreted merely as denoting the position of the steep terminal rise of the 
curve on the LET scale. A quantitative assessment of the extremely small 
fraction of the energy dissipation at the maximum LET would require a 
separate and entirely different approach. The fractional dose at the maximum 
LET represents , radiobiologically, an essentially unknown quantity best 
described dosimetrically with the term "microbeam" (145,2.47 ). 

This track of a very heavy charged particle in tissue is characterized by 
a very small central cor e of ionization caus ed by the particle itself, sur 
rounded by a much wider area of ionization caused by the secondary particles 
ejected from the central core. Thus most of the volume of the track is at
tributable to secondary radiation, and a living cell in the path of the track 
would probably be affected predominantly by proton and electron radiation. It 
has been suggested that only about 5 to 10 millirads/ day of the 40 millirads/ 
day galactic ray dose at solar minimum have a LET above 30 keY /IJ. (238, 239). 

A large part of galactic radiation exposure falls into the region of low and 
very low LET values. For the proton component in particular , the bulk of the 
energy dissipation takes place at LET values even below the lowest LET of 
standard x-rays. In fact, the LET distribution of galactic protons closely 
resembles the one for Co-60 gamma rays . This is to be expected since for 
both radiations a large part of the energy dissipation is produced by secondary 
relativistic particles of single charge . S ince LET depends only on charge and 
speed, but not on mass , there is no difference in the energy loss between 
electrons and protons of the same speed. 

For calculation of local , effective tissue doses especially under conditions 
of low shiel ding, a reasonably satisfactory dependence of the RBE or OF on the 
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I 
local Linear Ener gy Transfer (LET), has been obtained and experimentally 
verified (to some extent) by Rossi (215, 243). The relationship between RBE 
or QF and local LET for protons, alphas, a nd electrons of specific energy 
can be determined (110,128,240,244). Figure 3-18a and b shows that for 
alphas and protons, RBE values vary from unity at high particle energies 

Figure 3-18 

R B E Versus Energy or Particle Range 

-- from Haffner(110) 
------ from Schaefer(244) 
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increasing to 12 at low energies where electron acquisition becomes important. 
The upper critical energies, at which the LET = 4 keV/micron and, therefore, 
the RBE equals 1, are 10.8 MeV for protons and 249 MeV for alpha particles. 
The composite RBE values in infinite tissue (50 percent bone and 50 percent 
muscle) for protons and alpha particles between their initial a nd final energies 
are 2.1 and 2.2, respectively. Above 0.5 MeV, the two independent calcula
tions are in good agreement (110,240). Below 0.5 MeV (6 microns residual 
range), the Haffner calculations predict somewhat higher RBE values. Pro
bably saturation effects ( there are only so many atoms per unit path length 
for the particles to ionize), which the Haffner calculation did not take into 
account, are responsible for the differences. From the overall shielding 
viewpoint the differences are unimportant. 
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The RBE may be determined instantaneously 
a particle during dissipation of its entire energy. 
in Fi gu r e 3 -1 9 . 

or as the mean RBE of 
The differences are seen 
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Figure 3-19 

Mean Versus Instantaneous RBE Values 
for Protons. 

ell 6 "-~ 
~~ 

Instantaneous and mean R BEs are shown for pro
tons of different energies, corresponding to the 
instantaneous linear energy transfer at energy E, 
and the mean R BE for dissipation of the entire 
energy from E down to zero. 

'" 
s".~"'~ .............. --~'" -I cOt:;s r--., --- (After Grahn(103) from the data of Schaefer(244)) 
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At high e r LET's,the RBE saturates and begins to decrease. The curve 
varies for differ ent biological systems. After a cute dos es, mamma lian cells 
t end to respond a s seen in Fi gure 3-20. 
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Figure 3-20 

The Relative Biological Effectiveness (RBE) is Plotted 
as a Function of Linear Energy Transfer (LET) 
for Survival of Mammalian Cells Following Exposure 
to Charged Particles at About 8.3 mev/nucleon 

(After Grahn(103) Based on data from Sondhaus(258)) 

The proton RBE for m a ny biological endpoints has been studied for dif
ferent energies in many biological systems (135, 145 , 154). As predicted by 
LET considerations and th e calcula tions of Figur e 3 -18, the empirical RBE 
(lethality) for protons and alpha particles >500 MeV is equal to or less than 1 
(72 , 259, 267). Depending On the particular t y pe of radiation injury used as 
criterion, RBE values of 0.6 to 0.9 hav e been determined (135,145). RBE 
values compared to Co 60 gamma rays of 1 have been reported for iridocyclitis 
and erythema, and of 2, for epilation and desquamation in monkeys irradiated 
focally w i th 14, 39, 185, and 730 MeV protons (209,298). However, in 
similarly irradia ted animals, 730 MeV protons induc ed c a taracts in 12 to 18 
m o nths a t doses a s low as 750 rads, wherea s lower energy protons (14,40, 
and 187 MeV) wer e ineffectiv e even at doses as high as 2000 rads. This 
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observation of cataractogenesis with high energy but not with low energy pro
tons is of interest, since damage to the lens is generally considered to be 
less pronounced with increasing energies of fast neutrons (158). More recent 
data, however, indicate that several hundred rads of protons in all of the 
energies under consideration can probably produce cataracts (18 ,19 ). 

As a given particle degrades in tissue , the RBE will rise as its energy 
transfer per micron ris es. At the same time, a heterogeneous beam of 
protons will have an average RBE that tends to drop with increasing depth in 
tissue as the lower energy component becomes fully absorbed and the higher 
energy component continues its traverse. For gamma radiation, average 
body dose (ABD) is higher than midline tissue dose (MTD); and for protons, it 
is lower in large animals (267). Figure 3 - 21 represents calculations for 
depth-dependence of RBE for C-nuclei, alphas, and protons of 3 di fferent 
rigidities: Po = 5 0, 125, and 300 mv. The conservative RBE-LET relation
ship recommended by the ICRP was employe d with a constant RBE of 10 being 
used for all values of LET above 150 keY 1\1 . The alpha and C-nuclei show a 
pronounced decrease of local RBE extending down to tissue depths well beyond 
1 gml cm 2. 
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Figure 3·21 

Local RBE or OF in Tissue 
at Increasing Depth 

(After Schaefer(242)) 

The concept of RBE cannot be applied in those cases where special types 
of effects ar e produced by pas sage of very high LET particles and star for
mation in cosmic ray events ( 2 1 5 ). It is seen in Figure 3 -17 that the proton 
contribution to the total dos e from galactic primaries should be assigned an 
RBE well below 1. O. For the alpha component, the bulk of the ener gy dis
sipation falls well within the LET limits of standard x-rays, assuring that 
for this dose contribution an RBE of 1. 0 is appropriate. The picture changes 
as one proceeds to heavier components. For C nuclei , a sizable portion of 
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the energy dissipation extends into the LET region for which the RBE factor 
exceeds 2. O. If the mean RBE for the absorbed dose from the C component 
is computed by numerical methods from the LET and RBE curves, a value 
of 1. 56 is obtained. The corresponding mean RBE values for N e and Ca 
nuclei are 2.86 and 6.64, respectively. Weighting these mean RBE values 
for the individual components according to their respective shares in the total 
dos e and using a mean RBE of O. 75 for the proton contribution, one arrives 
at an overall mean RBE of 1.82 for the total dose from galactic primaries. 
This value might appear unexpectedly low in the light of other estimates in the 
literature (239). The discrepancy is due mainly to the fact that a ceiling value 
of 10 for the RBE was used whereas in other estimates values up to 20 have 
been assumed. Justification or preference for either value is largely sub
jective, though the higher values may be reasonable for protracted exposure 
and delayed effects. 

It is pos sible to calculate the dos e deliver ed to cells in a microbeam 
track core and the approximate range of LET of the particles. This has been 
attempted in Table 3 -16. One cannot, however, as sign LET or QF values to 
these microbeams (145). Attempts have been made to circumvent this prob
lem but not enough data are available to substantiate the hypotheses ( 66 ). 

The RBEor QF for electrons of all energies above. 03 MeV is assumed 
to be unity (215). 

The quality, nature, flux, and distribution of secondary radiations are 
dependent on the characteristics (flux, energy, mas s, and char ge) of the 
primary beam and on the materials and geometry of the spacecraft shielding 
as well as on the tissues of the crew. Present assessments of RBE or QF 
for secondary radiation doses for long-duration missions are estimates only, 
derived by complex analysis and evaluation of each organ system individually 
(290). Insofar as the OF's of various secondary radiations are concerned, 
it seems reasonable to assume a value of unity for secondary electrons and 
electromagnetic radiations, since their LET characteristics do not differ 
greatly from those of conventional x and beta rays. The QF of secondary 
protons may be as sumed to be the same as for primary protons of comparable 
LET. As with protons, QF values for secondary neutrons are complicated by 
the dependence of effectiveness on energy, biological response (whether early 
or delayed), the organ or tissue under consideration (ocular lens vs . bone 
marrow, for example), and, to some degree, on depth within the body. Pres
ently the most accepted values are those proposed by the NCRP (188). These 
values are shown graphically in Figure 3-22 and represent late effects of pro
tracted exposure at a depth of 3 mm in tissue. The broken-line portion of the 
curve is an extension based on the observations of the secondary-proton 
spectrum (289). OF values applicable to early effects have not been specified 
by the NCRP or similar committees, but experimental observations on animals 
suggest values appreciably lower than those for production of late effects (41). 
Reported RBE values of fission neutrons (mean energy O. 5 to 1 MeV) for pro
duction of 30 -day lethality and other early responses in experimental animals 
ran g e fro m "-' 1 to "-' 3 (1 45 ) . 
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Figure 3-22 

OF of Neutrons for Late Effects as a Function of 
Energy. Calculated for a Depth of 3 mm in 
Tissue Under Conditions of Protracted Exposure. 

(After Langham-NAS-N RC(145) from the 

data of NCRP(188)) 

For the major space radiations, the LET decreases with increasing 
shield thickness and with increasing depth in the body, approaching (behind 
nominal shielding) that of conventional electromagnetic radiation at the depth 
of the bone marrow and the gastrointestinal tract. The greatest contribution 
of OF to the e stimation of the biological dose equivalent therefore would be 
for early skin responses behind light shielding, as in the case of extravehicu
lar op e rations. 

Flux (Current)- To-Tissue Dose Conversion Factors for Nucl e ons 

Conversion of particle flux data to tis sue rads and r ems is most diffi cult. 
The interaction of high- energy nucleons with matter initiates a complex a v al
anche of secondary particles with lower energy which proceeds through the 
medium, increasing in population and decreasing in total energy as energy 
is deposited in the medium. In gen e ral, a non-elastic interaction with a 
nucleus produces, first of all, several secondary nucleons which are due to 
direct interactions of the incident particle with the nuclear constituents a nd 
which have energies ranging from a few MeV up to a large fraction of the 
incident particle energy. There is left a highly excited, recoiling nucleus 
which rids itself of most of its excess energy by evaporating nucleons and 
heavy particles of relatively low energy of the order of a few MeV. Any 
energy left after e v aporation presumably goes into the production of electro
magnetic radiation. As a cons equence of the significant contribution of the 
heavy particles and secondary protons to the rem dose, it is not reasonable 
to expect that the rem dose at any depth from incident protons can be calcu
lated ver y accurately unless the secondary radiation created in the body is 
taken into consideration. For the case of incident neutrons this is obv iously 
true, because only through secondary radiations is it possible for neutrons 
to deposit energy. 

The data of Figure 3-23 and Table 3-24 were calculated by the Monte 
Carlo technique for the study of the transport of nucleons of energies up to 
400 MeV through quite arbitrary geometrical configurations (138, 139 , 169 , 
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170,295). The intranuclear cascade is treated by a subroutine version of 
Bertini's code ( 27 ) which is itself a Monte Carlo nucleon transport calcula
tion on an intranuclear scale and gives the velocities and types of particles 
resulting from direct interaction processes. The evaporation portion of the 
cascade is handled by Dresner's subroutine ( 77). Protons below 50 MeV 
are allowed to proceed to the end of their range with no nuclear interaction, 
while neutrons below this energy are transported by neutron transport code 
( 77). The data on Tables 3 -6 and 3 -7 were used for tis sue factors in the 
calculations. In order to provide current-to-dose conversion factors which 
could be us ed to estimate upper and lower bounds on the dos es for most 
practical cases of interest, the nucleons were made to impinge on a 30 cm 
tissue slab both normally in a broad beam and isotropically, with the expec
tation that these two extremes of incident angular distribution would represent 
the bounding cases. 

The dose as a function of depth was calculated in units of rads and rems. 
Because of the uncertainties connected with the OF (quality factor) versus LET 
curves, the dos e data were recor ded in ener gy intervals in a manner that any 
preferred set of OF's could be employed to calculate the rem dose with rela
tive ease. The energy deposition resulting from protons as they passed 
through the energy ranges 0-1, 1-5, 5-10,10-50, and >50 MeV was recorded 
separately. Average OF values , for each interval, of 8, 3, 1.25 and 1, 
respectively, were calculated from OF versus LET curves (190,215). The 
values of the ener gy of the protons wer e corr elated with the LET values by 
means of the stopping-power formulas. A constant value of 20 for the OF 
above a LET value of 1750 MeV / cm was used. This constituted a quite 
arbitrary assumption that a saturation effect takes place and can be repre
sented by a constant OF at high LET values. It should be noted, that under 
all circumstances, the OF value of 20 is applied to the dose from the heavy 
evaporation particles and recoil nuclei in calculating the rem dose, since 
their LET value is generally above 1750 MeV / cm. 

Figures 3-23a and b present the average total whole-body rad and rem 
doses for both normally incident neutrons and protons. Also shown is the 
average whole-body rad dose that would be received if the proton beam were 
totally absorbed. In comparis on with the latter curve, it is easy to see that 
below 215 MeV, little error would be introduced if the whole-body rad dos e 
were calculated on the basis that all the energy is totally absorbed. The 
reason for the primary proton dose having a discontinuity at 215 MeV is that 
above this energy the proton beam penetrates 30 cm of tissue and some of the 
energy is not deposited. The decrease in dose with increasing energy above 
215 MeV is accounted for by the decrease in stopping-power with increasing 
energy in this energy range. Thus, less energy is deposited in the 30 em 
of tissue as the energy increases. 

The flux-to-dose conversion factors for average dose, 5 cm dose, and 
surface dose as well as maximum dose along the particle path can be cal
culated by an expr es sion of the form: 

3-32 

2 
loglOD = A + BE + CE ( 4) 



where D is the dose in rem per nucleon per cm 2 and E is the energy in MeV. 
Table 3-24 contains the values of the coefficients. 

Computer codes have been used to generate depth-dose curves for protons 
in spherical tar gets for cases where the usual slab techniques are inadequate 
(290). Depth dose due to an incident isotropic flux of monoenergetic protons, 
including the effect of primary and first-generation secondary protons can be 
determined in spheres of arbitrary size containing tissue-equivalent material. 
The sphere is chosen because it is, for present purposes, the simplest refer
ence solid useful in showing the effects of the variables. Dose rate due to 
primary protons and three classes of proton secondaries are treated by the 
code. The secondary protons cover cascade, evaporation, and elastically 
scattered (hydrogen nuclei) particles. 

In Figure 3-25, the dose rate contributed by each of the proton classes 
described above is recorded as a function of depth in the sphere. At each 
depth, the dose rate deposited by protons in each of eight ener gy intervals 
(0-1, 1-2, 2-5, 5-10, 10-20, 20-40, 40-80, and 80_CXl MeV) was tabulated 
separately for each energy interval and each class of protons. Only the total 
and primary dose contributions are indicated though others are available (290). 
Similar deposition data are available for 32 and 35 MeV protons (268). 

Tissue current-to-dose conversion factors for neutrons with energies 
from O. 5 to 60 MeV have been recently programmed (123). 

Flux to rad conversion functions may be combined with RBE-energy 
functions for protons (Figure 3 -18a) to give rem dose/unit flux for each 
particle energy after acute doses (100, 110). Figure 3-26 represents such 
conversions. 

Shielding and Tissue Range 

The design of shielding requires an understanding of the residual expos
ure of the human target behind the shield. The stopping power and ranges of 
various spacecraft materials for protons, mesons, electrons ( 24), and 
heavy ions (262), have been calculated and can be used with Tables 3-9 to 
3-12 to determine radiation input to internal organs. Proton penetration 
codes are being continually refined (249, 250). Brehmsstrahlung from 
electrons hitting thick targets are receiving current re-evaluation (248). 

Table 3-27 gives the minimum kinetic energy and rigidity of protons and 
alpha particles which can penetrate typical shielding projected for future 
mis sions. In the actual situation, of cour s e, the thicknes s of shielding will 
be heterogenous in 4n geometry and will allow an influx of variable particles, 
kinetic energies and rigidities to hit the human target (280). For the Apollo 
vehicle, for instance, the range of shielding extends from 1. 75 g/ cm 2 to 212 
g/ cm 2 , with lower thicknesses predominantly on the anterior side of the 
astronauts and larger ones on the posterior side afforded by the heat shield 
and fuel tanks, rocket engine, and other heavy equipment in the service 
module. In such systems, the dose distribution throughout the body becomes 
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Figure 3-23 

Flux-to-Dose Conversion for High Energy Protons and Neutrons 

(After Kinney and Zerby(139)) 
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Table 3-24 

Coefficients of the Expansion for the Rem Dose Log D for Various Cases 

(After Kinney and Zerby(139)) 

Normally incident protons 

Average dose __ _______ __ ____ -7.72+6.4X 10-3E-l.l X 10-5E2; 60<E<215 
-6.20-4.3 X 10-3E+ 5.5X 1O-6E2; 215<E< 400 

5-cm-deep dose __ ___ __ ___ ___ -6.27-4.6X 10-3E+6.4X 10-6E2; 80<E<400 
Surface dose ___ _______ ___ ___ -6.64-2.2X 10-3E+2.9X 1O-6E2; 60<E<400 
Maximum dose ________ _____ -6.02-1.2X 10-3E; 60<E<215 

-6.62-1.1 X 10-3E; 215<E< 400 

Normally incident neutrons 

Average dose __ _______ __ ____ -7.43+2.7X 10-4E; 60<E<400 
5-cm-deep dose _______ ___ _ - - -7.38; 60<E<400 
Surface dose ___________ _____ -7.59+3.7XIO-4E; 60<E<400 
Maximum dose _____________ -7.35+3.8XIO-4E; 60<E<400 

I sotropicall y incident protons 

Average dose __ __ ____ '- ______ -7.79+7.9X 10-3E-1.7X 10-5E2; 60<E<215 
-7.07+ 1.2X 10-3E-1.3X 10-6E2; 215<E< 400 

5-cm-deep dose ______ __ _____ -6.57-5.4XIO-4E; 80<E<400 
Surface dose _____ _______ ____ -6.30-2.7X 10-3E+3.7X 10-6E2; 60<E< 400 
Maximum dose ___ __ __ ______ -6.26-2.9X 10-3E+4.1X 10-6E2; 60<E<400 

I sotropically incident neutrons 

Average dose __ _______ ______ -7.26+5.6XIO-4E; 60<E<400 
5-cm -deep do&e ___ ____ ___ ___ -7.18+3.9X 10-4E; 60<E< 400 
Surface dose ___ ____ ____ ____ _ -7.26+4.5X 1O-4E; 60<E< 400 
Maximum dose ___ __ _____ ___ -7.18+4.0<10-4E; 60<E<400 
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Figure 3-25 

Proton-Depth Dose Patterns in Spheres of 10 and 25 cm Radius 

(Total primary plus secondary proton depth-dose patterns 
due to monoenergetic isotropic fluxes of protons.) 
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Figure 3-26 

Flux to Rem Dose Conversion Function for Protons in Tissue 

(After Haffner(110)) 

Table 3-27 

Minimum Kinetic Energies and Rigidities for Protons and Alpha Particles 
Required for Penetration of Typical Shield Thicknesses 

(A fter Schaefer (243)) 

Kinetic Energy, Magnetic Rigidity, 
Min. 9lield. Mev Mv 
Equivalent, Alpha Alpha 

Space System g/ cm 2 Protons Particles Protons Particles 

5p:Jce suit 0.1 8.4 33.6 125 252 
Gemini vehicle 0.2 12.3 49 . 2 152 303 

0.5 20.5 82 .0 197 392 

1.0 30 .1 120 240 492 
Apollo vehicle 1.5 37.8 151 269 545 
Permanent lunar oose 2.0 44.2 177 290 588 
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extremely complex. Figure 3-28 compares the typi cal flux of primaries 
which pass through typical shielding during exposure to solar flare a nd galac
tic protons. The relative levels vary with time because the magnetic field 
caused by the solar wind can scr e en off the galactic particles of low rigidity. 
The actual flux hitting the human tar get is not the primary flux noted above, 

o I glcm~ 125 My. Spoce SUII Figure 3-28 
2 0 g/cm~ 290 My. Lunor Bose 

3xlO' g> Comparison of the Differential Rigidity Spectra of Galactic 

-t---t----12 

g Protons and of Protons of a Typical Solar Particle Beam 
is-

~ (Note the great disparity of ordinate units differing by 
[ a factor of 36 million). Galactic sp'ectrum is based on 
~ the data of Freier and IJI.kIddington (92); flare spectrum 
~ pertains to event of 17 July 1959. 

f-
(After Schaefer(243)) 

·L---=2~5~~~~L--~--L-~0 

10 

Magnelic Rigid ity. Gy 

but the secondary and higher order products after absorption process in the 
barrier. 

Tissue Range and Tissue Self-Shielding 

For rough calculation of self-shielding or shielding by other humans, the 
simple range-energy relations of charged particles in matter can be used (293): 

where 

For 

2 
R = range, gm/ cm 
E = energy, MeV 
6 = constant - specific for each particle 
n = constant - same for all charged particles 

bone and muscle, these constants are: 

Bone n = 1.779, 6 = 2. 30 x 10- 3 
proton 

10- 3 
Muscle n = 1.786, 6 = 2.03 x 

proton 

(5 ) 

Taking the human body to be 50% bone and 50% muscle (the bone is usually 
weighted more heavily in this way because of the importance of the marrow), 
the 6 constant for protons becomes 2.17 x 10- 3 and that for alpha particles 
1. 87 x 10-4 . 

The range ln tissue and stopping power vs. particle energy conversion 
can be seen in Tables 3-9 to 3-11. However, geophysical data are often 
expressed not as particle energy but in magnetic rigidity. Rigidity and depth 
of penetration or range are disparate magnitudes. Since rigidity is the 
mOITlentum per unit charge, and alpha particles have twice the charge of 
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protons, equal integral fluxes of the same rigidity represent different fluxes 
in terms of momentum, energy, or range spectrum. Figure 3- 29 may be 
used to convert rigidity spectra to tissue ranges. It shows that for a given 
rigidity the corresponding ranges of protons and alpha particles differ greatly. 
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Figure 3-29 

Range/Rigidity Function of Protons and Alpha 
Particles in Human Tissues 

(After Schaefer(240)) 

Since the pres ence of shielding by tis sue will alter the RBE of the emer
gent particles, the spectrum of the particles impinging the tissue must be 
considered in any operational configuration. If a particle integral energy 
spectrum is present of the form, 

-a 
p(E>E ) = AE 

o 0 
(6 ) 

where E and Eo represent the range of external spectral energies to be con
sidered, RBE due to particles in a given energy interval is the integral of the 
product of the relationship of this power equation and the RBE factor s of 
Figure 3-18. The time-integrated energy spectra of solar proton events 
appear to follow such a law down to "'" 1 0 MeV. Solar alpha particle spectra 
may follow a similar law. However, spectra behind tissue shields will be 
modified thus: 

where E = particle ener gy outside shield 
o 

n 
s 

:= particle ener gy inside shield 

particle cutoff ener gy of shi eld 

~ constant for charged particles in the metallic 
shield material or in shielding tis sue 

(7) 

U sing the values of the constants nand 0 in Equation (5), the particle 
cutoff energy EI for tissue shielding for any finite tissue thickness X may be 
calculated. Figures 3-30a and b give the emergent cutoff energy EI as a 
function of the initial energy Eo for protons at any tissue thickness. Figures 
3-31a and b give similar values for alpha particles. 

The feasibility of partial body shielding against ionizing radiation has 
been recently reviewed (198, 253 ). 
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Figure 3-30 

Emergent Proton Cutoff Energy at Any Depth of Tissue for Different Initial Energies 

(After Haffner(110)) 
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Emergent Alpha Particle Cutoff Energy at Any Depth of Tissue for Different Initial Energies 
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Typical Depth-Dos e Patterns in Space Under Shielding 

Several examples will be given of the typical depth-dose under shielding 
of space radiation. Unfortunately, data are deficient on the charge and mo
mentum spectra of solar flare particles measured directly in satellites. 
Current estimates are based on uncertain and incomplete data (162, 295). 

Figure 3-32 shows the calculated dose from only protons at various 
depths in tissue for inner Van Allen belt and the Solar Proton Event of 
May 12, 1959, assuming cabin provides only 2 gm/cm 2 of shielding. The 
greater drop of tissue depth-dose from flare protons as compared to Inner 
Belt protons is a function of th.e differences in the integral energy spectra 
(see inset). The greater frequency of higher energy protons in the Inner Belt 
increases the dose rate in deep tissues. Note the importance of knowing the 
integrated energy spectrum of the proton radiation when considering the 
critical targets - - i. e., bone marrow, spleen, and intestinal locations 
beneath the surface. It is to be emphasized that no critical organ is located 
at a discrete depth below the surface. Since the body self-shielding is non
uniform, a more detailed analysis is necessary to determine the effect of a 
given radiation exposure on specific organs or organ systems. 

Table 3-33 shows typical depth doses beneath the 14 largest events of 
solar cycle 19 under homogeneous shielding of different values. Since flare 
events occur es s entially at random during the active part of the solar cycle, 
and since the magnitude of the individual flare dose does not show any cor
relation with the phase in the active half-cycle, the preferred way of formu
lating the flare hazard for the entire active period is to establish the proba
bility of encountering, on a mission of given duration and for a randomly 
chosen launch date, an arbitrarily selected dose (145). It can be derived 
from Table 3-33 that 92 percent of the total dose is delivered in eight critical 
time intervals, none of them exceeding 10 days' duration, spaced at random 
over the 6 years. Sixty-four percent of the total is condensed still more to a 
few large increments on the ominous dates of February 23, 1956; July 10, 14, 
and 16, 1959; and November 12 and 15, 1960. As a consequence, the dose
probability plot is not a smooth curve but exhibits an irregular pattern. It 
should also be emphasized that the dosage received in the operational situa
tion would be asymmetric and so the doses of Table 3-33 cannot be used 
directly to estimate probability of symptoms (253). Calculations have been 
made on the probability per week of different organs receiving varied doses 
under different shielding conditions when exposed to spectra typical of solar 
cycle 19 ( 80). Radiation shielding considerations and depth dose predictions 
have also been prepared for interplanetary flights (142). 

Figure 3-34 compares degradation of depth dose for specific solar flares 
rigidities and inner Van Allen belt protons. 

Figure 3-35 shows a rigidity spectrum of a typical solar flare of solar 
cycle 19 converted into a differential range spectrum in tissue for protons 
and alphas as suming a 1: 1 flux ratio. The range spectra allow dir ect com
parisons of fluxes that would r each the same depth in tis sue or shielding 
material. For low and very low shielding the alpha flux drops much more 
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Figure 3-32 

Depth Dose Under Solar Flare and Inner Van Allen Belt Exposure Under 2 gm/cm2 

(After Grahn(103) Adapted from Schaefer(246)) 

Table 3-33 

Radiation Doses for the 14 Largest Solar-Particle Events of Solar Cycle 19 

{After Langham (ed.)-NAS- N RC{ 145)) 

DOSE AT TISSUE SURFACE DOSE AT 4-cm TISSUE DEPTH 

.. ttO~,""W'~ (rads) (rads) 

EVENT (g/cm') : 2 10 2 6 10 

Feb. 23, 1956 280 180 89 18 73 64 51 42 30 

Mar. 23, 1958 148 54 10 2.1 6.4 4.5 2.55 1.53 0.66 

July 7, 1958 150 54 9.5 1.93 6 4.3 2.35 1.4 0.59 
Aug. 16, 1958 23.7 8.6 1.6 0.34 1.02 0.72 0.41 0.24 0.11 
Aug. 22, 1958 45 14.7 2.24 0.38 1.33' 0.91 0.49 0.27 0.11 
Aug. 26, 1958 75 22.3 3 0.43 1.76 1.17 0.57 0.3 0.11 

May 10, 1959 470 206 55 15.6 38 29.3 18.2 12.5 6.4 
J uly 10, 1959 420 210 69 21 .5 50 40 27.5 19.5 11.5 
Ju ly 14, 1959 650 273 72 19.5 48 36 22.8 15.1 7.5 

July 16, 1959 382 191 63 22.3 46 36 25 17.7 10.5 

Nov. 12, 1960 484 263 100 43 75 62 46 34 20.8 
Nov. 15, 1960 288 l SI 53 20.5 39.6 31.7 23 16.6 10.1 

J uly 12, 1961 25.7 8.4 1.28 0.22 0.76 0.52 0.28 0.1 5 0.06 
July 18, 1961 128 63 20.4 7.2 15 12 8.1 5.7 3.3 

Grand tota l of 
all 50 events 
of Cycle 19 3,914 1,837 584 217 426 342 241 176 107 
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Figure 3-34 

Variation of the Percent of Skin Dose as a Func
tion of Tisse Depth for the Three Solar Flare 
Rigidity Spectra in the Range Expected 

(After Jones et al(134)) 
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Figure 3-35 

Differential Range Spectrum for Protons and 
Alpha Particles of Solar Flare 19 Assum
ing a 1:1 Flux Ratio of These Particles, 

(After Schaefer (240)) 

steeply at greater depths than the proton flux. This indicates that possible 
objectionable exposures from solar flare alpha particles can occur only for 
low shielding a s, for instance, for an astronaut outside the v ehicle mer e ly 
protected by his space suit with equiva lent shieldin g of only O. 3 gm/ cm 2 for 
suit and thermal-meteorite coverall. 

40 

Figure 3-16 gives spectral absorbed dose contribution of typical primary 
galactic cosmic ray particles and the dose per particle calculated for a 10 \.l 
cell at the center of the track of heavy particles. The only available empiri
cal data on absorption of galactic radiation with buildup of secondaries is in 
the atmosphere. It has been estimated that the corresponding buildup in a 
compact scatterer containing high-Z materials would be substantially higher. 
A total dose of 30 to 50 mrads/24 hr would seem a cons e rvativ ely high esti
mate (145, 243). A major uncertainty is introduced by the neutron component 
of the secondary radiation. Neutrons play an important role in the develop
ment of nucleonic cascades, yet data obtained by v arious authors on the 
altitude profile of the neutron flux in the atmosphere and the corresponding 
transition of the local neutron energy spectrum seem to differ greatly. This 
particular limitation of present knowledge on the transition of the galactic 
beam is all the more important for assessments of tissue dosages because 
the neutron component would require elevated OF or RBE, thus substantially 
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enhancing the dose equivalents (see Figure 3-22). Discrepancies still exist 
with respect to the exact configuration of the lower side of the galactic energy 
spectrum extending down to thermal energies. However, it now seems well 
established that, contrary to the spectra of trapped or flare-produced particle 
fluxes with their very large fluxes at low energies, the galactic spectrum 
maintains its maximum flux at high energies with values decreasing toward 
lower energies. As a consequence, dose rates from the galactic field even 
under worst conditions (solar minimum; location outside the magnetosphere; 
low shielding) should not greatly exceed the estimate of 50 mrads/ 24 hr {145}. 

The actual doses received in space flight to date fall within these pre
dicted ranges for quiet solar years. American and Soviet space flights have 
been well below the trapped radiation belts (275). The apogee and perigee 
for the highest prolonged Gemini flight were 100 and 215 miles respectively 
for 128 orbits. The highest Soviet flight was the Voshkod 2 with perigee and 
apogee at 107 miles and 308 miles respectively for 17 orbits. Beneath 3.2 
mm of AI, the mean total radiation dos es of the Soviet Cosmonauts in the 
Vostok series were measured as ranging from 8.4 to 17 ± 2 mrads/ day (286). 
Ninety percent of the dose was from the primary cosmic radiation and 10 
percent from the inner belts at an orbital vector of 65 0 and apogees of 409 km. 
In U. S. astronauts the highest dose rates in the South Atlantic anomaly were 
recorded as 107 mrad/hr in the portable ionization chamber and 363 mrads/ 
hr in the fixed chamber of Gemini IV ( 14). Differential spectra of Gemini IV 
and VI are available (126). Over the 10 day period of Gemini VII, the dose 
rate per man averaged about 11 mrad/ day ( 26 , 241). Emulsions on MA8 and 
MA9 showed that the inherent shielding of the capsule was sufficient to 
absorb electrons and secondary brehmsstrahlung from the artificial belt. 

Long duration missions on the moon require the use of electrical power 
sources other than solar cells. Such power sources are radioisotopic and 
rely on plutonium 238, curium 244, strontium 90, and others as the heat 
generator (187,234). Thermoelectric or thermionic converters are used to 
convert the heat into electrical power. Since a 100 MeV alpha particle 
requires only 0.8 gm/cm- 2 of aluminum for absorption (0.3 cm thick or 0.12 
inch), the shield around the unit will, for all practical purposes, absorb or 
attenuate the alpha particles. This leaves a radiation environment of neutrons 
and gamma rays from primary decay and secondary emission in the shield. 

The external radiation characteristic s of lunar, SNAP, radioisotopic 
thermoelectric generator (RTG) modules or units at a distance of 1 meter 
are as follows (96): 

Neutrons 

mrem hr 
-1 

neutrons crn 
-2 -1 

sec 

Gamma 

mrads hr 
-1 

photons cm 
-2 -1 

sec 
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For either the neutron or the gamma radiation, the mean energy is 
nearly 1 MeV for these Pu 238 RTGls. For a cluster of RTG' s , the total 
radiation dose is the Sum of the individual doses, accounting for the distance 
from each R TG. Data are available on the shielding and radiation fields for 
other SNAP and reactor systems proposed for spacecraft and lunar surface 
operations ( 10, 22 ,129 ,141 ,187 ). 

EARLY EFFECTS OF ACUTE RADIATION AT HIGH DOSE RATES 

Table 3-36 represents the expected early effects of acute whole-body 
irradiation. It should be emphasized that these thresholds do not hold true 
for partial body and protracted radiation of the same total dosage. They do 
not cover exposur e to simultaneous environmental str ess of other types. The 
latency periods and relative duration of symptoms are dependent upon the 
penetration, quality factors, total dose, dose distribution, and intensity of 
the exposure. In very general terms, limiting systemic and/ or tissue 
responses are: 
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1. Acute gastrointestinal or prodromal symptomatology, i. e. , 
naus ea, vomiting, diarrhea. Thes e may appear within an hour 
or two and subside within a day at any dos e above about 50-
100 r at the midline. 

2. Acute hematopoietic symptomatology, i. e., thrombocytopenia, 
leukopenia, hemorrhage, intercurrent infection. These symp
toms will appear within a few days to a week and can reach a 
clinically aggravating level at dos es of 50 -150 r or more to the 
marrow within several weeks to a month. 

3. Widespread erythema and skin blistering. Under certain cir
cumstances' such as extravehicular operations, high intensity 
surface exposure with little deep tissue dosage may occur. 
Depending upon the quality of the radiation, erythema will appear 
within a few hours to days following exposures of 400 r to 800 r. 
Severe damage will occur at doses above 1400-2000 r. Due 
to the restrictions and abrasive contacts of the space suit, even 
a partial body moderate erythema could become extremely uncom
fortable and somewhat incapacitating. 

4. Degradation of general operational skills through direct and 
indirect physiologic and neurologic injury, i. e., lassitude, 
fatigability. At lower dos es, acute systemic radiation injury 
is accompanied by nebulous symptoms of reduced performance 
capacity interfering with information processing, decision-making, 
emotional stability, and motivation often related to the prodromal 
symptomatology. At higher doses, vascular shock, cerebral 
edema, and hypoxia of the central nervous system all contribute 
to the entity often referred to as the "central nervous system 
syndrome. II 
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Dose in Rads 

o to 50 

50 to 100 

100 to 200 

200 to 350 

350 to 550 

550 to 750 

1000 

5000 

Table 3-36 

Expected Early Effects from Acute Whole-Body Radiation on Earth 

(Modified from Glasstone(102)) 

Probable Effect 

No obvious effect, except, possibly, minor blood changes 
and anorexia . 

Vomiting and nausea for about] day in 10 to 20% of exposed 
personnel. Fatigue, but no serious disability. Transient 
reduction in ly.rnphocytes and neutrophils. 

Vomiting and nausea for abcut 1 day, followed by other 
symptoms of radiation sickness in up to 50% of personnel; 
< 5% deaths anti c ipated. A reduction of approximately 50% 
in lymphocytes and neutrophi1s will occur. 

Vomiting and nausea in 50 to 90% of personnel on first day, 
followed by other symptoms of radiation sickness, e. g., loss 
of appetite, diarrhea, minor hemorrhage; 5 to 90% deaths 
within 2 to 6 weeks after exposure; survivors convalescent 
for about 3 months. 

Vomiting and nausea in most personnel on first day, followed 
by other symptoms of radiation sickness, e. g., fever, 
hemorrhage, diarrhea, emaciation. Over 90% deaths within 
1 month; survivors convalescent for about 6 months. 

Vomiting and nausea, or at least nausea, in all personnel 
within four hours from exposure, followed by severe symptoms 
of radiation sickness, as above. Up to 100% deaths; few 
survivors convalescent for about six months. 

Vomiting and nausea in all personnel within 1 to 2 hours. 
Probably no survivors from radiation sickne,ss. 

Incapacitation almost immediately (several hours). All 
personnel will be fatalities within one week. 
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Figure 3 -37 presents the mean survival time of man vs. the acut e rad 
dose of whole-body x-ray radiation. The major cause of death is indicated 
for the appropriate dose range. The possibility of GI tract death and CNS 
damage occurring at lower doses with protons and alpha particles w ill be 
covered below. Defects in all functions of these organ syst e ms can be 
expected. 
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The Relationship Between Mean Survival Time and 
Acute Radiation Dose for Man 
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This curve is extrapolated from animal studies and 
very few human studies. It holds only for acute 
total body radiation. Note spread of data. 

(After Grahn(103) Adapted from Langham(146)) 

Whenever possible, the above responses will be examined in a probabilis
tic manner. Not all individuals may show the symptoms mentioned above at 
the stated dose levels. In defining upper -limit emergency dos es, the lowest 
limit will be the first determinant, modified by depth-dose protraction, dis
tribution, and dose rate. For example, at high dose rate whole-body expos
sure to a penetrating radiation will undoubtedly cause the dose for prodromal 
responses to be determinant. A more protracted exposure will bring hema
topoietic injury into the determining position, and when moderate to high doses 
of very low energy radiations prevail under certain unshielded exposure con
ditions, skin injury will be determinant. 

Alteration of these response patterns by space radia'tion is not clear. 
Protons, like neutrons, are more effective in producing gastrointestinal 
symptoms following whole-body irradiation of several species (68 , 69 , 70 , 
72 , 134 , 154 , 259 , 267). How much protons will modulate the usual x-ray 
response in humans is not clear since the effect is postulated to be a complex 
function of r elati ve secondary electron flux in bone, bone size, marrow 
geometry, ionization density, LET, dose distribution, and dose rate. Early 
reports that hemorrhage appears earlier and is more severe in large animals 
irradiated by proton than by x-ray (69 ,70 ,108,178) have not always been 
substantiated (267). Symptoms of the nervous system are variable. Death 
is reported in animals exposed to 2000 rads of 187 MeV proton within 100 to 
200 days after exhibiting central nervous system (CNS) symptoms (216). It 
has also been found that 6000 rads of 40 MeV protons to the whole-body 
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(given in two parts - upper and lower halves) caused convulsiv e seizures and 
death in about 48 hours following exposure, suggesting a eNS radiation effect. 
Pos sible latent or long-term effects bas ed on this obs ervation of a gradual 
onset of lethargy, anorexia, and ataxia exhibited among sur v ivors of w hole
body, proton -irradiated animals at 2 1/2 to S 1/2 months irradiation hav e 
been suggested but not always found (267). In extrapolating from animal data , 
profound species differences must be kept in mind (39, 61). The abov e 
animal data should not be used as examples of dose-specific symptoms 
expected in man after proton irradiation but as background informati on about 
possible aberrant responses in humans to be guarded against when extrapolat
ing to proton radiation effects from x-ray or gamma data obtained from 
radiation of humans. 

Even less is known about high energy alpha particles. Differ en ces in the 
timing and severity of response between high energy protons and alpha parti
cles in small animals have been demonstrated (258). Extrapolation to humans 
is not a s y et pos sible from thes e data. 

Lethality 

In studying human lethality after irradiation many LDSO doses have been 
proposed ranging up to 700 rads (28,63, 102, 114, 154, 178, 179). The 
spontaneous 60 -day death rate for persons between 2S and 44 years is .02% 
(148). Data obtained from irradiation of patients (160, 292), atom bomb 
casualties (39, 292), large animal studies (60), and evaluation committees 
(14S, 18S, 278) have been reviewed, and the best probabilistic early-lethality 
curve for acute total-body irradiation has been proposed as seen in Figure 3 -38. 
This study suggests an LDSO value of 286± 25 for normal man. The suggested 
values for LDIO and LD90 are given in Table 3 -39. These recommendations 
can be compared with previous LDSO estimates for humans indicated by 
different committees and groups as seen in Table 40. 
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Figure 3-38 

Derived Dose-Lethality Relationships for Dogs,Monkeys 
and Human Patients and a Postulated Relationship for 
Normal Man. 

(After Langham (ed-l-NAS-NRC(145)) 
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Table 3-39 

Estimated High-Intensity Whole-Body Dose Levels for Production of Hematopoietic Lethality* 

(After Langham (ed.)-NAS-NRC(145)) 

Response 
Probability 
Level 
(percent) 

10 
50 
90 

Dose 
(radsV';' 

220 
285 
350 

';'Symptoms begin within a few hours with the prodromal 
reaction, followed by progressiv e hematological depres
sion terminating in death in 2 to 8 weeks. 

,;,,;, Point of inter est for dos e estimation: ll-cm depth; 
OF as sumed to be unity . 

Source 

Patients, 

Table 3-40 

Estimates of LD50 of Man for High-Intensity Radiation Exposure 

(After Langham (ed.)-NAS-NRC(145)) 

Exposure Dose Reference 
a 

(R) (rads) 
pathology of 

-l 

atomic bomb casualities ~450 ~ 300b 

260-400
b 

Warren and Bowers (292 
Committee evaluation 400-600 NAS-NRC (185) 
Marshallese observations, Bond and Robertson ( 39 

lar ge-animal studies ~350 ~300 Cronkite and Bone ( 60 ) 
Committee evaluation 300-500 c 

United Nations (278) 
Whole-body exposure 

370
b 

of patients 243±22 Lushbaugh et al (160) 
Whole-body expo sur e 

380
b 

of patients 250±28 Langham (ed. )NAS-
NRC (145) 

Whole - body exposure 
of patients and 
accident cases 430

b 
285±25 Figure 3-38 

CI. Average absorbed dose near midline of the body. 
b Assuming radiation of the quality of 137 Cs gamma rays. 
c Nature of radiation and point of dose assessment not specified. 
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Partial-body, nonuniformly -distributed doses are les s effective than a 
uniform whole-body dose for production of lethality in the dosage range of the 
early hematological syndrome. Except when exposure involves a major por
tion of the trunk, this decrease in effectiveness is true, even when the dose is 
expressed in terms of integral absorbed energy (kilogram-rads). A dose to 
the extremities exclusive of the trunk would be much less effective. Based on 
fraction of total body mass and active bone marrow, an arbitrary choice of a 
volume factor (f )of 1/5 has been suggested for the extremities (145). Dose 
distribution e£fe~ts on lethality are covered in section on Dose Distribution 
Factor sand Progr es sive Performance Decrement). 

In animals, the LD50 dose increased with decreasing energy (decreasing 
depth dose) (106). Sparing a portion of the bone marrow by nonuniform dose 
distribution (either by irradiating only a portion of the body or by decreasing 
depth-dose distribution) results in increased protection against early death 
(145). Unde-r operational space co-nClitions, the geometry of a high -intensity 
exposure through influence on depth-dose distribution may have a pronounced 
effect on lethal response if the shielding geometry of the spacecraft and 
position of the crewmen are such that dose delivery approximates unilateral 
exposure. Use of midline tissue dose to characterize exposure seems to give 
the most acceptable correlation with response for exposure geometries other 
than unilateral exposure (39). The quality factors of Table 3-3 may be 
applied. Protraction factors for lethal doses are given in Table 3-5, Figure 
3-53, and the discussion of Progressive Performance Decrement. 

Prodromal Symptoms 

In spite of individual idiosyncracy, the dosage parameters for prodromal 
reaction follows a definite pattern ( 99, 102,148 , 157). After a short latent 
period, a feeling of fatigue is followed by depression and emotional distur
bance accompanied by anorexia, nausea, retching, salivation, and vomiting. 
Intestinal cramps and diarrhea occur prodromally at lethal dos es. Symptoms 
reach a peak in about 4 to 6 hours and then improve rapidly. For 200 and 300 
rads the peak may occur as quickly as 2 hrs after exposure. The degree of 
ups et and duration of recovery depend on size and location of dos e, on indi
vidual sensitivity, and, most importantly, on the dose rate. Radiation to the 
epigastrium is particularly productive of prodromal systems. The volume 
factor (fv) for irradiation of extremities should be the same as that for lethal
ity or hematologic response, or 1/5 that for whole-body radiation (145). Anti
nauseant and tranquilizer therapy are effective in reducing symptoms. 

The time of ons et of the prodromal complex of naus ea and vomiting, 
empirically derived, may be seen in Figure 3-41. 

The dose response is a probabilistic function expressed often as the 50% 
symptom dose or SD 50 . The probability of symptomatic response may be 
expressed as a normal or logarithmic function: 

Y = a + b(D) (8 ) 

or 

Y = a + b(log D). (9 ) 
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Figure 3-41 

Anticipated Elapsed Time Between I rradiation and 
Onset of Severe Nausea and Vomiting in a 
Sample of 100 Persons Exposed to Radiation 
Doses in the Lethal Range. 

(After Langham ~ed.)-NAS-NRC(145) Adapted 
from Gerstner(99 ) 

In either case, Y is the probability of the response as percent transformed 
into probit units, D is the radiation dose, a is the intercept, and b is the 
slope constant. Such dose-response relationships can be used to predict a 
dose that will elicit any given level of response in an infinitely large number 
of subjects, providing the fiducial limitations of the data are known. Data 
from atom bomb casualties, nuclear accident v ictims, and irradiation of 
cancer patients h a ve recently been summarized (145). 

The most well-controlled data were obtained from 165 patients treated 
for neoplastic disease by isotropic gamma radiation in the Cesium 137 total
body radiation facility at the Medical Division of the Oak Ridge As sociated 
Uni ver sities (159, 160). The data were normalized to an effective rad dos e 
of the prodromally sensitive epigastrium (100 r to the midline results in only 
66 rads to a 10 cc epigastric v olume). A dose rate of 1.5 r/min was used. 

Table 3 -42 gives the extrapolated SD l 0' SD 50' and SD90 with account 

Table 3-42 

Estimated High-Intensity Radiation Dose Levels for Production 
of Early Prodromal Response 

(After Langham (ed.)-NAS--NRC(145) from data 
of Lushbaugh et al(145.159.160)) 

ABSORBED OOSE FOR PROBA BILITY OF RES PONSE (rads) 

CLIN ICAL SIGN 10 PERCENT 50 PERCENT 90 PERCENT 

Anorexia 40 100 240 
Nausea 50 170 S20 
Vomiling 60 215 S80 
D iarrhea 90 240 390 

Point of interest for dose estimate: a 26-cm diameter sphere in the 
mid-€pigastric region; OF assumed to be unity. 

made of the concurrent signs of disease by Abbott1s method. Because of the 
nature of the patients and the uncertainty of the corrections for concurrent 
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illness, this table should be considered conservative with higher SD values 
and wider range of distribution than would be expected in a normal population. 
The data shown in Figure 3 -41 and Table 3 -42 are extrapolated from 
x-ray and gamma experiments and may not be quantitatively appropriate for 
space radiation, especially when depth dose variations are brought to bear. 
Appropria te modification of these probabilities for multi -energetic protons 
and alpha particles as well as for specific dose rate factors is not known 
from empirical data. Quality factors should follow suggestion of Table 3-3 
since the radiation at midepigastric region should typically give a low enough 
LET to have a OF of 1. 

Dose protraction is known to affect prodromal symptomatology (see 
Table 3-5). Increased sensitivity to large second doses has been noted as 
well as the prolongation of fatigability and listlessness for as long as 60 days 
after sublethal exposures (145). Predictions for chronic low level exposur e 
will be covered below under Progressive Performance Decrement on p. (3-63). 

Hematological Syndrome 

Hematological responses to radiation are largely dependent on damage to 
the marrow and lymphoid tissue (55 , 202). Damage to the chromosomal 
mechanisms of the cell inhibit normal division and reproduction of the ele
ments, resulting in dec rease in blood counts. Signs and symptoms develop in 
relation to depression of specific elements. Whole-body irradiation with 
dos es in the lethal range (above about 200 to around 600 rads) caus es a 
typical illness characterized by early transient nausea and vomiting (the pro
dromal syndrome) followed by a latent period of several days or a week or 
more, the length of which is inversely related to the dose (see Table 3-36). 
Signs and symptoms then develop relating to depression of blood elements; 
infections and fever, relating to granulocyte depres sion and impairment of 
immune mechanisms; and bleeding and possibly anemia, relating to platelet 
depression. Anemia from red-blood-cell depression does not usually occur. 
These symptoms may lead to death if the bone marrow is incapable of re
sponding in time by adequate cellular regeneration. 

The time-course of changes in most of the peripheral-blood elements is 
fairly well correlated with the dose of radiation to the bone marrow. The 
description is taken from recent reviews of the subject (55 ,145). Based on 
dose relationship of these changes, the following categories of prognosis in 
irradiated persons may be made: (1) survival almost certain (dos e < 1 00 
rads); (2) survival probable (dose 100 to 200 rads); (3) survival possible 
(dose 200 to 500 rads); and (4) survival very improbable (dose greater than 
500 to 600 rads). Figures 3-43 a to d indicate roughly the smoothed aver
age time-course, based on the human cases from accidental exposure, for 
lymphocytes, neutrophils, ani platelets in these four categories (37 , 44 , 
62 ,109 , 115, 117 ,124 ,145 ,159 ,254 ,288). The changes are represented 
as percentages of normal counts (the average levels for the population), and 
the curves portray generally the time-course of changes as a function of 
radiation do s e. 
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Figure 3-43 

The Time Course of Blood Changes After Different Doses of Radiation of OF 1. 

(After Langham (ed.)-NAS- NRC(145) from many sources (see text)) 
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b. Smoothed Average Time-Course of 
Neutrophil Changes in Human Cases 
from Accidental Radiation Exposure 
as a Function of Dose. 

d. Idealized Average Dose-Response 
Relationship for Lymphocytes, 
Neutrophils, and Platelets in which 
the Nadir of Each Blood Element 
is Plotted Against Dose. 
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The 1 yrnphocyte count (Figure 3-43a) is significantly depr es s ed in 1 to 2 days 
even with doses of less than 100 rads and approaches zero at that time with 
near-lethal doses. The return to normal is slow and may be incomplete 
months and even years later, as has been the case with the exposed Marshal
lese people (56). Neutrophils increase in the first few days after exposure 
to doses greater than 100 rads (Figure 3-43b). This initial leukocytosis is 
even greater with higher doses. The neutrophil count then declines steadily 
and either levels off or has an Ilabortive rise ll after about 8 to 20 days unless 
a lethal dose has been given. Absence of this latter phenomenon following 
substantial radiation dose is a grave prognostic sign. Following the abortive 
rise, further depression ensues, the nadir being reached earlier with higher 
doses (8-10 days with lethal doses to 40-45 days with sublethal doses). If 
profound neutropenia occurs, serious or fatal febrile infections may develop. 
If the bone marrow is able to regenerate sufficiently before overwhelming 
infection and death occur, the neutrophil count will climb toward normal 
during the ensuing weeks, and recovery of the individual is likely. Complete 
return to normal counts may be delayed for months, or, with higher doses, 
the counts may actually rise above normal levels for a time. 

Changes in platelet counts are shown in Figure 3-43c. Lowest levels 
are reached in about 24 to 32 days following -all but lethal doses where levels 
may approach zero by 10 to 15 days. Bleeding is likely to develop when the 
platelets approach zero. With bone-marrow regeneration, platelet recovery 
may begin rapidly but be incomplete for months or years. 

Figure 3-43d shows an idealized average dose-response relationship 
for lymphocytes, neutrophils, and platelets in which the nadir of each of the 
blood elements is plotted against dose. 

Daily fluctuations in individual counts and normal variations among 
individuals limit the usefulness of blood counts as a direct biological dosi
meter or precise detector of radiation damage. However, repeated hema
tological examinations afford valuable prognostic information. The lympho
cyte count is valuable as an early criterion of radiation injury. If there are 
1,200 or more lymphocytes/mm3 at 48 hr after exposure, it is unlikely that 
the individual has received a fatal dose. Lower lymphocyte counts at this 
time indicate more serious exposure. Neutrophil and platelet counts are of 
value in following subsequent progress of exposure cases and as general 
indicators of the seriousness of the exposure. 

Although precise information is lacking on the threshold doses neces
sary to produce symptoms from blood-cell depression, it might be stated 
generally that only a few individuals would show hematological symptoms 
following a whole -body dos e of 200 rads, but that a majority would show them 
following about 300 rads. 

The key points of the curves m Figure 3-43 are summarized in Table 
3-44. 

Radiation doses to different parts of the bone marrow undoubtedly will 
vary widely under space flight conditions owing to variations in shielding 
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of the spacecraft, in energy and penetrability of the space radiations, and in 
distribution of active bone marrow throughout the body. The principal loca
tions of active bone marrow ar e the pelvis, spine , ribs, and proximal ends 
of the bones of the extremities (8 ). The depth of the bone marrow v aries 
from about 1 to 15 cm. For calculation and assessment of dose to the blood
forming tissues, the average effective depth of the active marrow is given 
as 5 cm. Although no definiti v e statements can be made at this time regard
ing the quantitativ e influence of nonuniform dose distribution on early hema
tological response, animal experiments show definitely that uniform whole
body exposure is more effective than nonuniform exposure for the production 
of hematological effects, even when expressed as integral absorbed dose in 
kilogram-rads ( 4 ,113 , 171 ). 

Table 3-44 

Estimated High-I ntensity Radiation Dose Levels for Production of Hematological Depression * 

(After Langham (ed.)-NAS-NRC(145)) 

ABSORRED DOSE FOR REDUCTION FROM NO RMAL (rads) * * 
CIRCULATINC ELE ME NT 25 PERCt:NT 50 PERCENT 75 PERCENT 

Platelets * * * 50 120 250 
Lymphocytes * * * 60 150 gOO 
NeuLrophils * * * 80 190 g90 

*Symptoms appear within 1 to 10 days after bone marrow exposure. 
**Point of interest for dose estimation average depth of 5cm: OF assumed to be unity. 
** * - 3,25, and 30 days, respectively, for lymphocytes, neutrophils, and platelets. 

Quantitative approaches to the evaluation of effects and recovery from 
nonuniform exposure have been proposed ( 38, 202). Under nonuniform ir
radiation the unequal distribution of dose to the bone marrow should permit 
a higher rate of survival than if the same average dose were distributed 
uniformly. This is due to the exponential nature of dose effect on survival 
of bone-marrow stem cells. Furthermore, it is considered possible that 
stem cells from unirradiated marrow migrate to irradiated areas and hasten 
regeneration. However, migration of stem cells may not be as significant 
in humans as in small rodents. The strong dependence of early hematologi
cal effects on the region of the body irradiated suggests that emergency 
partial shielding of the bone marrow be considered. Local shielding of the 
pelvic region would probably be the most beneficial since about 40 percent 
of the bone marrow is located there. Such a procedure would markedly 
increase the chance of survival in cases of high dose exposure. The volume 
factor (iv) for irradiation of extremities should be about 1/5 that for whole
body irradiation (145). (See Distribution, page 3 -7 . ) 

From several studies it is apparent that marrow exposures will be of 
v arying fractions of weakly-penetrating space radiation at high LET and 
highly-penetrating radiation at low LET. (See Figures 3-25, 3-32, 3-34, 
and 3-35). For rough estimation, work with primates suggests that the 
overall LET is ~ 3. 5 keY /',J. and that a QF of 1 should be used for the entire 
flux as seen in Table 3-3 (68, 69 ,70 ,71 ,135,145,153,154). 
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Suggestions for dose protraction factors are given in Table 3-5. 

Skin Reactions 

Early responses of the skin to radiation exposure may be particularly 
important to manned space-flight operations, especially those involving 
extravehicular activity and light to moderate shielding. A few systematic 
clinical investigations have been relied upon heavily in deriving the limited 
dose-response relationships for human skin that are established at this time 
(7 ,21 ,78 ,81 ,13 1 ,161,20 6,213,214). 

The levels of early skin response in order of increasing severity are 
usually designated as (1) erythema, ( 2) dry de s quamation, (3) moist desqua
mation (vesiculation), (4) slou gh of skin layers , and (5 ) chronic ulceration. 
The first four levels of reaction are often fo llowed by restoration of the 
irradiated skin to near-normal or pre - exposure conditions; however, clini
cally evident permanent changes occur regularly after doses that yield at 
least a dry desquamation r espons e. 

Table 3-45 represents the air dose-response of the skin for early symp
toms following acute x-radiation. 

Table 3-45 

Radiati on Damage to the Skin* 

(After Grahn( 1 03) Adapted from Saenger(232) and Cronkite et al (183)) 

Epiiatiml 

·1055 of Itair 

Rare at less 
than 200 r 

Partial epilation 
at 350-450 r 

Complete epilation 
in 16-18 days 
at> 450 r 

Permanent epilation 
at > 700 r 

Erythema (first 

degree burns) 

Response is dependent 
on energy, dose rate, 
area exposed, & com
plexion of the individual. 
Full effect in 1 to 3 
weeks after: 

200 - 400 r (<150 key) 

500 - 600 r (200 - 400 key) 

800-1000 r (>400 key) 

Response in first hours 
at 1000 r 

Moist desquamation 

and blistering (second 

degree burns! 

Effect in 1-2 
weeks at 
> 1000 r 

Ulceration ( third 

degree bums) 

Rapidly progressive 
effect at > 2000 r 

*These statements are based on air doses. Dose estimates are at 0. 1 mm 
depth where 1 r ~ 1 rad. 
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The ED's fo r s k i n r es p on s e s have b een evalua t e d in th e light of un
cer taintie s r egarding effects of qua lity of r a diat ion, l ocal s kin a r eas, end
poi n ts, etc . T he onl y r eacti ons w ith a d equa t e statisti cal da ta ar e e r y th em a 
and moist de s q uamation fo r fields of l es s than 100 cm 2 (1 45). The estimated 
res p onses a r e seen in Figu re 3 - 46 . It i s p r obabl e that t he d o s e re sponse 
c ur v e s for more severe e r ythema and dr y d e squamation would li e between 
thes e cur v es . The stati s ti cal pr ojections a r e summar i z e d in Tab l e 3 - 4 7 . 
The facto rs mo di fying radi ation effec ts on th e s kin a r e n u me r o us and mor e 
closel y studie d than many of the o t he r respons e s. They include (1) quality 
(L ET ) of the radiation, ( 2 ) d o s e fra c tionation a nd total time over w h ich i r
rad iation occur s, ( 3 ) do s e r ate , (4 ) d e p th -dose distribut i on, ( 5 ) a r ea of skin 
i r r adiate d, ( 6 ) anatomi cal region exp o s e d, and (7 ) pre s ence of other irritants 
o r trauma. 
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Figure 3-46 

Dose-Frequency Relationship- of Minimal Erythema(l77) 
and Moist Desquamation I7,81,131,206) (Clinical Tol
erance Response) forAcute Exposure 200kVp X-rays 
for Areas of < 1 00 cm2 and Dose Rates 2 30 rads/min 

(After Langham (ed.)-NAS-NRc!145)) 

Table 3-47 

Estimated Doses of High-Intensity Radiation (OF= l) at 0.1 mm Depth 
for Production of Erythema and Desquamation of the Skin 

(After Langham (ed .)-NAS--NRC(145) ) 

CLI N ICA L SIGN 

Erythema 
Desquamation 

AUSORBED OOSE FOR PROBAB ILITY OF RESPONSE (rads) 

]0 PERCENT 

400 
1,400 

50 PERCENT 

575 
2.000 

90 PERCENT 

750 
2,600 

An overall modifying factor (OF E) weighted for LET should be applied 
to the dose values given here (See Table 3-3). An area effectiveness factor 
of 1.25 is suggested to reduce the dose values given here when exposure 
involves skin areas up to or greater than 150 cm2. 

----------------
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Corneal lesions can occur after 2500 r of 100 kVp x-rays and lower energy 
cathode radiation (220). 

Quality 

The sensitivity of skin to low energy protons and alpha of high LET has 
already been covered. Primate studies with 1440 rads and 5200 rads of 32 
MeV protons lacking sufficient range to penetrate to the marrow and gastro
intestinal tract, show that the skin and subcutaneous tissues can bear the 
weight of the injury ( 67 , 154). During an initial quiescent period of 2 weeks, 
only epilation and erythema were noted On the skin, accompanied by anorexia 
and dehydration. In the next two weeks the erythema turned to ulceration of 
the skin and mucous membranes of the mouth with mas si ve edema of the soft 
tissue. The lesions began to heal poorly at 5 weeks. Capillary and lympha
tic damage appeared to be a prime factor. These signs progress in primates 
to severe fibrous contractur e of the skin which leads to immobilization and 
often death from starvation (178, 195). 

The threshold dose for the late alpha and proton effect in humans is not 
yet known. Animal studies with electrons of varying penetration suggest that 
the threshold dose at O. 1 mm for death of the critical basal layers of the 
epidermis is about 1200 to 1700 rads for transdermal injury; 1800 to 2500 
rads for atrophy and chronic inflammation. Comparative data for pertinent 
protons and alpha may be extrapolated from the RBE or QF - LET relation
ship of Table 3 -3. Some reservations should be held because of the under
tainty regarding dose -rate -dependent quality factors in skin radiation (131, 
145 ). 

For high -intensity single exposure, observed RBE values for radiations 
of LET ~3. 5 keV/'fJ. (largely soft x-rays and fast neutrons) for production of 
early skin reactions have been in the range of 2 to 3. In converting absorbed 
dose of space radiations to local dose equivalents for production of early 
skin responses, it should be kept in mind that for high -LET radiations, QF 
appears to increase more slowly with increasing dose fractionation than for 
conventional x-ray exposure (145) (see Figure 3 -49). Some compromise 
between the recommendations of Tables 3 -2 and 3 -3 will have to be arrived 
at for fractionated dosage patterns leading to subacute injury (see below). 

Dose Fractionation 

The repair of sublethal injury in the survlvmg cells and the proliferation of 
the surviving cells between fractions determines the dependence of ED50 and 
T D 50 (doses required to produce 50 percent erythema and moist desquamation 
response, respectively) on fractionation number and total time required for 
dose administration (89). The repair of sublethal cellular injury after moder
ate doses is complete or very nearly so in less than 24 hr. Cellular repopula
tion of irradiated tis sues is a much slower proces s. Accordingly, the ED50 
and TD50 are sensitive to the number of equal fractions into which the total 
dose is divided (administered at ~ 24 hr intervals) and are less sensitive to 
the total time of its administration (7, 53, 54, 82, 161, 206, 213, 214, 264). 
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Figure 3-48 shows the effect of daily fractionation of dose on the EDSO 
and TDSO of 200- to 250 kVp x-rays (30 to 60 rads/min, 35 to a 100 cm 2 

area). In none of the clinical studies are there applicable data for more than 
about 40 fractions. If the expres sions shown in Figur e 3 -48 ar e to be extra
polated to long times or to large fraction numbers, a slope constant of per
haps 0,25 may be more appropriate (145). 

Figure 3 -49 suggests that radiations of low LET show a greater RBE 
sensitivity to dos e fractionation than do radiations of higher LET. 
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Figure 3-48 

Effect of Dose Fractionation or Overall Exposure 
Time on Dose Producin1 50 Percent Probability 
of Erythema (ED

50
)(16 ,213,214) and Moist 

Desquamation (TD
50

)(81,131,206) of Human 

Skin (200·250 kVp x-rays). 

(After Langham (ed.)-NAS-NRC(145)) 
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Figure 3·49 

Dependence of Erythema (ED50) and Moist 
Desquamation (TD50) of Human Skin on 
Radiation Quality (LET). (fn = fast neutrons) 

(After Langham (ed.)-NAS-NRC(145)) 

A given dose of radiation administered continuously at relatively low dose 
rates is known to be less effective in producing early skin reactions than is 
the same dose given at a rate of ~30 rads/min. Clinical estimates of the 
dependence of skin reaction on dose rate (for a single exposure only) are 
shown in Figure 3-50. The only empirical data are the symbols and solid 
lines (206). All other points are extrapolations (145). 

Depth Distribution and Area Factors 

It has been determined from study of effective depth-dose patterns with 
different isotopes that any dos e to a depth of ~ 0.9 mm should be considered 
as capable of producing full skin reactions (177). 

The dose required to produce a given response is larger for an area of 
a few cm 2 than for one of a few hundred cm 2 with both x-rays (81 ,131, 
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53 , 206) and electrons (256). Above'" 400 cm 2, the size of the area irradi
ated has little effect on the dose required to produce a given level of response. 
Figure 3-51 illustrates the effect of area irradiated on skin-tolerance dose 
(TD50) over the range of 30 to 600 cm 2 for 25 treatments given over a period 
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Figure 3-50 

Dose-Rate Dependence (Single Exposure Only) 
of Erythema (ED50) and Moist Desquamation 
(TD50) of Human Skin (200-250 kVp x-rays). 

(After Langham (ed.)-NAS-NRC(145) Adapted 
from Paterson(206)). 
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Figure 3-51 

Effect of Area on Response of Human Skin to 
Radiation Exposure (Upper Curve, Skin Tol
erance Dose, TD50, for 25 Treatments Given 
Over 5 Weeks; Lower Curves, TD50 and ED50 
for Single Exposure) . 

(After Langham (ed.)-NAS-NRC(145) from data 
of Paterson(206)). 

of 5 weeks (upper curve). The lower curves demonstrate the possible effect 
of area irradiated on the single high- intensity exposure TD50 and EDSO' In 
this case, the T DSO and ED SO curves are drawn parallel to the upper curve 
through the established points of 2, 000 and S75 rads for the high-intensity 2 
tolerance and erythema doses, respectively, for an exposed area of 100 cm . 
In view of the limited data, it has been suggested that the erythema and toler
ance-dose values perhaps should be lowered by about 20 to 2S percent if 
applied to situations in which the potentially exposed skin area may exceed 
100 to 200 cm 2 (145). These considerations are related only to effect of 
area exposed on the EDSO and TDSO and do not apply to effect of area of skin 
involved on the degree of discomfort and the probability of producing decre-
ment in performance. It is suggested, therefor e, that in calculating RES, 
the space-radiation dose (D) be multiplied by an area-effectiveness factor 
(fa) of 1.25 to evaluate the reference equivalent space exposure (RES) when 
exposure involves skin areas greater than"" 150 cm 2 (see Distribution, page 3 -7). 

The less sensitive regions of the body are the face, trunk, arms, and 
legs; more sensitive regions are the dorsa of the hands and feet, the scalp, 
the eyelids, and the perineum. Data are not available from which an esti
mate of the EDSO or TDSO for hands and feet can be made. The response 
threshold for skin of these regions appears to be about 15 to 25 percent less 
than that for skin on the trunk ( 145). 
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Irradiated skin exposed to chronic irritation or trauma, such as from 
tightly fitting clothing, will develop a more severe reaction than would non
traumatized skin. The increase in s everity would be a function of the type of 
trauma and whether the area was being continually subjected to trauma during 
the course of the dev elopment and healing of the reaction. Exposure to ele
vated local temperature would also act to augment the reaction. It has been 
suggested that exposure of irradiated skin to trauma and irritants could effect 
a reduction in ED50 or T D50 by a factor of~ O. 25 (145). 

Germinal Epithelium 

The sterilizing effect of radiation will not affect the success of a specific 
mission, but may have a second-order psychological bearing on crew effec
tiveness during the whole program. Due to the high radiosensitivity of the 
gametogenic epithelium, the gonads ar e probably the most s ensiti ve or gans 
of the human body. Table 3-52 represents the expected dose-response curve 
for male sterility obtained from experienc e with electromagnetic radiations. 

Table 3-52 

Radiation Damage to Gonads 

(Adapted from Brown(42), Oakes and Lushbaugh(200) and Heller(116) 

Dose Res ponse 

15-1 00 rad Progr essive r educ t ion i n fe rtil ity with dose 
r educed sper m count ( oligospermia) and 
increased f r equ en c y of abno rmal spe rm. 
A bove 10 0 r ad s . azoospermia is usually 
evid ent at 10 weeks . 

20 0 -3 00 r a d Tempo r a r y . a bsolute s t e r il i ty (azoospe rmia ) 
fo r approximately 12 -1 5 months afte r 10 weeks . 

400- 500 r a d Tem po r a r y s t e r i lity fo r 18-24 months . 

500-6 00 r a d Probably permanent st e rility. if in div idual 
su r v i ves . 

The time course of decreased sperm count is related to the fact that post
spermatogonial cells are quite resistant to radiation. Cells beyond the second 
and third phases of spermatogenesis continue to develop. Below 300 rads, 
there is a normal sperm count for about 46 days with a sudden drop over the 
next 10 or 12 days to a nadir at about 80-120 days depending on dose (146). 
Above 300 rads, the sperm count falls after several weeks . Libido and 
potency are unaffected up to about 600 rads. The lower the dose , the more 
rapid the recovery. Beyond 50 0 - 600 rads, little or no recovery is seen (182 ). 
A review of gonadal response after clinical x - ray exposure is available (118). 

The principal effect of radiation on the germinal epithelium is a dir ect 
one ( 95 ). Therefore, nonuniformity of dose distribution , both topically and 
in depth, would influence response of the germinal epithelium to space - rad
iation exposure. For purposes of effective dose calculation and measure 
ment , the average depth of the testes is assumed to be 2.5 cm (145). It 
should be remembered that the testes are shielded in operational conditions by 
at least 3n steradians of body shielding . The fact that radiation effect on the 
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germinal epithelium is predominantly a direct one suggests the feasibility 
of local shielding, if necessary, to lessen the probability of response. 

The QF-LET factors suggested in Table 3-3 appear appropriate for 
acute exposure of the germinal epithelium ( 20 ,145 , 199). It has been 
pointed out, however, that in small animals some testicular cells ar every 
sensitive to high LET radiation; 6 rads of alpha particles causing a signifi
cant effect (270). Under conditions of fractionated or protracted exposure 
the QF-LET factors of Table 3-5 appear reasonable (260). 

PROGRESSIVE PERFORMANCE DECREMENT 

Where exposures are at low levels and where no early manifestations 
occur, continued or periodic exposures can lead to a progressive decay in 
health and in performance necessary to maintain flight operations. Quanti
fication of this problem encompas ses one of the most difficult areas for the 
prediction of biological effects. 

Radiation injury has a comparatively slow time-course of expression 
and its manifestations will progressively emerge, then subside. Expres-
sion and recovery are concurrent. When the exposure is essentially con
tinuous but at a low daily rate, injury and recovery will probably equilibrate 
and a steady state will be maintained for long periods. Such observations' 
have been made in experimental animal populations and certainly would occur 
in man, but there are not yet sufficient data available to establish the kinetics 
of injury and recovery with any degree of confidence (228). 

One theoretical approach to this problem has lead to the evolution of the 
"equivalent residual dose" (ERD) concept (32,73 ,148,172,191,231). 
This assumes a simple linear additive model for injury accumulation and con
current recovery. The assumptions and constants employed in the ERD 
calculation have never been validated in man and are often, for specific bio
logical end points, in conflict with much present day radiobiological data 
(201). The ERD concept is not based upon a correlation of physiological or 
cellular injury with lethality, and therefore it cannot determine in any 
realistic way a dose accumulation that can be related to an acute end point. 
Dos e protraction studies in larger animals may shed more light on the 
problem ( 2 ,205 , 297 ). 

The following discussion is taken directly from the recommendations 
of the Space Radiation Study Panel of the Life Sciences Committee, Space 
Science Board, NAS-NRC (145). 

The possibility of radiation-induced progressive performance decre
ment will increase with increasing mission duration. The highest-intensity 
exposures will occur very infrequently and then only over a period of a few 
days, such as during solar flares. Most exposures to radiation in space 
flights are, therefore, expected to be at low dose rates, Since radiation 
effects decrease roughly proportionately with decreasing dose rate, the early 
effects described above for high-intensity exposures will become les s marked 
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or even absent under sufficiently protracted exposure, even though the dose 
rate during an occasional episode may be relatively high. Under these condi
tions, as a result of a gradually accumulating injury to the blood -forming 
tissues, more subtle effects may occur that may be accompanied by a reduc
tion of the spacecrew's ability to maintain normal flight operations. This 
injury may be characterized by vague symptom s of fatigability, headache, 
dyspnea, reduced resistance to general stress, increased incidence of low
grade infection, and dec reased blood -oxygen transport. 

In space radiation exposure, the expressions of injury and recovery are 
concurrent. When the exposure to reference -quality radiation is essentially 
continuous but at a low daily rate (perhaps 1 rad/day or less for man), the 
rate of injury and recovery may approach equilibrium, and a steady state may 
be maintained for long periods. Although the phenomenon of equilibrated 
injury and recovery has been quantitatively defined in experimental animal 
populations under specific conditions of expo sure, the kinetic s of injury and 
recovery for man cannot yet be given with any degree of confidence. 

Prediction of man's response is difficult even when a regular pattern of 
protracted or fractionated exposure is involved. The erratic pattern of 
exposure that may occur in most projected space flights, and the accompany
ing moderate to serious depth -dose inhomogeneity, make extrapolation 
virtually impossible at present. Sufficient dose protraction (whether by low 
dose rate or by fractionation) will lessen or even preclude the occurrence of 
prodromal symptoms and early skin responses. Restricting one's self to injury 
to the blood -forming tis sues, the important questions are to what extent 
damage to the bone marrow will be lessened and what time factors are 
involved. 

In the absence of any well-substantiated method of estimating an individual's 
residual radiation damage from intermittent exposure and his capacity to 
tolerate additional doses, the Panel suggests that a dose -accumulation pro
cedure as outlined below be utilized. The procedure allows for any changing 
effectiveness of accumulating dosage by taking dose rate into account. Al
though there ar e insufficient data to permit a high degree of precision, the 
Panel feels that some evaluation of dose -rate effects under the anticipated 
conditions of exposure is important in determining the radiation status of a 
spacecrew. A suggested approach is outlined below. 

1. Radiation absorbed by a crew on a deep -space mis sion will 
typically result from occasional limited periods of exposure 
at elevated dose rates (which will vary from period to 
period and with time during each period) superimposed on 
a continuous low -dose -rate ambient cosmic -radiation back
ground. The irregularities in dose rate can be smoothed 
for calculation and accumulated on a mean -daily -dose basis. 

2. It is assumed that the effect per unit dose will decrease 
linearly with decreasing dose rate. 

3. For bone -marrow responses, doses delivered at dose rates 
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of 50 rads/day and above are assumed to produce maximum 
injury per rad, while exposures at rates of 1 rad/day and below 
are assumed to produce minimum injury per rad accumulated. 



4. A dose -rate accumulation effectivenes s ratio of 3 will be 
assumed between these limiting dose rates, and linear inter
polations of the accumulation-rate factor (RF A) may be made 
for all intermediate dose rates (Figure 3 -53). RF A should 
not be confused with Ir (Table 3 -5), which applies only to 
early responses withln",30 days after high-intensity exposure. 

5. The RF A values taken from Figure 3 -53 may be applied to 
the space -radiation dose (D) in the general equation (3) to 
derive a value for RES that allows for differences in 
progres sive bone -marrow injury as a result of differences 
in dose-accumulation rate. It has been suggested that, for 
extended mis sions, the acceptable mis sion -accumulated 
exposures be set on the basis of the lowest dose rate 
(l rad/day or less) (see Table 3-66). This recommenda
tion is consistent with standard practice in occupational 
radiation protection. In contrast to early responses 
where the standard exposure situation has always been 
the high dose rate producing maximum effect, the standard 
for protracted low dose -rate exposures has always been that 
associated with minimum effectiveness. Therefore, RES 
for progressive bone -marrow injury will only be subject 
to upward adjustments by multiplying the space dose (D) 
by RF A (which is always ~l) to allow for increasing 
effect as dose rate increases above I rad/ day. As dose 
rate and dose accumulation are protracted, expression of 
bone -marrow injury approaches that of late or delayed 
responses. It seems, therefore, that quality factors for 
late responses (QFL) should be used for evaluating pro
gressive bone -marrow injury. Quality factors for late 
responses are given in Table 3 -2 and equation (1). 

It was also recommended that the contribution of daily dose increments 
(as suming exposure of a major portion of the bone -marrow) to the accumu
lated RES for progressive bone -marrow injury be evaluated as 

RES (reu) = D (rads) x QF LX RF A (10) 

20 30 40 
DOSE RATE (RADS/DAY) 

50 60 

Figure 3-53 

Accumulation Rate Factor (RF A) for Progressive 
Bone-Marrow I njury as a Function of Mean 
Daily Dose Rate. 

(After Langham (ed.) -NAS-NRC(145)) 
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and subtracted from a pre -established acceptable mis sion referenc e 
equivalent space exposure (RESm ) expressed in reu to give a chronological 
record for the remaining allowable mis sion exposure. 

An example of the manner in which a r e cord may be kept of the accumu
lated marrow exposure received by a flight crew during a hypothetical 1 -year 
mission is shown in Table 3 -54. In this example, it is assumed that the 

Table 3-54 

Example of a Dose Accumulation Record for a Hypothetical 1-Year Mission 

(After Langham (ed_)-NAS-NRC(145)) 

ELAPSED MEASURED ESTIMATED ALLOWABLE 

TIME MEAN DOSE (D) RES RES m 

PERJOD DOSE RATE RECEIvED RECE IV ED' REMAINING 

(days) (rads/day) (rads)' RF ... (reu) (reu) 

0 250 

(}-I 10 10 1.4 14 236 

2-150 < I 15 1 15 221 

151- 152 2(}-30 45 2 90 131 

153-364 < I 20 1 20 111 

365 15 15 1.5 23 89 

TOTAL 105 162 

OAt 5·cm depth, tissue-equivalent; total-body exp06ure. 
b~ L assumed to be unity. 

acceptable RESm , established on the basis of a risk-versus -gain philosophy, 
was set at 250 reu. It is assumed also that exposure involved two traversals 
of the geomagnetically trapped radiation fields, continuous low -level back
ground radiation ("" O. 1 rad/ day), and interception of one major solar -flare 
even on the 151 st day. The example illustrates how such a chronological 
record may give some feeling as to the progres sive bone -marrow exposure 
status of the cre w during an extended mission. 

The uncertainties in evaluating the risks from space -radiation exposure 
increase disproportionately with increasing mission duration. For missions 
up to 30 to 60 days, risk evaluation is based on a reasonable amount of factual 
information. For mis sions beyond 1 year, evaluation becomes more and more 
a matter of judgment. In an effort to provide some guidance for long -duration 
mis sions, suggestions of annual exposure -accumulation factors are given in 
Table 3 -55. The factors are given as a set of multiples of a I-year exposure 
on the assumption that the I-year exposure is in the range of 200 to 300 
reference equivalent units (reu). The factors are selected on the judgment 
that any derived RES values will produce no clinical signs or symptoms of 
hematological injury (such as infection, hemorrhage, fatigue, or fever) if 
exposure is generally distributed or fractionated over the indicated time 
periods. The factors do not increase in direct proportion with time; they 
drop away from simple proportionality to allow for uncertainties of damage 
to recovery mechanisms and for possible cumulative effects of other stresses 
associated with space flight. 
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Table 3-55 

Examples of Exposure-Accumulation Factors or Multiples 

of the 1-Year R ESa for M issi ons of Specified Du ration 

(After Langham (ed.I-NAS-NRC( 14511 
MISS (ON DURATIO N 

(years) 

1 
2 
3 
4 
5 

M ULTI PLE 

1.0 
1.8 
2.4 
2.8 
3.0 

GAt 5-cm depth. tissue-equivalent; total -body exposure. 

The NAS-NRC Panel believes that pres e nt knowledge permits a limited 
prediction regarding tolerance to progressive bone-marrow injury. Although 
it may be possible to judge from existing experience when a population is 
approaching the limits of its tolerance (the point where overt signs and 
symptoms may appear), there is no way at present to predict individual 
variations in sensitivity or distribution of sensitivities in the population. The 
variance of the population is an extremely important parameter of any 
quantitative prediction, and present knowledge is far from adequate. In 
general, the variance may be a function of age, dose rate, total accumulated 
dose, post -irradiation time period, radiation quality, presence of other 
physiologic stresses, and particular tissue or system involved. Since most 
or all of these factors will be variables in space flight, quantitative and 
accurate predictions will not be pos sible. With the above considerations in 
mind, the consensus of the Panel is that a safety factor or uncertainty factor 
(as the case may be) of 2 may be inherent in the exposure -accumulation 
multiples given in Table 3 -55. As exposure and time accumulate, the safety 
factor becomes more of an uncertainty factor because of the gradual shift 
of the response pattern into the late - injury mode. The limiting consideration, 
therefore, is ultimately the extent to which long-term risks are acceptable. 

Although it is not possible to avoid all risk of radiation injury, signs 
and symptoms of early and intermediate injury to the blood-forming system 
can be selectively avoided by controlling the exposure-accumulation rate. 
However, the probability of manifestation of late radiation injury and general 
life -shortening will increase in proportion to the total accumulated exposure. 

LATE OR DELAYED EFFECTS OF RADIATION 

Late or delayed manifestations of radiation damage are those that do not 
appear until after a latent period of months, years, or the remaining life 
span of the individual. These effects are nonspecific in that the y cannot be 
correlated to any particular radiation exposure. Lack of correlation between 
a particular dose and ultimate manifestations of effect arises partly as a 
result of the relatively long latent period before appearance of injury and 
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partly because the effects from continuous exposure s, multiple exposures, or 
both are additive , but not nec e ssarily in a 1:1 ratio in their final expression. 

Late responses in what would app ear to be a reasonable order of 
relative importance to manned spac e flight are changes in the ocular lens, 
permanent impairment of skin, general life -shortening, increased incide nc e 
of leukemia and other neoplastic disease, and genetic manifestations. Th e 
genetic manifestations differ from the others in that the y affect the progeny 
of th e irradiated individual rath e r than his health or faculti e s. The oth e rs 
ar e manifestations of cumulative somatic injury. 

In general, late (or delayed) effects are qualitatively the same, regard
les s of the nature of the radiation and whether exposure is continuous, inter
mittent' or from a single high-intensity dose. Although modified quantitatively 
by a variety of factors (including dose rate or protraction, depth -dose 
distribution, portion and region of the body irradiated, and nature and quality 
of the radiation)' some delayed effects (life -shortening, increase of incidence 
of malignancy, and genetic manifestations) are considered nonthreshold 
phenomena and impose on an exposed individual a probability of response in 
proportion to the total accumulated dose. In this case, the associated 
actuarial risks provide both the necessity and the basis for limits to radiation 
exposure in long -duration mis sions and space -flight careers. 

Ocular Lens 

Either acute or chronic exposure of the ocular lens will result in opacities 
which may go on to true cataracts depending on dose (51, 52, 145, 168). The 
time of appearance is highly variable and may range from as early as 6 
months to many years after exposure. The higher the dose, the earlier the 
appearance and the greater the degree of impairment. Because of the varia
bility of clinical and accidental exposures, no definite response -probability 
values for production of lens opacities can be assigned to specific radiation 
doses. About 150 to 200 rads of reference -quality radiation is the minimum 
cataractogenic single -exposure dose, and some lessening of effect appears 
to result from dose protraction over a period of at least 2 to 12 weeks. This 
is summarized in Figure 3 -56. 

It appears also that a single dose of about 650 to 750 rads of reference 
radiation may have a cataractogenic probability approaching unity, 50 percent 
of which may be progressive, resulting ultimately in impaired vision. The 
slope of the time-dose response curve between single (I-day) exposure and 
exposure protracted over an average time of ",7 weeks suggests a ratio of 
protracted dose to single dose of ",2 for the doses required to produce the 
same level of response. The dose protraction factor for lens opacities is, 
thus, much less than for other tissues (79, 145, 161). 

The incidence of cataract after a given dose level fractionated over 2 to 
12 weeks is shown in the histogram of Figure 3 -57. The available data 
suggest a log -normal dose -response distribution between the probability 
limits and predict that doses between 550 and 950 rads (average 800 rads) 
delivered over periods from 2 weeks to 3 months may produce an opacity in 
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Figure 3-56 

Time-Dose Relationship for Production of Late 
Radiation Changes in the Ocular Lens, Sug
gesting Probability Limits of 0 ~ p"S: 1. 

(After Langham (ed.)-NAS-NRC(145) 
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Figure 3-57 

Incidence of Late Lenticular Changes 
in Patients 'M1O Received Photon 
Exposures Fractionated over 2 to 
12 Weeks. 

(After Langham (ed.)-NAS-NRC(145) 
from data of Merriam and Focht(167)) 

about 70 percent of those exposed_ Of these, about 30 percent may b e pro
gressiv e and eventually r e sult in impai'red vision. On this basis, one might 
estimate that about 20 percent of flight crews who receive lens expo s ur e s 
of ...... 800 rads of ionizing radiation (equivalent in effe ctiv enes s to 200 -kVp 
x-ray s) in an interval from a few w e eks to about 3 months may deve lop 
clin ically s i gnificant cataracts at some tim e during th e ir liv es. Table 3 - 58 
represents a probabilistic summary of th e dos e respons e r e lation ship aft e r 
acute and protracted radiation. 

R e view of animal and human data suggests an RBE of at least lO for late 
lenticular effe cts from recoil protons of n eutrons unde r conditions of prot racted 

Table 3-58 

Suggested Absorbed Dosesa of Reference Radiation 
for Production of Late Changes in the Ocular Lens 

(After Langham (ed.)-NAS-NRC(145)) 

PROBADIUTY OF 

RESPONSE 

M inima l (p ~ 0) 
M edian (p "" 0.5) d 
Maximal (p ~ I) 

HICH-INTENS ITY 

SINCLE (I -DA Y) DOSE 

(rads) 

150 
300 
650 

PRQ1RACTtO 

DOSE C 
(rads) 

300 
600 

1,300 

a. Point of interest for dose estimation, 3-mm depth. 
c. Dose protracted over 7 weeks or longer. 
d. Assuming log-normal distribution of response. 

3-69 



L . 

exposure (1, 166). Demonstrable observations of an increase in the RBE of 
high-LET radiations with increasing dose protraction indicate that the slope 
of the time -dose curve approaches zero with increasing LET. It is advisable, 
therefore, to use the QF-LET relationship given in Table 3 -2 and the local 
LET spectrum at the depth of the lens when considering delayed cataractogenic 
effects of space -radiation exposure. Curves have been recently published on 
specific QF values for different proton energies in lenticular radiation (75). 
It has been noted that protons and neutrons may tend to produce more vacuolar 
degeneration of the lens in animals than do other forms of radiation (211). 

Topical nonuniformity of dose distribution is highly important and suggests 
the feasibility of locally shielding the eyes to lessen the probability of late 
lenticular changes from space radiations. Because of the rapid drop -off in 
dose and local LET of the principal sources of space -radiation exposure, 
nonuniform depth -dose distribution may also be significant. The average 
depth to the surface of the lens is estimated as -3mm. Dos e evaluation for 
late cataractogenic -effects, therefore, should take into consideration dos e 
and local QF at a depth of 3mm (145). 

The RES for late changes in the ocular lens may be evaluated by the 
expression 

RES (reu) = D (rads) x QFL x F 
pr 

(11 ) 

where D is the space -radiation dose and F pr is the protraction factor equal 
to unity for protraction times of 7 weeks and greater and linearly increasing 
to 2 with decreasing time to 1 day. As an example, if the pre-established 
acceptable exposure risk for a mis sion of 7 weeks or longer (F r = 1) 
corresponds to minimal probability of lens response (RES = 300 reu), and 
that exposure is anticipated to a space radiation having a predicted mean 
QFL of 3, the allowable space-radiation dose (D) would be 100 rads. If 
delivered in a I-day exposure, however, the allowable dose would be only 
50 rads. 

It should be kept in mind that the greater the level of exposure, the 
greater will be the probability that any cataracts produced will be progressive 
and the shorter will be the latent period before development. 

Chronic ulcerative lesions and opacification of the cornea can result 
from 100 kVpx-rays in the 2000 - 3000r range, from lower doses of soft 
x-rays «75 kVp), and from S radiation of <1-2 x 10 6 eV. (50, 220). Retinal 
vascular occlusions have also been reported following x -radiation in exces s 
of that necessary to cause lenticular changes (50). 

Permanent or Late Skin Effects 

In the review of early skin effects (see Table 3 -45 and discussion of 
Figure 3 -46), it was mentioned that clinically evident permanent changes ln 
the skin occur regularly after radiation doses that yield at least a dry 
desquamation response. Furthermore, induction of skin malignancy is known 
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to be one of the late or delayed oncogenic effects of single high -intensity and 
protracted radiation exposure. The characteristic late radiation changes in 
the skin are referred to collectively as "chronic radiodermatitis" and consist 
of telangiectasia, los s of hair, pigmentation, parchment -like appearance 
with atrophy, keratosis, malignancy, and sensitivity to mild trauma. The 
latter, combined with decreased capacity for healing, predisposes to chronic 
ulceration. As with other late effects, manifestations of chronic radio
dermatitis do not occur until many months or many years after exposure, and 
their frequency and severity are proportional to the accumulated dose to the 
exposed area. 

Although minimal delayed radiation changes in the skin are not serious 
per se, there is a general feeling by some that severe or symptomatic 
radiodermatitis is a dangerous lesion because it is progressive and may 
eventuate in carcinoma of the skin if the affected person lives long enough 
(43, 204). The most common type of skin tumor resulting from radiation 
exposure is squamous -cell carcinoma, although basal-cell carcinomas occur 
frequently and appear to occur more frequently in the less severe and more 
superficial type of radiodermatitis. The time between the first evidence of 
skin changes and appearance of the cancer can average 7 years, with a 
variance of 1 to 25 years. Tumors developing in irradiated skin appear to 
possess a relatively low degree of malignancy with infrequent metastases. 
Rates of ultimate mortality reported from radiation cancer of the skin, 
however, have ranged from 5 to 25 percent (145, 204). 

Clinical experience has dealt largely with small exposure areas. No 
observations are available on delayed consequences of whole -body skin 
exposure. Data may become available with time as a result of total-body 
electron exposure in the treatment of extensive skin dis eases. Whole -body 
exposures of primates to >900 rads of 32 mev protons, has lead, as early as 
1 year, to severe fibrosis and contracture of the skin with immobilization and 
starvation as the cause of death (178, 195). In these primates, no tumors 
have been seen after 2 1/2 years. 

Depending on total dose and dose protraction, late radiation changes in 
skin vary from minor telangiectasia of cosmetic interest only to development 
of the most serious sequela, metastatic carcinoma. However, quantitative 
dose -response relationships for the various manifestations of chronic 
radiodermatitis do not exist. There seems to be a correlation, however, 
between production of an early desquamation reaction and manifestations of 
minimal late effects (telangiectasias, mottled pigmentation) in that clinically
evident permanent changes are observed regularly after early desquamation. 
Based on this premise, the single -exposure dose -response relationship 
for production of minimal late changes in the skin would be parallel to and 
approximately the same as that for early moist desquamation shown in 
Figure 3 -46. Indirectly at least, there are observations that support the 
above contention (145, 266). Back extrapolation from protracted dose 
schedules suggest a single -dose equivalent of -----2,800 rads (small exposure 
fields, -10 cm 2 ) for production of 50 percent probability of late necrosis 
(82, 145, 273). 
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As with early desquamation, the total dose r equired to produce chronic 
radiodermatitis should show parallel dependence on dose protraction and 
fractionation res e mbling that for early responses. This is seen in the 
extrapolations from tenuous observations in Figure 3-59 (82, 145, 266, 273). 
The late effects appear less sensitive to protraction than e arly effects. It 
should be emphasized, however, that, with sufficient protraction, enough 
dos e can accumulate to produce severe radiodermatitis, including cancer, 
without ever producing any early response. 
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Figure 3-59 

Comparison of the Time-Dose Curves for Late Radiation 
Necrosis and Early Moist Desquamation_ 

(After Langham (ed.)-NAS-NRC(145) from the data 

of Sulzberger et al(266), Traenkle and Mulay(273), 

and von Essen(82)) 

Table 3 -60 probabilistically summarizes the suggested absorb e d dos e s 
for production of late skin necrosis. As with ocular -lens changes, the time
dose response curve for skin necrosis sugg e sts a decreasing effect with 
increasing dose protraction, such that the ratio of protracted dose (approxi
mately equally distributed in daily increments over ",7 weeks or longer) to 
single dose (1 day) required to produce the same probability of response 
is ",Z.3. 

Table 3-60 

Suggested Absorbed Dosesa of Reference Radiation for Production 
of Late Sk in Necrosis. 

(After Langham (ed.)-NAS-N RC( 145)) 

PROBAB ILIT Y OF HICH · INTENSITY FRACT10NATED OR 

R[SI'01'OSE SINCLE (I ' DA Y) DOSE PROTRACTED DOSE b 
(percent) (rads) (rads) 

10 2,000 4,600 
50 2,800 6,400 
90 3,600 8,200 

a. Point of interest for dose estimation, 0.1 mm depth; area exposed <150 cm 2. 

b. Dose protracted over 7 weeks or longer. 

The late skin effects are very sensltlve to the LET factor. Fast neutrons 
are at least 3 to 5 times as effective as ZOO-kVp x-rays in producing late 
radiation sequelae and even more effective in producing late responses than 
early ones (Z63). It is suggested that the QF in Table 3 -Z be used for late 
skin effects and that an area effectiveness factor (Fa) of 1. Z5 for areas 
>150 cm Z be used in risk evaluations. The recommended dose protraction 
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factor Fpr is 1 for protraction times ,of 7 weeks and longer and the F pr 
linearly increases to 2.3 with decreasing time to 1 day. Equation (11) may 
be used to calculate the RES for late effects with these OF and F pr factors. 
As an example, if the space -radiation dose (D) to an area of> 150 cm 2 accumu-
1ated (in approximately daily increments) during a mission of 7 weeks or 
longer (F pr = 1) is 1,000 rads of radiation with an average QFL of 3, the 
RES woula be 3, 750 reu. Cornparison of this value with the fractionated 
dose -response relationship indicated in Table 3 -60 (on the basis of 1 reu = 1 
rad of reference radiation) suggests about a 3 percent probability of necrosis 
or chronic radiodermatitis. If fractionated more or les s equally over 25 
days (Fpr = 1. 65), the probability of necrosis would be of the order of 50 
percent (RES = 6,200 reu). In this case, however, the appearance of early 
skin responses would definitely have been mission-limiting. In evaluating 
risk from late skin effects, it should be kept in mind that from 5 to 25 percent 
of cases of chronic radiodermatitis (in small areas) progress to the malignant 
stage, and that the area damaged may have a considerable influence on the 
probability of malignancy since the number of potential cells exposed to 
malignant conversion is proportional to area. It is not clear if there is a 
specific body site which shows predilection to chronic necrosis or malignant 
change (204, 273). 

General Life -Shortening and Carcinogenesis 

Life -shortening 

A convincing body of data indicates that a statistical sample of an animal 
population exposed to radiation has a shorter median life expectancy than 
does an unirradiated sample of the same population. The data further show 
that the degree of life -shortening is a function of accumulated dose. 1£ a 
group of animals receives a dose of radiation insufficient to cause early 
lethality, the animals appear to recover completely. Blood counts return to 
normal, gastrointestinal symptoms disappear, and weight returns practically 
to normal. Organ function tests, such as liver or kidney, are within normal 
limits. Nevertheless, on a statistical basis, these animals die sooner than 
their unirradiated controls (64, 121, 133, 137, 145, 152, 196, 261). Gen
erally, no new or different disease syndromes have been observed as late 
effects in irradiated animals, and all causes of death so far studied, with only 
minor exceptions, are accelerated by radiation . Symptoms of delayed radia
tion effects appear to be so much like those of aging that the syndrome has 
often been termed " radiation -induced aging, 11 and typical signs of aging con
firm this impres sion. 

There is little reason to doubt that radiation exposure would have the 
same qualitative effect on life expectancy and general well-being of man. 
With regard to space crews, selection of dose limits for early eff,ects 
automatically establishes certain probabilities of general life -shortening 
and other late responses, and forces consideration of placing limits on the 
as sociated actuarial risks as they w o uld apply to long -duration mis sions 
and space -flight careers . No definitive data exist on the radiation dose
response relationship for general life -shortening in man, but useful data may 
eventually result from the Atomic Bomb Casualty Commission's studies of 
the Japanese atomic -bomb survivors . At present, however, it is necessary 
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to rely almost entirely on animal observations, tenuous extrapolation from 
experimental animals to man, and limited data on the mortality rates of 
several age -cohorts of Am erican radiolo gists. 

The degree of life -shortening caused by a single radiation dose delivered 
to young adult rats or mice is nearly a straight-line function of dose. There 
is a decrease in mean survival time of about O. 040/0/rad with a range of 
O. Ol%/rad to O.lO%/rad. If it is assumed that the percentage of life-span 
dec rem ent per rad is the same in all species, then a single high -intensity 
dos e of 1 rad of x or gamma radiation would have a statistical life -shortening 
effect in man of ...... 10 days (45). Alternatively, if it is assumed that the 
single-exposure LD50 dose for man is 300 rads and that equal fractions of the 
LDSO for the different species produce the same percentage life-span loss, a 
high-intensity absorbed dose of 1 rad at the midline would have a life-shorten
ing effect in man of....., 20 days (65). It may be assumed also that flight crews 
(in the 30- to 40-year age interval) at the time of exposure will have only 
about one half their life expectancy at risk. On this basis, the life-shorten-
ing effect per rad may be modified downward from the above values. A con
troversy exists over the methods of extrapolation from animals to man and 
over whether life-shortening from single high-intensity exposure increases 
linearly or nonlinearly with increasing dose (152, 229). It can probablybe assumed 
arbitrarily for space-flight applications that the actuarial risk from high-intensity 
exposure to radiations with an LET of 3.5 keY /~ and below is of the order of 
10 days/rad (145). About four times more gamma radiation is required at 
low dose rate than at high dose rate to produce comparable statistical life
shortening in mice. Application of a factor of 4 to the as sumed life-shorten-
ing value of ...... 10 days / rad for high-intensity exposure in man gives a statis
tical decrement of ...... 2.5 days/rad for low-dose-rate exposure. This value is in 
general agreement with other estimates which have been made for man of 1 day/ 
rad for continuous exposure at dose rates not in excess of .....,0. 5 rad/day (86). 
If the dose rate is increased above 0.5 to 1 rad/ day, its effectiveness on life-short
ening maybe expected to increase, finally reaching a figure about four time the 
low-dose-rate value when the dose is received promptly. The dividing line 
between acute and chronic exposure is not known, but there is almost certainly 
a gradual transition from one to the other. Pres ent knowledge of rate
dependence of life -shortening effects would hardly seem to justify attempts 
to refine the quantitative influence of dose protraction and fractionation 
beyond that given above. Table 3 -61 and Figure 3 -62 show the suggestion of 
the NAS-NRC Panel on dose protraction factors in life-shortening (145). 

Comparison of fis sion neutron vs. gamma ray or x -ray effects suggest 
that the life -shortening effectiveness of low -LET radiation is more highly 
dose-rate dependent than high-LET radiation (145). The RBE of low-LET 
neutrons increases from 2 to 10 as protraction is prolonged (145). For the 
typical space proton dose and dose rate behind nominal shielding at the 
probable site of the life -shortening effect, the bone marrow, a QF = 1 can 
probably be assumed (3, 105, 106, 145). Table 3 -63 represents a current 
estimate of quality factor for high -LET radiation of cosmic ray type (243). 
Applying upper limit estimates to total body dose for man of 40 m rad/day 
and 1 ZO m rem s / day for Zn incidence of the full galactic flux at solar minimum, 
it can be calculated that the life of a crewman will be shortened by about 
1 / 4 a day for every day he spends in space under these conditions (238, Z45). 
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Table 3-61 
Suggested Reference Radiation Dose-Response Relationships for General 

Life-Shortening and I ncreased I ncidence of Leukemia 

(After Langham (ed.)-NAS-NRC(145)) 

RESPONSE 

Li fe Shortening C 
Leukemi a C 

HICH ~ I Nn:NS ITY 

EXPOSURE a 

_ 10 days/ rad 
2-4 per 10' ma n·yr/ rad 

LQw- rNT£['I:SITY 

EX POSURE b 

_ 3 days/rad 
1-2 per 10' man ·yr/ rad 

a. Assumed to be 50 rads/day and greater. 
b. Assumed to be 1 rad/day and less. 
c. Site of interest for dose estimation, 5 cm depth; whole-body exposure. 

24r-'-.--r-.--'-.--r-.--'-.--r~-'r-~'-~-'--, 

2 

ACCUMULATED DOSE (hundred. of RADSl 

Figure 3-62 

Relationship of Accumulated Dose and Intensity of Reference-Quality 
Whole-Body Radiation to Life-Shortening Probability 

(After Langham (ed.)-NAS-N RC(145)) 

Table 3-63 
Estimates for Life-Shortening of Man from Exposure to H igh-LET Ionizing Radiation 

(After Schaefer(243)) 

Type of Radiation 

Low LET 
(Electrons, x- or gamma roys) 

High LET 
(Low-E protons or neutrons, 
medium and high-E heavy nuclei) 

Extremely high LET 
("Microbeoms ll of heavy nuclei 
enders) 

Life Shortening, doys/ rod 

Acute Exposure Chronic Exposure 

12 3 

24 24 

? ? 
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The induction of leukemia and other neoplastic diseases contributes 
specifically to the statistical life -shortening effect of cumulative radiation 
exposure (121). Although this problem has been under study since the early 
1900' s there are still very few quantitative dose -response data available for 
man. This is not due entirely to lack of information, but rather, to the 
complex statistical and actuarial aspects of the problem. Since n:o new or 
unique types of cancer are produced by irradiation, one must seek differeI).ces 
in either the age of appearance, the frequency of occurrence, or both. Since 
most causes of death are increasing exponentially with age beyond young 
adulthood, it becomes difficult to be certain without careful statistical analysis 
when a change in frequency may be attributed to some factor other than sheer 
chance. In addition, most human data involve fairly small groups -at -risk, 
and, therefore, the probability of detecting a significant age -specific death 
rate for a given malignancy is very small. The present Atomic Bomb 
Casualty Commis sion (ABCC) studies exemplify many of thes e statistical 
difficultie s. 

Leukemia is one neoplastic disease that characteristically occurs sig
nificantly earlier in life in irradiated populations than in nonirradiated 
populations and, depending upon dose, at a significantly higher percentage 
(121, 277). Several studies have substantiated th e higher -than -average 
number of deaths from leukemia in irradiated human populations. The most 
significant data are those obtained from the survivors of the Hiroshima and 

I Nagasaki bombings (12, 40). Exposure in both cities involved prompt 
weapon -quality gamma radiation with some fis sion neutrons, the neutron 
cO'mponent being higher in Hiroshima. The predicted excess death rate lies 
between one and two deaths per million exposed per rad per year (1 to 2 
per 106 man-years/rad). According to present indications, this rate is 
likely to be maintained for at least 15 to 20 years after exposure. 

All other epidemiologic studies of irradiated adult humans also give 
strong evidence of man's sensitivity to the leukemogenic effect of ionizing 
radiation (277). These studies include a group of adult British males given 
therapeutic irradiation of the spine for ankylosing spondylitis (58), the study 
of profes sional radiologists, and the evaluation of Danish cancer registry 
data (84). Virtually all induced leukemias are of either the acute granulo
cytic, acute lymphocytic, or chronic granulocytic form s. The incidence of 
chronic lymphocytic leukemia is not detectably increased by radiation. 
Recent suggestions that the incidence of multiple myeloma, lymphosarcoma, 
and Hodgkin's disease is higher among the proximally irradiated Japanese 
(within 1,400 m of the hypocenter) should be noted with caution, since only 
between one and four such cases have been observed (5). However, a survey 
of leukemia deaths among U. S. radiologists, does offer evidence in support 
of a significantly increased mortality ratio from multiple myeloma (151). 
The latent periods for acute form s of leukemia and for chronic leukemia 
have be~n fairly well defined as 1 to 5 years and 1 to 10 years, respectively 
(85). The duration of an elevated death rate from leukemia is not absolutely 
defined and mayor may not exceed 15 years (31, 58). . 

There is evidence from several sources that radiation to the thyroid and 
pituitary gland may increase incidence of thyroid adenomas and carcinoma 
(7, 8, 9, 155, 212, 257, 272). The dose-response relationship is not clear. 
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Although risk estimates for thyroid cancer have been made for the case of 
children exposed to single doses, no valid estimate is available for the 
irradiated adult. The estimate for children is similar to the leukemia risk 
(about 1 per 106 man -years / rad), but the negative data for adults suggest 
that the risk may be somewhat lower for that group (145). 

The evidence for skin cancer has been covered above. Osteogenic 
sarcoma also appears to follow radiation. The present consensus is that, if 
no complicating bone pathology is present, at least 3,000 to 4,000 rads are 
required to induce bone cancer (33, 132). No risk factor can be derived 
from the data since they are based on case -history reports and not on 
epidemiologic surveys. For the same reason, the minimum sarcoma
inducing dose cannot be considered definite. Many other unfrequent tumors 
have been reported in following radiation of man and animals (145). For 
example, the ratio of mortality from all cancers among U. S. radiologists 
is 40 percent higher than among a non-exposed medical-specialty group (252). 
Unfortunately dose-response relationships are not clear. 

In the case of neutron irradiation of high LET, there appears to be much 
less recovery of chromosome damage and a concomitant higher RBE for 
tumor formation (64). High LET radiations have not unequivocally demon
strated a higher tumor induction rate than that normally associated with 
their acute or chronic lethal effectivenes s. Soviet studies suggest that pro
tons may have a higher carcinogenic effect in small rodents than equivalent 
doses of x-ray or gamma radiation (270). Until more specific knowledge is 
available, it is recommended that the OF-LET relationship proposed by the 
NCRP (Table 3 -2) be used to estimate the risk of malignant disease following 
exposure to space radiations. The dose rate sensitivity of carcinogenesis 
appears to be greater than that for life -shortening (40, 121, 252). However, 
the exact protraction factors are far from clear. Table 3 -61 and Figure 3 -64 
present the proposed relationship for space radiations. Since none of the 
human data are sufficiently accurate or extensive to favor anyone of the dose 
response models over the other, the simplest linear relationship has been 
accepted as adequately descriptive of existing data, although it should be 
appreciated that the present evidence for man and animals does not generally 
support simple linearity (46, 47, 151). In view of these unc ertainties in 
dose-response curves, any errors in risk estimate will tend to be in the 
conservative direction (that is, to overestimate response), particularly at 
doses below 100 rads (145). 

The organ specificity, region, area, and volume factors for carcino
genesis are far from clear. Organs in children appear generally more 
sensitive than those in adults. Astronaut age of predominantly 30 to 40 
will certainly reduce the probability of thyroid neoplasia, may reduce the 
possibility of cancer involving the skeletal, connective, and integumentary 
tis sues, but is not likely to modify the probability of leukemia. 

Since the relationships of Table 3 -61 and Figures 3 -62, 3 -63, and 3 -64 
may be modified by such factors as radiation quality, dose distribution, and 
dos e rate, any attempt to refine risk evaluations by adjusting the space
radiation dose to give reference -equivalent space exposure (RES) is probably 
an unjustified refinement in view of the large uncertainties in the dose -response 
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Figure 3-64 

Relationship of Accumulated Dose and Intensity 
of Reference Quality Whole-Body Radiation 
to Increased Probability of Leukemia. 

(After Langham (ed.)-NAS-NRC(145)) 

relationships. It is pos sible, however, to make such adjustments of RES and 
to record chronologically the life -shorte ning and leukemia -risk status of a 
flight crew in a manner analogous to that suggested for progressive bone 
marrow injury, using Equation (10) and Figure 3 -53. If it is assumed that 
the effective tissue depth for generalized late effects is 5 cm, QFL of the 
major space radiations (inside current spacecraft shielding) for production 
of life -shortening and leukemia will be approximately unity. QFL, however, 
may be estimated from the calculated local LET using Equation (1). A 
dose-rate accumulation-effectiveness factor (RFA) for each daily-dose incre
ment maybe taken from Figure 3 -53. To evaluate the probabilities of life
shortening and increased leukemia incidence, it is necessary only to multiply 
RES (reu) for each daily increment by the respective probability values for 
low -intensity reference -radiation exposure shown in Table 3 -61 and sum the 
incremental probabilities. 

Genetic Manifestations 

The reports of the National Research Council Committee on Genetic 
Effects of Atomic Radiation present a clear review of general knowledge of 
the genetic effects of radiation exposure and stress the responsibility of all 
public and private agencies to keep the radiation dose to the population below 
their recommended value of 10 rads/ generation, or about 0.3 rads/year 
(145, 180). Subsequent recommendations by the International Commission 
on Radiological Protection suggest a dose of 5 rads in 30 years, or about 
0.17 rad/ year (121). The potential radiation exposure of astronaut crews 
should not make a significant contribution to this average per capita figure 
(l45). The individual astronaut will undoubtedly be subject to gonad doses 
well above those normally allowed persons operating under the exposure 
limits established for routine occupational radiation hazards. The concept 
of permissible dose as that which entails a negligible risk of severe somatic 
or genetic injury has to be set aside when considering the space -radiation 
problem (145, 227). Even so, knowledge of the radiation dose received by 
the gonads permits an estimate of the probability of mutation in the spermato
gonial cells and of its expression in the offspring. Such a calculation assume s 
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reasonable knowledge of the following parameters {the values given in 
parentheses are based largely on animal data}: 

1. The mutation rate per rad/gene (~= 5 x lO-B) 

2. The number of genes per haploid set {n = 104} 

3. The probability of expression of the new mutation in the 
first generation heterozygote (s = 5 x 10 -2) 

4. The gonad dose (D) 

For example, assuming a dose of 100 rads, 

would be the probability of a new mutation in the immediate offspring. Such 
probability statements must be accepted with considerable reserve, but they 
do serve to indicate that the genetic risk to the individual astronaut is not 
unacceptably high (l45). Since the mutation rate in the advanced germinal 
cell stages of the mouse is twice or three times that observed in the 
spermatogonia, it can be recommended that conception of offspring be 
avoided during the postflight period in which irradiated postgonial cell stages 
are still present (227). 

Dose rate and fractionation effects are not yet clear (225, 227). Low 
dose -rate exposures are not as effective as high -intensity exposures in 
inducing mutations. In mice, the difference may be a factor of 4 to 10 and 
apparently is operative at dose rates of less than 0.1 to 1.0 rad/min. How
ever, this dose -rate dependence is observed only in the immature germ 
cells, not in spermatozoa. This finding is consistent with the concept that 
metabolic activity is a prerequisite to repair and that low dose -rate exposure, 
as with somatic injury, permits concurrent repair in conjunction with less 
damage to repair mechanisms {l72}. Present data on the effects of fractiona
tion are limited to studies on mice using high dose rates and exposure inter
vals where high mutagenic sensitivity is known to exist. This sensitivity 
itself is of some concern, however, since existing data suggest that a fractiona
tion interval of about 1 day causes the response to a second exposure to be 
greater than the normal expectation for that dose (224). Widely fractionated, 
low dose-rate exposures (comparable to most in-flight possibilities) would 
probably have approximately the same mutagenic effects as continuous expo
sures to low dose rates, but these rate and interval parameters have not yet 
been tested. There is a significant inc rease in quality factor with increasing 
LET, especially in protracted exposures, but the exact relationship is not 
clear (226, 251). 

As a general operating principle for the next few decades, the NAS -NRC 
Panel believes that the probability of such late responses as general life
shortening and increased likelihood of malignancy may be considered of 
secondary importance in evaluating the risks of manned space flight {l45}. 
This attitude contrasts sharply with the manner in which occupational risks 
are evaluated, where late effects are of primary importance. The relative 
sizes of the astronaut and occupational groups provide the major reason for 
attaching less importance to late effects of radiation. The astronaut population 
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may be about 30 to 50; occupational groups may comprise hundreds of 
thousands of humans. Such late radiation injury is measured in statistical 
term s - an inc rease in age -specific death rate, a reduction of after
expectation of life, an increase in incidence of malignancy. Nevertheless, 
an awarenes s must be maintained in respect to the astronaut population of 
the late somatic and genetic manifestations of radiation injury. As noted 
earlier, selection of acceptable RES values for short -term responses of the 
gastrointestinal and hematopoietic systems will automatically entrain certain 
probabilities for occurrence of leukemia, generalized life -shortening, and 
other late manifestations. 

Establishment of a career dose appears premature. If establishment of 
such a dose is a neces sity then some value or set of organ -specific values 
must be established as acceptable integrated annual dose increments. Previous 
attempts along this line have been made, but have been thought by others to 
provide unrealistically low values that have no meaning or relationship to the 
biological effects they are designed to protect against (104, 147, 210). There 
is no obvious interim approach to the problem of developing radiation guides 
for evaluating long -term risk without also establishing career -exposure 
limits. Since a lack of both radiobiological knowledge and operating experience 
precludes the establishment of such dose limits at the present time, an 
alternate suggestion is offered as an approach to the question of general life
shortening. The long -term radiation risk may be compared with the accepted 
risks associated with piloting high-performance aircraft. It has been esti
mated that the latter occupation is characterized by a life -shortening probability 
of approximately 10 years. If this risk is assumed to be additive with the 
radiation hazards, the question then becomes how much additional probability 
of life -shortening may be acceptable. This is covered in the section on dose 
limits, below. 

Soviet approaches to radiation safety in space flight have been reviewed 
(192). 

SECONDARY FAC TORS IN RADIATION INJUR Y 

Environmental Factors 

A number of environment factors in space flight having potential inter
action with radiation differ markedly from normal terrestrial conditions. 
These include weightlessness, a pure-oxygen environment, periods of vibra
tion and thermal load, and brief periods of excessive g loads. Unfortunately, 
there are few data on these interactions in humans. Animal studies suggest 
the interactions noted in Table 3 -65. In this table, additive means simple 
summation of effects; synergistic means an interaction that produces a greater 
than additive effect; antagonistic means an interaction that produces ales s 
than additive effect; and neutral means no detectable effect of the nonradiation 
stress alone or in combination. Synergistic potentials predominate and 
suggest that the conservative end of any proposed radiation dose -effect range 
should probably be used for first approximations in the hazards analysis. 
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Though animal data supporting these conclusions are available, it should be 
stated that this Table represents a tentative appraisal of the problem and will 
require revision as new data are made available (145, 294). 

A synergistic factor frequently raised in considering the design of 
radiation shielding is the effect of space -cabin atmosphere (222). A parallel 
has been drawn between the mechanism of tissue damage seen in oxidation 
syndromes that follow radiation (221). High pressure of oxygen has been 

Table 3-65 

Summary of Stress Combinations and Types of Interactions 

(After Langham (ed.)-NAS-NRC(145)) 

COMB INED STRESSES 

Radiation-noise 
Radiation-hypothermia 
Radiation-hyperthermia 
Radiation-hypoxia 

Radiation-hyperoxia 
Radiation-physiological factors 
Radiation-etnotional factors 
Radiation-vibration 
Radiation-acceleration 
Radiation-weightlessness 
Radia tion-Ve51ibular factors 
Radialion-emergency situations 
Three-stress interactions 

INTERACTION 

Neutral to synergistic 
Neutral to synergistic 
Neutral LO synergistic 
Synergistic (antagonistic for only brief 

periods during exposure) 
Neutral to additive 
Synergistic 
Indetenninate 
Neutral to additive to synergistic 
Antagonistic LO neutral LO synergistic 
Additive to synergistic 
Neutral to additive 
Neutral to synergistic 
lndetenninate 

used to sensitize tissue to radiation during x-ray therapy for cancer (107). 
Protective effects of anti radiation drugs against oxygen toxicity have also 
been shown. At present there appears to be no requirement for the alteration 
of shielding calculations due to the presence of 5 psia - 100% oxygen in 
future space -cabin atmospheres. However, several studies suggest that 
some synergism may be present. It has been shown that mice exposed to 
750 r of gamma radiation from cobalt 60 given at 90 r/min have a survival 
about 10% lower in 5 psia - 100% oxygen than in air (23). At 900 r given at 
a rate of 38 r/min, the synergism was much less. On the other hand, mice 
exposed to 800 r of 250 kVp x-rays at only 14 r/min have shown no synergism 
with 5 psia - 100% oxygen (136). The type, total dose, and the dose rate of 
radiation may be significant variables in these studies of synergism. In tis sue 
culture, at least, there is a steady reduction of the oxygen effect with increase 
stopping power until its apparent abolition by radiation,£ than 3000 MeV I cm 21 g 
(271). The exact stopping power at which the 02 effect becomes undetectable 
in intact animals or isolated cells has not been established. Further research 
along this line is needed. 

Alteration of the vestibular apparatus after human exposure to radiation 
has Teceived recent study (176). Such alteration may playa significant role 
in degrading astronaut performance in zero g or during reentry and certainly 
requires further study. 
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Anti -radiation Therapy 

The potential use of anti -radiation compounds in space operations has 
been recently reviewed (13, 16, 48, 145). The amino-thiols have received 
the most study and appear to be quite promising (13). However, the doses 
calculated as required for human protection are well within the human toxic 
range and can provide little protection against chronic or continuous radiation 
(13, 149, 193, 233, 265, 269, 276, 279). Much more data are required on 
toxicity mechanisms in humans. Maximum dose reduction for lethality is 
about 1.7 or 1.8, but this factor is much lower for other end points. 

Other drugs such as PAPP and serotonin appear to be less effective 
than the amino -thiols, especially against radiation of high LET. Both MEA 
and PAPP protect mice against 440 MeV protons (203). Combination of 
different drug types has been tried with slightly more success than with in
dividual drugs (165, 194, 269, 279, 283, 291). Combinations tend to alleviate 
the toxicity problem but certainly do not solve it. 

Post -irradiation therapy consists of antinaus eant and vomiting drugs 
(130, 143), intravenous fluids, anti-microbial agents, and supportive care. 
Leukocytes from leukemia patients (94) and bone marrow (6, 36, 59, 164) 
have been used with variable success in humans. The case for using auto-
10gous marrow in space operations has also been reviewed (48). Problems 
in obtaining sufficient amounts from each astronaut and the training of crews 
for administration of the marrow are superimposed on the basic storage 
difficulties. Cryogenic storage of blood and marrow in space is under con
sideration(173, 219). 

Treatment of the irradiated skin with topical and oral cortisone has been 
tried with little succes s in relief of discomfort in early or late phases. In 
view of its penetrability and anti-radiation properties, the drug DMSO may 
offer some promise as a topical prophylactic against skin reactions (48). 

In view of the lag times in arrival of solar flare particles after early 
electromagnetic warning signals and knowledge of the power -flux -time 
spectra of flares, it may be pos sible to predict the magnitude of integrated 
exposure expected during a flare from measurements made early in that 
same flare (93). In the future, prophylaxis with improved protective agents 
may well be tailored on a flare -by -flare basis. At the present state -of -the
art, however, prophylactic agents should not be entered into the basic hazard 
analysis even for acute flare exposure s. 

Performance After Radiation 

The literature on the effects of radiation on the nervous system and 
behavior is large and complex (97, Ill, 112, 145,217,282). The Soviet 
literature indicates many reflex changes in animals following radiation but 
the significance of parallel changes in humans is not clear (156, 287). Damage 
to the nervous system may even be the primary cause of death at very high 
dose levels (See Figure 3 -37). The quantification of specific behavioral effects 
is confused by the prodromal syndrome which, by itself, can have profound 
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effects on behavior and yet may not involve irradiation of the central nervous 
system (see Table 3 -36 and Figures 3 -38 to 3 -42). Whole body exposures of 
100 to 130 rads of reference quality radiation can give fatigue, apathy, dizzi
ness, headache, and depression which seriously alter behavior (150, 174, 207). 
Low doses of x-ray down to 10 rads can be detected by behavioral responses 
in some animals (98). 

Observation of trained primates suggests that limiting mechanisms in 
each behavioral test may be key factors in interpretation of radlatlon e11ects. 
For example, protracted irradiation may tend to increase attentiveness to 
the immediate field of concern by depressing attention to peripheral informa
tion. Animals can continue to learn and can continue to express previously 
learned behavior (i. e., retained their learning) during and after considerable 
radiation to the head up to many hundreds or thousands of rads in short expo
sures. It should be remembered, however, that although the tests us ed 
involve fairly complex procedures they do not measure total performance 
under a wide range of circumstances. Some neurological deficits which affect 
behavior have followed exposure of the head to the higher doses just mentioned 
- often with concomitant morphologic changes (145). 

Short of prolonged interplanetary flight, the microbeams of galactic 
radiation will probably not produce much of risk factor as far as brain, and 
eye damage are concerned (145, 299, 300). It is assumed the same holds 
true for the audiovestibular mechanism, though this is far from clear (176). 
Similar ignorance exists with respect to the retina where radiations of high 
LET may cause irreversible damage. 

RADIATION DOSE LIMITS IN SPACE OPERATIONS 

According to the NAS -NRC Panel, the rationale for an independent review 
of radiation protection in specific space flights should be reflected in the 
following point s (145): 

1. Radiation is only one of many recognized and accepted 
potential risks that may jeopardize the success of any 
flight mis sion. 

2. Individual astronauts are carefully selected for their 
special skills and motivation. The application of 
existing standards of radiation safety established for 
large, occupationally exposed groups would unduly 
limit the ability of this small group of specialists to 
achieve their objectives. 

3. The parameters of some space -radiation risks cannot 
be precisely predicted; therefore, optimal protective 
measures will not always be available or even feasible. 
Since any radiation shielding will add to the weight of 
a spacecraft, the reduction in risk to be achieved by 
the shielding must be balanced against the other uses 
to which this weight might have been put. 

_._ -------
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4. Since flight missions may vary in both duration and 
radiation exposure, the probability and importance of 
the radiation risk compared with tho se of other risks 
must be taken into account for each specific mis sion. 
A risk-versus -gain philosophy is most appropriate . 
for this comparison, and the philosophy is particularly 
useful for evaluation of radiation risk. The latter is 
generally a cumulative one that should not require an 
urgent all-or -nothing type of decision as had been 
previously proposed (29, 101). 

Risk Analysis 

In view of this proposed risk versus gain philosophy and judgment, it is 
expected that the results of this judgment will probably vary for each mission. 
It has been suggested that the space radiation hazards and risks be evaluated 
in the following terms (145); 

1. Immediate or early performance decrement (early 
responses) occurring within a few hours to one month 
following a major exposure. 

2. Progressively increasing performance decrement or 
serious loss of performance over long periods of 
flight as a result of an accumulating exposure (pro
gressive injury to the blood-forming system). 

3. Probability of delayed or chronic radiation response 
that may require interrupting a planned series of 
flights and which may limit an astronaut's career. 

Within each of these categories, the significant clinical symptomatology 
or responses must be defined on the basis of importance to crew safety and 
mission success. The relative significance of responses will be mission
dependent. The following suggestions may assist in identification of the 
important responses and in evaluation of their significance for each specific 
mission. 

1. Any amount of radiation exposure should be considered 
as potentially detrimental and, therefore, the exposure 
should be kept at a minimum consistent with the risk 
versus gain philosophy. 

2. Radiation guides should be set below the level that might 
result in an unacceptable probability of in-flight response 
capable of jeopardizing crew safety. 

3. Elapsed time between recurrent or repeat use of an 
individual or crew should take into consideration the 
nature and extent of previous exposure, the predicted 
exposure risk of the contemplated mis sion, and the 
degree to which mission success may depend on 
individual or crew experience. 
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4. The dose or doses established for early effects auto
matically entails acceptance of certain probabilities 
of occurrence of generalized life shortening, leukemia, 
and other late manifestations. 

5. The radiation responses may be subdivided into 
11 in -flight!! and "post -flight" categories. Although this 
subdivision is somewhat arbitrary, it is time -dependent 
and may be important under special circumstances, for 
which certain higher risks may be acceptable if it is 
clear that the latent period for expression of injury will 
automatically cause the response to occur post -flight. 

In view of the above operational requirements and hazards analysis, it 
has been suggested that any radiation exposure that might exceed the dose 
limits set for the mis sion may be permitted if the concomitant risk incurred 
by action to avoid the radiation fields or to protect oneself against the potential 
injury is determined to be greater than the hazard as sociated with the exces s 
radiation dose. There is no immediately obvious way of approaching the 
problem of setting limits for the long -term effects that does not also imply 
certain career -dose limits and the lack of operating experience precludes 
establishing a firm committment here. 

As a first order approach to permit test of the traj ectories for the AAP 
program, the radiation exposure levels have been suggested according to the 
following provisional operational criteria (208): 

Planning Operational Dose (POD): The dose which should not be exceeded 
without requiring a mission modification of some degree. The degree of 
modification will be a function of the magnitude of the exces s dose and will be 
formulated by mission rules. This dose will be used for mission planning 
purposes to determine if proposed trajectories and time lines are acceptable. 

Maximum Operational Dose (MOD): The dose which should not be 
exceeded without specific modification of the mission to prevent further 
radiation exposure. Such an exposure would be considered to result in a 
potentially harmful in -flight response in terms of crew safety and post -flight 
response in terms of delayed radiation injury. 

In establishing the POD and MOD limits it has been suggested that each 
response and its effect on the mission and crew are considered independently, 
and no adjustments are made for known or suspected uncertainties in radio
biological data, shielding calculations, or environmental data. As an example 
of this approach, the preliminary radiation limits for Apollo Applications 
Program are presented. Current recommendations for radiation exposure 
guidelines for mis sions of 30 -60 days only are listed. It should be emphasized 
that the radiation units shown are for use in early planning of the AAP Program 
and will be updated as better knowledge becomes available. 

The doses are expressed in rads of a reference radiation taken to be 
equivalent to 250 kVp x-rays whose mean LET is "'3.5 kev/micron of track 
length in wet tissue. No radiation QF or RBE has been applied. 
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The following dos e s found in Tabl e 3 -66 have been e stablished on the 
assumption that the crew will be expos e d to small increments of dose on each 
orbit and no allowance is made for pulses of radiation received at higher 
intensities. (See Section on Progressive Performance Decrement). 

Table 3-66 

Provisional Radiation Dose Limits Suggested for Preliminary 
Evaluation of a 30-60 Day Mission 

(After Grahn(208)) 

Tissue Depth POD MOD 

Skin 0. 1 mm 2 . 5 rad s/ d ay 5 r ads/ d ay 

Eye 3.0 mm 1. 25 r ads/day 2.5 r a ds/ d ay 

Bone 
Marro w 5. 0 em 0 . 6 rads/day 1.0 r ad/day 

Dosimetry for Characterization of Space Radiation Exposure (145) 

From a physical point of view, the type of radiation, flux density, and 
energy spectrum completely define the radiation fi e ld which produces a 
biological change. From a biological point of view, however, it is the energy 
transferred by this field to the biological entity under consideration which is 
most important. When the physics of interactions between tissues and 
incident radiations are known, then the physical specification suffices, although 
in many instances computer programs ar e required to apply such physical 
knowledge. The mos t logical choice for space radiation monitoring, in view 
of the above difficulty, appears to be a tis sue -equivalent system (49, 83, 119, 
127, 175). 

The problems associated with radiation monitoring of a manned space 
flight must, in other words, be clearly distinguished from the acquisition 
of geophysical data or of information aimed primarily at computation of 
shielding requirements. The chief requirement is for an instrument which 
will yield a direct indication of absorbed dose in tissue in real time. Such a 
requirement rules out instruments which are only capable of measuring flux 
or even flux plus energy distribution because of the complexity of using such 
data to provide dosimetric information. The dependence on geometrical 
variation, angular incidence, self -shielding, lack of accurate physical data 
on interaction properties between the radiation and tissue, plus the degree of 
complexity of the computations themselves, tends to rule out this method. 
It seems reasonable to conclude that knowledge of the physical characteristics 
of the radiation environment, although it may provide data for other scientific 
or engineering purposes, is not immediately applicable to radiation monitor
ing. Such information, th e refore, should be gathe red and treated separately 
from the problem of crew safety. For the latter problem, a practical approach 
to a detector whose atomic composition is as close as possible to that of 
tissu e and whose response is proportional to energy absorbed, rather than to 
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flux density, appears to be the best course to follow, even within the limitations 
and compromises neces sary (15). 

The NAS -NRC Panel has suggested that the development of such a system 
should take two lines of approach (145). First, a system to supply both rate 
and total absorbed dose in rads as a function of mis sion time should be en
gineered for space vehicle application. Absorbed dose should be determined 
in such a manner as to supply values at superficial points and at critical 
depths in the body. Second, a tissue -equivalent system for determining the 
energy absorbed per event in a representative tissue volume centered at the 
points wher e absorbed dose has been measured should be developed on a 
simplified basis so that energy deposited per event can be classified into 
several broad LET groups. Total absorbed dose and dose rate should be 
displayed and weighted in accordance with LET distribution if the situation 
warrants. Absorbed dose, dose rate in rads, and LET groups should be 
recorded for future reference. 

Dose should obviously then be defined in terms of rads, and preferably 
it should be measured in a tissue -equivalent system at at least three levels, 
including 0, 5 and possibly 10 cm in equivalent tissue depth. If possible, 
doses should be measured at the O. I mm and 3 cm levels noted in Table 3 -66. 
Accuracy of these determinations should be no less than ±15 percent. If 
compromise is required, it would then seem that at least two measurements 
should be made: one at the equivalent level of the skin and a second at about 
5 cm, as suming it to be the mean depth of the bone marrow. The spanning 
measurements suggested above are statistically better but probably would 
invoke a greater weight penalty and instrument sophistication. A practical 
approach to the solution of this problem is under development (83). 

A very important question that has been debated repeatedly concerns 
the alternative whether the radiation field inside the vehicle should be probed 
with stationary sensors distributed throughout the ship or whether micro
sensors on the bodies of the crew members should be given preference. It 
could be argued in favor of the first alternative that stationary sensors would 
free the crewman from additional gear in his space suit. Furthermore, such 
sensors could be of greater weight and bulk, thereby allowing a more elaborate 
analysis of the local radiation level. In favor of the second alternative, 
sensors on the body would indicate the radiation level exactly at the location 
where it counts. It is even conceivable that the differential reading of a pair 
of sensors on the chest and back would provide a crude measure of depth
dose. However, the validity of the data beyond a measure of local surface 
doses is open to question. Multiple sensors do allow estimation of the 
general homogeneity of the dose and could be used to estimate the degree of 
partial body exposure for risk analyses (270). The main argument in favor 
of sensors on the body naturally rests in the advantage that it would cover all 
contingencies of each individual I s activity. In terms of the Lunar Mission, 
surface dosimeters require no changes or adjustments whether the individual 
is in the heavily shielded Apollo vehicle or in the extremely light Lunar 
Module, or is engaged in extravehicular activity. To be sure, for the last 
named condition, it should be recognized that there are very high fluxes of 
low -energy electrons and protons at many locations in the space environment. 
These should be detected and measured on the outside of the vehicle prior to 
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any outboard excursion, since they can potentially produce a very high surface 
tissue dose. 

A final question concerns the need of LET sensors as a component of 
dosimetric instrumentation in space. In discussing the problem, measure
ment of heavy nuclei is excluded. In its conventional interpretation, LET 
defines the inhomogeneity in the distribution of the ionization events at the 
microscopic level. The diameter of the ionization columns which heavy 
nuclei produce in tis Sue exceeds the dimensions of a single cell, creating a 
peculiar exposure pattern with a few cells exposed to very high doses and the 
surrounding bulk of the cell population remaining entirely unaffected. It is 
not generally agreed upon that the biological significance of this type of 
exposure cannot be dealt with adequately in terms of the conventional LET 
concept (236, 243). Some feel that the LET concept is still useful in this 
context, and with the appropriate study, could be applied to the primary 
galactic cosmic radiation (270). As has been indicated above, the dose of 
microbeam radiation will probably not playa significant role in gros s brain 
or eye damage in most space missions of less than 1 year duration (145). 
However, one must keep in mind the irreversible nature of the lesions in such 
areas as the gonads, lens and retina from very high -LET radiation (270). 

If heavy nuclei are excluded, the LET problem appears only of limited 
importance for the remaining types of ionizing agents represented in the 
galactic radiation beam (243). The two main components of the primary 
galactic beam (i. e., protons and alpha particles) produce LET values exceed
ing those of standard x-rays only at energies from a few MeV down to the 
Bragg peak. These energies are not represented at all in the incident beam. 
Low -energy protons and alpha particles originate only locally in nuclear 
disintegrations in absorbing material. It should be remembered that the 
spectacular multipronged disintegration stars which cosmic -ray primaries 
release in collisions with silver and bromine nuclei of nuclear emulsions are 
absent in materials made up of low Z components such as living tissue. The 
number of prongs per star in these substances is small and the star frequency 
low; hence, terminating protons and alpha particles contribute only insignificant-
1y to total ionization dose. Since the remaining dose of the galactic beam is 
produced mainly by protons of very high energies, the question could be 
raised whether a QF considerably smaller than 1 would not be applicable to 
the total absorbed dose from the galactic beam. (See Table 3 -16 and Figure 
3-17). 

The situation is different for the proton and alpha fluxes of solar particle 
beams. Protons and alpha particles reaching the end of their ionization 
ranges (so-called Ilenders ll ) contribute noticeably to the total ionization dose 
in systems of medium -light shielding (1.5 g/ cm 2 ) and become the predominant 
contributors to the total dose in the skin and subcutaneous tis sue behind low 
shielding. Under the latter conditions, calculation suggests a QF of 4 to 5 
for late effects from combined proton and alpha particle dose to a depth of a 
few mm. On the other hand, it is not possible to say unequivocally whether 
these very special conditions would justify the great complications which a 
separate determination of LET would introduce in dosimetric instrumentation. 
Since the conditions in question occur only under conditions of low shielding 
and are always accompanied by a very steep drop in absorbed dose in the first 
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1--
mm, it is possible that measurement of dose in rads with application of a 
suitable QF factor to the skin dose would suffice. (See Figure 3 -25). 

Dose Limits for Ground Personnel 

Maximum permissible radiation doses in adult radiation workers and 
ground personnel as recommended by the Federal Radiation Council (88) are: 

Type of exposure Condition Dose (rem) 

Radiation worker: 
(a) Whole body, head and 

trunk, active blood
forming organs, 
gonads, or lens of 
eye. 

Accumulated dose 5 times number of years 
beyond age 18 

(b) Skin of whole body and 
thyroid 

(c) Hands and forearms, 
feet and ankles. 

(d) Other organs 

13 weeks 

Year 
13 weeks 

Year 
13 weeks 

Year 

3 

30 
10 

75 
25 

15 

If it is not feasible to govern exposures to internal emitters by applying air
borne radioactivity concentration standards, the following radiation protection 
standards can apply: (281) 

Type of exposure 

Whole body, active blood
forming organs, gonads. 

Thyroid 

Bone 

Other organs 

Condition 

Year 
13 weeks 

Year 
13 weeks 

Year 
13 weeks 

Dose (rem) 

5 
3 

30 
10 

Body burden of 0.1 
microgram of radium-
226 or its biological 
equivalent * 

15 
5 

* Exposure must be governed so that the individual's body burden does not 
exceed' this value 1) when averaged over any period of 12 consecutive months 
and 2) after 50 years of occupational exposure. 

The quality factor for calculating rem values applicable to low dose 
exposure and risk of late effects in occupational exposure are given in 
Table 3 -2 (41). 

A Radiological Safety Handbook for the John F. Kennedy Space C enter 
is available (186). Data are available on the hazards of radioisotope thermo
electric generators for remote stations around the world (187). 
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4. MAGNETIC FIELDS 

In future space operations, astronauts may b e e x pos e d to a v e ry wide 
range of magnetic field int e nsities and gradients. Figure 4 -1 presents 
magnetic field intensities expected at several points in the solar s y stem. 
It suggests that field intensities on the lunar surface will be s eve ral orde rs 
of magnitude les s than the geomagnetic field. At a distance o f mor e than 
10 Earth radii, the solar wind is expect e d to have a magnetic fi e ld of o n l y 
10-4 to 10-5 gau s s (16). Intricacies of th e int e raction b e tw e en th e solar 

-j 

SUN 
JUPITER? SURFACE 

MAXIMAL I SOL AR I ET H 
EXPERIMENTAL 

FLr
E 

j 

qaussllO' 
1
10

' 1
10

' I' 
RANGE OF PRESENT 

BIOWAGNETtC EXPERIMENTATION 

Figure 4-1 

MOON 

! 'NTERPLANETARY 
~MY OUIET 

II 

I: I:~-' t-·gaUSS 
I gamma 

Range of Magnetic Field Intensities 

(After Beischer(S)) 

wind, magnetic fields, and trapped radiation belts around the Earth, are 
being unraveled ( 2, 26, 27, 29, 33). A neutral sheet or wedge of low 
field strength is present on the down- Earth side of magnetosphere. The 
surfac e of Venus probably has intensities of less than 0.05 gauss and Mars, 
eve n lower values. While the solar photosphere has a fi e ld stre ngth of 
1 gauss, the center of sunspots have been calculated to range from 1000 to 
3500 gauss. Th e contribution of electronic equipment on board a space 
vehicle to the total magnetic field experienced by an astronaut both extra
and intra - v ehicularly is not clear (15 ). 

The high -gradient magnetic fields with intensities of several tens of 
thousands gaus s sugge sted for anti -radiation shielding and ele ctric propulsion 
syst e ms may, in some instances, be involved in human exposure (14, 15, 25 ). 

Relatively little is known about the specific effects of high and low inten-
sity magnetic fields on man ( 1, 7, 8, 9, 11, 15, 22 ). Past studies in 
magneto -biology have been directed mainly at determining the effects of 
magnetic fields different from that of the geomagnetic field on sub -human 
species, plants, a nd simple chemical systems. Several reviews of these 
background materials are available (1, 3, 5, 7, 8, 9, ll, 15, 19, 22, 31). 

Low Magnetic Fields 

Very few human exposures to a magnetically quiet environment have been 
reported. A certain amount of experience has accumulated during ordnance 
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work inside degaussing coils. A health survey of personnel exposed to an 
almost magnetically quiet environment during most of their working day 
over several years revealed no ailment traceable to this unusual environ
mental exposure ( 11). A number of physiologic and psychologic studies on 
t wo men exposed for 14 days to a magnetic field of about 50 gamma (l gamma 
= 10-5 gaus s) revealed no abnormal responses ( 9, 11 ). A similar study of 
l ow gauss in which six men were .exposed to a magnetic field below 50 gamma 
revealed significant alterations in scotopic critical flicker fusion and bright
n ess discrimination in five of the six subjects during the period of exposure 
(10, 13). Such limited observations suggest that some physiologic processes 
of the human may be altered in the geomagnetic and lunar magnetic fields, 
but more experimental work is required before the operational significance 
of thes e findings is known ( 15 ). 

The view is generally held that during the millions of years life was 
evolving in our planet, the general magnitude of the Earth's magnetic field 
was no different from that measured at the present time (4 ), though its 
p olarity and strength have detectably changed several times, the last major 
change occuring about 7 x 105 years ago (20, 28). Accordingly, it is not 
unreasonable to assume that living creatures have become accustomed to 
t he geomagnetic field as part of their natural habitat, and possibly that some 
biologic processes have actually become to some degree dependent on the 
presence of the geomagnetic field ( 4 ). It has been pointed out that normal 
magnetobiologic effects would take place on molecular and atomic levels ( 8 ). 
It is suggested that a turn of the human body in the geomagnetic field imparts 
a momentary precession, according to the Larmor theorem, of approximately 
2000 cps to all hydrogen nuclei in the body. Other magnetic cell constituents 
should also precess with frequencies according to their mechanical and 
magnetic moments. One must consider that the near absence of precession 
movements in very low intensity magnetic fields may deprive living matter of 
spatial clues, and that very careful long -term physiologic and psychologic 
observations of man in such fields are neces sary before predictions that 
h uman performance will be unaltered under such conditions (15 ). 

Few data are available on the magnetic fields encountered within a typical 
spacecraft cabin. The induced magnetic fields at different distances from 
specific electronic components and the magnetic characteristics of represen
tative spacecraft materials have been recorded (17). Such data are of value 
in design of magnetic field experiments in orbit or on the lunar surface. 

High Magnetic Fields 

What is presently known of the effects of high magnetic fields on man is 
summarized in Table 4 -2. These responses were obtained from personnel 
of a number of nuclear physics laboratories who are exposed occupationally 
to high magnetic fields. 

This list should not be taken to mean that the performance of man will 
not be degraded in high magnetic fields. There is every indication from 
recent studies using spider monkeys as subjects that very high magnetic 
fields (up to 100,000 gauss for 24 hrs.) may affect neural and cardiac 

4-2 

I 
I 



Table 4-2 

Effects of Magnetic Fields on Man 

(After Beischer (9)) 

VISUAL SENSATIONS (PHOSPHENES) IN ALTERNATING FIELD. 

NO SENSATION OBSERVED IN PART AND ENTIRE BODY EX
POSURE TO NON-CHANGING FIELDS UP TO 20 kilogauss 
FOR A DURATION OF 15 MINUTES. 

NO AFTER-EFFECTS FOLLOWING EXPOSURE TO FIELDS OF 
5 kilogauss FOR LESS THAN 3 DAYS PER YEAR PER MAN. 

TASTE AND PAIN SENSATION CAUSED BY INTERACTION WITH 
FI LUNGS OF TEETH SOMETIMES DESCR I BED. 

function ( 12, 13, 23 ). These studies demonstrated a shift of the frequency 
of the EEG to higher values and a considerable increase in intensity of the 
brain potential. The electrocardiogram showed a decrease in heart rate, an 
increase in sinus arrhythmia and an augmentation of the amplitude of the T 
wave. No gross pathology has been seen in these animals. The significance 
of such alterations to the general health and psychomotor performance of 
humans remains to be determined. 

Exposure of animals, isolated organs, neoplastic and non -neoplastic 
tissue cultures and simple chemical systems to high magnetic fields has 
produced a great variety of biologic effects (15). To date, no definite 
magnetic dose -effect relationship has been established. Effects have been 
predicated on the basis of field strength alone (9 ), as well as on the 
inhomogeneity of the paramagnetic strength of the field ( 4 ). 

The coupling of magnetic fields with biological systems has been hypothe
sized as due to ( 4, 6, 18, 24, 29, 32): 

1) Generation of electromotive force in moving conductors. 

2) Force exerted upon moving charge carriers at critical sites (24 ). 

3) Torque exerted on permanent magnetic dipoles and non
spherical para- or diamagnetic particles (29 ). 

4) Retarding effect on the rotational diffusion of large molecules, 
leading to a decrease in biochemical reaction rates. 

5) Alteration of bond angles, which may influence chemical 
reaction rates (24 ). 

6) Alteration of tunneling rate of protons in hydrogen bonds of 
macromolecular systems. 
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Anyone of these basic factors could possibly alter human performance 
under very high magnetic fields. Much work is required to clas sify the 
mechanisms responsible for behavioral changes in animals exposed to these 
fields (15, 21 ). 

There is a deficiency of data on electromagnetic fields in which the 
electro and magnetic components are strongly perturbed. Checklists of 
sources of different electromagnetic radiations are available (34 ). 
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5. ELECTRIC CURRENT 

Effect of Electric Currents on Cells and Tis sues 

In the presence of electrical currents, the body behaves like an electro
chemical system. On the other hand, due to anatomical reasons such as the 
presence of membranes, it generates potential differences between different 
parts of the body. Therefore, when one considers the pos sibility of electrical 
currents acting upon the body, the end result will be the integration of the 
intrinsic currents plus the externally applied currents. 

Physiological systems are as sumed to be, from an electrical point of 
view, a combination of resistors and capacitors (35, 36 ). When a steady 
direct current is passed through tissue, the tissue behaves like a simple 
electrolytic resistance path. Considering organic tissue to be an electrolytic 
system, the laws of elect;rolytic Gonduction can be applied. Suppose a field E 
exists between two electrodes in an electrolyte. All charges, q, in che solution 
will experience a force (f = qE) causing them to move along the field lines of 
force. The terminal velocity is equal, specifically, to the product of force f, 
and the mobility, u, defined as the velocity of the particle when force is acting 
on it. The total current i, flowing through the electrolyte is equal to the 
number of charges, N, times their velocity, u: 

i = Nfu (l) 

The number of charges will be equal to twice the number of dissociated atoms 
and the anion and cation will have different mobilities, u a and u c ' respectively. 
The number of dissociated molecules in a solution of concentration C can be 
expres sed as oC, so that the current will be: 

where i = 
q = 
E = 

oC = 

current 

charge 

i = qoCE(u + u ) 
a c 

field strength 

number of dissociated molecules 

(2) 

The conductivity of the solution is defined as the ratio of current to potential 
difference; potential difference V is related to the field by a relation of the 

type E = ~ where d is the distance between electrodes, V = potential 

difference, and E = field strength. In case the electrodes of force are close 
together so that d is much smaller than the plate size, the lines of force are 
on the average just d in length. For such a case the conductance (G) of the 
model electrolytic cell is: 
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where G = conductance = 1 

Resistance 

(3 ) 

The conductivity p of the solution in the model cell would be the conductance 
per unit area normal to the direction of current flow, for unit distance of 
plate separation, or 

p = q6C (u + u ) a c 
(4) 

Since the tissues may be considered as suspensions of cells in the 
extracellular fluid, the theory of electrical resistivity of suspensions enables 
one to predict with some accuracy the resistivity of tissues. In general, the 
cytoplasmic resistivity of cells varies from 30 to 3000 ohm cm, 300 ohm cm 
being the best representative figure for most mammalian cells. The mem
brane resistivity varies from 100 to lOa, 000 ohms cm 2 , with most cells 
falling in the range of 1000 to la, 000 ohm cm 2 . 

In considering alternating currents passing through biological systems, 
the concept of impedance must be included. For direct currents, impedance 
and resistance are merely the same, but for A. C. current, impedance is a 
complex function of resistance and capacitive reactance (see Equation 8). 
There appears to be no inductive factor present. 

Extensive data are available on the electrical characteristics of biological 
materials (36). Dielectric constant and specific resistance of mammalian 
tissues are recorded in Figure 1-2 of Microwaves (No.1). 1£ an alternating 
potential, V, is applied to a tissue having a conductance, G, the transfer of 
electrical energy into heat, H, due to the electrical current, i, is given by 
the eq ua tion 

(5) 

(Joule's law). Similarly, if a small volume /:;V is exposed to a field strength 
E (in Volt/ cm) it develops heat at the rate of 

H = E 
2 

K • /:; V = (/ / K ) /:; V watt s (6 ) 

where K is the specific conductance (conductivity) in mho/ cm and j is the 
current density. In the case of a more complex system, where various types 
of material are exposed to the total available potential, more complex 
relationships result, which expres s the heat developed in each type of material 
as function of its geometry and conductivity K and also dielectric constant 8. 

{The dielectric constant 8 is equal to l/ (3. 6n ) times the capacitance of a 
cm-cube, if the capacitance is expressed in units of IJ-IJ- Farad.) In principle, 
it is possible to completely characterize the distribution of heat sources 
from a knowledge of the geometry and electrical properties 8 and K. 

From Equation (5), it is obvious that the electrical conductance determines 
predominantly the exchange from electric to heat energy. This constant 
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characterizes directly the interaction of the electrical charges, which are 
forced by the electrical field through the material of interest with its molecu-
1ar structure. The dielectric constant,s , on the other hand, only indirectly 
participates in the over -all distribution of the heat sources. It characterizes 
to what extent current can pass as "displacement current!1 through the 
material, that is, as a current whose flow does not yield heat. Kirchhoff's 
law states that the vector sum of real and displacement currents must remain 
constant through any series arrangement of different layers of matter. Hence, 
if the displacement current is large, that is when € is large, the resistive 
current and heat development will be small, and in turn, for small € or high 
K, heating will be more pronounced in general. 

Several different types of materials are arranged in series in the case 
when high frequency currents pas s from one electrode through skin, sub
cutaneous fat layer, muscular tissue, etc., and eventually back to the other 
electrode. The current i delivered from the generator to the total tissue 
complex is expressed by Ohm's law (V potential) 

i = V / Z (7) 

if Z is the over -all impedance of the configuration. Its value is identical 
with the sum of the individual impedances 

Z = Z(skin} + Z (fat) + Z(muscle} + 

of each layer. Each impedance in turn is determined by 

Z = d/ [A(K + j w € €r}] (8) 

where d = tissue layer thickness, A = cross section of tissue passed by 
current, K = conductivity in mho/cm, = 2n· frequency, € = dielectric 
constant, €r = 1/(36r:.lO ll ) in farads/cm and j = v=r. Hence, heat develop
ment in each layer can be obtained, in principle, from a knowledge of the 
electrical properties of each layer, its thickness, effective cross section, 
and the generator potential or current by use of the Equations (5 and 6). The 
ratio of heat development in various layers, obtained in this manner, permits 
one to predict how much heat is developed in the "deep tissues". (See also 
Microwaves No.1. ) 

Effects of Electricity on Humans 

In considering the effects of electricity on a human system, several 
factors previously mentioned should be taken into account (4, 18, 20, 22, 37). 

• Skin and body contact resistance 

• The voltage of the circuit 

• The amount of cUJ:"rent flowing through the body 

• The type of circuit, direct or alternating, and the frequency. 
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Skin and Body Contact Resistance 

Resistance of the skin will depend upon many factors (16 ), namely: size, 
shape, and nature of the contacting electrodes; individual differences of skin 
structure and thickness in different areas of the same body; presence or 
absence of sweat or external moisture contact; and frequency of current. The 
resistance of skin resides mainly in the epidermis, the thin outer layer of the 
skin. The epidermis is a layer of stratum corneum and contains no blood 
capillaries or nerve endings. The scaly, horny layer acts as a poor dielectric, 
which offers a high impedance (resistance) to the flow of current. 

The resistance of the epidermis varies widely on different individuals and 
also between wide limits on a given individual (17). It is normally lowest on 
the palms of the hands, the soles of the feet, the central area of the face, the 
axillae, a belt around the abdomen, and the crotches of the elbows and knees. 
It is interesting to note that in pas sing from the palmar side of a finger to the 
dorsal side, the skin resistance increases in a strip about one-eighth inch 
wide by a factor of six or sevenfold. 

The protection offered by the epidermis is lowered by moisture (it may 
drop to 1/ 100th or less of its dry value), by the application of electrode paste 
(some of these contain finely ground sand particles which pierce the thin 
e pidermis), by heat (blisters), by abrasions, by cuts, by the voltages of the 
circuit, or by any means that affect the continuity of the epidermis. Thin, 
moist skin surface may offer 400 ohms resistance or less. Dry skin may 
present 5000 ohms, and thick, calloused skin, several 100,000 to a million 
ohms. Once current penetrates epidermis by burning, resistance drops 
rapidly. 

The effect of the level of applied voltage on the resistance of the human 
body is marked. Many body resistance values reported in medical literature 
are made at a few volts, or at less than a volt. Under these conditions the 
values reported are meaningless as far as electric shocks are concerned. 
There is a critical voltage at which the skin breaks down and its protection 
is lost. For example, on a fresh cadaver the hand to foot resistance at 50 
volts, 60 Hz A. C. was 10, 000 ohms; at 500 volts it was 1200 ohms, and at 
1000 volts - 1100 ohms (17 ). 

Skin to electrode contacts are very sensItive to pressure, frequency and 
other factors. Figure 5 -la presents preliminary data on the relationship 
between pressure and resistivity for the contact of dry human skin to metal. 
These curves require statistical evaluation for spread of data to be encountered 
in accidental situations. 

An example of the variation of skin impedance with frequency and marked 
sensitivity to skin-electrode contact is shown in Figure 5-lb (36). Empirical 
curves of this type will vary with electrode type, current, and duration of 
exposure, and should not be used for prediction of accidental conditions. 
Electrodes of the type recorded ir_ Figure 5 -1 b are used for electromyographic 
study of muscle potentials. A flattening of the impedance curve for dry skin 
at both the high and low frequencies is interpreted as an asymptomotic resistive 
component of the internal tissue structure of the muscle ( 5 ). The curve may 
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Figure 5-1 

Variables Controlling Skin to Electrode Contact 
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be divided into three major segments and the equivalent circuit, estimated. 
Complexities of the structure of the subdermal components interfere with 
exact modeling of the system. Measurements made on electrode separation 
show no large variation after the separation of two electrodes (3/4 -inch 
diameter) exceeded one -half inch. The effect of electrode size was noticeable 
by a small increase in impedance with a decrease in electrode size. The 
diameter -to -spacing ratio is most important in determination of impedance 
of anyone electrode in a linear array of electrodes along the skin. 

The measurement of body resistance is highly inexact. Since contact 
skin area and moisture contact are so highly variable, ranges of 20 to I or 
more for supposedly similar contacts are the rule. The best approach one 
can take is to pin-point the minimum resistance value for a given condition, 
and even this approach is far from satisfactory. Some of these are shown ln 
Table 5 -2. In the interpretation of this table and Table 5 -3, it should be 
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Table 5-2 

Rough Approximation of Typical Lowest Resistances 
of Individual Elements of Human Circuits 
(See text for details before applying data) 

(After Lee(26) from the data of Kouwenhoven and Milnor(23) 

and Dalziel(9) and Morse(31)) 
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realized that the skin is punctured when the voltage exce.eds 1000 to 2000 
volts. This unfortunate circumstance removes a large portion of the total 
circuit resistance and allows the current to increase many fold. Graphically, 
this means that the horizontal resistance line is "stepped" at about 2000 volts 
from the total circuit resistance to the total circuit resistanc e less the skin 
resistance. At about this same voltage, or when the current is allowed to 
reach a few amperes, sparking or arcing may occur across the edges of the 
soles of shoes, again allowing increase of current. At this level of current, 
the shock is beyond the fibrillation zone, and serious tissue burning is in
volved, with the current magnitude limited by only the internal body resistance. 
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It is obvious that the larger or wetter the contact area, the lower the resis
tance. Ideally, to find the total resistance to current flow, one can add all 
the elements of resistance in the path, such as hand -to -wire, body, foot, and 
floor, or hand, body, hand, since all of these elements are in series. In 
reality, the variables are so complex as to reduce accuracy of this approach 
to very much approximation. More detailed data are available on the deter
mination of ground -fault magnitude and human safety from fault -return path 
impedance (25 ). 

The duration of the contact is of importance when considering electrical 
lnJuries. Time of exposure has a direct relationship with the degree of 
permanent damage observed. Resistance of the skin also decreases during 
the pas sage of the current and total body resistance decrease s if contact is 
made with an electric circuit for any length of time. It may decrease within 
one minute from 260,000 to 380 ohms (16). In animal experiments, it was 
found that the current increased 5 to 10 percent if the animal was kept in 
the circuit for any length of time. 

Tissue resistance per cc varies; muscle presents 1500 ohms per cc; 
brain, 2000 ohms per cc; bone, 900 ohms per cc or more; fat (free of muscle), 
several thousand ohms per cc (17 ). Total body resistance is a difficult 
measurement and depends most strongly on the size, location, and distance 
between electrodes. In electrocuted criminals, it was found to be 218 ohm 
(16). In these cases, an AC current was passed from the forehead to the 
feet in four shocks. The strength of the first and third shocks was 2, 300 
volts and each lasted seven sec ond s; the strength of the second and fourth 
shocks was 550 volts for fifty - two seconds. Much higher values are found 
with less perfect contacts. 

If the contact resistance can be eliminated, a tissue resistance of about 
100 ohms per cc can be assumed (l7 ). Obviously, the parts of the body where 
contact is made are of vital importance. One can envision the electric current 
as spreading radially from the point of entrance to be collected again at the 
exit point; therefore, the greatest density current can be found at the entrance 
and exit points. For general purpose, the minimum value of body resistance 
for hand to foot path is considered to be 500 ohms (17). Most of this resistance 
resides in the limbs where a large proportion of the total cros s section is 
taken up by the bones. In the trunk, the tissues and organs are considered to 
act as a conducting gel bathed in saline , and the current spreads out in a fusi
form pattern between the points of ent r ance and exit. In estimating the resist
ance offered to the flow of current by an electric shock, the resistance of the 
trunk is considered to be negligible compared to that of the limbs. There is 
a diurnal variation in an individual 1s resistance which often confuses experi
mental data (34). 

The anatomical location of vital organs relative to the current path is of 
great importance (4 ). In general, current passing through left side of 
thorax presents greater dangers of ventricular fibrillation and asystole. The 
cranium presents an excellent shield for the brain since bones are poor 
conductors. Electrical energy will pas s around the cranium in extrac ranial 
soft tissues if given the opportunity; and in a longitudinal course (for example, 
head to ipsilateral upper extremity), scalp and cranium may be severely 
burned focally with apparently minimal penetration of brain by electricity. 
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In more transverse courses involving the head (especially where entrance and 
exit are of opposite sides of the skull) or where the cranial resistance is 
overcome, more direct cerebral effects occur. Most commonly this results 
in paralysis of medullary respiratory centers. Spinal cord may also be 
implicated, commonly in cervical region, by course of electricity from one 
upper extremity to another. 

As seen below, the effects of electric currents are related to the amounts 
of current which flow and not specifically to the voltages applied. It is 
fortunate that in most electrical accidents, the contact of the body with the 
source of voltage is not perfect, and the contact resistance cuts down the 
amount of current flowing. Parodoxically, it has been shown that a moist 
skin with low resistance may divert a current to cause only skin burns when 
it otherwise may have entered the body to damage vital organs (16). 

Voltage 

The voltage of the circuit is usually the only accurately known factor in 
electrical shock accidents. The resistance that is offered by the human body 
depends upon so many parameters that it is difficult to form an estimate of 
the energy involved in the shock. If, however, the voltage is high enough 
to break down the contact resistance, and the current path through the 
individual is from hand to foot, or hand to hand, it is possible to estimate the 
value of the current on the basis of the resistances of the man's body. 

In air at sea level, it requires a potential difference of about 35 KV 
(crest) for a power source to spark a distance of one inch (17). Therefore, 
there is only a slight chance that electricity will jump to a man unless he is 
careless and gets too clo.se to the live circuit. There is, however, the 
pos sibility that he may touch a power source and, as he pulls or falls away, 
an electric arc may be formed between his body and the circuit. 

Voltage parameters are divided into two groups, low and high, with 
1, 000 volts as the borderline ( 16 ). The external pathology is much more 
extensive when a person is exposed to high voltages than when a current at 
100 to 200 volts passes through his body. The electric arc which usually 
leaps from the conductor to the body in high tension currents has a tempera
ture of 2, 500 to 3, OOOoC and melts even bone. The victim is often thrown 
away from the conductors due to the severe contraction of the muscles. 
Specific effects of high voltage shocks are related to contact sites and other 
variables ( 4). Figure 5 -7c presents tentative lethal voltages for ventricular 
fibrillation as a function of duration of current under accidental wet contacts. 

Amperage 

The intensity (amperage ) of an electric current is the relationship between 
its tension (voltage) and the resistance of the conductors - in the case of electric 
shock, the human body. The amperage, therefore, gives a more accurate 
account of the action of the current in the body than the voltage. In its pas sage 
through the body, electrical currents encounter the high resistance of the 
skin, which is surpassed only by that of the bone. Compared to the skin, the 
resistance of the internal organs can be neglected. Figure 5 -3 shows the 
interrelations between resistance, 60 Hz voltage, current, and zones for the 
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various degrees of shock. A resistance of 100,000 ohms, which is about 
normal dry hand -to -hand touch value, gives a just -perceptile shock of 1.2 
rna from a 120 volt system. The sensation produced by an electric shock 
depends, to a large extent, on the current density at the points of contact 
with the circuit. If the current density at the point of contact is low, there 
is no sensation of a shock. It is the value and frequency of the current, its 
duration, and its pathway through the body that is mainly responsible for the 
injuries received. If there are no vital organs in its path (two points on same 
leg or arm, or between the two feet), the injuries are usually limited to burns 
in those areas. With higher voltages and the same resistance, the currents 
quickly mount from perceptible to paralytic to fibrillating. 

The data of Figure 5 -3 are estimates of physiological thresholds taken 
from several studies ( 9, 23, 26). They are based on: current flow from 
arm to arm or arm to leg; one hundred fifty lb subjects - heavier subjects 
have lighter threshold currents in direct proportion to weight; and fibrillation 
current for 5 second shock duration. 

At the right side of Figure 5 -3, the 10 ampere line indicates burning due 
to overheating and boiling of water. This is the major danger in high voltage 
shocks. The skin is almost always punctured by the heavy current; 500 ohms 
is generally the applicable body resistance. Under this condition, voltages 
above about 2300 are burn-hazardous and are generally less likely to be fatal 
than voltages from 120 to 2300 v. The danger in the high voltage area is in 
pos sible burning damage of vital organs, rather than fibrillation, and 
statistically is not as dangerous as that of the lower voltage area (26). The 
range of amperage effects is seen in Table 5 -4. 

A general estimate of the current value may be made when the victim1s 
reaction to a 60 Hz AC electric shock, his injuries, the current pathway 
through the body, the shock duration, and the voltage are known (17, 23 ). 
A man may be "frozen" to a circuit or he may be thrown away, depending 
upon whether his flexor muscles, or his extensor muscles, are first stimulated 
by the shock. If his flexor muscles are paralyzed and he cannot release his 
hold on the circuit, the amount of current flowing through the muscles of his 
hand is usually between 12 and 30 milliamperes. When the victim is unconscious 
but breathing, and has a pulse, the current was probably between 30 and 100 
milliamperes. If the shock is at low voltage and the victim is unconscious, 
not breathing, and pulseless, his heart is probably in ventricular fibrillation, 
and the current range lies between 60 milliamperes and 4 amperes. If the 
victim is unconscious, not breathing, but has a pulse, the current through 
his trunk probably exceeded 10 amperes. 

If the current flow through the brain is sufficient, unconsciousness 
occurs. With currents of 300 to 1200 milliamperes (70 to 150 volts applied 
across the head through good contact electrodes lasting for 0.1 to 0.5 seconds, 
such as used in electric shock therapy) unconsciousness is immediate and is 
followed by convulsive seizures. Coma, stupor, or confusional states are 
not unusual following electroshock. The current used in therapeutic electro
shock is about 200-1600 milliamperes, 50-60 Hz AC at 70-130 volts for 
0.1-0.5 seconds. Clinical reports state the duration of the confusional period 
as ranging from seconds up to several hours and even days (2, 16). After 
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Figure 5-3 

Range of Physiological Effects of 60 Hz AC on 150-lb Human 

(After Lee(26) from the data of Kouwenhoven and Milnor(23) 

Dalziel(g), and Morse(31)) 

Table 5-4 

Range of Current Sensitivity of 150-lb Man at 60 Hz AC 

(After Lee(26)) 

Imperceptible 
Perceptible, Mild 
Annoying, Painful 
Paralyzing, "no-let-go" 
Asphyxiation, Unconsciousness 
Fibrillation, Loss of Circulation 
Heart ParalYSis Threshold 
Burning, Heat Damage 

o - 1 rna 
1 - ) rna 
) - 10 rna 

') 10 rna 
, )0 ma 

80/240 ma - 4a(S sec.) 
4a approx. 

~ Sa 
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three to five treatments, EEG alterations are persistent, increasing up to 
6 and 12 treatments, reaching a plateau at that level. These changes are 
diffuse and disappear gradually in weeks after treatments cease, lingering 
in proportion to the number of treatments given ( 1 ). 

Frequency Factors 

The median threshold of sensation for direct current of over 100 adult 
men and women is 1.43 milliamperes as compared to 1.0 for 60 Hz AC ( 17 ). 
Other factors equal, alternating current is approximately three times more 
injurious than direct current ( 1 ) (see Table 5 -5). Direct current under 220 
volts seldom leads to death whereas even 25 volts alternating current may be 
dangerous (tetanization of respiratory muscles) if the body is well grounded. 

Table 5-5 

Comparative Effects of AC and DC Currents Given on the Thorax 

(Modified from Aita(l)) 

Direct Current Alternating Current Effect 
Voltage 110-800 Voltage 110-380, 

50-60 cps 

Under 80 Under 25 Slight contracture of 
millamp. milliamp. respiratory muscles 

80-300 25-80 Respiratory muscle spasm. 
milliamp. milliamp. 

ac: If duration Over 30 sec., 
cardiac arrest followed 
by ventricular fibrillation. 

de: Ventricular fibrillation 
only if precise course 
through heart. 

80 milliamp. ac: Ventricular fibrillation 
to 3 amp. if over 1 sec. 

300 milliamp. voltage 3000 and Respiratory muscle spasm. 
to 3 amp. over; over 3 amps. Cardiac arrest. Serious 

burns if over few seconds. 

Sixty Hz is about the worst pos sible frequency as far as human safety is 
concerned. It appears that humans are about five times as sensitive to 60 
to 400 Hz as to DC, but more studies are in progress on this point ( 17). At 
10,000 Hz, however, sensitivity is about the same as for DC, and appears 
to decrease still farther as the frequency is increased, probably due to the 
skin effect keeping the bulk of the current on the skin, or at least just under 
the skin. Frequencies above 100,000 Hz do not produce the pricking sensati"n 
of low frequency shocks; instead the sensation is one of warmth or heat ( 17 ). 
There, are, however, few data available as to the trauma that may be produced 
by the continued pas sage of high frequency current through the body for long 
periods. 

Table 5 -6 outlines the relative effect of different frequencies in perception 
of shock and paralysis normalized to 60 Hz = 1. o. 
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Table 5-6 

Effect of Frequency (Hz) on Perception and Paralysis 
(fraction of 60 Hz effect) 

(After Lee(26)) 

f(Hz) effect 

0 0.2 
10 0.9 
60 1.0 

300 0.8 
1000 0.6 

10,000 0.2 
RF 0.01 

The frequency sensitivity of "let-go" current is seen in Figure 5-10. 

Death from electrical injuries is usually due to cardiac or respiratory 
arrest ( 4 ). In most instances, cardiac arrest results from ventricular 
fibrillation. Respiratory arrest may be due to direct effects of the current 
on the respiratory center, or secondary to hypoxia of the cells of the center 
due to inadequate perfusion as a result of the ventricular fibrillation. 

Organ Damage by Electric Current 

Organs vary greatly in sensitivity and pathological response to electric 
currents (16, 30). The following summary is far from comprehensive and 
is intended only as a reference source for planning for emergency procedures 
after operational accidents: 

The Central Nervous System 

Organic damage to the nervous system occurs in that portion of the 
brain or spinal cord where the current passes through. It is not specific 
and sometimes is similar to that found in other types of cerebral injuries 

1 , 1 0, 1 3, 24 ). 

Post mortem studies indicate that electrical injuries to the nervous 
system can be summarized as follows: 

• mild and severe cellular alterations, from swelling to liquification, 

• rupture of the walls of the blood vessels, mainly of the internal 
elastic membrane, 

• shrinkage, thinning, and breaking up of the cerebral parenchyma 
with the formation of tears, slits or fissures. 

Following accidental electroshock, hypoxia and heat damage are likely 
the causes of permanent neurologic sequelae and pathological changes seen 
in the occasional patient (1 ). A diffuse and massive charge of electricity 
through the brain causes damage by generalized heating. In many instances, 
the electrical energy dis sipates mostly at the scalp and cranium with a burn; 
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little if any electricity pas sing through the brain. Many of these patients 
surviving have no cerebral sequelae; some have a post-concussion syndrome; 
a small percentage incur burns deep enough to involve dura and brain at a 
focal site; rarely epidural infection occurs. 

Whether isolated cerebrovascular insults may be blamed on electricity 
is uncertain. Focal thrombosis and hemorrhage have been cited and the 
problem is mUGh like that seen following direct craniocerebral trauma. One 
is left to presume that electricity may injure intracranial blood vessels. 

Electricity may pass through the spinal cord transversely, obliquely or 
longitudinally, resulting in many different cord syndromes. Transient 
deficits are not unusual. Permanent defects may remain, of which syndromes 
from loss of anterior horn cells are common. 

Peripheral nerves likewise may be transiently paralyzed or more per
manently damaged by heat -effects from pas sage of current or by outright 
burns. Violent tetanic action, falls or blows may also contribute to vertebral 
and nerve injury. 

The Skin 

In the skin, with its high resistance, the most marked changes are 
produced (4, 29, 30 ). Current effects on the skin are twofold. First, in 
passing through the skin, the electric energy is transformed into heat which 
alters the structures along the path of the current. Second, free discharge 
causes the formation of electric sparks which leads to the formation of third 
degree burns. 

Electrothermal burns have no consistent gross or microscopic character
istics by which they may be distinguished from other hyperthermal injuries 
(30). Arcing of the current may produce pitlike defects on the surface of 
hair or epidermis that are rarely, if ever, produced by other forms of heat. 
Metallic constituents of the external conductor may be deposited in or on the 
surface of an electrical burn, and their presence may help to establish the 
kind of an electrode with which the skin was in contact. In the case of alter
nating current such metallic deposits may be present at both sites of contact. 
With direct current the deposits will occur only at the site of contact with the 
negative electrode. 

Contact with such a superheated conductor will cause severe and instan
taneous burning even though no electricity flows through the skin. Rarely 
does a current of 110 volts produce a large electrothermal injury of the skin 
unless the contact is maintained for a considerable period of time. Fern -like 
markings of pink color are often seen after lightning strikes. The color 
intensifies post mortem. All severity of burns up to severe charring may be 
seen after lightning or high voltage arc strikes. 

The Voluntary Muscles 

In traversing the body, AC currents cause tetanic contractions of the 
entire musculature. Very often, the body of an electrocuted person is bent 
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in extreme extension or opisthotonos. The muscular spasm may be so 
intensive as to cause disruption of muscles, luxation of joints and, rarely, 
fractures of bones. 

The Bones 

In high tension accidents in which the current enters the body through 
the skull, lesions of the bone are common. In some cases the electric arc 
burns a deep hole in the bone, and the meninges and the brain, too, may be 
affected. In other cases of less severe types of accidents, the bone is often 
exposed by the destruction of the soft tis sues. The high resistance of the 
bone, no doubt, gives rise to the formation of an intensive heat ( 16). When 
an arc jumps to several small places on a victim's arms or legs, deep 
sinuses and oste 0myelitis may develop ( 17 ). 

The Blood Vessels 

The walls of blood vessels through which a current has passed long enough 
to cause necrotic change become brittle and friable. The inner endothelial 
lining of the vessel undergoes changes and parietal thrombi are attached to 
the intima. The great vulnerability of the ves sels accounts for the severe 
hemorrhages as complications of electrical injuries ( 16 ). 

The Eye 

The changes observed on the eyes are usually late complications of 
electrical injuries. The so -called electric cataract has been described by 
several authors and occurs chiefly in lightning cases where the current 
enters the body through the head (16, 17). 

The Heart 

Ventricular fibrillation is affected by three factors: a sufficient current 
density, a low or medium voltage and duration of contact which may very well 
be short. Currents over 6 amperes (see Figures 5 -3 and 5 -7; Equations 9 
and 10) have a different effect on the myocardium. They do not cause ventricu
lar fibrillation, but cardiac standstill, mostly in systole. Blood pressure 
falls when these high currents are on, but heart usually resumes beating and 
reestablishes circulation when the current is turned off ( 23). Autopsies 
performed on electrocuted persons usually show no anatomic lesions of the 
heart (16 ). 

Limits of Tolerance to Electric Currents 

Figure 5-3 and Tables 5-4 to 5-6 give a rough estimate of critical 
thresholds for functional damage caused by electric currents. The following 
are more refined time -dependent thresholds which can be used for extrapola
tion in setting safety and design standards for unusual electrical equipment 
or conditions. 
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Short Shocks and Discharge Thresholds 

Tentative criteria for the hazard from short shocks and impulse dis
charges are presented in Figure 5 -7 ( 10). The threshold of danger is taken 
as the minimum shock likely to produce ventricular fibrillation in a large 
group of normal men ( 10). One method of extrapolation from animal data 
is shown in Figure 5 -7a. The data points represent results obtained froIl) 
experiments on sheep using 60 Hz alternating current with shock durations 
from 0.03 to 3.0 seconds. Several animal species were used to establish 
the relationship of fibrillating current to body weight, and the cros s -hatched 
areas designated by C represent the probable response for all 70 kilogram 
animals, including man. 

It has been recently pointed out that for AC shocks of one to five seconds' 
duration, there probably is no significant difference between the threshold 
values at about 80 milliamps as all of these shocks cover an entire heart 
cycle (19, 33). Figure 5 -7b shows a review of animal data from many 
investigators for 50 and 60 Hz AC as well as condenser discharges. With 
two exceptions, all tests with fatal shock lie above the 100 mAs (maximum 
amplitude) value, noted here as the upper boundary of the range (Q = 100 mA.sec). 
The points below the upper boundary represent curarized animals or tests 
performed under anomalous conditions (from Figure 5 -7a) where each animal 
was given shocks of increasing current strength until ventricular fibrillation 
resulted, which was then stopped by electric de -fibrillation. After a brief 
period of recuperation, the animal was again subjected to shock and the 
resulting ventricular fibrillation was again stopped by electrical counter-
shocks. Tests continued until ventricular fibrillation could no longer be 
stopped. Since some of these test data were disregarded in plotting the 0.5%
fibrillation threshold line of Figure 5 -7a, it seemed unwarranted' to consider 
these values in establishing threshold ranges. The 0.5% line in Figure 5 -7a 
(dashed line in Figure 5 -7b) resulted from an attempt to establish the probable 
lower boundary at which lethal fibrillation can still occur. The slope of the 
straight dashed line of Figure 5 -7b appears to be flat, since a large propor
tion of ventricular fibrillation cases observed with a current passage duration 
of > 0.4 sec. are not taken into account. On the other hand, except for the 
cases mentioned above, all other animal test data found in the literature are 
compatible with the interpretation that the ventricular fibrillation current 
threshold is constant beyond 1 second. 

Using lower current threshold for range III of Figure 5 -7b and the body 
res istances obtained under the most unfavorable conditions for three different 
current paths (12 ), the voltage and time relation can be determined and 
plotted as Figure 5 -7c. The resulting curves represent the boundaries of 
three current paths for the lethally dangerous voltage as a function of duration 
under accidental conditions of wet contact over a large area. If the most 
commonly encountered current path II is used as the criterion of the safe 
contact voltage, this curve above the I-sec. duration shows good agreement 
with the German Electrical Engineering Society's safety voltage of 65 Veff ( 33 ). 
The acceptance of these newer curves by any national or international stan
dards group remains for the future. 
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Ventricular Fibrillation Thresholds for Alternating Current 
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Shock Duration (msec) 

I current path Hand-trunk -hand (1300 ohms) 
II current path Hand-trunk-feet (970 ohms) 

III current path Hands-trunk-feet (650 ohms) 

c, Lethal Voltages for Ventricular Fibrillation 
(100 mA. sec) as Function of Duration 
Under Unfavorable Accidental Conditions 
of Wet Contact Over Large Body Area 
(See text) 

(After Osypka(33)) 
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Figure 5 -8 shows the relationship of theoretical initial current and time 
constant to the threshold for human accidents resulting from capacitor dis
charges ( 8 ). Short shocks, whose durations ar e a small fraction of a 
second, are particularly dangerous if they occur during the T-wave phase of 
the el e ctrical heart cycle (17). A shock through hand to foot of about one 
ampere, and of a duration of 0.01 seconds occurring in the T phase, may put 
a human heart into v entricular fibrillation. The same shock, falling outside 
of the T phase; will have a transient effect on the heart. Atrial flutter of 
fibrillation is rar e in electric shock cases ( 17). Small shocks just preceding 
the r e fractory phase of the heart cycle may cause atrial fibrillation ( 3 ). 
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Proposed Criterion for Reasonably Safe Surge Currents and Points 
Representing 16 Human Capacitor Surge Accidents. 

(Based on 50-watt-second discharges) 

(After Dalziel(8)) 

Constant Current Thresholds 

Figure 5 -9 shows distribution curves for men and women for effects 
brought about by exposure to a 60 Hz current ( 14). The experimental points 
are defined as the maximal current the subjects are able to tolerate when 
holding a copper conductor in one hand and yet let go of the conductor by 
using muscles directly affected by that current, i. e., "let go" current and 
thresholds. 

Figure 5 -lOis a plot of frequency in cycles per second versus let -go 
currents. 

From these curves it can be concluded that a reasonably safe electric 
current for normal healthy adults is the let -go current which 99 1/2 percent 
of a large group can release by using muscles directly affected by that current. 
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The reasonably safe 60 Hz AC current for most normal healthy adult men is 
about nine milliamperes; the reasonably safe 60 Hz current for most normal 
healthy adult women is about six milliamperes. Let -go currents are affected 
by frequency. Frequencies of 10-200 Hz appear to be the most dangerous. 
In interpreting these let-go curves it should be kept in mind that with currents 
exceeding the no -let -go threshold, the skin at the contacts tends to develop 
blisters quickly, which reduces the skin resistance, allowing the current to 
increase. So while the dry skin resistance (Figure 5 -2) is applicable up to 
the "no -let -go" threshold, it should be modified to "wet skin" criteria after 
that threshold is pas sed. 

The fibrillation threshold for constant current at 60 Hz given arm to leg 
is seen in Figure 5 -3. The data indicating sensitivity to amperage and to 
shock duration are based on tests on guinea pigs, dogs, sheep, and calves. 
It was found that the weight relationship held quite well even between animals 
of different species, as well as for animals of the same species, but of 
different weights. There are two fibrillation lines, one at which 0.5% of the 
population is affected and one at which 99.5% is affected. Since there has, 
as yet, been developed no way to predetermine one's susceptibility, the 0.5% 
line must be assumed to be the applicable one. Likewise, the 5 second time 
is generally as sumed although the great majority of shocks are of very short 
duration, muscular reaction throwing the victim free. Experimental data on 
times over 5 seconds are not available, so it is not known whether extrapola
tion is justifiable. It has been suggested that a rough evaluation of constant 
current thresholds may be determined by the equations (26 ): 

W 165 
0.5% Probability Current = 150 x vt rna (9) 

99.5% Probability Current rna (l0) 

where w = weight, pounds 

t = times, seconds (5 sec. max.) 

For leg to leg shocks, multiply these currents by 10. Equations 9 and 10 
must be used with the appropriate circumspection and knowledge that the 
human accident does not always fit the equation (17 ). 

The frequency dependence of threshold fibrillating current is not as 
clearly defined as "let -go" current. It has been suggested that fibrillation 
threshold current at 0 and 10,000 Hz is 130% of 60 Hz value at and below 
0.1 sec. The threshold of 500 rna at 0.1 sec. is conservative for longer 
times. Between 10 and 1000 Hz , the 60 Hz values should be assumed (26 ). 

Currents of ten or more amperes, flowing from hand to foot, will hold 
the heart in asystole as long as the current continues to flow. When the 
circuit is broken the heart will often return to normal sinus rhythm. If, 
however, the shock was a long one, the heart may remain in standstill. 

5-19 I 

I 

-~ 



Safety and Emergency Practices 

Safety practices involving electrical equipment have received recent 
review (6, 10, 26, 37). Electrical safety in hazardous atmospheric environ
ments have also been recently summarized ( 7, 15, 28, 32). 

The emergency treatment following electrical injury include prolonged 
cardiopulmonary resuscitation; cardiac mas sage; defibrillation; and hypo
thermia for severe hypoxia (1, 9, 20, 21, 23, 27). Cerebral edema may be 
managed by hypertonic urea intravenously or by hypothermia. Closed-chest 
defibrillation is accomplished by 5 -7 amperes at 400 -500 volts in 0.1 -0. 2 
second shocks (300 joules or watt-seconds) from manubrium sterni to apex 
of heart, allowing approximately 1.5 amperes to flow through the heart. 
Safety precautions must be followed in this procedure (14 ). 
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6. THERMAL ENVIRONMENT 

[ 
i Heat is exchanged between man and the environment through four 
i avenues . (l) Exchanges of radiation may occur with surfaces having higher 
I or lower temperatures than that of the skin or radiation may be absorbed by 
I the skin from high temperature sources such as the sun. (2) The body may 
, exchange heat by convection and this is an important source of heat los s 
I especially if the velocity of currents around the body is high and their temper
I ature, low. (3) Heat may be exchanged by conduction with objects in direct 
I physical contact. (4) Heat may be lost by vaporization from the lungs through 

respiration and the skin by sweating. Heat may be lost in urine and feces. 
I The body also stores heat in the tis sues and body fluids. This stored heat is 

the currency with which body heat balance is purchased. The various mani-
I festations and ramifications of these basic interactions encompass the field 

of thermal biophysic s. 
Because the field of therrr"al biophysics draws upon many different 

sciences the problem of consistent units is always present. The fOllowing 
units are those found in the majority of cases but the policy of checking units, 
when using an equation for the first time, should always be followed (21). 

Symbol 

I 
I e 
I p 

e 
v 

D 

D 
v 

_I _ 

Table 6·1 

Nomenclature 

Definition 

area 

surface area of body 

surface area of garmented body 

radiating area of body 

wetted area of body 

film thickne s s 

E /E 
r m 

concentration difference 

unit heat capacity at constant 
pressure 

unit heat capacity at constant 
volume 

diameter or significant 
dimension 

vapor diffusivity -

BE Units 

ln 

Ib/ft
3 

Btu/lboF 

30 
Btu/ft F 

ft 

2 
ft /hr 

Metric Units 

2 
m 

2 
m 

2 
m 

2 
m 

2 
m 

cm 

3 
gm/ cm 

o 
kcal/Kg e 

30 
kcal/m / e 

m 

2 
cm / sec 
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Symbol 

DvO 

E 

E 
r 

E 
m 

F 
ae 

F12 
f 
r 

g 

G 

h 

h 
c 

h 
g 

h 
o 

h 
r 

h 
rb 

h 
sr 

hi 

hi 
c 

Pr 

6 -2 

Definition 

diffusivity of water vapor in air 
at standard pres sure 

energy in general 

evaporative water loss 

evaporative water loss 
(maximum) 

shape -emissivity factor 

shape factor 

radiation area factor 

fraction of earth gravity 

mas s velocity 

overall heat transfer 
conductanc e 

convective conductance 

clothing conductance 

operative conductance 

radiant conductance 

radiant conductance (black body) 

solar radiant conductance 

overall evaporative conductance 

external, environmental 
evaporative conductance 

mas s transfer coefficient 

thermal conductivity 

thickness 

molecular weight 

barometric pressure 

Prandtl number (C ).i/k) 
p 

standard barometric pressure 

water vapor pres sure 
(absolute humidity) 

water vapor pressure at the skin 

saturated water vapor pressure 
at t 

s 

convective heat transfer 

BE Units 

Btu 
2 

lbs/ft /hr 
2 

lbs / ft /hr 

Metric Units 

2 
cm / sec 

kcal 
2 

gm/m /hr 
2 

gm/m /hr 

dimensionles s 

dimensionles s 

dimensionles s 

lb/ ft
2
hr 

2 
Kg/m hr 

2 0 
Btu/it hr F 

2 0 
kcal/m hr C 

2 0 
Btu/ft hr F 

2 0 
kcal/m hr C 

2 0 
Btu/ft hr F 

2 0 
kcal/m hr C 

2 0 
Btu/ft hr F 

2 0 
kcal/m hr C 

2 0 
Btu/ft hr F 

2 0 
kcal/m hr C 

2 0 
Btu/ft hr F 

2 0 
kcal/m hr C 

2 0 
Btu/it hr F 

2 0 
kcal/m hr C 

l 
I 
I 
i 
I 
I 
I 

Btu/ft
2
hr in Hg 

2 
kcal/m hr mm B 

k / 2h ." Btu/ ft
2
hr in Hg cal m r mm i-'1 

ft/hr m/hr 
0 

Btu/it hr F 
0 

kcal/m hr C 

ft cm 

lbs/mole gm/mole 

in Hg mmHg 

dimensionles s 

in Hg mmHg 

in Hg mmHg 

in Hg mmHg 

in Hg mmHg 

2 
Btu/ ft hr 

2 
kcal/m hr 
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Symbol 

qe 

qm 

qr 

qs 

qsr 

qk 

qv 

qw 
Q 

r 

R=l/h 

Re 

R = l/h g g 

1 
Ro=~ 

R' 
g 

R' 
e 

tE 

t 
env 

tg 

t 

° t or 
t 

r 
t rm 

t s 

° 

Definition 

evaporative heat transfer 

metabolism 

radiant heat transfer 

st0rage rate 

solar heat transfer to man 

conductive heat transfer 

respiratory heat transfer 

energy of work 

total heat transfer 

radius 

thermal resistance in general 

Reynolds number 

thermal resistance of clothing 

thermal resistance of the 
environment 

vapor resistance in terms of the 
equivalent thicknes s of still air 

clothing vapor resistance 

environment vapor resistance 

temperature 

air temperature 

weighted mean body temperature 

midpoint body temperature 
during exposure 

effective temperature 

environmental temperature 

garment surface temperature 

operative temperature 

reference operative temperature 

rectal temperature 

midpoint rectal temperature 
during exposure 

weighted body skin temperature 

BE Units 

Btu/ ft
2
hr 

Btu/ft
2 

hr 

Btu/ ft
2
hr 

2 
Btu/ ft hr 

Btu/ ft
2
hr 

Btu/ ft
2
hr 

Btu/ft
2
hr 

Btu/ft
2
hr 

Btu/hr 

ft 2hroF 
Btu 

ft 2hroF 
Btu 

ft still air 

ft still air 

ft still air 

OF 

OF 

OF 

OF 

Metric Units 

2 
kcal/m hr 

2 
kcal/m hr 

2 
kcal/m hr 

2 
kcal/m hr 

2 
kcal/m hr 

kcal/m
2
hr 

2 
kcal/m hr 

2 
kcal/m hr 

kcal/hr 

m 2hroC 
Kcal 

m 2hroC 
Kcal 

cm still air 

cm still air 

cm still air 

°c 
°c 
°c 
°c 
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Symbol 

t 
sm 

t 
sr 
6t 

osr 

t w 
T 

T 'T g' w 

u 

U 

V 
• V 

v 

w 

W 

W 
e 

W 
P 

(3 

p 
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Definition 

midpoint skin temperature 
during exposure 

temperature of the sun 

solar operative temperature 
increment 

average wall temperature 

absolute temperature 

absolute temperature of 
garment, wall 

BE Units 

reference or standard temperature oR 

film temperature 

internal energy per unit mass 

internal energy 

velocity 

respiration rate 

volume per unit mass 

work per unit mass 

work 

weight 

perspiration rate 

OR 

Btu/lb 

Btu 

ft/hr 

lbs/hr 

ft
3

/ lb 

ft -lb
f
/ lb 

ft -lb
f 

lb
f 

Ib/ft
2
hr 

GREEK SYMBOLS 

Metric Units 

OK 

OK 

kcal/kg 

kcal 

km/hr 

liters/min 
3 

cm /gm 

m -Kgf/Kg 

m-Kg
f 

Kg
f 2 

gm/m hr 

Solar absorptivity of skin or garments 

coefficient thermal expansion (vol. ) 

emis sivity dimensionless 

emissivity of garments 

time of exposure 

midpoint time 

tolerance time 

heat transfer due to evaporation 

viscosity 

density 

dimensionles s 

min or hrs 

min or hrs 

min or hrs 

Btu/lb 

lb/ ft hr 

lb/ ft 
3 

kcal/kg 

Kg/m hr 
3 

Kg/m 
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Symbol 

T 

w 

Nu 

Pr 

Re 

h D = c 
-k-

C J.I. 
=-L 

k 

= DVp 

Definition 

Stefan -Boltzman constant 

Transmis sion factor for 
transparent surfaces 

wetted fraction of surface 

BE Units 

Btu/ft
2
hr

o
R

4 

Metric Units 

2 0 4 
kcal/m hr K 

dimensionle s s 

DIMENSIONLESS GROUPS OR NUMBERS 

Nus selt number 

Prandtl number 

Reynold I S numb er 

(After Blockley et al., ( 27 ) ) 

THE BIOTHERMAL EQUATION 

The conditions for thermal equilibrium between the human body and the 
environment can be examined in terms of the biothermal equation. This 
equation attempts to balance the normal heat gains and losses and is usually 
expres sed as follows ( 27): 

(1) 

Table 6-2 gives the functions or criteria affecting these terms and their 
effect upon the biothermal equation. 

For a state of thermal equilibrium, the heat storage rate is zero 
(qs = 0). The conductive heat transfer mode is usually quite small and can be 
assumed, in most instances, to be included in the radiant and/or convective 
heat transfer terms (qk = 0). Finally, if external heat fluxes are accounted 
for in terms of induced, environmental parameters, such as internal air and 
wall temperatures, the term (qsr) can be omitted from the expression. 

With comfort as the reference state (qs = 0), the biothermal equation can 
be expressed as: 

q =±q ±q +q +q +q 
m r c e v w 

(2 ) 

and the system can be examined qualitatively in the light of these terms after 
they have been adequately defined. 

6 -5 



L 

Term 

Metabolism, q rr: 

Solar radiation, q 
sr 

Infrared radiation, q 
r 

Convection, q 
c 

Evaporation, q 
e 

Resp. heat exch., q 
v 

Storage, q 
s 

Work, q 
w 

Table 6-2 

Components of the Biothermal Equation 

Function 

f (activity level, body temp. ) 

f (h ,t) 
sr 

f (h , t) 
r 

f (h , t) 
c 

f (D , 6 C. P, t) 
v 

f (Resp. mass flow, P, t) 

f (W, C
p

' A b , dtb/dO) 

nature of activity 

Effect on System 

Gain at all times 

Gain when present 

Gain: t >t ; 
w g 

Los s :t <t 
w g 

Gain: t >t . 
a g' 

Loss:t <t 
a g 

Los s in all u.sual 
conditions 

Small gain or loss 

Gain: dtb/ d e >0; 

Loss: dtb/d8 <0 

Gain: Work done on 
body; 

Loss: Work done by 
body 

Heat of metabolism (qm) is considered to be the sum of the basal 
metabolic rate (energy required to maintain th e body in good health and at 
e quilibrium temperature while at rest) plus an incremental increase in heat 
e nergy due to activity and/ or stress. 

Radiant heat exchange (qr) is a measure of the heat lost (or gained) as a 
result of the temperature difference between the skin of the human body and 
t he walls of the surroundings. 

Convective heat exchange (qc) is a measure of the heat lost (or gained) 
as a result of the temperature difference between the skin and the immediate 
atmosphere. 

Evaporative heat exchange (qe) is the heat exchange resulting from the 
vaporization of moisture at the surface of the skin. 

Respiratory heat exchange (qv) is a measure of the heat lost (including 
vaporization of water) from the lungs due to respiration. 

In any environment, all of the above modes of heat transfer may be 
present. In general, the ambient dry bulb temperature, humidity, air 
velocity, and ambient pressure determine the partition of mechanisms 
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actually used by the body. Several c omputer programs using math e matical 
mod e ls of hum a n thermoregulation have b e en propos e d (37, 38, 188, 194 ). 
At the current stage of developm e nt, th e se should b e u s ed in close conne c t ion 
with empirical studies in evaluating th e effects of unusual thermal environ
m e nts. 

Figure 6 -3 repres ents the changing 
partition of heat los s mechanism s at 
rest with increasing dry bulb tempera
ture at a constant relative humidity of 
45% and constant gas velocity. The 
regions of primarily metabolic, vaso
motor and evaporative regulation are 
note d. High m etabolic rate at low 
temperature is a result of shivering; 
at temp e ratures above 900 F metabolic 
rate may increas e due to restlessness 
and QIO factors. 

Determination of the human body's 
thermal status in space operations re
quires analysis of a large number of 
variables. Many of these variables do 
not lend themselves to an exact mathe
matical solution but must be arrived at 
statistically from experimental data. 
Even then, the results must be treated 
with caution when applied to the small 
population represented by a flight crew. 

400 1-----=''''''''~:::.....: .......... ,-MetabOIiC heat, Btu/hr -...;;;;;: V 
300 I----+---+-~----'>.,;+______I--+---I-/'_+_---i 

1-"-", / u.. 
0 .... 200 
o 

~ 
adiation and 

~ convection heat, 
~ 100 Latent heat, Btu/hr......... ___ Btu/hr 

~Mlean ski:l temperature" / \ 
Storage, Btu/h,"-::::!/ 

OI--:t-------t-..::....;..--:;>t--"'4F---+-+--t-----1 

ltabo,ic r~ .~vaso-r.g. Evap. reg . \ 

-100 L::±:::::i:=:::::1::::::::±::::::J==:::t::.-I 
50 60 70 80 90 100 110 

Temperature, dry bulb ambient (45% RHl, of 

Figure 6-3 

Typical Relation Between Human Heat Balance 
and Temperatures for Lightly Clothed, 
Resting Subjects in Still Air at Sea Level 

(Adapted by Johnson(114) from(81, 102, 

225, 226) and others) 

Individual metabolic rates, health variations, tolerances, and motivation 
caus e wide deviations from predicted states and performance s. Diurnal 
cycles are e sp e cially significant. 

can 

In g e neral, th e variables of interest can be collected under three major 
classifications. These are environment, body state and clothing. Most of 
th e variables are listed under these major classifications in Table 6-4. 

As many of the variables are interdependent, solution of the complete 
biothe rmal equation becomes largely a reiterative process modified by heavy 
reliance on reasonable assumptions and experimental results. As a rul e , 
equipment provided to satisfy a primary functional r equirement for biothermal 
protection and control is integral to the environmental control systems and to 
the garment ass e mblies worn by the crew. Maintenance of thermal balance 
requires the regulation of environmental parameters to maintain man in a 
state of thermal equilibrium (or compensable quasi -equilibrium) at all an
ticipated levels of activity to ensure adequate performance and preclude 
irreversible physiological effects. 

Engineering for thermal balance includes the spe cification of thermal 
design criteria for all equipment being provided to satisfy, as a primary 
functional requirement, biothermal protection and control. In addition, it 
includes identification, quantitatively if possible, of all factors related to 
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Table 6-4 

Conditions for Prediction of Body Thermal Status 

(After Bottomley(32)) 

Envi rorunent 

E xternal (Natural) 

Solar radiation (qsr) 

Earth radiation (qer) 

Luna r radiation (ql r ) 

Shadow cones (day/n ight) 

Atmospheric composition 

Vehicle ve locity (if> C/7 ) 
(C = vel. of light) 

Vehicle attit u de or 
orie ntation 

Vehicle altitude 

Internal (Induced) 

Wall temperatu r e (t
w

) 

Atmospheric temperature (t
a

) 

Atmosphe r ic pressure (P ) 

Atmospheric velocity (V) 

Atmospheric composition 

Absolute h umidity (Pa) 

Diffusivity (Dv) 

Specific heats (C p ' C) 

Surface A rea (s u rroundings) A 

Shape emissivity facto r F ae 

Crew ope r a t ing mode 

Stress Factor s 

System fai l u r e 

G-loads (weightless ness ) 

Toxicity (C0
2 

etc. ) effects 

Radiation effects 

Decompression (emergency) 

Hypoxia 

Psychological (morale. anxiety) 

Vib ration 

Body State 

Metabolic rate (qm) Thermal resistance (Rg) 

Weight (W) Vapor resistance (RIg) 

Postur e Wind pe r meability 

Area of bod y (A
b

) Weight 

Skin temperature (t
s

) Color (emissivity absorptivity) 

Recta l temperatu r e (t
r

) Wicking efficiency 

Mean body temper; ture (~) Effective clothing absorbtance 

Respi r ation r ate (V) 

In sen sible w a ter loss 

Swe a t rate (sen sible (We) 
w a ter l oss) 

Wetted area (w) 

Activity /work efficiency 

P hys ica l condition 

Degree of heat stress resistance 
(acclirnati zation) 

Wa te r / e lectrolyte balance 

Radiation area fa.ctor (fr) 

Radiati n g area of body (Ar) 

Area of body irradiated 

Effective skin abso r btance 

b i othe rmal control which must b e consider e d in spe cifications and trade 
off studies applicable to other systems and to mission operations, profiles, 
and c onstraints. All phas e s of the mission, including survival on Earth in 
case of abe rrant landing site, must be conside red. Data ar e availabl e on 
t h e th e rmal and related environments to be assum e d in the manne d lunar 
su rface program (105). 

Th e primary e nvironmental paramet e rs affe cting h eat exchang e b etw een 
m an and his surroundings ar e : 
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1 . Convectiv e sourc es or sinks 

a. Atmosphe res (rele vant factors include composition, 
pres sure, temperature, absolut e humidity, and 
ventilation rates) 

2. Conductive sourc e s or sinks 

a. Solids (rele vant factors include t e mp e rature, 
contact pressure and th e rmal conductivity) 

b. Liquids (relevant factors include t emperature , 
film co e fficients, flow rat e s and thermal con
ductivity) 



I 
I 
\ 

I 

I 3. Radiant sources or sinks 

a. External - e. g., solar and planetary radiation, 
deep space (relevant factors include the solar 
constant, planetary surface and albedo, mean 
radiant temperature s, and deep space temperature) 

b.. Internal - e. g., wall and equipment surfaces 
(relevant factors include temperatures and reflec
tivity' emissivity and absorptivity coefficients) 

Once the analysis has entertained all pertinent variables, and a comfort 
region for thermal equilibrium has been determined, there still remains the 
establishment of an index which clearly defines the bounds of the region and 
is translatable into terms which are meaningful to the design engineer. 

ENVIRONMENTAL COMFORT AND STRESS INDICES 

Comfort zones have been defined in the literature in term s of skin tem
perature, sweat rates and various indices which relate environmental param
eters to subjective impressions of comfort or measured values of selected 
physiological variables. 

For the same conditions and individuals the established boundaries for 
thermal comfo rt, performance and tolerance as desc ribed by the various 
design indices may be completely consistent. However, variations in activity, 
wearing apparel, individual health and acclimatization, and thermal exposure 
immediately prior to making a determination of comfort will operate to shift 
the zones and introduce inconsistencies in results (76 ). 

Examples of comfort indices established in the past are the British 
Comfort Index (67 ), ASHRAE Effective Temperature ( 7 ), and Operative 
Temperature (212). All but Operative Temperature are psychophysiological 
determinations which, having been established subjectively, are not as 
adaptive to quantitative treatment in design and analysis. 

For these reasons Operative Temperature is probably the most useful 
as the primary comfort index for use in biothermal systems design. How
ever, information relating to other indices in general use is provided to 
permit comparison of new data with old in those cases where an index other 
than Operative Temperature has been used as a reference. Recent reviews 
of thermal stress assessment from heat balance data are available (139, 183, 
228). 

Operative Temperature (t ) 
o 

"Operative Temperature" was first introduced to establish II a general
ized environmental temperature scale, that combines as a single measure
ment certain of the thermal effects of the physical environment, aqueous or 
atmospheric, and in the latter case for any combination of radiant tempera-
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ture, ambient air temperature and air movement" (80). They cover only 
sea lev'el conditions. 

(Metric) to = O. 18 tw + 0.19 (~ ta - ( {V - 1) t s ) 

when t , t , t = 0 C 
a w s 

v = atmospheric velocity in cm/ sec 

(English) t = 0.18 t + 0.135 
o w (~ ta - ( .JV - 1. 40) t s ) 

when t = of 

V = ft/ min 

Without sacrificing the validity or accuracy of the original definition, 
operative temperature has been redefined ( 22~ in the following form; 

h t + h t h (t - t } 
r w c a r w a 

t = = t + 
0 h + h a h +h r c r c 

where 

t 0 (oC. ) w = wall temperature - F. 

t = a 
h = r 
h = c 

atmospheric temperature - of. (oC.) 
, 2 0 2 0 

radlantconductance-Btu/ft hr F. (kcal/m hr C.) 
, 2 0 ( 2 0 convectlve conductance-Btu/ft hr F. kcal/m hr C.) 

The term hr(tw -ta) has been recently called the effective radiant field 
(ERF) and used as an energy term in calculating total body heat load 
(77 ,78 , 79 ). 

(3 ) 

(4) 

(5) 

Operative temperature is simply the weighted mean of air and wall 
temperatures and may be determined by use of the nomograph (Figure 6 -5) or 
the values of hr and hc for specific atmospheres as computed in accordance 
with derivations to be covered below. For known values of air and wall 
temperature, Figure 6 -5 may be used. 

While operative temperature is derived from the environmental and 
physiological parameters which determine heat transfer from or to the body 
in terms of radiation and convection, the design objectives that body storage 
shall be zero, evaporative heat losses shall be limited to insensible evapo
ration of moisture produced only by diffusion through the skin without the 
activity of sweat glands, and that body and skin temperatures shall be main
tained near nominal while reflecting the effects of environmental parameters 
(including humidity, atmospheric pres sure) and insensible water los s should 
be sufficient to bound the design area for thermal control. 
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Figure 6·5 

Operative Temperature Nomograph 

Procedure for graph ical solution of: 

Enter ta and tw on indicated ordinates; 
connect the two points with a straight 
edge; read to at the intersection with the 
appropriate val ue of the conductance 
ratio. 

(After Blockley et al(27)) 

Environmental Temperature (t ) 
env . 

Environmental temperature is used as a design index when direct solar 
radiation to the man is a significant heat load not adequately accounted for ln 
terms of induced environmental parameters; otherwise t = t (27). 

env 0 

T 

Then t = t + ~ t ( ) env 0 0 sr 

And ~to(sr) = 

~ t ( ) = o sr 
or 

h 
r + h c + h sr 

Gt T al (Asr / A b ) 

h + h r c 

(6 ) 

(7 ) 

(8 ) 

= Total Solar radiation Btu/ft 2 hr ( kcal/m2 hr) 

= Transmission factors for transparent surfaces 
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= Solar absorptivity of skin (or clothing) 

= Ratio of area of body directly irradiated by 
the sun to total area of body 

h & h are as previously defined for t 
r c 0 

Effective Temperature (t
E

) (or E. T.) 

The effective temperature index integrates the effects of atmospheric 
temperature, humidity and ventilation rates based on subjectively reported 
sensations of warmth, comfort and cold ( 107, 127 , 151). It is acceptable 
for use when radiant heat exchange is relatively insignificant in comparison 
with other modes. 

Figure 6-6 shows effective temperature indices (i. e., lines of constant 
thermal sensation in air at sea level) for ventilation flow rates of 15 to 25 
feet per minute in air at sea level with effects of seasonal acclimatization. 

Figure 6 -7 is somewhat more appropriate to spacec raft conditions 
where confined spaces and high ventilation flow rates are likely to be 
encountered, but covers only air at sea level. It may be of value in con
sideration of post -landing conditions. Comfort criteria for gaseous variables 
in sealed cabins will be discussed below. 

Comfort bands are of value in defining design conditions for office or 
field laboratory conditions in different climates. In view of the many varia
bles outlined above, the delineation of comfort bands is most difficult. 
Tables 6 -8 and 6 -9 present the available data for air at sea level with some 

Figure 6-6 

Comfort Zones in Summer and Winter. 

(After ASH RAE Guide(7)) 
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WET-BULB TEMPERATURE-r 

Example of the use of the chart: Given dry bulb temperature of 760 F, wet bulb temperature 
of 620 F, velocity of air 100 fpm; determine: 1) effective 
temperature (ET) of the condition, 2) ET with still air, 

Solution: 

3) cooling produced by the movement of the air, 4) velocity 
necessary to produce the condition of 660 ET. 

1) Draw line A-B through given dry and wet bulb temperatures. Its intersection 
with the 100-fpm curve gives 690 for the ET of the condition. 2) Follow line 
A-B to the right to its intersection with the 20-fpm velocity line, and read 70.40 

for the ET for this velocity or so-called still air. 3) The cooling produced by the 
movement of the air is 70.4 - 69.0 = l.4°ET. 4) Follow line A-B to the left 
until it crosses the 660 ET line. Interpolate velocity value of 340 fpm to which 
the movement of the air must be increased for maximum comfort. 

Figure 6-7 

Thermometric Chart Showing Normal Scale of Effective Temperature. Applicable to 
I nhabitants of the United States Under the Following Conditions: 1) Clothing: 
Customary Indoor Clothing; 2) Activity: Sedentary or Light Muscular Work; 
3) Heating Methods: Convection Type. 

(After ASH RAE Guide(7)) 
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Table 6-8 

Comparison of Comfort Ranges with Zone of Thermal Neutrality 

Comfort 
Level 

Hot 

Tolerable 

Comfortable 

Cold 

Relative 

(After ASH RA E Guide (7)) 

Effective 
Temperature 

O".ral;ve 
In .... Jf;golo,.. Temp 

opu-j Range 
mum Rong . 
lin. 

Comfort Zo,.. 

Houghten andl66 
Yaglou 

Yaglou and 171 
Drinker (237) 

Yaglou (236) 72.5 

63-71 

66-75 

66-82 

Keeton et al 75 74-76 

Remark. 

Winter non basal i 
at rest, normally 
clothed. Men and 
women. 

Summer non basal ; 
at rest . and nor
mally clothed . Men. 

Entire yearj 000-

basal; at rest and 
st.ripped to waist. 
Men. 

Entire year; basal, 

I 
pude. Steady state 
(9 hr exposure). 
Men and women . 

Zone of The rmal Ne utrality 

DuBois and 75 173.2-76.9 Basal; nude; men . 
Hardy 71.864.8-76.0 Basal; clothed; men. 

Win!dow, Her- ... 84.0-87.8 Nonbasal ; at rest; 
ringLoD, aod nude; men. 
Gagge (226) .. 74 -84 Nonbasnl ; at rest; 

clotbed; men. 

Table 6-9 

Comfort Bands at Rest in Air at Sea Level 

Physiological 
Parameter (1 ) 

t E /E xlOO t s r m 

>95
0

F 70-100% 

Env ironmental 
Paramete r 

a tE 

> 87 o F >87
o

F 

93 -94°F 25-70% 79-86°F 82°F 

90 -92°F 10-25% 68-78
o

F 70-75
0

F 

<89°F 0-10% 67°F <65°F 

humidity 30 - 70%; air velocit y 15 -40 ft/ min. 

___ .J 



i physiological correlates. Many field studies have been made to determine the 
optimum indoor effective temperature for both winter and summer in several 
metropolitan districts of the United States and Canada, in cooperation with 
the managements of offices employing large numbers of workers ( 8 ). 
Persons serving in all of these studies were representative of office workers 
'dressed for air-conditioned spaces in the summer season, and engaged in 
the customary office activity. Some of the results of these studies for the 
summer season are shown in Figure 6-10. In the warmer areas of the country 
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Figure 6-10 

Relation Between Effective Temperature and 
Percentage Observations I ndicating Comfort 
of Office Workers in the Summer Season. 

(After ASH RAE Guide(7)) 

optimum effective temperature for summer cooling is approximately 
3 degrees higher than in the northern cities. Variations in sensation of com
fort among individuals may be greater for any given location than variations 
due to a difference in geographical location. Available information indicates 
that changes in weather conditions over a period of a few days do not alter 
optimum indoor temperature. On the whole, women of all age groups studied 
prefer an effective temperature for comfort 1.0 degree higher than men. 
All men and women over 40 years of age prefer a temperature 1 deg ET 

I higher than that desired by persons below this age. 
I 
I 

In addition to defining environmental zones of comfort, one must con
sider indices of graded environmental stress. Indicators of stress may be 
stated in terms of environmental or physiological variables. In this section, 
the environmental indices of stres s will be covered. Physiological indica
tors are covered in specific sections on heat and cold stress. 
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I 
Reference Operative Temperature (t ) 

or 

Reference Operative Temperature was introduced to permit consideration 
of the humidity effect as a specific design parameter in assessing the bio
thermal state under stressful conditions (27). Skin temperature is indepen
dent of humidity between zero and about 20 mm Hg vapor pressure. The data 
in the current literature supports the view that absolute humidity in the range 
from 0.20 to 0.59 in Hg (5 to 15 mm Hg) is not a significant consideration for 
biothermal regulation under moderate ambient conditions. For warm humid 
environments leading to time -limited biothermal states, Reference Operative 
Temperature can be used as a design index. To determine the equivalent 
Reference Operative Temperature, Figure 6 -11 is entered with values of 
Operative Temperature and absolute humidity. 

"Oxford" or W / D Index 

The "Oxford" or W / D Index, is a simple weighting of wet bulb tempera
ture (85%) and dry bulb (air) temperature (15%). It is based on the observa
tion that in non-compensable heat exposures the time to incipient collapse 
correlated well with this parameter and is used primarily in this context. 
The presumption is that W / D value is directly related to rate of heat storage, 
or the imbalance of surface heat exchange. A related index for outdoor use 
is the wet bulb-globe temperature (WBGT) index. Figure 6-12 can be used 
for calculation of the Oxford Index. Figure 6 -80 presents tolerance times 
as related to this index. 

The following indices of stress are more closely tied to specific physio
logical endpoint and will be covered in greater detail in the section on heat 
and cold stress. 

The Belding-Hatch Stress Index 

This index predicts the ratio for evaporation required for thermal 
balance in a given environment and compares it to the maximum rate safely 
attainable for prolonged periods of time. Equation 46 and Figure 6-74 and 
6-75 cover this index. 

The P4SR Index (Predicted Four Hour Sweat Rate) 

The rate of sweating for men in hot environments can be predicted and 
related to degree of stress. Figure 6-76 presents a nomogram for calculation 
of the P4SR. 

The Body Storage Index 

The rate of body heat gain can be correlated with physiological and 
psychological measurements of heat stress. Tolerance and performance 
times can be predicted using this index (See Figures 6 -77 and 6 -78). 

6-16 

I 
I 
! 



r-------,--------;.:~ O~ ____ .....__------20~,-------,-------~~------~(I!II. Hq) 

0.2 

VAPOR PRESSURE, p. (i n . Hg) 

Figure 6-12 

The Oxford or WID Index 

(After Blockley(30) Adapted from Data of 

Provins, Hellon et al(162) and Leithead 

and Lind(127)) 

120 

100 

.0 

'0 

20 

Figure 6-11 

Reference Operative Temperature 

Display of temperature-humidity equ iv
alences in air according to human thermal 
effect. Reference operative temperature, 
top is define? as the operative tempera
ture at 0.79 In. Hg vapor pressure. 

Procedure : Enter with Pa and to ; read 
tor by interpolation in parametric scale. 

(After Blockley et aI. , (27)) 
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Windchill Index 

In severely cold environments, the Windchill Index may be used as a 
rough measure of cold stres s. This is covered in Figure 6 -99. 

BIOTHERMAL PROPERTIES AND COMFORT ZONES 
IN SPACE CABIN ATMOSPHERES 

The determination of human thermal constants in atmospheres other 
than air is a difficult task (21, 100, 121, 131, 155, 165). Extrapolation of 
comfort zones to these unusual gaseous environments is also fraught with 
several uncertainties (174). 

The thermal constants of gases and of candidate atmospheres other than 
air are seen in Table 6-13 representing the properties of the individual gases 
at 1 atmosphere and Table 6 -14, the properties of the mixtures as recom
mended for space cabins (174). Psychrometric charts are also available 
for these atmospheres (90, 174, 175). 

Table 6-13 

Thermal Properties of Component Gases at 80°F (540o R) and Atmospheric Pressures 

(After Breeze(36)) 

Gas Mo lecular Spec ific Gas Spec ific Dynamic Thermal Prandtl 
W eight Constant Density Heat Viscosity Conductivity Number 

M R C X 10 6 k 2 N 

Lb/Ft3 P I' Btu/Hr-Ft - Pr 
Ft-Lb/Lb-oR Btu/lb _0 F Lb/Sec -Ft ° F/Ft 

Air 29 . 0 53.3 0.0735 0.240 12.4 0.0152 O. 708 

CO2 
44.010 35 . 1 0.1122 0.208 10.1 0.00958 0.770 

H 4.002 386 0.0105 1.242 13.5 0 . 0861 0.740 e 
N 20.183 76.6 0.0512 0 . 246 21. 2 0.0280 0.668 e 
N2 28.016 55.1 0.0713 0 . 249 12.0 0.0151 0.713 

O 2 
32 .000 48.25 0.0812 0.220 13.9 0.0155 0 . 709 

Water 18.016 85.81 0.0373 0 .445 6.6 0.0103 1. 03 
Vapor 

Table 6-14 

Properties of Candidate Systems for Space-Cabin Atmospheres 80°F (540o R) 

(After Johnson(114)) 

Molecular k. Btu! Cp, Btu! d. ft '/sec a. ft '/sec N, ... N .. r• 
Atmosphere weight , m ft-hr-OR p . lb/ft3 lb-°R /J-, lb/ft·hr (steam) X 10-3 aid CplJ.lk 

X 10- 3 

14.7-psia air .............. .. 29 0.0151 0.076 0.24 0.0421 0.264 0.238 0.902 0.67 
5-psia 0, .................. .. 32 .0154 .0283 .222 .0500 .756 .707 .935 .72 
5-psia 0 ,- 2· · ............. . . 31 .0153 .0268 .23 .0465 .756 .707 .935 .70 

5-psia O,-He .............. . 24 .0267 .0198 .278 .0520 .862 1.355 1.572 .54 

7-psia O,-N, ................. 30 .0152 .0362 .23 .0470 .540 .500 .926 .71 

7-psia O,-He .......... .. ... 18 .0304 .023 .33 .0512 .705 1.512 2.1 5 .496 
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In the determination of comfort zones, heat exchange via conduction 
will be considered negligible and provided for in heat exchange via convection 
and/ or radiation. Conductive heat exchange, however, is significant in de
termining garment temperature; assessing the impact of heat shorts and hot 
or cold surfaces corning in contact with the bare skin; and in analyzing the 
effectiveness of conduction concepts for thermal regulation. Accordingly, 
data and equations for calculating conductive heat exchange are included 
below (Equations 39, 40, 41, Figure 6-56, Tables 6-58, 6-64 and 6-65). 

In the comfort state, a man at rest will have a mean skin temperature 
of 91.4 ± 1.80 F (33 ±loC)and a rectal temperature of 98.6 ± 0.9 0 F 
(37 ± 0.50 C). There will be no visible sweating and the blood vessels near 
the surface of the skin will be slightly dilated (36). Any subsequent variation 
in metabolism or environmental conditions will initiate a change in peripheral 
blood flow (vascular regulation) of the body (See Figure 6 -3). 

At nominal ambient temperatures, with light work loads, rectal tempera
ture will be maintained constant at some level above resting value determined 
by metabolic rate; while skin temperature, respiration rate and, in certain 
instances, perspiration rate will be varied by regulatory systems of the body 
to attain thermal balance under the new conditions. Raising the temperature 
of the environment or increasing metabolic rate by activity or ingestion of 
food will result in vasodilatation to increase the heat exchange between the 
core and skin (See Figure 6 -3). Sweating or shivering usually occur before 
the limits of vascular regulation are reached and, in so doing, serve to 
reduce the load on the vascular system. Experiments indicate that at the 
limits of vasoregulation, the vasomotor system is capable of exerting a 
stabilizing effect on rectal and skin temperatures for a finite period (226). 
The period of stabilization is reduced as the severity of thermal stres s is 
inc reased. 

Radiant Heat Exchange 

The analysis of net radiant heat exchange between an astronaut and his 
surroundings is complicated by the following factors: 

a. Ability of the crew to move around and change position. 

b. Arrangement and surface temperature of the various 
equipment enclosures. 

c. Localized differences in temperature of the cabin walls 
due to structural anomalies resulting from variations 
in thickness, feed-through equipment (e. g., sextant, 
antennas, etc.) exposed to the space environment, and 
size and location of windows. 

The net radiant exchange of energy between two ideal radiators is 

= f U (T 4 _ T 4) 
r w s 

(9) 
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(Stefan -Boltzman) 
constant) 

T w' 

<I 

<I 

f 
r 

T s 

= O. 173 x 1 0 - 8 BTU / ft 2 h r 0 R 

= 4.92xlO-8 kcal/m 2 hr oK 

= radiation area factor 

= mean black-body temperature of walls, 
and body surface, respectively. 

Radiant conductance hr can be determined directly from Figure 6 -15 
when the black body temperature of the walls is known. The black body 
temperature of the skin can be assumed as 92. 50 F or 32. 5 0 C. In order to 
account for variable emissivities and geometric considerations of the human 
body and environment - a shape -emissivity factor (F ae) and radiation area 
factor (fr) must be introduced. 

" 
(;: 
0 

.! 

...; 
'" ::> .... " « 
'" "" "" '" "" .... 

10 

Figure 6-15 

Unit Black Body Radiant Conductance 

The radiant conduction between black body 
surfaces of temperature tw and ts' is displayed 
according to the equation: 

hrb = <I(T2 w + T2s1 (T w + Tsl 

The average black body temperature of the skin 
is approximately 92.50 F or 32.50 C. 

(After Blockley et al(271 1 

Assuming that source and sink are gray bodies, the following equation 
which includes the effect of geometric configuration, can be used. 

where 
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F = ae 
1 

F 12 
+ (_I_ 

f 1 

1 

1 ) + (_1 __ 1) 
E2 

(l0) 

F 12 = shape modulus or configuration factor 

E 1 

t 2 

= emissivity of clothing and skin of astronaut's 
body 

= emissivity of surroundings (walls, equipment, 
other astronauts) 

I . , 

__ .--J 



Ab = surface area of body - ftl(ml) (Refer Figure 6-16) 

A = surface area of surroundings - ftl(ml) s 

The shape modulus (Fll) is 1 for the case of radiation exchange between 
a completely enclosed body and its enclosure. 

HEIGHT· em SURFACE AREA· m2 WEIGHT· kg 
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Example: To find the surface area of a U. S. Air Force male of mean height and weight . (175.5 cm, 74.4 kg), a straight line is drawn between the two appropriate paints on the Hand W scales. The slope of the line most nearly approximates the slope of the C-scaJe bar. The surface area of such an individual is approximately I.U 1112. 

Figure 6·16 

A Nomograph for the Determination of Human Body Surface from Height and Weight, 
Based on Data from 252 Subjects. 

(Adapted from Sendroy and Collison(180) by Webb(212)) 
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The emissivity of human skin in the infrared range is approximately 
0.99. The emissivity of clothing and skin ( t l ) at body temperature if not 
known is assumed to be the generally used value, 0.95. 

The emissivity of surroundings ( tZ) will depend on the proportion of 
high and low emission surfaces subtended by the body. The range of 
emissivities will vary from 0.2 (for oxidized aluminum) through 0.9 (for 
transparent plastics and oil painted surfaces) to 0.95 for an adjacent crew 
mem ber - also in shirt sleeves. 

The radiation area factor (ir) is required to account for radiation 
exchange between portions of body. 

where 

Then: 

A (11 ) 

f 
r 

r = Ab 
= 0.75 for sitting man in an average -sized cockpit) 

A 
r 

= equivalent radiating area of the human body 
(Figures 6-17 and 6-18) 

Ab = total surface area of the body (Figure 6 -16) 

q = F f 0 (T 4 _ T 4) 
r ae r w s 

(12) 

In terms of unit thermal conductances: 

qr = h (t - t ) 
r w s 

Z 2 
BTU/ft hr (kcal/m hr) (13) 

of f (T 
4 T 4) -

and h 
ae r w s 

= r t - t 
2 2 0 

BTU/ft hr OF (kcal/m hr C) 
w s 

(14) 

In addition to determining the mean radiant temperature of the surround
ings, it is important to locate the external sources and sinks of radiation 
exchange. A man located between warm and cold surfaces at a neutral at
mospheric temperature and apparently comfortable may experience pain and 
stiffness in the muscles exposed to the cold surface after a prolonged period 
of time, especially after sleep. 

Absorption of radiant energy by the gaseous atmosphere need not be 
considered in the heat exchange analysis for the following reasons: 

1. Gases with symmetrical molecules (e. g., oxygen, nitrogen) 
do not show absorption or emis sion bands in the infrared 
region at the temperatures of interest. 
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Since the total radiation area of the body varies with position, the diagram shows what multi
plier (fr) to use with total body surface area for each of four common positions . For the nude 
body the following steps are involved: 

(1) Find the total surface area (S. A . ) by: 

S . A . (in ft2) = 0.108W0 .425 XHO. 725 

where W is weight in pounds and H is height in inches; or 

S. A. (in m 2) = 0.007184 W O. 425 X H O. 725 

where W is weight in kg and H is height in cm 

(or use the nomogram, Figure 6-16) 

(2) Then, to find the total radiation area (Ar) for a given position, 

Ar = S.A.Xfr · 

Ar IS incl 'cased by clothing , but each assembly will add its own increment. A standard set 
of light str'eel dothing increases Ar by 1.1-1. 

Figure 6-17 

Total Radiation Area 

(Adapted from Guibert and Taylor(92)) 

~ ~-- -- -----
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shown. The subject shown is medium-sized 
(67.8", 159 Ib), and lightly clothed in loose
fitting shirt, trousers, socks and low shoes. 

Examples of projected surface areas read 
from the chart: 

Given a = 202.50 and {3 = 45.8 0
, the 

projected surface area is 5.00 ft2; 90 

Given a = 900 and ra = 80.60
, the 

projected surface area is 1.33 ft2 . 

Similar data are presented (Figure 6-17) for 
a nude figure in the erect, semi-erect, seated 
and crouched positions. 
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2. The heteropolar gases (such as sulfur dioxide, carbon 
monoxide, carbon dioxide and water vapor) while having 
absorption bands in the area of interest will not normally 
exist in sufficient concentrations in the cabin atmosphere 
to affect the radiation exchange. 

S01ar radiation (qsr) and all other external heat fluxes, and all internal 
heat fluxes from internal equipment and other astronauts are considered to 
be completely described by wall temperature (tw )' 

By as suming a small crewman of 15.6 sq ft body surface area with a 
uniform clothing surface temperature and an enclosure of greater than 100 
sq ft per man, i. e., fgs = area factor of garment = (g' a simplified 
radiation cooling equafion can be written: 

q = 2.65xlO-8 ( (T 4 _ T 4) 
r g g w 

(15 ) 

A sample graph, as suming £g = 0.9 is seen in Figure 6 -19 where the 
radiation heat los s to any given environmental temperature is given for 
several clothing surface temperatures (155). Figure 6 -20a represents the 
radiation heat transfer coefficients (h r ) for different combinations of environ
mental and clothing temperature desired from the simplified form of 
equation (15). Figure 6 -20b gives hr for a more severe radiative environment 
which may be encountered in emergency conditions. 

Forced Convective Heat Transfer 

The correlation between convective heat transfer processes and mass 
transfer processes has been used by many investigators to develop analytic 
models for forced convection heat exchange in man. In the recent analysis 
of Berenson (19), the following assumptions were made: 

1. All sensible heat passes through the clothing by conduction 
and the clothing heat transfer area is equal to the skin surface 
area. Since sensible heat loss occurs from non-clothed skin 
and since the clothing surface may be up to 40% greater than 
skin surface, these assumptions are conservative. It must be 
remem bered, however, that even though the area increases, 
the air pockets which are formed act as thermal and mas s 
transfer resistances. Zero gravity will tend to increase 
resistance by eliminating convection cu rrents in the pockets. 

2. The relationship between garment surface temperature (t g ) 
and skin temperature (t s ) can be determined by the equation: 

(16 ) 
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Figure 6-19 

Radiative Heat Loss from Man to His Surroundings 

(After Parker et al(155)) 

Figure 6-20 

Radiative Heat Transfer Coefficients 

Figure !!: represents a narrow band of temperatures in Figure.Q, 
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3. Tg = Clothing Temperature 

4. T w = Environment Temperature 

(After Parker et al(155)) 
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The value of L/k is the useful function of clothing heat transfer resis
tance' Clo, where 1 Clo = .88°F - ft2 - hr / BTU. (See Tables 6 -46 and 6 -64). 

The rate of heat transfer by convection can be written: 

q = h A (t - t ) 
c c g a 

(17 ) 

The convective -heat -transfer coefficient is actually a complicated 
function of fluid flow, thermal properties of the fluid, and the geometry of 
the body. The value of hc for convective exchange about the whole human 
body is a critical coefficient quite sensitive to second-order conditions such 
as fluid-flow patterns, posture, etc. Unfortunately, there has been some 
variance between the values used by several different groups in relating the 
hc of man to the atmospheric gas velocity. Selection of the appropriate film 
coefficient or actual heat transfer coefficient is a difficult problem (122). 
A discus sion of the implication of different coefficients used in analysis of 
forced convection about the human body has been recently published (115). 

The early data suggest that for clothed humans sitting in a turbulent air 
flow the following equation may be used (232): 

h = .153 VO. 5 
c ( 

p ) 0.5 
pSTD 

(18 ) 

This equation is not too different from that derived for rough flat 
p la t e s (1 54 ) • 

( PiJ.v) 0.5 h = 1.03 k 
c (18a) 

Figure 6 -21 represents a summary of several approaches to forced 
convective heat transfer coefficients (convective film coefficients) for man 
in an environment containing air at 1/2 atmosphere. The first three curves 
represent the hc values obtained from data on empirical studies of humans 
(94, 149, 224). These are compared with four theoretical curves: (1) a 
cylinder in longitudinal flow, (2) a cylinder ten inches in diameter in 
cross -flow, (3) a flat plate with flow perpendicular to it, (4) a cylindrical 
model of man in cross-flow (Figure 6-22). The value of hc for the cylindrical 
model of man corresponds closely with those obtained by Nelson (149) and 
are equivalent to hc for cross -flow about cylinders five inches in diameter. 
The specific equation used for the flat plate model in this graph was not 
stated but appears to differ from the flat plate equation noted above (154) 
which gives results closer to those of the equation of Winslow et al (224). 

For the human body in a semi -reclining position and one atmosphere 
pressure, loss by convection is proportional to the square root of air velocity 
for velocities up to 250 cm/ sec (493 ft/min). 
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Figures 6-23 and 6-24 can be used to determine from mass flow rates 
the unit convective conductance for air (27). Dimensional analysis indicates 
that pure oxygen at the same absolute pressure as air provides about 0.9 the 
convecti ve cooling. 

Figure 6 -25 shows the effect of gas velocity on the convective heat 
transfer coefficient based on the cylindrical model of man for various helium
oxygen and nitrogen-oxygen atmospheres. The partial pressure df oxygen 
at 170 mm Hg is near the sea level equivalent and is held constant with the 
diluent gas ranging from 0 to 400 mm Hg. These curves were generated by 
taking the heat transfer coefficient as proportional to the various fluid proper
ties as follows: 

(19) 

The values for neon mixtures will lie between those for helium and 
nitrogen. It is clear from comparing physical properties of the gases that 
for different mixtures of oxygen -nitrogen there is little sensitivity of hc to 
percent composition of gas (Table 6-13). 

The following equation, derived from the heat mass-transfer analog (70) 
for Prandtl numbers ofO.6to 15 and Reynolds numbers of 10 to 105, approxi
mates the iorced convection cooling rate for all gas mixtures (18, 21). 

q = 0.407 k ~PV (t - t ) c c g a 
(20) 

where P = psia, V = ft/min, and t ,t = of and 
g a 

k 
c 

k 
c 

= 

= a factor that depends on the transport properties of the 
gas mixture. For dry air, kc = 1. For 02 - N 2 
mixtures kc = 1; for other gases, 

k . 
miX 

(

M. I-l . ) O. 5 (p r . ) O. 33 miX air miX 
x ---M . II. Pr . 

air ~miX air 
(21 ) k-.-

air 

For the 70-percent oxygen atmosphere in helium at 5 psia, 

k 
c 

7.37 
= 4.14 (

23.6 
29.0 

x 12.10) 
13.49 

O. 5 (0. 503) O. 33 _ 
0.710 - 1.356 

For the 50 -percent oxygen atmosphere in helium at 7 psia, 
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10.38 
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Figure 6-21 

Comparison of Forced Convection Film Coefficients 
for Standing Man at 1/2 Atmosphere of Air. 

(1 ) Ha,,(94) 

(2) Winslow, Gagge and Herrington(224) 

(3) Nelson et al(149) 

(4) Cylindrical Model of Man in Cross-Flow 
(Analytical) 

(5) Flat Plate (Hamilton Standard Curve) 

(6) 10" Dia. Cylinder in Cross-Flow 

(7) Longitudinal Flow 

(After Parker et al(155)) 

Part Area, ft2 
(a) 

lIead ____________________________ _ 
~eck ___ _______ __________________ _ 
Trunk ___ ________________________ _ 

Upper legs _____ - _ - - - - - - - - - - - - - - - --
Lower legs ___ - __ - - - - - - - - - - - - - - - - - - -
Upper arms _ - - - - - - - - - - - - - - - - - - - - - -
Lower arms ______ - - - - - - - - - - - - - - - - - -
Fingers ____ __ ____________________ _ 

1. 95 
.22 

6. 18 
4. 19 
3.49 
1. 40 
1. 96 
b.67 

Total ______________________ _ 20.06 

• 19.5 fV used to include some factor of safety. 
b Each finger: 3}'z inch long by % inch diameter . 

Figure 6-22 

Cylindrical Model of Man 

(After Parker et al(155)) 
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The convective conductance is given in terms of 
mass velocity and average film temperature according 
to the equation: 

hc = 0.0735 (Tf/T 0)·5 G .5 

where: 

Figure 6-23 

Unit Convective Conductance in Air 

(After Blockley et al(27)) 
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The mass velocity is shown as a function of air density and air velocity according 
to the equation: G = 607 p. 

Figure 6-24 

Mass 

(After Blackley et al(27)) 

Figure 6-25 

Heat Transfer Coefficients of Man Standing in 
0THe and 02-N2 at Different Gas Velocities 

(1) 170 mm Hg of 02 

(2) pHe =' Partial Pressure (mm Hg) of 
He in Atmosphere. 

(3) pN 2 =' Partial Pressure (mm Hg) of 

N2 in Atmosphere. 

(4) Based on Cylindrical Model of Man 

(After Parker et al(155)) 
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Free Convective Heat Transfer 

In the presence of a gravitational field such as on the Earth, planetary 
surfaces or rotating space stations, free convection is possible and is the 
preferred mode of cooling because no additional energy need be expended. 
One can combine the general free -convection equations with the as sumptions 
regarding clothing effects to yield an equation for free -convective cooling of 
all nitrogen-oxygen mixtures (19, 20). 

1. 17 [p2 g (tg - ta~ 0.25 (t - t )1. 25 (22) qc = g a 

where P = psia, t , t = OF 
g a 

The handling of mixed free and forced convection environments can be 
simplified by the McAdams rule, i. e., both the free and forced convective 
heat transfer coefficients are calculated and the higher of the two values is 
used (132). The critical crossover point of the forced convection velocity 
(V c rit) whe re the forced convection heat transfer coefficient is equal to the 
free convection coefficient can be calculated for oxygen-nitrogen mixtures 
by equating equations 20 and 22 and solving for V. 

Evaporative Heat Transfer (q ) 
e 

The evaporative heat exchange mode (qe) is limited in this section to 
sensible and insensible perspiration from the surface of the body. Water 
loss via respiration is covered under Respiratory Heat Loss. 

Low mixing efficiency of ventilating gas and forced convection (i. e. , 
lack of free convection in the weightless state) requires consideration of 
perspiration rates, sweating thresholds and the order of recruitment of 
various regions of the body. Stagnant pockets or low ventilations rates 
in areas of the crew compartment and/ or space suits may reduce the effec
tiveness of evaporative cooling by a significant amount. Because the sweat 
rate is regulated by the cooling needs of the body, failure to provide suf
ficient evaporative cooling after initial recruitment of certain regional areas 
will necessitate recruitment of additional areas in order to bring the bio
thermal system into equilibrium. Mixing efficiencies not greater than 60% 
have been realized in gas -cooled space suit assemblies. 

Insensible water loss is a continuing non -adaptive proces s and results 
in loss of body heat under virtually all environmental conditions of interest 
in space flight. The irreducible insensible water los s from skin and lungs 
is 0.6 g/kg (body weight)/hr. The lower limit for insensible water loss from 
the skin alone at one atmos~here and low temperature, ta = 68 0 F (200 C), 
is approximately 10 gms/m hr. At air temperatures above 68°F the rate of 
insensible water loss increases linearly to a value of about 25 gms/m2hr at 
ta = 78. 80 F (26°C). Below the sweating threshold about 40% of the moisture 
loss is from the palm, sole of the foot, and head (about 13% of the total body 
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surface). At an operative temperature of 87.80 F (31 °C) with air temperatures 
between 79 -93 0 F (26 -340 C), there is a curvilinear increas e in water los s as 
regional areas of the body begin to sweat. The progres sion of recruitment 
is generally from the extremities toward the central regions of the body and 
headward and is subject to effects of training. In this temperature range at 
rest the onset of sweating for all regions of the body appears at rates of 
40-60 gm/m 2hr. Above an air temperature of 93 0 F (340 C) the increment in 
sweat rate is again linear -increasing at the rate of 18 -24 gm/ m 2hr °C in 
well trained subjects ~t rest. With full sweating the trunk and lower limbs 
provide 70 -80% of the total moisture perspired (l04). 

Tables 6 -26, 6 -27, and 6 -28 summarize the order of recruitment, mean 
regional evaporative rates. and regional fractions of total evaporation 
respectively in a still air environment with subject at rest. 

Figure 6 -29 is a diagrammatic summation of insensible and sensible 
water loss from regional areas of the body at rest in air at sea level with 
cooling requirements (16, 116, 154). 

The maximum attainable perspiration rate of the human body is in the 
area of 1.8 liters/hr at rest and 3.9 liters per hour during exercise which 
could provide an evaporative cooling rate of 572 kcal/ m 2/ hr to 1530 kcal/ 
m 2/hr respectively. At these rates, however, even with adequate consump
tion of water and electrolytes, the sweating mechanism "fatigues ll in 6-8 
hours and perspiration rates decrease significantly. This fatigue is a func
tion of skin wetness. The maximum effective perspiration rate which can be 
sustained is extremely variable depending on the individual and his degree of 
acclimatization. 

Evaporative heat loss is a function of volume flow rate, absolute 
humidity, temperature, and pressure of the atmosphere. 

The expression for evaporative heat loss is: 

where W 
e 

2 2 
q = W A BTU/ft hr kcal/m hr) 

e e e 

= weight of water evaporated (gms/lb) 

= latent heat of vaporization - 1800 BTU/lb 
(.582 kcal/gm) 

(23) 

under standard conditions. The weight of water evaporated (We) is a function 
of vapor diffusivity, the vapor concentration difference between the body 
(skin) surface and the atmosphere, and the thickness of the boundary layer 

W = e 

D 6.C 
v (24) 
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Table 6-26 

Recru itment of Sweating 

(After Randall and Hertzman(164)1 

AREA 

Dorsum foot ...... ... .. ... . . . 
Lateral calf .. . . . ..... . . . .... . 
~ledial calf . . . .. ... . ....... . . . 
Lateral thigh . . . .... . ... .. . . . . 
~Iedial thigh ..... . ... ...... . . 
.-\bdomen ............. . ... . . . 
Dorsum hand .. ... . .... . ... . . 
Chest ........ . . . . .. . .... ... . 
Ulnar forearm ...... . . .... ... . 
Radial forearm . ..... .. . .. . . . . 
~ledia\ arm . ..... ... . .. . . . .. . 
Lateral arm . .. .... . .... .. .. . . 

Table 6-27 

USUAL (BUT NOT 
I NVARI ABLE ) ORDER 

OF RECRUITME NT 

I 

2 
3 
4 
5 
6 
7 or 8 
8 or 7 
9 

10 
II 

12 

Increments in Mean Regional Evaporative Rates with Rise in Environmental Temperature 

EVAPORATI VE RATE Ih
9

CREME KT IN EVAPORATI VE RATE 
REGION 

T A 29°C. I 34°C. I 38°C. 29-3~oC. I 34-38°C. 

gm/m'/ "r. gm/ m·/ hr/"C. 

Calf 18.0 86·5 169 .0 13 · 7 20 ·4 
Thigh 14·4 58·7 144 .0 8.0 21· 3 
Abdomen 12.0 60.0 156 .0 9. 6 24 .0 
Chest 9. 6 37. 2 120.0 5·5 20 · 7 
Forearm 12.0 21.6 96 .0 1. 9 18.6 
Arm 10.8 14·4 65 .0 0·7 13. 0 
Cheek 24.0 36 .0 108.0 2·4 

I 
18.0 

Forehead 24. 0 I 60.0 240. 0 7·2 45. 0 

Table 6-28 

Regional Fractions of Total Cutaneous Evaporation Expressed as Percentage of Total 

AIR TEMPERATURE 

REGION 

24°C. 26°C. 28°C. 

I 
30°C. 32°C. 34°C. 36°C. 37°C. 

Head II .8 12.1 11.9 9·7 8.0 7. 0 8·5 8.4 
I Arm 4.6 4·4 4·2 3·4 2.6 2.2 

I 
3. 1 3·3 

Forearm 8.2 7. 2 6.0 4 ·3 3. 2 3. I 4·4 4·3 
Trunk 22.8 23. 0 22.2 22.2 30 .0 33. 0 43 . 0 38 . 2 
Thigh 13. 6 13. I 17 . 1 20.2 22.6 23. 8 25·5 22·3 
Calf 8·5 9. 0 11.9 16.0 20 · 3 22.8 24. I 19. 8 
Palm 15. 6 15·3 13 . I 9 . 6 6.8 4. 6 3·5 2·5 
Sole I 14·7 15. 1 13 · 5 9 · 9 6 . 4 

I 
3·7 2·3 I I.5 

(Tables 6-27 and 6-28 After Hertzman et al(l04)) 



HEAD 
HIGH SIIEAT RATE 
( 7-11 C/HR INS ENS IBLE). 

NECK 
HIGH SIIEAT RATE 
(4-5 G/HR INSENSIBLE). 

ARM 
LOll SIIEAT RATE 
(1-2 G/HR INS ENS IBLE) 

FOREARM 
LOll SIIEAT RATE 
(1-2 G/HR INSENSIBLE) 

BUTTOCKS 
LOll SIIEAT RATE 
(1-2 G/HR INSENSIBLE) 

GROIN 
VARIABLE SIIEAT RATE 
IIITH INOIVIDUAL· 
DIFFICULT TO COOL 
IN SEATED POSITION 

THIGHS 
LOll SWEAT RATE 
(2-4 G/HR INSENSIBLE). 

Req inn 

Head 
Che. l 
Abdomen 
8ack 
But tocks 
Thiqhs 
ea I vee; 

Feet 
Arm!' 
Forearmc-. 
Handc; 

Prererred tpmperature 
( oF) 

94.4 
94.4 
94.4 
94.1. 
914. G 

91.4 
B7.5 
B3.5 
91.4 
B7.5 
B3.5 

BACK 
LOll SIIEAT RATE 
(1-2 G/HR INSENSIBLE) 
HIGH SKIN TEMPERATURE 

CHEST 
LOll SWEAT RATE 
(1-2 G/HR INSENSIBLE) 
HIGH SK IN TEMPERATURE 

ARMPIT 
HIGHLY VARIABLE WITH 
INDIVIDUAL. INSENSIBLE 
SWEAT RATE RANGES FROM 
o TO 7 G/HR. 

ABDOMEN 
LOll SIIEAT RATE 
(1-2 G/HR INSENSIBLE). 
HIGH SK IN TEMPERATURE 

HAND 
HIGH SIIEAT RATE AREA 
(6-10 G/HR INSENSIBLE) . 
DIFFICULT TO COOL. 

CALVES 
LOW SIIEAT RATE AREA .1------., (1-2 G/HR INSENSIBLE) 

FOOT 
HIGH SWEAT RATE AREA 

.....,"J--------I (4-7 G/HR INSENSIBLE) 
HIGHEST RATE FOR SOLE. 

Heat los~ Area 
Sk in 

ccmduc t anee 
9tu/hr F, ' Btu/f' '/h ,/oF 

15.9 2. r5 1.61 
32.6 1.83 3.87 
17.9 1.2.9 3.02 
49.3 2.4B 4.3 1 
33.0 1.94 3.70 
47.7 3.55 1.76 
58.0 2. I 5 2.35 
39.7 1.29 1.98 
33.4 1.07 4.10 
34.2 0.86 3.45 
63.5 0.75 5.45 

Figure 6-29 

Regional Cooling Requirements of the Human Body in Air at Sea Level at Rest 

(After Berenson(21) from the Data of Kerslake(116)) 
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- l 
where D = vapor diffusivity - ft Z /hr (cm Z / sec) 

v 

6C = concentration difference - lb/ ft
3 

(gm/ cm 
3

) 

I 

R
t 

= thickness of still air layer ft (cm) 

I 

The nature of clothing will determine the Rt factor. This is covered in 
greater detail in the section on space suits and clothing (see Equation 37 and 
Tables 6-44 and 6-45). 

U 0.34 

~ 
"'8 

.J 0.32 

S 
~ 

i 0.30 

~ 
~ 0.28 

For air and water vapor under standard conditions (refer to Figure 6 -30), 

. +rr'- . 

Figure 6-30 

Diffusivity of Water Vapor in Air for Standard 
Sea Level Pressure. 

(After Blockley et al (27)) 

0.26 
30 40 70 eo 

diffusivity, 
p 

(
T)1. 75 

Dv= 0.85 T o ft2/hr. p 

D 
v (

T )1. 75 Po 2 
= 0.220 To p cm /sec 

where 0.85 = diffusivity of air and water vapor at standard 
conditions ft 2 /hr (cm 2 / sec) 

T ,T 
o 

= temperature in oR for standard and ambient 
conditions respectively = 536°R (273 0 K) 

P ,P = o 
pressure in lbs/ft 2 for standard and ambient 
conditions respectively. 

(25 ) 

(26 ) 

The diffusivity of oxygen and water vapor under standard conditions 
is: 

(
T)1.75P 2 

Dv = 0.81 T pO ft /hr (27) 

where the terms have the same definitions as covered above. 
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The concentration difference is related to the amount of water vapor 
contained in the atmosphere and at the boundary of the skin (153). It is 
expressed: (Refer to Figures 6-31 and 6-32). 

where 

( Pl P2) 3 = O. 825 - - - 1 b / ft 
\ T 1 T 2 

(28 ) 

-4(Pl P2) (j C = 2.89 x 10 Tl - T
Z 

gm/cc (29) 

P l' P 2 = represent partial pressures of water at the 
two boundaries respectively in Hg (rrnn Hg) 

T l' T 2 = temperatures at the two boundaries oR (OK). 

To determine the diifusivity of other air atmospheres the following 
expression can be used: 

= diffusivity of the respective atmospheres 
ft 2 I h r (c m 2 I sec) 

= density of the respective atmospheres 
lb/ft 3 (kg/m3) 

(30) 

The concentration difference ((jC) is: 

(jC = C
1 

- C 2 

where C 

where 

1 3 = V and V = specific volume ft /lb (ccl gm) 

T, 
o 

T 
o 

C = P V 
o 0 

P 
T 

(31 ) 

T = are temperature in oR (oK) at standard and 
ambient conditions respectively 

P,P = are pressure in Hg (mm Hg) at standard and 
ambient conditions respectively 

o 

V 
o 

= volume in ft 3 /lb (ccl gm) at standard 
conditions 

The neces sity for specifying (and controlling) absolute humidity rather 
than relative humidity for biothermal control is carefully spelled out (85, 215). 
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Figure 6-31 

Skin Vapor Pressure Prediction Chart for 
Reference Conditions (P a = 20 mmHg). 

The solid line is recommended for general 
prediction purposes. Note that this line 
follows the saturation curve beyond 37oC, 
ignoring the possible beneficial effects of 
wicking associated with activity. The 
dotted line of relationship is probably valid 
only in special lightly-clothed conditions 
where evaporation takes place at the surface 
of wet clothing. 

Figure 6-32 

Vapor Concentration Difference for Various 
Ambient Temperatures and Humidities. 

The basic equation is: 

6C = 2.89 x 

A constant value of 37.50 C has been assumed for 
ts in this chart making it applicable only for heat 
stress situations. 

(After Blockley et al(27)) 

oS x 10-11 

0.3 

Ii 

~ 
Q 0.2 
is 

i 
is 0.1 

" 

o 
30 

(After Blockley et al(27)) 

.~ 
"'. ~ I Pa • 10 IDIIllg .v 

.. r:P V V 
r]v 
1:::::'<,0 

x:-- 'llP ....... v 
Pa .20 !o::: !o::: 0 

I I 
p. · 30 

k-:' 
V-

I-' 
I 

35 ~o L5 50 55 
VAPCR AlESSURE AT SKIN, p. (1DIIllg) 

The absolute humidity is dependent on the molecular constitution of the gas 
and this factor must be accounted for in evaporative heat exchange (174). 

V 

y 

I 

A recent review of water vapor control in space conditions is available (159). 

When thermoregulation is completely successful, humidity, as a param
eter in evaporative thermal control, is a significant. determinant in the 
fractional area of the skin over which sweating occurs. The wettednes s area 
(w ) varies from 0.1 for comfort conditions (essentially insensible water loss 
only) to 1.0 for full sweating. Table 6 -33 represents the expected comfort 
level relative to the percent of maximum capacity being used. This concept 

I is quite simplified and may not hold for all values of total sweat output work 

60 
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It is likely that the body does not become fully wetted with sweat until 
the sweat rate is about twice the maximum evaporative capacity. Los s of 
sweat by dripping probably begins when the sweat rate is about 1/3 of the 
maximum evaporative capacity (115). These figures refer to linear winds 
only. In turbulent air movements, dripping would be expected to start at 
relatively higher sweat rates and full wetness be reached at relatively lower 
ones. It can be assumed that a skin temperature of 36°C marks the onset of 
the wet skin condition where the zone of evaporative cooling terminates. 

Table 6 -33 

Percent of Maximum 
Evaporative Capacity 

o - 10 
10 - 25 
25 - 70 
70 - 100 
Over 100 

Comfort Level 

Cold 
Comfortable 
Tolerable 
Hot 
Dangerous 

The first 10% or so of maximum capability represents basal insensible 
loss from respiration and diffusion. These losses are, of course, a function 
of the metabolic output and respiratory rate (vide infra). 

The water loss from the nude skin under different atmospheric conditions 
can be expressed (196): 

where E r 

K e 

p>l: 
s 

P 
a 

W 

E = K W (p* - P ) 
res a 

(3 Z) 

= evaporative water loss (gm/m
2
hr) 

Z = vapor conductance from skin to air (gm/ m hr mm Hg) 

= saturated water vapor pres sure at t (mm Hg) 
s 

= absolute humidity or water vapor pressure (mm Hg) 

= wetted fraction of skin surface 

The value of vapor conductance of body skin in air for the erect man is 
a function of the convective air movement and pres sure by the equation 
(57, 149, 196, 224): 

K = CVn {P /p)n 
e 0 

(32a) 

where C and n are empirical constants of 0.45 and 0.63 respectively 

V = air velocity in km/hr 
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L 

P, P 
o 

= barometric pressure at altitude and standard 
sea level (mm Hg) 

The perturbing effect of body position and geometry on the constants of 
these equations cannot be overemphasized. The effect of clothing is also an 
important factor in determining evaporation rates (27). The vapor conduc
tance from skin to air (Re) must be modified to include vapor resistance of 
clothing. This factor is covered in the Section on space suits and clothing. 
(See Equation 24, 37 and Tables 6 -45a and 6 -45b. ) 

Respiratory Heat Los s 

Heat loss via respiration varies directly with metabolic rate and is 
influenced by atmospheric composition (including carbon dioxide and water 
vapor content) and pressure. Because the respiratory tract is a very 
efficient saturator of inspired air, heat gain to the body via respiration will 
not occur until atmospheric temperature approximates 1850 F (85 0 C) (136). 

Heat loss via respiration, and insensible water loss from the skin, has 
been grossly estimated to be equivalent to 25% of the metabolic rate (123). 
Heat loss from the lungs approximates 10% of the metabolic rate (7-8 kcal/hr) 
in the neutral zone (97). Definitive data for determining respiratory heat 
loss for the atmospheric compositions and pressures of interest in space 
flight environments, especially those of the space suit, are available (39, 136, 
214, 215, 232). (See also Figure 6-69.) 

After determining the pulmonary ventilation rates corresponding to a 
specific activity level and stress factors such as hypoxia, hypercapnia, 
anxiety, etc., the heat los s via respiration can be calculated by determining 
the sensible heat required to raise the inspired atmosphere to expiration 
temperature and adding the heat of vaporization increment for the moisture 
lost to the inspired air from the respiratory tract. 

One expression for calculating Respiratory Heat Loss is (232): 

qv 

where V 

P 
C 

P 
t e 

t. 
1 

0.58 

W 
e 

W. 
1 
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= 

= 
= 
= 

= 

= 

= 

= 

= 

VpC (t - t.) + 0.58 (W - W . ) (Cal/hr) (33) 
pel e 1 

volume of atmosphere breathed per hour (liters/hr) 

density of the atmosphere (gms/liter) 

specific heat of atmosphere (kcal/ Kg °C) 

temperature -expired atmosphere (oC) 

temperature -inspired atmo sphere (OC) 

heat of vaporization H
2

0 (kcal/ gm) 

weight of water in expired atmosphere (gms) 

weight of water in inspired atmosphere (gm s) 



A more simplified approach is also available (136). 

First-Order Estimate of Evaporative Heat Loss in Space Cabins 

For the purpose of determining comfort zones and performing tradeoff 
analyses of space -cabin atmospheres and thermal control system s, a first
order estimate of evaporative heat loss is often required. Many of the 
concepts presented in Equations 6 -23 to 6 -33 can be lumped together as a 
first approximation of evaporative heat los s. The subject and the cabin 
must therefore be idealized with such factors as body position and clothing 
neglected. In view of the very light and loose garment assemblies proposed 
for shirt sleeve operation (Clo values of 0.25 (163), the total intrinsic vapor 
resistance will probably be low enough to be neglected for this first -order 
approximation. 

The metabolic rate can be estimated for any given level of activity and 
the difference between the metabolic and sensible heat los s is the required 
evaporative cooling rate. A simplified equation for latent or evaporative 
cooling rates neglecting clothing factors (vide supra) can be derived from 
the heat-mass transfer analogy of Eckert (70) and Equation 19. 

A mass -transfer coefficient (h D ) can be defined as 

hD A(p - P ) s a 
H

2
0 

Evaporative heat loss, ( ) 
, Ps - Pa 

qe = hD A e AC Rt 
s 

where hD = mass transfer coefficient (ft/hr) and C' = 
E 

r 
E 

R = 
x = 

gas constant (ft lbs/lb OR) 

path length 

m 

(34a) 

(34b) 

Since the heat -transfer properties of nitrogen -oxygen mixtures are 
independent of the fraction of each component, the above equation can be 
reduced for all oxygen -nitrogen mixtures in a forced convection environ
ment to yield (21). 

(v) 0.5 
q = 2.46 C't P (p - p ) 

e a s a 
(35) 

It should be pointed out that this equation assumes the exponent of Vto 
be 0.5. It can be seen from Equation (32a) that an exponent of 0.63 would 
probably be a more realistic value for this exponent (57). In view of the 
other assumptions made regarding clothing and body position, the error 
introduced by this simplification does not present too great an error. In fact, 
the values of evaporative loss under conditions of C' = 1 give predicted results 
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t 
l 

only 10% higher than actually measured (57, 174, 215). Since the rate of I' 

evaporation and the diffusion coefficient for water vapor are invers ely pro - f 
portional to pressure, it is clear that the latent cooling will increase with 
decreased (total) pressure (196). Curves illustrating the general magnitude 
of the predicted pressure, dewpoint, and gas -stream velocity effects at 
ta = 800 F and ts = 95 0 F are seen in Figure 6 -34. These calculated maximum 
qe values may be slightly high (174, 215). In the temperature range under 
consideration for space cabins, the temperature and the dewpoint have rela
tively little effect as compared to gas stream velocity and ambient pressure. 

.... 
.r:: -... 
::> 
I
ID 

4000 

Pressure, psio 
6 

_ ._ .- 10 
----- 14.7 

Figure 6-34 

Maximum Evaporation Rate at Rest in 
Oxygen-N itrogen M ixtu res 

qe = 2.46 ta VV/p (ps - Pal H20 

ts = 950 F; ta = 80o F. 

Q) 2000 t----t-H~¥7'r-,.......~_'f_,...L-+--~ 
CT 

(After Berenson(19)) 

1000 t-~F--+---t--+--+--+--l 

o ~--~--~--~--~--~--~ 
o 50 100 150 

V, ft/min 

For first -order estimates assuming free convection in nitrogen -oxygen 
mixtures, thermal equations have been developed by combining equations for 
free convection, transport properties of air, and evaporative cooling to 
yield (19): 

CIt {pg 25.7 
a 

(p s - Pa) (.005 P (t - t ) + qe = l?" g a 

)}O.25 (36 ) 
1.02 (p - P ) s a 

Under forced convection, the following equation holds for nitrogen
oxygen: (l8, 20) 

1. 036 k q = 1. 98 CIt 
e a e 

(36a) 

where k 
e 
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= a factor that depends upon the diffusivity of water vapor 
in the gas mixture and on the transport properties of the 
gas mixture itself. For dry air, ke = 1. For other gases, 



k = (k ) 0.67 
e D (

Mmix x ~air ) 
M . ~. 

aIr mIX 

0.17 
(36b) 

The diffusion coefficient for water in helium is 3.5 times that for water 
in air (166). For the case where the water is diffusing into a mixture of 
helium and oxygen, diffusivity relative to air is found from 

(36c) kD = MOL FRACT. He+ MOL FRACT. 02 
1 

3.5 1 

For the 70 -percent oxygen atmosphere in helium at 5 psia, 

1 
kD = 0.298 0.702 = 1.271 

3.5 + 1 

For the 50 -percent oxygen atmosphere in helium at 7 psia, 

kD = 1. 554 

Therefore, the ke values can be calculated for the oxygen-helium 
atmosphere containing 70-percent oxygen, 

° 6 7 
(2 

3 6 1 2. 1 
0) 

O. 1 7 
ke = (1.27l)· 29:0 x 13.49 = 1.113 

and for the oxygen -helium atmosphere containing 50 -percent oxygen, 

k = (1.554)°·67 
e (

18 12.10)°·17 
29 x 13.47 = 1.219 

Again, it should be emphasized that Equations 34 to 36 are only first
order estimates of the evaporative heat loss. 

Comfort Zone Predictions in Unusual Gaseous Environments 

In view of the dearth of empirical data on comfort zones in the mixed 
gas environments, several attempts have been made to predict these values. 
Figures 6 -35, 36 and 37 represent sample predictions of one approach, com
bining the Equations 15, 20, 22, and 36, to estimate the comfort zone in 
oxygen -nitrogen mixtures under several different as sumptions regarding 
forced vs. free convection, Clo values, etc . (21). Comfort was estimated 
from the ratio of predicted to maximum evaporative capacity, C I using the 
criteria of Table 6 -33. For subjects at rest with little clothing, this comfort 
criterion may not be too fanciful (121, 224). Recent unpublished data from 
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Figure 6-35 

Forced-Convection Comfort Zones During Mild Exercise with 1/2 Clo. 

(Modified from Berenson(21)) 
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Figure 6-36 

Forced-Convection Comfort Zones at Moderate Exercise in the Nude 

(Modified from Berenson(21)) 

6-45 



6-46 

2000 

1500 

'-
I --~ 
~ 1000 

E 
0" 

500 

o 

AIR 
NUDE 

'" 
9 ~ 1/6 
P ~ 6 PS IA 

"'" 
DEW POINT = 50 0 F-
T = 91.I.°F 

5 

T = T 

~ 
w a 

£ = 1.0 

'\ HOT 

~ 

~ '\ 
TOLERABLE ~ 

~ ~ \ C'= 0.70 

~+~ 
~ ((:' ~ 

COlO~ ~~ C' = 0.25 

~ 
qm + 50 

8 

~o 60 70 80 90 100 

Figure 6-37 

Lunar Free-Convection Comfort Zones as Related to Exercise Rate in the Nude 

(Modified from Berenson(21)) 



the NASA Manned Spacecraft Center, Houston, suggest that the mlnlInum 
latent heat loss by evaporation, qe min is given by the following equation: 

q = 0.125 q + 50 (BTU/hr) e mln m 

This fact alters previous approaches to setting the cold-comfort boundary 
using C' = 0.1 as a criterion (19). The 6 psia pressure is a midpoint of the 
5 -7 psia range under consideration in the U. S. Space Program (174). 

The assumption of a constant skin temperature of 91. 40 F and a nude 
condition represent the most significant errors in these predictive curves. 
A skin temperature of 900 F should probably be used to evaluate the lower 
boundary of the comfortable zone, while values of 93 0 and 9S o F should be 
used to evaluate the boundaries at 25 and 70 percent of maximum evaporative 
capacity, respectively. This would have the effect of broadening both the 
comfortable and tolerable zones. Until it has been shown that using a uniform 
skin temperature leads to a significant error in the results, there is little 
justification for analyzing the body as a number of separate regions for these 
predictive curves (20). 

The as sumption that the mean radiation temperature of the walls and 
equipment is approximately equal to the atmospheric gas temperature is very 
useful for general parametric studies, but may be in error. It is necessary 
in many cases to perform a more rigorous radiation heat -transfer analysis 
after the enclosure geometry and temperature distribution have been estab
lished in some detail (18). The effect of clothing was greatly simplified; the 
heat -transfer resistance of the clothing was as sumed to be uniform over the 
entire body, and the heat -transfer area and the evaporative -cooling capacity 
was assumed to be unaffected by the presence of clothing. It is difficult to 

I improve on these assumptions, because of the lack of detailed information 
pertaining to clothing heat -transfer resistance and area. These as sumptions, 
inherent in Equations 15, 20, 22, and 36 and in Figures 6-35, 6-36, and 
6-37, will be modified in future calculations of this type (18). Unfortunately, 
there are few empirical data to substantiate these curves. Preliminary 
studies tend to corroborate some of thes e predictions for different 02 - N 2 
environments (31, 179, 219). 

Comfort zone predictions for an oxygen environment at 5 psia with 
clothing assemblies varying in thermal resistance from 1/4 to 1 Clo have 
been established by the U. S. Air Force as shown in Figure 6 -38 (114). How
ever, the equations and assumptions used in the generation of this figure have 
not yet been published. The predictions of Figures 6 -35 to 6 -38 cannot be 
used for systems other than pure oxygen or oxygen-nitrogen. 

For cabins with oxygen-helium mixtures, other heat flow constants must 
be used to determine comfort zones. (See Equations 21, 36b and 36c.) In 
order to avoid the movement of papers at one atmosphere in 1-G environ
ments in.air, a velocity of 50-60 fpm is stated as the tolerable upper limit 
of velocity above the 40-50 !pm draft threshold. Since the force of a gas 
stream is proportional to p V 2 , a table of constant force thresholds equivalent 
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Human Comfort Chart at Rest 
5.0 psia O2 (Theoretical) 

P02 = 243 mm Hg 
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2

0 = 10 mm Hg 
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(After Johnson(l14)) 

to 50-60 fpm .in air can be calculated. Table 6-39 represents this maximum
force velocity along with the corresponding ambient temperature ta {OF} 
required for maintenance of thermal comfort as measured by average skin 
temperatures t s , at 91 0 and 940 F {116}. Fig. 6-40 was used for ta values. 

Predictions of thermal comfort zones of Figure 6 -40 a to d for different 
gas velocities of varied mixtures of oxygen-helium and oxygen-nitrogen in 
zero g have been made assuming the following conditions: 

1. ta = tw {Air Temperature = Environment Temperature 
= Wall Temperature 

Z. No body heat storage 

3. POZ = 170 mm Hg, in all cases and P NZ or PHe increasing 
from ZOO up to 600 mm Hg 

4. Zero gravity environment 

5. Evaporative heat loss is the same as it is at 1 atmosphere 
and 1 "g" 

Table 6-39 

Maximum Velocity over Man 

(After Parker et al (155)) 

t a, OF, required for-
PHemm Hg PN mm Hg Maximum velocity over 

ts=91° F ts =94° F 2 man, ft/min 

0 
200 
400 
600 

0 
0 
0 

Note: Po 
2 
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0 100 to 120 56.5 to 58.5 66 to 67.5 
0 94 to 113 65 to 66.5 72 to 73 
0 88 to 106 68 to 69 74.4 to 75.5 
0 84 to 100 70 to 71 76.5 to 77.5 

200 71 to 86 61.5 to 63 69 to 70 
400 57 to 69 63.5 to 65 70 to 71.5 
600 50 to 60 64.5 to 65.5 71 to 72 

170 mm Hg maximum velocity for avoiding movement of papers in 1-G; 1 Clo at rest. 
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7. 
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9. 

10. 

11. 

12. 

Convective heat loss is for cylindrical ITIodel of ITIan with 
Ag = 19.5 ft 2 in cross-flow (as in Figure 6-22) 

Metabolic heat generation is for a ITIan seated at rest 
(400 BTU/hr at 700 F). 

t s = skin teITIperature in the 910 F range 

C10 = 1, E: 2 = O. 9 

Ar = 15.6 ft and Ar/Ag = 0.8 

Partition of heat loss is siITIi1ar to that seen in Figure 6-3. 

The clothing teITIperature, t g , is related to atITIospheric 
teITIperature, t a , by the relation 

1. 137 (t - t ) 
t = t + s a 

g a (0.8h r + ho)Clo + 1.137 

13. T~e relation of hr to tg is the saITIe as that noted in 
Flgure 6 -20: tw = ta 

Equations 34, 35, and 36 predict that the rate of evaporation is inversely 
related to the aITIbient pressure. However, evaporation probably accounts 
for less than one-third of the total heat loss at the teITIperatures in question. 
The assuITIption (Figure 6 -8) of 1 atITIosphere pressure does not present too 
great an error. In the presence of adequate forced convection, the gravita
tional factor in Equation 35 would playa ITIiniITIal role in evaporative heat 
loss and can be neglected in the solution of cOITIfort zone teITIperatures. The 
1/4th power factor in this equation would in itself reduce the overall weighting 
of gravity effect. 

In Figures 6-40a, b, c, and d representing the results of these calcula
tions, the heliuITI -oxygen ITIixtures show a narrower zone of cOITIfort occurring 
at higher teITIperatures especially at lower flow rates than do the nitrogen
oxygen ITIixtures. This is ITIore ITIarked in the cases of higher fractional 
content of inert gas (6 -40c and d). The teITIperature values in Table 6 -39 
indicate the zone of cOITIfort for the ITIaxiITIuITI gas velocities calculated for 
each ITIixture with rustling of papers in 1G as an endpoint. 

It should be noted that in these predictions, the one Clo value is as high 
as one would probably expect to find in a shirt sleeve environITIent. More 
typical values would be .25 CIa for the Gemini underwear (163). The effect 
of heliuITI in reduction of the CIa values of different garITIents has not been 
studied. PreliITIinary studies confirITI that Clo values tend to vary inversely 
with the thermal conductivity of the atmosphere. (See Figure 44b.) The CIa 
value in 7 psia 50% 02 -50% He would therefore probably be 0.015/ 0.027 or 
about 0.56 that of sea level air (174). The expected effect of Clo on the 
helium -oxygen cOITIfort chart is predicted in Figure 6 -41. The 1 Clo predic
tion is closely parallel to that in Figure 6 -40a. 
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Human Comfort Chart 
5 psia 02 - He (Theoretical) 
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Circulation velocity, ft/min (After Johnson(114)) 

Empirical comfort temperatures in different gas mixtures have not been 
systematically obtained. Comfort temperatures have been recorded only as 
the average cabin temperature set over periods of several weeks by subjects 
who had control over the thermostat within the cabins (Z19). These tempera
ture settings can be seen in Table 6-4Z for subjects in surgical clothes which 
would have about 0.5 Clo in air. These data include varied numbers of dif
ferent subjects being studied under each gas mixture. No wind speed 
measurements were made during these studies, however, papers were not 
rustling and no complaints of wind chill were recorded. No measurements 
of average skin temperatures were made. The prediction in Figure 6 -41 for 
1/4 to l/Z Clo is borne out in these data. Other studies have found comfort 
temperatures in He-OZ at higher levels (31, 179). In these studies, the 
average temperature settings during a varied work-rest cycle with 0.7 Clo 
were 78°F for nitrogen-oxygen at 7 psia and 850 F for helium -oxygen at 5 psia. 
Figure 6 -41 may therefore have to be altered when more complete data become 
available. Zero gravity will tend to lower the comfort temperature (31). 

Work is in progress to extend the predictive charts of Figures 6-35, 
6 -36, and 6 -37 to He -OZ mixtures of different composition and pres sures and 
to different values of Clo, exercise rate and skin comfort temperatures (18,20 ). 

During exercise, the partition of heat loss would be expected to vary 
with different atmospheres. Figure 6 -43 represents the relative modes of 
heat loss calculated during exercise at 100 watts for 1 hr in ground level air 
(G. L. air) at 745 mm Hg; ground level He - Oz (159 mm Hg of Oz and 579 
mm Hg of He) and altitude helium (alt. He -OZ) of 380 mm Hg with 165 mm Hg 
of Oz and Z06 mm Hg of He. The similarity between G. L. air and alt. He - 02 

Selected 
Temp 

of 

Table 6-42 

Temperatures Selected by Subjects in Space Cabin Simulators 

(After Welch(219)) 

3.7 psia 5 psia 5 psia 7.3 psia 

O
2 

-1 o o a;. O
2 

-100a;. P 
02 -1 75 mm Hg 

P O
2

-150 mm Hg 

pHe- 74 mm Hg pHe-230 rnrn Hg 

69. 3 70.9 74. 7 75.4 

7.3 psia 

P O
2

-165 rnrn Hg 

PN
2 

-206 mm Hg 

72.7 
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is striking as is the difference in convective and evaporative loss e s produced 
by the high pHe environment during this exercise load. 

SPACE SUITS AND CLOTHING 

The thermal physiology of clothing and space suits incorporat e s many 
of the principles already covered but requires knowledge of several other 
factors (27, 30, 48, 151, 173). Clothing must be considered for the shirt
sleeve environment within the cabin, for extra vehicular operations in space 
or on the lunar surface and for survival conditions in remote parts of the 
Earth. 

Radiant Insulation 

Radiant input to the astronaut during EVA and on the lunar surface is a 
major factor in the design of external insulation for space suits. Detaile d 
analyses of radiant input to multicylindrical and hemispherical models of man 
on the lunar surface (158) and to man in orbit (167, 168) are currently under 
study. 

Surface control of the radiant input can be obtained by varying the a. / € 
ratio of the surface materials of the outer coveralls of space suits (167). 
In noon orbit where the astronaut is out of the umbra and receiving solar 
input over one -half of his suit, it has been calculated that equilibrium, 
external temperatures of less than 500 F cannot be maintaine d by 0.0/ €o surfac e 
coatings (a. 0/ € 0> 0.2) when internal heat generation rates are in exces s of 
about 1800 Btu/hr. For an a. 0/ € 0 of 0.2 (the approximat e lower limit of 
0.0 / €o for available space suit coating materials), the range of insulation con
ductance requir e d for external wall temperatures of 75 0 F extends from 0.3 
Btu/ sq ft hr of at 1000 Btu/hr to 20 Btu/ sq ft hr of at about 2300 Btu/hr. 
The minimum conductance actually approaches infinity for internal heat 
generations in excess of 2300 Btu/hr, indicating that the external surface 
0.0 / €o limits the heat flow. 
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The 0.0/ eo of surface coatings required to maintain the internal wall 
temperature at 75 0 F when the insulation conductance is 20 Btu/ sq ft hr of 
decreases from 0.9 at 1000 Btu/hr to zero for 2500 Btu/hr internal heat 
generation. Such a range of external surface 0. 0 / e: 0 ratios is outside the 
capability of present day spacecraft coating technology. It is concluded that 
for typical materials (e:o = 0.85 and 0. 0 / e: 0 -2 0.2) comfortable skin tempera
tures cannot be achieved by insulation alone for the highest internal heat 
generation rate of 2500 Btu/hr. For the lowest internal heat generation rate, 
1000 Btu/hr, control is pos sible by varying 00/ e: 0' by varying the insulation 
conductance or by varying both. Similar calculations have been made for 
less severe orbital conditions (167). Data are available on the physical 
properties of various textiles, plastics, and metalized surfaces in current 
use for thermal control of flexible structures (227) and suits (22, 167, 168). 
Degradation of the surface with use must be anticipated. 

Insulation design for space suits has made use of the newer, multilayer 
and vacuum insulations (24, 86, 167, 220). The primary requirement for a 
radiation shield is that it exhibit a low emittance. Silver, aluminum, and 
gold are low -emittance materials that can be used either as coatings for 
radiation shields or to form thin foils. Aluminum and aluminum -coated 
plastic films are most frequently selected for the radiation shields because 
the emissivity of aluminum is only slightly higher than that of clean silver, 
whereas silver tarnishes in air, aluminum forms a very thin layer of 
aluminum oxide which prevents further degradation of the surface. Aluminum 
is also inexpensive and readily available in various thicknesses of foil and as 
a coating on a variety of metallic and nonmetallic surfaces. Aluminum 
vaporizes at a lower temperature than gold, making the aluminum deposition 
process easier to control. Plastic films with an aluminum deposit have been 
used for decorative purposes in industry for many years. As a result, 
aluminum -coated films are less expensive and of a better average quality 
than gold- or silver-coated films. Data are available on many different 
metalized film and foam systems for radiant shielding (86). 

The performance of any given insulation will be greatly affected by the 
following variables: applied compressive load, number of shields used in 
the sample, kind of gas filling the insulation and its pres sure, size and 
number of perforations in the insulation to permit outgas sing, and tempera
tures of the warm and cold boundaries. Compressive loads by mechanical 
contact, by atmospheric pres sure when a flexible outer skin is used to contain 
the insulation and permit evacuation, or those developed during application 
of multilayer insulations, reduce overall insulating effectiveness (86, 167). 
Even if the compression by the weight of the upper layers on the lower layers 
is disregarded, external forces (e. g., tension applied during wrapping of a 
multilayer insulation around a cylindrical object, thermal expansion or 
contraction of the insulation components with respect to the object, and 
localized loads in the vicinity of support points can compres s the insulation. 
These comfressive loads may be in the range from 0.01 to 1 psi (0.0048 to 
0.48 g/ cm ). Figure 6 -44a shows the effects of compres sion on the heat flux 
through 16 different multilayer insulations used for cryogenic insulation. 
When compression up to 2 psi (0.96 g/ cm 2 ) is applied, the heat flux for the 
majority of the insulations is about 200 times greater than at the no -load 
condition. Plots of the heat flux in BTU/hr - ft 2 (characteristic also of the 
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apparent thermal conductivity) versus compressive load in psia on a logarith
mic scale fall on straight lines with a slope between 0.5 and 0.67. 

In theory, the heat flux pas sing through an uncompres sed sample of the 
multilayer insulation is inversely proportional to the sample thickness (i. e. , 
number of shields), and, therefore, its thermal conductivity can be evaluated. 
Experimentally, under 1 g conditions, heat -flux data for a sample with 40 
shields are somewhat higher than predicted from the 5 -shield sample data (86). 
This discrepancy may be explained by the compres sion exerted by the weight of 
the upper layers on the lower layers of the sample, which may cause the lower 
layers to perform less efficiently than the upper layers. If an accurate estimate 
of the heat flux is required, a correction factor for the effect of compre s sion 
must be applied. 

The effects of a gas and its pressure on the performance of insulations 
have been studied by many investigators (86). The presence of residual gas 
inside fibrous and powder insulations decreases the thermal performance of 
a system. Gases of high thermal conductivity (e. g., helium or hydrogen) 
cause more rapid performance deterioration than gases with low conductivity 
(e. g., nitrogen or air). These effects are even more pronounced for a multi
layer insulation. The effect of gas pressure on the thermal conductivity of 
several multilayer insulations is shown in Figure 6 -44b. For comparison 
purposes, data for one fibrous insulation (glas s wool in air) are plotted in the 
same figure. The thermal conductivity relates to gas pressure by an S-shaped 
curve. However, the effect of pressure on performance of multilayer insula
tions is 2 magnitudes larger than the effect of pressure on powder or fibers 
(i. e., the performance of a multilayer insulation is 100 times higher than 
that of a powder, but a pressure 100 times lower is required to reach it). At 
pressures below 10-5 torr, the heat transferred by a gas is directly propor
tional to the gas pres sure. However, the heat conducted by a gas at that 
pres sure is only a small portion of the total heat transferred through the 
insulation; therefore, the apparent thermal conductivity of the multilayer 
insulation decreases only slowly at pressures below 10-5 torr. At pressures 
of 10-5 to 10-4 torr, the mean free path of the gas molecules approaches the 
distance between the solid particles of the insulation. Beginning at these 
pressures, the apparent thermal conductivity of the insulation rapidly increases. 
For this reason the multilayer insulation must be maintained at a pres sure 
below 10-4 torr or it will not provide the desired insulation effectivenes s. 
When the gas pressure reaches atmospheric pressure, the heat conducted by 
the gas becomes the dominant mode of heat transfer. For a warm boundary 
at room temperatu:. J, the radiation component becomes small in comparison 
to the gas conduction component. Therefore, the apparent thermal conduc
tivity of a multilayer insulation approaches the conductivity of the interstitial 
gas. After atmospheric pressure has been reached, the conductivity of the 
gas remains nearly constant and independent of the pres sure, as does the 
apparent thermal conductivity of a multilayer insulation. 

Perforations through insulation decrease the efficiency by local com
pres sion effects. Perforations have a smaller effect on an insulation with 
crinkled, aluminized polyester shields than on one with aluminum shields, 
presumably because the crinkles introduce a more random distribution of 
holes and improve outgas sing (86). 
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Temperature of the warm and cold boundary layers controls the apparent 
conductivity of the multilayered insulations (86). For large temperature 
differentials, heat flux is directly proportional to the fourth power of the 
warm -boundary temperature through lO tempered aluminum shields spaced 
with 11 vinyl-coated fiber -glass -screen spacers. For multilayer insulation 
with crinkled, aluminized polyester film radiation shields, apparent thermal 
conductivity is approximately proportional to the third power of the warm
boundary temperature. When the warm -boundary temperature is held con
stant, a higher thermal conductivity results from increasing the cold-boundary 
temperature. Data are available on the adequacy of the surtace temperature 
control systems of current Apollo EVA System s in many different operational 
conditions (89). Design and effectiveness of the Gemini System are covered 
under zero gravity of Acceleration, (No.7), and Pres sure, (No. 12). 

Insulation of "Shirtsleeve" Garments 

In the design of garments for wear within the space cabin it should be 
recognized that addition of clothing to the body surface reduces the quantity 
of heat that can be lost by evaporation because of the increas ed resistance to 
water vapor diffusion. At the same time, garments reduce the quantity of heat 
gained or lost by the body through radiation and convection. The addition of 
clothing may be detrimental, beneficial, or ineffective, depending on the 
amount of clothing, operative temperature, barometric pressure, and type 
of fabric used. Two properties of clothing must be evaluated to determine 
the effect of clothing on thermal balance. These are thermal resistance {Rg }, 
and vapor resistance (R' g)' 

Thermal resistance is the resistance of a particular clothing assembly 
to flow of heat. It is generally expressed in "Clo" units. It is directly pro
portional to the sum of the thickness of fabrics plus the thickness and the 
composition of the gas layers between fabrics (See Equation 16). 

The thermal resistance of garments expressed in Clo units is: 

2 2 
1 Clo = O. 880 F ft hr/ BTU = O. 180 C m hr/kCal 

Clo values of garment resistance vary from zero (for the nude man) through 
approximately 5 for pressure garment assemblies to values of 6 -7 Clo for 
fox fur. Insulation values for typical Air Force clothing are recorded (27). 
The Gemini underwear has an insulation value of O. 25 Clo in sea level air (163). 

The total insulation value of a clothing as sem bly to the man must include 
the insulation of gas trapped between clothing layers. The best value for 2 
still-air insulation at sea level as determined empirically is 0.19 C/kcal-m -
hr (97). The rate of heat transfer across air space reaches a constant value 
for thicknesses exceeding 0.3 inches (O. 75 cm) at sea level (27). Experimental 
Clo values for helium -oxygen and nitrogen-oxygen mixtures in fabrics are not 
yet available. Calculation of the total insulation value of newly designed 
garments and fabrics requires the knowledge of the thickness of the still air 
layer (R' t ) which is equal to the sum of the clothing vapor resistance (RIg) as 
a still air equivalent and film resistance of the still air layer, (R'e): 
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R' = RI + R' 
t g e 

where RI = 0.24 in (0.6 cm) for air. 
e 

(37) 

Values for RIg for standard fabrics are shown in Table 6-45a. li fabric 
thicknes s is ~own the relatio~ship 

RI 
~= 
L 

equivalent air thickness 
fabric thicknes s 

can be used (27) 

li thermal resistance in Clo units is known, the relationship 

RI 
~= 
R 

vapor resistance (inches of air) = 
thermal resistance (Clo units) 

0.5 inches of air or 1.2 cm of air 
Clo Clo 

g 

can be used. li the air layer thickness exceeds 0.3 in (0.75 cm) then these 
latter values should be used for R't (27). Techniques are available for 
measuring insulation values of clothing on working subjects (228). 

Vapor Resistance 

Vapor resistance (R' ) depends on vapor diffusion of evaporated water, 
weave and thickness of t~e fabric material, the thickness of the air layers 
between the garments, and the nature of the gaseous environment. While 
the rate of vapor transfer across near -isothermal air layers is directly 
proportional to thicknes s, bellows action and resulting convection suggest 
use of the same maximum effective thickness for vapor transfer as for heat 
transfer, i.e., 0.3 inches {0.75 cm}. The values of RIlL in Table 6-45a are 
a convenient estimate of resistance of similar fabrics, even though a more 
exact relationship of RI = a{L)+b probably is more true to reality (27). 

li the resistances to vapor of all the fabrics making up a clothing assembly 
are known and the thickness of each air layer between successive garments 
is measured, the total resistance of the assembly can be easily determined 
(27). The air layer thicknesses can be determined in the following manner 
(128). Girths are measured first on the nude body at 6 locations (i. e., at 
two levels on arm, trunk, and leg), and again after each garment is donned. 
Assuming the body parts to be cylinders, successive radii are computed 
from the measured girths. The air layer thicknes s is obtained by subtracting 
the known garment thickness from the increment in radius produced by each 
garment. 

Strictly speaking, a correction should be applied to the total resistance 
value obtained by successive addition for each of the three body parts, since 
the curvature effect reduces the actual resistance below that which would 
obtain for plane surfaces. However, there is insufficient knowledge at 
present to permit such a correction, and indeed, the limited accuracy of 
estimating individual fabric resistances probably does not warrant this 
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Table 6-45a 

Vapor Resistance of Fabrics 

(After Blockley et al(27)) 

Fabric Weight Thickness (L) Resistance (R I) RIlL Ref. 
2 

(oz Iyd ) (cm. ) (cm air) 

COTTONS 

cotton net 4.4 0.100 O. 12 1.2 95 
3 x 1 cotton twill 8.2 .097 · 19 1.9 94 
5 x 1 cotton twill 8. 8 . 112 .24 2. 1 94 
2 x 1 cotton twill 4.4 .069 · 15 2.2 94 
cotton poplin 5.8 .039 .09 2.3 95 
cotton oxford 6.7 .081 · 19 2.4 94 
cotton balloon cloth 2.2 .015. .04 2.6 95 
cotton "jungle cloth" 

(bedford cord) 13.6 · 107 .30 2.9 95 
heavy cotton 13.5 .076 .28 3.7 95 
close-weave cotton 

(Shirley L-30) 9 . 8 .051 .23 4.5 95 

WOOLS 

double -face wool pile 22. 1. 1 1. 1 1. 95 
2 x 2 wool twill 10. · 173 .26 1.5 94 
worsted serge 6. 1 .056 · 12 2. 1 95 
wool serge 10. 7 · 130 · 31 2.4 94 

NYLONS 

spun-nylon fabric 4.9 .046 · 18 3.9 95 
nylon poncho cloth 1.5 .018 .07 3.9 94 
5-end nylon sateen 2. 3 .016 .08 5.0 94 
filament nylon fabric 2.0 .0l3 .09 6.9 95 
plain weave nylon 2.6 .020 · 19 9.5 94 

RAYONS 

viscose rayon 
2 x 2 twill (fil. ) 3.6 .025 · 13 5.2 94 

acetate rayon 
satin (fil. ) 2. 7 .018 .14 7.8 94 

GLASS 

glass fabric 3.3 . 013 · 12 9.2 95 
plain weave glass fabric 6 . 6 .030 .32 10.5 94 
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refinement. Disregard of the curvature effect is a conservative procedure, 
and may be justified on this basis. 

In combining the data for the three areas into an overall resistance value 
for the body as a whole, some weighting factors for local evaporation rates 
must be employed. It is appropriate to use as weighting factors the relative 
proportion of body surface area for the part concerned. In the case of 
evaporative resistance, however, cognizance should also be taken of the 
variation in sweat production of these parts (Figure 6 -29 and Table 6 -45b). 
Proportionality factors must be used which include both relative surface area 
and sweat production, measured as evaporation, for various levels of thermal 
stress (103). Taking data for the upper portion of the environmental range (air 
temperature 36-37o C), and lumping values for adjac e nt parts, the relative 
proportion of trunk, leg, and arm sweat can be obtained (Table 6 -45b). 

Arms (forearm & arm) 

Legs (calf & thigh) 

Trunk 

Table 6-45b 

Proportions of Evaporative Loss 

(After Hertzman et al(103)) 

Proportion of Total 
Body Surface Sweat 

.07 

.42 

.38 

Totals .87 

Relative Proportion of 
Trunk, Leg, Arm Sweat 

.08 

.48 

.44 

1.00 

The remalnlng 13% of the body average sweat per unit area is contributed 
by hands, feet, and head, which are not included in the clothing evaluation 
under discussion (See Tables 6 -26 to 6 -28). In a more exact analysis, the 
gloves, footgear and headgear could be separately evaluated, and their re
sistances weighted 0.03,0.02, and 0.08 respectively (103). In a gaseous 
environment other than air, at sea level, appropriate corrections must be 
made for R' g using the factors illustrated by Equations 6 -24 to 6 -31. 

To aid in the first approximation of garment temperature t , since both 
hc and hr are functions thereof, Table 6 -46 has been prepared for the standard 
clothing assemblies, showing tg as a function of (tw + t a )/2, and the thermal 
insulation (Clo) value of the garment. Other tables must be prepared for gas 
mixtures other than air at sea level using Table 6-45a and Equations 17 and 18. 
For very high radiative temperatures, Figure 6 -20b may be used to calculate 
hr values. 

The relationship between clothing surface temperature (t g ) and skin 
temperature (t s ) is seen in Equation 16. 

When thermal resistance and vapor resistance of the garment assembly 
have been determined, the boundary for heat exchange with the environment 
may be shifted from the skin of the body to the surface of the clothing. With 
clothing as the boundary, tg is substituted for ts in all expres sions for heat 
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( tw + ta )1 2 

of oR 

100 560 

150 610 

200 660 

250 710 

300 760 

Table 6-46 

Approximate Garment Temperatures 

(After Blocklev et al(27)) 

1 Clo 2.5 Clo 

of oR of oR 

100 560 100 560 

139 599 145 605 

178 638 190 650 

217 677 235 695 

255 715 280 740 

4 Clo 

of oR 

100 560 

147 607 

194 654 

241 701 

287 747 

exchange. The effect of "shirt sleeve" clothing can be considered to increase 
the effective surface area of the body by a factor of 1. 14. 

Recent analyses of passive mass transfer of water in spac e suits ar e 
available (159, 167, 168, 182, 209). 

Ventilated Suits 

Typical air ventilated garments remove heat convectively (qv ) at a rate 
shown in Figure 6 -47. The graph shows the rat e of convective suit cooling 

Figure 6-47 

Cooling by Ventilated Clothing 

The Data Points Marked with Hollow Squares, which 
are Farthest from the Curve Drawn Through the 
Other Points, are from Experiments Where There 
Was Moderate Sweating and Some H eat Storage 
Although the Subjects Judged Themselves to be' 
Comfortable. The Adjustments and Corrections 
for These Cases Could only be approximate. 

(After Blockley et al(27) Adapted from Data of 

Billingham and Hughes(23). Greider and Santa Maria(91) 

and Mauch et al(141)) 
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which must be supplied a seated man at rest wearing typical aviation clothing 
to maintain a comfortable skin temperature of 900 F (32 0 C) for a range of hot 
conditions given as operative temperatures (See also Figure 6 -5). Suit 
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Figure 6-48 

Nomograph for Computing Cooling Power of Ventilating Garment 

(After McCutchan and Isherwood(135)) 
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convective heat removal is computed from the mas s flow of ventilating air 
and the difference between inlet air temperature and the desired surface 
temperatures (30): 

where 

q = 0.24 (90 - t ) W 
v v v 

= suit convective heat removal in BTU/min 

t = temperature of ventilating air in of, and 
v 

W = mas s flow of ventilating air in lbs/ min. 
v 

When a ventilating garment is worn, the effective body heat storage 
index (qs eff) is found by the following equation: 

where 2 
q = heat storage index (BTU / ft hr) 

s 
6q = decrease in heat storage index 

s 

Figure 6 -48 presents a nomograph for computing the cooling power of a 
typical ventilating garment (-6 qs) from the ventilating air temperature (tv), 
the volume flow (Vv ), and operative temperature (to) (l35). Each garment 
will present somewhat different parameters. Figure 6 -48 should therefore 
be used only as a general example for first -order engineering estimates. 

The cooling capacity of Apollo prototype ventilated suits as a function of 
gas flow at several internal suit pres sures is seen in Figure 6 -49. The 
partition of cooling into sensible and latent loads is shown. Figure 6 -53 
compares the efficacy of ventilated and liquid cooled suits under different 
meta bolic load s . 

The capacity of Apollo prototype ventilated suits to handle different 
metabolic loads is seen in Figure 6 -50. 

Liquid Cooled Suits 

The inadequacy of ventilated suits in handling large metabolic loads is 
clear in Figure 6 -50 (45, 173). For work loads above 600 BTU /hr, liquid 
cooling must be added. The dotted line in Figure 6 -49 represents projected 
capacity for liquid-eooling cascade addition to ventilated suits (44). 

Total liquid loop suits have been used to extract heat in a warm environ
ment and heat the body in a cool environment (49, 113, 119, 125). The 
thermodynamics of suit performance for current designs have been studied 
(45, 49, 51, 113, 119, 125). Analytic studies of skin to liquid loop conduction 
for other liquid-cooled systems are also available (9, 60, l68). 
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(Adapted from Burris et al(44)) 

Figure 6-50 

Heat Removed from an International Latex Prototype 
Apollo Suit Pressurized at 3.5 psia Above Ambient 
with Air Flow at 15 ft3jmin. 

(After Roth(173))Adapted from Air Research Corp.(6)) 
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For an early prototype suit system, Figure 6 -51a plots the suit p e rformance 
equation as suit mass flow rate vs inl e t temperature according to the equation: 

110 

'00 

00 

80 

70 

60 

'0 

40 

. 
t. = 91. 5 - q/m C [1-exp (-AU/~ C)l (38) 
In P P J 

where m = total mass flow of air in suit (lb/hr) 

q = the cooling requir e ment (BTU /hr) 

AU = the thermal conductance of the clothing 
and its as sociated air film (BTU /hr OF) 

t. = temperature of inlet fluid (OF) 
in 

91. 5 = the assumed mean skin temp e rature of 
a comfortable subject (OF) 

C = specific heat of liquid at constant pre s sure 
p (BTU/lb OC) 

Figure 6-51 

Effect of Water Temperature on the Performance of Prototype Liquid-Cooled Suits 
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a. Suit Performance for an Early Prototype 
Liquid-Cooled Suit. 

(After Burton(50)) 

b. Cooling Garment Operating Limitations of 
Average Water Temperature and Cooling 
Rate for Several Prototype Apollo Suits. 

(After Jennings(113)) 

If the cooling requirement for a give n thermal situation is accurately known, 
the appropriate line on Figure 6 -5la gives a family of suitable inle t tempera 
ture and flow combinations to meet the requirement. The inlet t e mperature 
coordinate has a lower limit of 320 F because for all practical purposes pure 
water can only exist in liquid form above this temperature and because of the 
possibility of causing local frostbite. The upper limit of inlet temp e rature 
has been set at 113 0 F because it has been found that temperatur e s above this 
are liable to burn the skin. Mass flow coordinates extend up to 150 lb/hr 
because this is about the maximum flow of which this specific suit is capable. 
It is seen that the suit should be capable of absolute maximum cooling rate s 
of 1930 BTU /hr, and heating rates up to 700 BTU /hr at a flow of 150 lb/hr. 
The heat transfer range is not very much reduced if the flow is cut by half 
to 75 lb/hr because of the compensating increase of effectiveness. If the 
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cooling requirement is accurately known the performance equation of 
Figure 6 -5la should specify inlet temperatures to about 20 C (0 = 1.81 °C) 
or 320 F. The optimum mass flow will be determined not only by metabolic 

I factors but also by tradeoffs on battery vs. cooling sublimator weight (125). 

Figure 6-5lb gives the average water temperature vs. cooling rate for 
all test runs of several Apollo prototype suits (113). The boundary envelope 
follows approximately the limits of comfort, since tests were not run beyond 
the edge of serious discomfort. The points marked unstable were those runs 
in which the rectal temperature did not approach a constant value for some 
reason, usually because of excessive cooling. 

Other methods of evaluating suit function are the sweat rate, skin tem
perature and rectal temperature respons es. Figure 6 -52a shows that sweat 

Figure 6-52 

Physiological Response to Several Apollo Prototype Liquid-Cooled Garments 

(After Jennings(113)) 

0.7 ,--,--------,--,---r----r--,.;;;;r-, 

06 

a:: 
~05 
CD 
-J 

! I I 
-0- ELASTIC FABRIC 

- I ~-- :COTTO~ NET FABRIC ! 

AVERAGE WATER TEMPERATURES 1°F) 
NOTED BESIDE DATA POINTS 

I 0.4 f--t-------i--t---t--t--t--,/--S.L.-.-.J 

'" ~ 
a:: 0.3 

~ 
~0.2 1---+---:---:-----,-

'" 
0.1 

COOLING RATE - BTU/HR 

a. Sweat Rate as a Function of Cooling Rate 
at Constant Average Water Temperature. 

~ 
.!, 90 f--l-::::-.Jr---::-:i'-o 
a:: 
=> 
~ 
a:: 
'" Q. 

~ 

~ 80 
z 
i: 
'" 

• I 

620F AVE WAT~R TEMP I U01 

! I i 1:11.1 I 
46°F AVE WAT TT i I UNs~tE 

roO~~20~0~4~0~0~6~OO~~80~0~10~0~0-d~~~~-d~~ 
COOLING RATE - BTU/HR 

b. Skin Temperature as a Function of Cooling Rate 
at Constant Average Water Temperature. Subjective 
Comfort Zone Boundaries are Superimposed. 

rates for the Apollo prototype elastic fabric garments (solid curves, CG7, 
CG6, CGIO) are lower than for the cotton net fabric garments (dashed curves, 
CG3, CG3A) because of better skin contact with the former. Subjective 
reaction to elastic garments was that the apparent temperature distribution 
was more uniform. The horizontal line at 0.22 lb/hr sweat rate represents 
a design objective. Water inlet temperatures were recorded at 450

, 600 and 
75 0 F for the elastic garments, and at 45 0 and 60 0 F for the cotton net. 

Measurements of skin temperatures at 6 to 9 positions on the body were 
weighted according to local body areas and averaged. Figure 6 -52b depicts 
mean skin temperature vs cooling rate for 46 and 62 0 F average water tem
peratures. Two additional solid curves define approximate boundaries at 
which various test subjects complained of excessive cold or warmth. An 
estimated optimum comfort line (dashed) starts from a skin temperature of 
92 0 F and 200 Btu/hr cooling rate corresponding to 400 Btu/hr metabolic. 
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Figure 6 -53 compares the equilibrium rectal temperatures attainable for 
different suit systems at various metabolic rates. 

The recommended distribution of tubing in a typical water -conditioned 
suit (for use at rest) required to give no local overcooling is seen in Figure 
6 -54a (51). Unfortunately, requirements brought about by severe exercise 
conditions may alter this distribution (113, 213). Distributions used in the 
early prototype Apollo suits are shown in Figure 6 -54b. The rationale for 
this approach was as follows: IICooling tubes were connected to supply and 
return manifolds. By designing for low water velocity, the system los ses 
were mainly from wall friction (los ses at bends, entrances, and exits were 
small). The use of equal manifold -to -manifold tube lengths insured uniformity 
of flow distribution throughout the garment. Local tube length distribution 
of Table 6 -54b was made proportional to body mass distribution, on the 
assumption that regional heat generation during work would be nearly propor
tional to the regional mas s of muscle tis sue. Coolant was supplied at the 
garment extremities and returned from the waist in accordance with observed 
conditions of comfort at rest, in which extremities are maintained cooler 
than the mid -region of the body. Water temperature rise along the cooling 
tubes was intended to be limited to comfortable ranges by control of the 
water flow rate, and by the layout of the tube patterns on the garment, including 
on the torso where necessary reversals of direction were kept small. The 
tubes were not extended over the hands, feet, or head. Internal cooling by 
means of blood circulation was relied upon for the cooling of these parts, I 
which, fortunately, do not generate large quantities of heat as do the massively 
muscled parts of the body. 

Open mesh fabric was used as the garment structure to which the tubes 
were attached. This choice was made to permit compatible operation in a 
pressurized space suit supplied with ventilation gas but no circulating water 
by a cabin life support system. Body cooling by evaporation of sweat would 
be enhanced by gas circulation through the mesh. The stretch characteristic 
of the net fabric further afforded snugness of fit. The tubes generally were 
laid out in patterns following the 450 slope of the net strands, or in meander
ing paths between parallel boundaries, so that the garment's two -way stretch 
with body displacement was not impaired. The later garment, CG7, of one
way stretch elastic fabric, had tubes laid out in straight lines along the grain 
of the material. 

The tube wall thicknesses were selected to reduce the likelihood of 
collapse from external loads or sharp bends. Transparent 0.063 -in. i. d. 
x O. 03l-in. wall polyvinylchloride (PVC) tubing was chosen for its flexibility 
and durability and to permit visual inspection of joint bonds and gas bubbles; 
supply and return tubes (0.188 -in. i. d. x 0.063 -in. wall) were of stiffer PVC 
to increase wall support. 

Tubing was fastened to the garment by stitching while the garment was 
distended over a flat form having dimensions corresponding to body semi
circumferences. Tack stitches were taken through mesh cross strands on 
each side of tube with the thread crossing over the tube. The tube thereby 
followed the strand centerline and had no noticeable effect upon garment 
flexibility. For CG1, each cooling tube was 74 in. long, and ten started at 
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Figure 6-53 

A Plot of Rectal Temperatures at Equilibrium 
(thermal balance) Versus Work Level, I ncorpor
ating Data from Many Sources. The shaded 
area is an envelope of data from 5 sources (212). 
The sol id I ines represent the range of prototype 
Apollo suit systems, CGI and CG3A (113) . 

(Adapted from Webb and Annis(213) and 
Jennings (113)) . 

Table 6-54 

Distribution of Tubing and Cooling in Liquid-Cooled Suits 

a. Recommended Distribution of Tubing in Water-Conditioned Suit at Rest. 

Region Percentage of Tubing 

1/2 Head 0 
Hand 0 
Foot 0 
Forearm 9.3 
Arm 16.9 
1/2 Back 10.0 
1/2 Chest 8.8 
Calf 
Thigh 
Buttock 

18.1 
25.6 
4.5 

(After Burton and 

Coli ier(51 )) 

1/2 Abdomen 6.8 

b. Tube Distribution Calculation Based on Body Mass Distribution Used 
in Apollo Prototype Liquid-Cooled Garments (CG1) 

Distributed volume ~\Ild nreab 

Yol., in,l Wt., lb 

Arm, each 2 12 7 .6 
Upper tOniO· 855 30 .8 
Lower tOT:,O· 475 17 . 1 
Leg, ench 58ll 21. 2 
T otal 4685 168 .8 

• ute or ri~ht hair, each . 
• Includ~s tiistri1.Hued portion ror head. 

(After Jennings( 113)) 

Yol. 
Area, ft~ fraction 

1. 96 
2 . 16 
1.20 

Area 
fraction 

0 . 104 
0 . 115 
0 .064 

Tub. Tube 
Height, Yol. Area length, Length 

in. fraction fraction in, fraction 

0 .049 0 . 114 15.4 0.052 
18 0 .201 0 . 126 58 .6 0 . 198 
10 O. ltl 0070 33 .4 0.113 
30 0 . 13ll 0 . 190 40 .6 0 . 137 
69 

.3DIA 
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each wrist and ankle. Other suits had 232ft of tubing in contact with the skin. 
Of the total 247 ft of tubing, 232 ft made contact with the skin. Tubes were 
attached to a two-piece, medi UIn- size, net fabric undergarment of a bout 7/16-
in. mesh. Supply and return tubes followed zigzag patterns from waist to 
ankles and elbows for flexibility. They were attached to the cooling tubes by 
cementing to molded PVC connectors." In addition to the liquid cooling, heat 
transfer by conduction through gas at the surface of tubes and adjacent skin 
is available in these garments. For example, for a O. 12 -in. heat -transfer 
distance through 02 at 3.5 psia and 85 0 F and adjacent surfaces 0.12 in. wide 
on the skin and the tube at each side, the heat transfer over 300 ft of tubing 
with 500 F water will be 334 Btu/hr, or about 19% of the 1800 Btu/hr desired. 

Other reviews of the efficacy of liquid-loop suit designs are available 
(61, 125, 177, 207, 210, 213, 231). Data on the latency of cooling after 
exercise loads have recently been gathered and arp. most useful for design 
of thermal regulators for liquid -cooled suits (213). 

Liquid cooled suits create the unusual condition of sweating with a cool 
skin (l2, 16). The effect of skin cooling on expected sweating response to 
high body core temperatures may be seen in Figure 6 -70. Figures 6 -52b and 
6 -55 give shivering and sweating thresholds for subjects in Apollo prototype 
liquid-cooled suits. Extravehicular suits for lunar operations must be de
signed to remove at least 2000 BTU/hr (500 kcal/hr) of heat and remain within 
these thresholds of sweating and shivering (l25, 173). Automatic temperature 
control for liquid-eooled suits is now under study (142, 213). 
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Another approach to the cooling of space suits is the passive control 
system. Concepts including pas sive heat sinks, semi -permeable m em branes, 
and wicking systems involving the pres sure -retaining structures of the suits 
are being considered (159, 167, 168, 181, 182, 209). 

Conductive Heat Exchange (qk) 

In the thermal analysis of man in an open environment, conductive heat 
exchange can, 'in many instances, be assumed to be included in the computa
tions for radiation and convective heat exchange. This is justified, for the 
latter cannot exist if conduction is occurring over a given area. In addition, 
body heat lost by conduction will usually be transferred to the environment by 
radiation or convection modes. Liquid cooling garments, require that physio
logical constraints to conductive cooling modes be quantifiably identified. 
These constraints include sensitivity to thermal and pressure gradients on 
the skin surface, tube -to -skin contact resistance, skin resistance, temperature 
ranges (for comfort) of the body parts, and the effects of hair and perspiration 
on conductive exchange. 

Unfortunately, the liquid -cooled space suit is worn under exercis e condi
tions where skin comfort temperatures, thermal conductances to deeper sub
cutaneous structures, and similar factors are quite different from the resting 
condition (l13, 213). The characteristics of the skin in thermal comfort as 
represented by Figure 6 -29 and Tables 6 -57, 6 -58, 6 -64, and 6 -65 cannot be 
used under the unusual environmental condition of exercise in a liquid-cooled 
suit. Specific data are needed on the determinants of skin comfort under such 
conditions (l13). Figure 6 -55 is a good example of the type of data needed. 

In the determination of heat conduction in the steady state, the following 
equation may be used for conditions other than space suits (39). 

and 

where 

(39) 

= conductive heat transfer - BTU/ft
2 

hr (kcal/m
2 

hr) 

BTU -inch 
hk = thermal conductance - 2 0 ft -hr- F 

o 0 
temperature of surfaces - F ( C) 

kcal-cm 
2 0 

m -hr C 

k = thermal conductivity BTU/in sec of (kcal/cm sec °C) 

L = thickness of the conducting medium inches (cm) 

In the resting condition, the thermal conductivity constant, k, for conducting 
heat from the interior of the body to the skin (tissue conductance only) is; 
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k =- 1.5 ± 0.3 x 10-3 kcal/cm secoC (at 23-25 0 C ambient) 

At full vasoconstriction, when tissue conductance is 9-10 kcal/m 2/hr/ o C the 
value for conductance corresponds to a tis sue layer 1.8 -2.2 cm thick. At the 
limit ofZvasodilation, thermal conductance is increased to values of 28 -30 
kcal/ m hr °C. Values above and below these limits have been reported in 
the literature. However, many of the subjects may have become acclimated 
by the tests and accordingly, their values of conductance would exceed the 
norm. As a rule of thumb, a change from full vasoconstriction to full vaso
dilation lowers thermal resistance of the body approximately 1 Clo unit. 

Figure 6 -29 represents typical local skin conductances of local body 
areas at rest in still air at sea level. Tables 6 -58, 6 -64, and 6 -65 present 
thermal conductivity and inertia data of body parts which may be of value in 
evaluating conductive heat loss and discomfort thresholds at rest. Equivalent 
thermal conductance between adjacent radial layers of head, trunk, and 
extremities has recently been suggested. Assuming the specific conductivity 
of tissue of 36 kcal cm/m2 hr °c (l94) physiologically effective masses and 
heat capacitance of different body compartments have also been calculated. 
Measure of the effectiveness of vascular convective heat transport can be 
made quantitatively by deriving values of thermal conductance for the 
peripheral tissues of the body (194). Cardiovascular changes such as shunting 
during exercise considerably complicate such calculations and are, unfortunate
ly, key factors in operational situations where such data are sorely needed 
(168). 

The commonly used expression for conductance is: 

K = 
qm - qs - qv 2 0 2 0 

t _ t BTU/hr ft F (kcal/hr m C) (40) 
r s 

where the terms on the right side of the equation are as previously defined. 

Values of thermal conductance as a function of operative temperature are 
shown in Figure 6 -56 (80). 

The large difference in the two cases between the rate of rise in peripheral 
circulation with increasing operative temperature indicates the relative 
economy in vascular effort provided by the proces s of evaporation in air. An 
expression for nude human conductance,h ,in air is: o 

(41 ) 

V = atmospheric velocity in cm/ sec 
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APPROX BATH TEMPERATURES 
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Figure 6-56 

The Relation Between Conductance (A Measure of 
of Peripheral Blood Flow) and Operative Temp
erature for a Subject (EFDB) in the Dubois
Hardy Calorimeter, and Another (HCB) in the 
Burton-Bazett Water Bath Calorimeter . 

(After Gagge(80)) 

HEAT STRESS AND TOLERANCE 

To establish indices of thermal stress and tolerance in space operations, 
data are required beyond those for basic comfort limits such as presented in 
Section 2. Such variables as body temperature, sweating response to thermal 
loads, pain and discomfort thresholds for heat and cold, body stress indices, 
and performance under thermal stres s must be evaluated. The role of de
hydration in thermal tolerance has been covered in Water (No. 15). 

Body Temperature 

The body temperatures of interest in biothermal analyses are mean body 
temperature (tb), rectal temperature (t r ), and skin temperature (t s )' 

Mean Body Temperature (tb) 

Mean body temperature is the weighted average of rectal and 
perature. The weighting varies with ambient temperature (194). 
ance with the Burton expression, (for ta < 300 C): 

tb = o. 67 t r + O. 33 t s 

skin tem
In accord-

(42) 

In the heat (ta >300 C), the weighting is 1:9 for tr:ts' 
is used primarily as a parameter in determing heat 
Equation 47. 

Mean body temperature 
storage as seen in 

6-71 



Table 6-57 

Mean Surface Temperature at Various Stations on a Supine Human Subject 
at Rest in Still Air at Sea Level 

(After Iberall and Cardon(111)) 

Mean Ambient Temperature (OC) of: 

2 3 

Station No.&Name 21.0±.2 20.0±.1 20.5±.3 29.0±.2 29.0± . 1 35.0±.3 34 . 0± . 2 
1 Forehead 33. 8±. 4 32. 4±. 3 35. 2± . 2 35. 7±. 3 35. 5±. 3 36. 1±. 6 

2 Left Shoulder 31. 8±. 3 30. l±. 7 32. 7±1. 6 34. 2±. 1 35. 8±. 5 35. 6±. 4 36 . 7±. 4 

3 LeftBicep 31.0±.2 30.5±.4 34.0±.4 33.9±.1 35.7±.1 36.2±.2 36 . 7±.2 

4 Left Forearm 

5 Index Finger 

6 Upper Chest 

7 Sternum 

8 Mid -Abdomen 

9 Left Thigh 
(Anterior) 

10 Left Leg 
(Anterior) 

11 Toe 

30. 1± . 3 28. 9±. 5 

22.6-+20.322-+19.6 

35.5±.2 

32 . 4±. 2 3 1. 6±. 2 

30. 8±. 1 30. 1±. 3 

27. O±. 3 

2 7. 9±. 3 2 7. 1 ±. 6 

19.5+20.321. 5 .. 19 

31. 2± 1. 1 33. 5±. 2 

26. 6±1. 0 33-+28.2 

29.9±.8 34.6±.2 

32.8±.5 34.9±.1 

33.2±.4 34.4±.1 

29. 3±. 4 3 3. 8±. 1 

28. 3± 1. 3 32. 7±. 4 

21.5±.8 31.5-+28 

36. O±. 1 

36.5±.2 

35. 7±. 1 

36.1±.2 

38. 7±. 3 

34. 9± . 1 

34. O±. 1 

35.4± . 3 

37. O±. 3 

35.0-30 

36. O±. 8 

39.3±.2 

35. 4±. 1 

35.5±.2 

35.2±.1 

36. 3±. 1 

36.1± . 4 

37.6±.2 

42.6 .... >35.2 

36 . 7± . 2 

33.6±.2 

36.2±.4 

35.9±.2 

37. 1±. 1 

12 Neck (2-3 Cer- 32.2±.4 32.2±.8 29.9±.8 34.1±.2 35.3±.3 36 . 1±.3 36.8±.1 
vical Vert. ) 

13 Upper Back (2- 33.0±.2 32.4±.5 31.3±.4 34.8±.3 35.4±.1 35.7±.3 35.5±.4 
3 Thoracic Vert. ) 

14 Mid-Back (6- 33.0±.2 30.2±.3 31.9±.2 34.7±.2 34.5±.2 35.8±.1 34.7±.2 
7 Thoracic Vert. ) 

15 Lower Back 33. 4±. 1 31. 4±. 2 27. 9±. 5 34. 6±. 4 33. 3±. 5 38. 3±. 2. 4 35. O±. 3 
(Lumbar Region) 

16 Right Buttock 30. 6±. 1 32. 1±. 3 29. 6±. 5 31. 7±. 3 33. 6±. 2 35. 8±. 2 36. 1±. 3 

17 Right Thigh 31.2± . 2 28.5± . 2 29.9±.5 33.8±.1 35.5±.5 35.8±.2 37.3±.4 
(Poste rior) 

18 Right Leg 
(Posterior) 

28. 3±. 3 2 5. 8±. 5 28. 2± 1 . 0 32. 5±. 3 34. 5±. 3 35. 9±. 1 36. 7±. 3 

19 Right Heel 21.4 .. 19 23.5 .. 20 22.1± . 6 31.4-+28 34.4± . 3 35.7 .. 34 36.2±.2 

Mean (Gross) 29. 6±. 3 28. 9± . 4 29. 7±. 7 33. 3±. 2 35. 3±. 3 36. O± . 4 36. 3±. 3 

Mean (Weighted) 30. 4± . 3 29. 6±. 4 30. l±. 7 33. 7± . 2 35. 2±. 3 36. 1±. 4 36. 2± . 3 
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Rectal Temperature (t r ) 

Rectal (or core) temperature varies as a function of activity level and is 
environment independent for ambient conditions extending well above the 
comfort zone. A complete discus sion of rectal temperature variations with 
activity and environmental conditions follows below. Diurnal sensitivity must 
always be considered along with effects of leg experience (72). 

Skin Temperature (t s ) 

Figure 6 -29 represents the preferred skin temperatures at different body 
sites at rest in still air under sea level pressures. Table 6-57 shows varia
tions in skin temperature at various locations on the human body for a range 
of ambient temperatures between 68 and 95 0 F (20 and 35 0 C) at rest in air at 
sea level pressure. 

An expression weighting the various stations of the human body for use in 
determining mean skin temperature for Apollo design purposes is as follows 
(148 ): 

t (mean) = 12t 
back + 12t 

chest + 12t 
(43 ) s abdomen 

+ 14t + 19t thigh + 13t 
leg arm 

+ 5t 
hand + 7t head + 6t 

foot 
100 

Table 6 -58 gives thermal properties of the skin which may be used in 
evaluation of tolerance thresholds. 

Below 23 0 C ambient air temperature,only a fraction of the area of the 
body is regulated in accordance with the expression (111). 

where A = r 

Ab = 
t = a 

area 

f = 
A 

r 

Ab 
= 

of body regulated 

9 
33 - t a 

total surface area of the body 

ambient air temperature (oC) 

(44) 

Figures 6 -59a, 6 -59b, 6 -60a, b, c, 6 -61, 6 -62, and 6 -63 represent the 
response of body core (rectal) and skin temperature to heat stress produced 
by ambient conditions and metabolic loads. Corresponding curves for atmos -
pheres other than air at sea level are under study (73). Response of body 
temperatures to various thermal and metabolic conditions in ventilated and 
liquid-cooled suits is summarized in Figures 6 -52, 53, 55, and Reference (149). 

Figures 6-100, 6-102c, and 6-107 represent response of various body 
temperatures to the cold. Skin temperature responses of different populations 
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Table 6-58 

Properties of the Sk in 

(After Blockley(30) from Data Compiled by Buet tner(40) and St oll (193)) 

Approximate values of the physical dimensions of whole skin for the "average man": 154 lb, 5'7" 

Weight 
Surface area 
Volume 
Water content 
Specific gravity 
Thickness 

8.8 lb 
20 sq :t 
3 .7 qt 
70-75"/0 
l.1 
0 .02 - 0.2 in . 

4 kg 
1.8 m 2 

3.6 liters 

0.5 - 5.0 mm 

Approximate values fo r thermal properties of skin: 

Heat production 
Conductance 
Thermal conductivity (k) 
Diffusivity (kl p c) 
Thermal inertia (kpc) 
Heat capacity 

Skin temperature and thermal sensation: 

240 kcal/day 
9 to 30 kcal/m 2hr °C 
(1.5±0.3) XlO- 3 cal/cm sec °C , at 23 -25°C ambient 
7 X 10- 4 cm 2 /sec (surface layer 0 . 26 mm thick) 
90 to 400 X 10- 5 cal 2/cm 4 sec (oC)2 
-<l.8 call gm 

Pain threshold for any area of skin 113° F (45° C) 
When mean weighted skin temperature is: The typical sensation is: 

unpleasantly warm 
comfortably warm 
uncomfortably cold 
shivering cold 
extremely cold 

above 95° F (35° C) 
93° F (34° C) 

below 88°F (31°C) 
86°F (30°C) 
84°F(29°C) 

When the hands reach: When the feet reach: 
73 .5°F (23° C) 
64.5°F (l8°C) 
55.5° F (13° C) 

They feel: 
68° F (20° C) 
59°F (15° C) 
50° F (10° C) 

Approximate optical properties of skin : 

Emissivity (infrared) 
Reflectance (wave-length dependent) 

Transmittance (wave-len gth dependent) 

Solar refle c tivity of surface 
Very white skin 
5 "white" subjects 
6 "colored" subjects 
Very blac k skin 

Solar penetration - - very whi te skin 

Solar penetration- -very dark skin 

-<l.99 
Maximum 0 .6 to l.1/J 
Minima <0 . 3 and >l.2/J 
Maxima l.2, l.7, 2.2, 6, 11/J 
Minima 0.5, l.4, l.9, 3, 7, 12/J 

42"/0 

28 - 40"/0 , average 34"/0 
19 - 24"/0, average 21 "lo 
10"/0 

45.5"/0 passes 0.1 mm depth 
39.6"/0 passes 0 . 2 mm depth 
32.0"/. passes 0.4 mm depth 
19.0"/0 passes l.0 mm depth 
10 . 2"/0 passes 2.0 mm depth 

75"/0 passes 0.1 mm depth 
40"/0 absorbed in the melanin layer 
35"/0 passes 0.2 mm depth 

uncomfortably cold 
extremely cold 
painful and numb 

__ J 



Figure 6-59 

Body Temperatures at Rest 

a. Body Temperature as a Function of Effective Temperature in Heat 

(After Blockley(30) Adapted from Macpherson(140)) 

This graph relates the final 
rectal (core) temperature of 
resting men to a range of en
vironmental heat stress. Each 
data pOint shows the level of 
rectal temperature observed 
in two men wearing coveralls 
and seated while exposed to 
dry bulb temperatures from 
90 to 120°F and wet bulb tem
peratures from 83 to 88°F 
(E. T. 's from below 84 to 
above 94°F). In the region 
labeled "neutral zone ," which 
extends well above the com
fort zone, while other para
meter~ such as skin tempera
ture, heart rate, and sweat 
rate are increased with each 
successive increase in stress, 
core temperature remains 
independent of the environ-
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mental heat stress. Further increases in heat stress index beyond the "Neutral Boundary Condition" 
for the activity, clothing, and state of training concerned produce progressively higher core tem
peratures. This state of affairs charac terizes the "stressful zone ," where rectal temperature is 
environment-driven, and the probability of breakdown, or failure to compensate, becomes pro
gress ively higher , particularly for untrained or unacclimatized m en. 

b. Midpoint Rectal and Skin Temperatures as a 
Function of Reference Operative Temperature 
at Rest. 

Mean values for the collected series are shown 
by characteristic symbols. Least Square 
regression lines have the following equations : 

37.8 

34.8 + O.056(tor) 

(After Blackley et al(27)) 
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Figure 6-60 

Body Temperature at Work in Heat 

a. Variations in Rectal Temperature at Sea Level as a Function of Activity 

(After Blockley(30) Adapted from Hanifan P.t al (96) . Based on Data from 

Lind(129, 130), Strydom and Wyndham(195), and Wyndham et al(235)) 

For each level of work, there 
appears to be a characteristic 
internal or core temperature 
at equilibri um which is unaf
fected by the environment so 
long as the neutral boundary 
condition (Figure 6-59a) is not 
exceeded. As shown here , 
the c haracte ristic internal 
(i . e., rectal) temperature for 
a particular work load varies 
between groups; both physical 
tra\ning and training for work 
in the heat (ac climatizat ion) 
produce lower values . Super
fi c ial differenct:s between 
ethnic groups appear to be 
due to habit patterns and 
experience relative to work
Ing under hot c onditions. 
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Note that persons completely untrained for a particular activity or exercise would probably show 
ret:tal temperatures considerably higher than those indicated in this chart for Afri can natives 
recruite:c.J for mine labor. 

b. Rectal Temperatures and Stress Zones for Work in the Heat at Sea Level. 

(From Blockley(30) Adapted from Leithead and Lind(127)) 

EFFECTIVE TEMPERATURE. °c 

Final rectal temperatures are shown 
as a function of environmental heat 
stress for working men in figure b . 
Each point represents a single expo
sure of a different man - - approxi
mately 30 men in each environment, 
or a total of 128 untrained subjects. 
The task was three hours of treadmill 
marching at 3.5 mph wearing shorts; 
the metabolic rate was 300 kcal/hr. 
Only in the two environments that lie 
in .the Neutral Zone did all subjects 
complete the task. In the two hotter 
climates, 250/0 and 570/0 of the subjects 
had to be removed before the end of 
the period because of excessive heart 
rates or rectal temperature, to pre
vent collapse or damage. The dashed 
line on the graph connects the median 
values of final rectal temperature for 
all subjects, while the solid line con 
nects the means for those subjects 
completing the full three hours . 
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Figure 6-60 (continued) 

c. Rectal Temperatures and Stress Zones for Work in the Heat at Sea Level. 

(After Blockley(30) Drawn from Data of Wyndham et al(235)) 
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In figure ..£., each point is the average 
of a group of ten men; the chart thus 
summarizes data from approximately 
460 individuals, 2 work rates, and 15 
different humid environments. The 
vertical lines delineate the boundary 
conditions separating the "Neutral" 
(environment-independent) and "Stress
ful" (environment-driven) zones before 
and after training. 
Clearly illustrated is the e ffect of 
heat training (acclimatization) on the 
equilibrium rectal temperature, and 
the small, probably inSignificant 
effect of training on the location of 
the Neutral Boundary. Note that in the 
"Neutral" zone, heat-trained m e n 
working at 1600 Btu/ hr maintain body 
temperatures as low as or Lower than 
novice workers working at 700 Btu/hr; 
however, when both groups are in the 
"Stress Zones" for their respective 
work Leve Ls, the difference .between 
their mean body temperatures is 
1. 5°F. For comparison , new men 
working at 1600 B tu/hr have tempera
tures 1.5°F higher than simiLar men 
working at 700 Btu/hr, when both al'e 
in their neutraL zone of environments. 
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to sleep under varied environmental temperature are available (72). The 
general increase in Clo value required for comfort in a cool environment 
during sleep must always be considered. 

I Figure 6 -29 and Tables 6 -64 and 6 -65 represent odd aspects of the thermal 
I characte'ristics of "the average man ll at rest which can be used in the analysis 
, of local thermal effects and tolerances in air at sea level. 
r 
I 
I I Sweating and Respiratory Water Loss 

I 
Heat stress may be measured by the rate of water loss by the body. 

Analysis of the evaporative heat exchange mode in unusual atmospheres has 
been presented above. Tables 6 -26 to 6 -33, Equations 23 -26, and Figures 
6 -29 to 6 -34, and 6 -50 may be used to obtain appropriate data for design and 
operational analysis under the specific limitations noted. 

In addition to these data for space operations, Figures 6 -66 to 6 -69 
represent the sweat production rates to be expected under survival conditions 

I
on Earth. Additional data on sweating are available in Water (No. 15) and 
Reference 215. 

Inside a liquid-cooled suit, a heavily working man may have a high core 
I temperature but a low skin temperature. The expected sweat response may 
, thus be altered as seen in Figure 6 -70. Retention of C02 may also alter the 
set point of sweating. The sweating rate in 6% C02 at sea level air may be 
100% greater than in normal air (42). 

Figure 6 -71 represents the sensitivity of water loss through respiration 
to metabolic rate, ambient pressure and dewpoint (lIS). Rates of nonthermal 
sweating are about 80 -220 gms/hr from covered areas and 20 -40 gms/hr 
from the rest of the skin (26, 34, 215). This can be increased by psycho
genic stimuli of many types (2, 215). 

Heat Stress Indices 

In the non -compensable zones of thermal control, performance and 
tolerance have an inverse exponential relationship with exposure time. 
Figure 6 -72 reflects the general time -tolerance relationship for extremes 
of ambient air temperature under sea level conditions. 

Figure 6 -73 shows the physiological impairment which may be anticipated 
due to extremes of body temperature. The tolerance limits reflect the borders 
of physiological collapse to be used for rough evaluation of situations. 

Under conditions of heat stress, the mode of evaporative heat loss cannot 
completely compensate for the difference between total heat load and heat 
losses via other modes. This lack may be attributable to failure to achieve 
a sufficiently high perspiration rate or by failure to achieve a sufficiently 
high evaporation rate. Even though the perspiration rate is adequate to main
tain thermal balance, conditions of high humidity and/ or low ventilation 

6-81 

~~---~ - -



L 

Table 6-64 

Physiological and Thermal Characteristics of the "Average" Man 

CHARACTERISTIC 

Weight 

Height 

Total Body Surface 
Area 

Volume 

Specific heat 

Heat Capacity 
(using 160 lb. man) 

Body temperature 
(rectal) 

Body surface temp. 

Body and clothing 
Surface temperature 
(ave. - 1 C1o) 

Body temperature 
(2/3 t + 113 t ) 

r s 

Body percent water 

Weight 

Surface Area 

Volume 

Water Content 

Specific Gravity 

Thickness 

Heat production 
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(After Breeze(36)j 

METRIC UNITS ENGLISH UNITS 

68-72 kg 150-1601bs. 

170 cm. 68-69 inches 

1.8 sq. meters 19.5 ft2 

0.07 meters 
3 

2.5 ft3 

O. 8 call gm- ° C O. 8 Btu/lb- ° F 

57.6 call ° C 128 Btul ° F 

37°C 98.6 0.5°F 

33-34°C 91-93 ° F 

28° C 82.2° F 

35.6° C 96.1 ° F 

70% 70% 

HUMAN SKIN 

4.0 kg 8.8 1bs. 

1.8 meters 
2 19.5 ft2 

3.6 liters 3.7 Quarts 

70-75% 70-75% 

1.1 1.1 

0.5 mm (Eyelids) 0.02 to 0.2 inches 
to 5 mm (back) 

13% (Body's 13% 
Metabolic Heat 
Prod. ) 

l 

REFERENCE NO. 

66 

66 

66 

66 

66 

66 

66 

65 

108 

98 

65 

192,193 

192,193 

192, 193 

192,193 

192, 193 

192,193 

192, 193 

__ J 



Table 6-64 (continued) 

CHAR ACT ERISTIC 

Conductance 

Thermal 
Conductivity (k) 

Diffusivity 
(k/ C) 

P P 

Thermal Inertia 
(k/ C) 

p P 

Heat Capacity (Cp) 

Emissivity (Infrared) 
Skin and Clothing 
Reflectance 
(Wave Length 
Dependent) 

Transmittance 
(Wave Length 
Dependent) 

TERM 

Clo 

I Clo 
_ O. 18 De~. 
- kg-cal/Hr 

F 

Clo 0.04536 Deg. 
Btu/Hr 

Heat Capacity of 

F. 

Body Periphery 40 Btu/oF 

Resistance of Periphery 

MET RIC UNITS ENGLISH UNITS REFERENCE NO. 

2 
9 --. 30 kgCal/ m -
hr. - 0 C 

1.5 ± 0.3 X 10-3 
Cal! cm- sec- ° C 
at 23-25 ° C Ambient 

7 x 10- 4 cm 2 / sec 
(Surface Layer 
0.26 nun Thick) 

90-400 X 10- 5 2 
cal2 /cm4 -sec-oC 

0.8 cal/gm-OC 

- 0.99 
- 0.94 
MAX. 0.5-+ 1. 11-1 
MIN. O. 3 and 1. 2 ~ 

MAX.!. 2, 1. 7, 2.2, 
6, ll/ol 
MIN. O. 5, 1. 4, 1. 9, 
3, 7, 12/ol 

192,193 

192,193 

192,193 

192,193 

0.8 Btu/lb- ° F 192, 193 

192,193 

192,193 

DEFINITION 

Insulation value of that quantity of clothing 
that will maintain comfortable thermal 
equilibrium in a man sitting at res t in 
an environment of: (a) 70 ° F air and wall 
temperature, (b) less than 50% reI. 
humidity, and (c) 20 ft/min air movement. 

{
In combined units 
For 1.8 m 2 Surface Area 

{I kg-cal = 3.968 Btu 

Outer layer to skin as opposed to body core. 
Approximately 1.0 inches thick. 

Function of body activity and is equivalent 
to 0.16 to 0.70 Clo 
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Table 6-65 

K p C of Various Body Tissues 

(After Breeze(36)) 

VAWES FROM DIRECT MEASUREMENT 

(LITERATURE ) 

K (Thermal ~(denl1ty) C (Thermal KI" C (Thermal Inertia) 
ConduotiYity) 

gID./ oID3 Capacity) 
gm. cala/em 880 ·0 gallS. cale/ gm ·C Cala2/cm4 ·C2 .ec 

xlO-5 xlO-5 

Computed Measured 

43 ± 10 0.92 0.55 22 t 7 26 

83 t 30 1.27 0.91 96 t · 34 
113 (IDoi.t) 

56 (dry) 

70 1.20 0 . 81 70 66 

90 (no blood 
Clow) 

125 (no~ 

50 

SKIN TEMPERATURE. °c 
30 35 •• 

/ J1' 
/ 

/TROP'N'ZED 
o . SWeA T FREE 

SUBJECTS 

. / 
. -.. . . IhROP'N'ZEO ~ 

0 SWEAT FREE ~ 
0 

SUBJECTS . I 
2. 3. •• 8. .5 , .. 760 S06 253 

VAPOR PRESSURE GRADIENT· ,"""Hi SKIN TEMPERATURE · of BAROMETRIC PRESSURE . mmHi 

Loss of water through the skin by diffusion is influenced by the vapor pressure 
gradient, the skin temperature, and the barometric pressure. On the left, water 
loss in grams per square meter of body surface per hour is plotted against the 
difference in vapor pressure in the air and vapor pressure at the skin, as reported 
by four different authors (34, 93, 216, 239). In the center, a high skin tem
perature is seen to be related to a high diffusion loss. Warm skin free of sweat 
was produced by high atropine dosage (216). On the right, the graph shows an 
increase in diffusion as the barometric pressure is lowered (93, 216). 

Figure 6-66 

Insensible Water Loss from the Skin as a Function of Absolute Humidity, Skin 
Temperature, and Barometric Pressure. 

(After Blockley(30) Drawn from Data of Brebner et al(34), Hale et al(93)) 

Webb et al(216) and Zollner et al(239)) 
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Figure 6-67 

Water Loss by Sweating Under Different Environmental Conditions 

(After Blockley(30)Adapted f rom ~ Adolph(3); ~ MacPherson(140) 

Robinson et al(170), Tavlor and Buettner(196), and Webb et al(216) ; 

~ Adolph(3); ~ Thompson Ramo Wooldridge, Inc. (203)) 
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Figure 6-68 

Sweating Rates; Water Replacement 

Sweat production is a highly variable quantity 
both within and between individuals. This chart 
is intended merely to indicate orders of magni
tude and some of the sources of variability. 
Missing entirely from this picture is the question 
of the physiological cost of producing sweat, 
which is a function of the body temperatures 
and work rates at which a given sweat rate is 
achieved. Rates as high as 2 Ibs/hr can be main
tained for many hours if sufficient water is 
ingested, but rates between 3 and 4 Ibs/hr can
not be sustained for 6 hours. When the skin is 
totally wet, the maximum achievable sweat rate 
is drastically reduced. 

(After Blockley(30) from data of Adolph(3) , 

Craig(59) , Gerking and Robinson(84), and 

Wyndham et al(235)) 

Data are plotted here from six experiments on 
one subject, "fully acclimatized," of "better 
than average stamina," marching at 3.5 mph up 
a 2.5% grade, at 1000 F and 20 mm Hg, with 
a 10-minute rest every hour. The more water 
drunk , the lower was the rectal temperature. 
Experiments with nude subjects resting at 
1100 F and vapor pressure of 25 mm Hg showed 
that they were able to maintain equilibrium 
only if they replaced water continuously. It 
may be concluded that failure to replace com
pletely the water lost in sweat, hour by hour, 
leads to elevation of body temperature and 
excessive physiological strain. Th irst or the 
desire to drink is unreliable as an indication of 
the requirement for water intake to make up 
for heavy sweating. 

Other work by the same authors has shown 
that replacement of salt at regular meal times 
is adequate, in contrast to the situation illus
trated here for water. 

(After Blockley(30) adapted from Pitts et al (161)) 
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Figure 6-69 

Sweat Rates as Functions of Metabolic Rate in Warm, Comfortable, and 
Cold Environments for Men in Shorts. The Threshold for Sweating 
is Taken to be a Rate of Weight Loss of 100 gm/hr. 

(After Webb(215)) 
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Figure 6-70 

Intensity of Thermoregulatory Sweating of a Metabolic~lly 

Active Man During Cold Reception at the Skin. 
Sweating Rates Were Plotted Against Internal Cranial 
Temperatures. Measurements Obtained at Similar Skin 
Temperatures Were Connected with "Best Lines." At 
Given Cranial Internal Temperature, Sweating Rates are 
Seen to be Diminished by Approximately 40 cal/sec 
for Every Degree C Decrease in Level of Skin Temp· 
erature. 

(After Benzinger et al(17)) 
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Figure 6-71 

Respiratory Water Loss, Grams Per Minute, as a Function of Minute Volume, Liters Per 
Minute at STP, for All Work Rates and Drybulb Temperatures. 

(After Wortz et al(232)) 



100 120~~~ 
P 80 

~ ~ r-------_+--~~----~--_+----------~ 
g 40~-----+--------~~~~+HGJLq 
t 
il 
~ 
j 
~ 
!: 
• -20 r-------~fh~bK----_r--_+~~------4 
~ 
c 
~ -40 r-----~4¥+h~------_r--_+--------__4 : 

-~ r-------~I_--------_r--~--------__4 

-80 r-------~----------4_--~--------__4 

-100 L-______ -L __________ ~ __ _L ________ ~ 

10 JlU.n 1 hr. 10 hr •. 1 4..,. 10 4..,.. 

Figure 6-72 

.p 

L""' 

~10 

06 

02 

98 

94 

90 

86 

62 

78 

_14 

·c 
Upper Limit 
or Surv1val? 

114 }~~m~~ } ".eat Stroke Regulat10n 
Le 1 Ser10u8ly 

42 Brain 8 ons Impaired 
} Fever Therapy 

40 1 h'"':: " ..... \ ~.,. .. ~ .. d Regulat10n 
38 Hard EXercise grrlelent 1n 

} Pebrl1e Disease 
Usual Range Heal th and Work 

36 ot: Normal 

34 

1"'~'""-Regulation 
32 Impa1red 

30 

28 

r"'~" Regulation 
26 Loot 

Lower L1m.1t 

24 of Survival? 

Figure 6-73 

Approximate Human Time-Tolerance Temperature 
with Optimum Clothing 

Human Body Temperature Extremes Defining 
Zones of Temperature Regulations 

(After Bree;e(36)) (After Breeze(36)) 

rates may limit evaporation rate to values below that required for ade
quat e cooling. 

The following equation can be used to determine the maximum conditions 
under which thermal balance can be maintained at rest, in air at S. L. (97). 

q +22(t -t )+2 -'v(t -t)= 10V· O• 4 ( -p) m w s lV I W S Ps a (45 ) 

where qm = energy of metabolism 

t = mean radiant temperature of the walls (oF) 
w 

t = mean skin temperature (oF) 
s 

V = effective air velocity (ft/ min) 

Ps = vapor pressure of water at skin temperature (mm Hg) 

Pa = vapor pressure of water in the atmosphere 

Some environmental correlates of comfort and stress have already been 
covered in Section 2. The more physiologically determined indices will row 
be reviewed. A more detailed critique of the physically and physiologically 
determined heat stress indices is available (139). 
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The Belding -Hatch Heat Stre s s Index (HSI) (15) 

This heat stress index is defined as the ratio of evaporation rate required 
for thermal balance to maximum perspiration rate safely attainable for pro
longed periods - - both expres sed in liters (of sweat) per hour, or: 

HSI= E x 100 
r 

E 
m 

The criteria on which heat stress index is based are: 

1) body heat storage will not exceed the limit represented 
by a mean skin temperature of 95 0 F, and 

2) Em will not exceed 1 liter per hour -equivalent to 2400 
BTU/hr (400 kcal/hr). 

(46 ) 

Figure 6-74 and Table 6-75 can be used as indicated to estimate the 
physiological and general function impairment of an 8 hr exposure at sea 
level to several stressful thermodynamic parameters. 

The P4SR Index 

The sweat rate can be used as a predictor of thermal stress in another 
way. The predicted four -hour sweat rate (P4SR) uses only the rate of sweat
ing as a criterion of heat stress in environments that are hot enough to cause 
sweating (234). On the basis of British experimental work, empirical nomo
grams have been developed for predicting the probable amount of sweat in 
liters that would be secreted over a 4-hour period by fit, acclimatized men 
under different environmental conditions (67, 140, 186). A P4SR nomogram 
is seen in Figure 6 -76. 

The group of curves Sl and S2 in the center of the nomogram, running 
downwards from right to left, is the scale from which the basic 4 hr sweat 
rate (B4SR) is read. If the predicted 4 hr sweat rate (P4SR) is required for 
men sitting in shorts, the calculation is very easy as the P4SR is the same 
as the B4SR. All that is necessary is to join the appropriate point on the 
drybulb scale to the wetbulb temperature on the wetbulb scale corresponding 
to the air movement. The P4SR is given by the point where this line inter
sects the curve on Scales Sl and S2 corresponding with the air movement. 
Otherwise the P4SR is calculated in three stages. 

In the first stage W. B. may require modification depending on the 
amount of radiation, the metabolic rate or the character of clothing. In the 
second stage the nomogram is used to obtain the B4SR and in the third stage 
the P4SR is obtained by adding certain constants to the B4SR depending on 
the metabolic rate (see wet bulb equivalent of metabolic rate in inset) and 
clothing. A P4SR of 4.5 liters was provisionally adapted as the upper limit 
of tolerance for physically fit men. Details regarding the 3 stage modifica
tion are available (140). 
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The P4SR, although derived under rather different conditions than 
expected in space flight, offers some hope if suitably extended (215). It was 
originally based on several types of experimental data taken on heat
acclimatized young men in Singapore and in environmental chambers. How
ever, it is unsafe to use it as a means of predicting sweat rate unles s all 
the conditions are similar to those originally used. Used with care, it does 
allow prediction of thermal effect in a number of different situations (26). 
The limitations are chiefly those of a narrow range of activity (up to 250 
kcal/ m 2hr), limited clothing combinations, and the fact that all the subjects 
were heat acclimatized. 

It is recommended that the P4SR not be used for predicting sweat rate, 
but for comparing environments in terms of thermal stress, to be followed by 
experimental evaluation of the environments, with sweat production being 
taken as one dependent variable (85). The data of Blockley which are shown 
in Figure 6 -69 are examples of such usage of the index. More such usage 
could lead to useful extension of the P4SR scale to cover the environmental 
and physiological conditions of flight. 

Body Storage Index (27) 

The body storage index (qs) is defined as the steady state rate of heat 
loss or gain to the body which results from imbalance in the biothermal 
equation. The body storage equation is: 

where W = body weight (lb) 

C = 0.83 = spec. ht. of body (BTU/lboF) 
P 

Ab 
2 = body surface area (ft ) 

dtb = rate of body temperature change (oF/hr) 
d8 

and where tb = 0.33 t + 0.67 t 
s r 

Tolerance Time in Heat 

(47) 

The maximum tolerance time (8t) for heat gain which represents an 
emergency maximum for thermal stress is inversely proportional to the 
heat storage index: 

8
t 

= 3300/q (minutes)or 55/q hrs. 
s s 
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Flow Charts for Determining Heat Stress Index Values at Sea Level Conditions. 
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Table 6-75 

Evaluation of Index of Heat Stress 

(After ASHRAE(7)) 

Physiological ana Hygienic Implication, of S·Hr 
Exposures to Various Heat Strelle, 

Mild cold strain. This condition frequently exists in 
areas. where men recover from exposure to heat. 

No thermal strain. 

Mild to moderate heat strain. Where a job involves 
higher intellectual functions, dexterity, or alert
ness, subtle to substantial decrements in perform
ance may be expected. In performance of heavy 
physical work, little decrement expected unless 
ability of individuals to perform such work under 
no thermal stress is marginal. 

Severe heat strain, involving a threat to health unless 
men are physically fit. Break-in period required 
for men not previously acclimatized. Some decre
ment in performance of physical work is to be ex
pected. Medical selection of personnel desirable 
because these conditions are unsuitable for those 
with cardiovascular or respiratory impairment or 
with chronic dermatitis. These working conditions 
are also unsuitable for activities requiring sustained 
mental effort. 

70 Very severe heat strain. Only a small percentage of the 
80 population may be expected to qualify for this work. 
90 Personnel should be selected (a) by medical exami

nation and (b) by trial on the job (after acclimati
zation). Special measures are needed to assure 
adequate water and salt intake. Amelioration of 
working conditions by any feasible means is highly 
desirable, and may be expected to decrease the 
health hazard while increasing efficiency on the job. 
Slight "indisposition" which in most jobs would 
be insufficient to affect performance may render 
workers unfit for this exposure. 

100 The maximum strain tolerated daily by fit, acclima
tized young men. 
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Nomograph for the Prediction of 4-Hr Sweat Loss (P4SR) 

(After MacPherson(140)) 

--------.----------

~ 

W 
cr 
:> ... .. 
cr 
w 
a. 
::; 
w ... 
'" ...J 
:> 

'" ... 
w 
~ 



--- - . - --

The tolerance and general performance limits as a function of time and 
body heat storage are seen in Figure 6-77 (29). The heat storage at tolerance 
is inversely related to the rate of heat storage (88). There is recent evidence 
that men actively exercising in space suits can store up to 1000 BTU's in 
actively working muscle (233). This storage must be kept in mind during 
analysis of tolerance times in exercising subjects. 

II Figure 6 -78 allows performance to be predicted through the heat storage 
index by following the dotted line and instructions. It should be remembered 

I
I that these curves are for pilots undergoing normal resting activity in air
craft cabins. This fact must be considered in applying heat storage indices 

I to predictive performance curves. Tolerance time can also be related to 
lother heat stress indices (88, 139, 228). 

I Figure 6 -79 indicates the conservative nature of earlier tolerance limits. 
The dashed lines represent the tolerance time levels more recently established 
(117) and reconfirmed(88). It will be noted that these are nearly double the 
solid -line limits established by earlier papers. It suggests that engineers, 
designing in terms of earlier tables, have been more restricted than necessary 
or have enjoyed a wide margin of safety even in the response of the most 
sensitive occupants. The ranges repres ented by these tables also reflect 
individual differences between subjects as well as differences in motivation. 
The dashed lines probably represent the capabilities of highly motivated 

; space crews in top physical condition, and free of immediately prior physio
I logical stresses. 

The W / D index has often been used as a measure of tolerance time. 
Figure 6 -80 represents the roles of exercise and W / D index in determining 
the time to collapse. Figure 6-81 uses the reference operative temperature. 
There are high correlations between the final skin temperature, rate of 
rectal temperature rise, rate of heart rate increase as linear functions of 
the W / D index (88). Comparison of the tolerance time for the heat stress 
using the Craig, effective temperature, P4SR and WGBT (aspirated) indices 
is available (88). These indices of heat stres s tolerance can be used in 
limited sea level conditions related to post -landing emergencies and remote 
field -station operations. 

Performance Under Heat Stress 

As a general II rule -of -thumb" performance begins to deteriorate in any 
given condition at about 750/0 of the physiological tolerance limit. This is 

\ seen in Figures 6 -77 and 6 -81. Highly motivated individuals may prove 
I capable of exceeding normally established performance and tolerance limits 

(202). However, excessive penalties in recovery time may be required if 
normal limits are exceeded. Even though no other stres ses are anticipated 

I or evident, it is suggested that the 750/0 of the average tolerance limit level 
I not be exceeded until the significance of deconditioning which occurs during 
I space flight is better understood. The synergism between prior dehydration 
, by the diuresis of weightlessness and heat tolerance is discussed in Water 
I (No. 15). 
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(After Blackley et al(27)) 
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Exposure Limits for Crew Members in a Space Cabin with an Air Atmosphere at 1 g. 
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Exercise performance decreases during hyperthermia (169). When mean 
body temperature was raised from control values of 35. SoC up to 38. lOC, the 
average treadmill times to exhaustion were reduced from control.values of 
4.63 minutes down to 3.31 minutes. Average reduction of 50% in V 02. max 
and 10% in 02 debt (as sociated with a 15% decreas e in blood lactate) were' 
noted, though the oxygen requirement per minute of running time was un
changed from control values. Changes were attributed to conflicting demands 
between cutaneous and mus cular circulation. 

Figures 6-81 to 6-88 reflect performance decrements as a function of 
ambient and effective temperature. Figure 6-88 reviews the previous data 
related to effective temperature for fine mental work. There are, of course, 
certain limitations in the resulting performance curve. First, there are 
limits on the generality of the curve. It most adequately represents the 
performance threshold of artificially-acclimatized, military personnel during 
learning or re-acquisition of highly stres s -s ensitive mental tasks. As such, 
the curve properly represents the lower-limit of an "impairment zone." The 
threshold for some mental tasks, or for subjects highly practiced on tasks, 
or for naturally-acclimatized subjects may lie somewhat higher (i. e., in the 
zone between the present curve and the recommended physiological limit). 
Secondly, because the curve is plotted in terms of effective temperature, 
there is the danger of as suming that all the combinations of temperatur e, 
humidity and air speed which yield a given effective temperature also produce I 
the same degree of performance decrement. This is undoubtedly not the case. , 
Eventually performance decrements should be separately determined for a r 

lar ge number of combinations of temperature, humidity and air movement 
and reported in a tri-dimensional chart. However, such voluminous data are 
not yet available, and it is fortunate that the effective temperature scale 
could be used for establishing a tentative threshold for unimpaired mental 
performance. A recent review of this problem is available (157). 

Table 6-89 summarizes the physiological response to heat. The de
bilitating effects of heat have received much attention (80, 127, 131, 221). 
Figure 6-73, and 6-74 set gross symptoms for different temperatures. Table 
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6-90 represents a classification of the 
symptoms to be expected. 

Figure 6-79 

Maximum Tolerable Environments According to Duration 
of Exposure for Sitting, Clothed Subjects Under Sea 
Level Conditions in Aircraft Design. (See Text) 

The tolerance limit at high temperature is based on 
faintness, dyspnea, nausea, and restlessness as an end
point. Points 1,2,3, and 4 and the dashed lines for 
tolerance time represent more recent data and point 
out the conservative nature of previous design limits. 

(After Trumbull(204) from data of Kaufman(117), 

Winslow et al(225), Taylor(197), and others. 
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The effect of activity on tolerance time for untrained men at sea level is shown 
for a wide range of heat stress conditions. Vertical bars indicate the range of times 
to incipient collapse. The dramatic influence of metabolic rate on endurance time 
in hot environments is emphasized here. The use of the "Oxford Index" (Fig. 6-12) 
permits intercomparison of environments ranging from very hot and dry to very humid 
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most striking, endurance times for trained men being several times as high as those 
of the same men when they are unused to heat stress. 

Figure 6-80 

Activity Level and Heat Tolerance 

(After Blackley(30) from Data of Blackley(25), Provins et al(162), lampietro et al(llO), 

Kaufman(l17), Leithead and Lind(127), and McConnell and Yaglou(134)) 
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Continuous Error and Rectal Temperature Curves 
are the Means of Six Subjects. I nterrupted Error 
Curve Based on One Subject. The Break Repre
sents an Insertion of a Two-Minute Rest Period 
During Which Time the Subject Remained in the 
Environment. 

(After Teichner(202) Adapted from Pepler(156)) 
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Combined Performance Averages for 11 Wireless 
Telegraph Operators Under Conditions of Extreme 
Heat. 

(After Mackworth(137)) 
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Frequency of Accidents in Relation to Cabin 
Air-Temperatures. 

(After Breeze(36)) 
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Room Temperature and Frequency of Error in 
Memory-Coordination Task. 

(After Mackworth(137)) 
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Effects of Incentives, Target Speed and Environmental 
Warmth on the Accuracy of Manual Tracking. 

(After Teichner(202) Adapted from Pepler(156)) 
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Figure 6-87 

Relative Output of Hard Physical Labor ( as % of 
Maximum ft-Ibs/hr) at Various Effective Temperatures. 

(After Yaglou(238)) 

Figure 6-88 

Summary Characteristics for the 14 Experiments on 
Performance Degradation at High Temperatures. Each 
Experiment is Represented by a Vertical Line with 
I nitials of the I nvestigator(s) Beneath It. The Circles 
on a line Are Test Temperatures. Solid Circles in 
dicate Statistically-Reliable Impairment in Performance 
Half-Filled Circles Indicate Decrements Which Were 
Not Evaluated (or Were Improperly Evaluated) Sta
tistically; and Open Circles Indicate No Decrement. 
Alphabetic Symbols Beneath the Vertical Lines 
I nitials of Authors Quoted in Source Reference. 

(After Wing(223)) 
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Table 6-89 

Effects of Environmental Temperature Change: 
Values are for Resting State 

(After Spector(189)) 

Increase of Environmental Temperature Decrease of Environmental Temperature 

Single Exposure Response Single Exposure Response 
Re peated or Repeated or 

Animal Variable Gene ral IS -20°C Inc. Continued Exposu re General IS _20°C Dec. Continued Exposure 

Man 

Blood volume Increase Inc rease Decrease 
Ca rdiac output Increase Retu rn toward normal Decrease Return toward normal 
Food intake Decrease Variable Decrease Inc rease Variable Increase 
Heart rate Increase 5/min Return toward normal Decrease -5/min Retu rn towa rcl no rmal 
Heal production o or slight f I Some decrease Increase 50 to 100 Cal2 Increase -
Manual skill Deteriorates Rcturn toward normal Dete riorates Return toward normal 
Packed cell volume Slight dec rease -2 to 3'1. Decrease Slight increase 2 to 3% Increase 
Rectal te mperature Inc rease 
Skin temperatur e Inc rea.se 
Output of urine Decrease 
Blood flow 4 Decrease 
Wat e r intake Increase 

/ 1/ No change or slight increase 
121 Per sq m/hr. 
/31 ml/da. 
/4/ Visceral 

0.5to1OC 
10 to 15°C 
-200 to 5003 

4003 

Return toward normal Decrease - I to lOC Return toward normal 
Return toward normal Decrease -10 to 150 r Return toward norma.l 
Sustain low level Increase 200 to 500 Sustain high level 
Return toward normal Increase 

_400 3 
Return toward normal 

Sustain high l evel Decrease Sustain low level 

Table 6-90 

Classification of Debil itating Effects of Heat 

(After Buskirk and Bass(53)) 

Disorder Cause 

Heat Cramps Excessive loss of 
salt in sweating 
with inadequate 
replacement 

Heat Cardiovascular 
Exhaustion inadequacy; de

hydration 

Heat Stroke Failure of 
temperature 
regulatory center, 
due to excessively 
high body tempera
ture 

Symptoms 

Pain and muscle spasm; 
pupillary constriction 
with each spasm_ Body 
temperature normal or 
below normal 

Giddines s; headache; 
fainting; rapid and 
weak pulse; vomiting; 
cold, pale, clammy 
skin; small rise in 
body temperature 

High body temperature; 
irritability, prostra
tion' delirium; hot, 
dry, flushed skin_ 
Sweating diminished 
or absent 

Prevention/ First Aid 

Normal diet and 
fluid intake_ 

Rest, administer 
salt and water 

Frequent and early 
replac-ement of water, 
frequent pause s_ 

Rest in shade in 
recumbent position. 
Administer fluids_ 

Adequate pacing of 
activity, avoidance of 
severe effort by unac
climatized men in hot 
environment_ 

Alcohol spray bath or 
immersion in cold water_ 
Medical emergency 
requiring a physician_ 
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Figure 6 -91 represents the humidity and temperature maxima for cases of 
total heat stroke. Treatment of thermal emergencies in space has been 
reviewed (52). 

Acclimatization to Heat 

Acclimatization can alter the response of humans to heat loads (11, 35, 
71,74,75,96, 112, 124, 127, 129, 171, 235, 236). Figures 6-92 and 6-93 
represent examples of the improvement in function which is possible through 
heat acclimatization. The major physiological adaptations in heat acclima
tization have been summarized (71): IIDeep tissue temperature is returned to 
the normal level set by the metabolic rate of the task in a cool environment, 
but neither total body temperature nor mean skin temperature are returned 
to their levels in the cool environment. Mean skin temperature is adjusted 
to a level which permits thermal equilibrium between the body and the en
vironment on the one hand, and on the other, maintains an internal thermal 
gradient which permits the transport of the deep heat to the surface without 
overtaxing the circulation. II These conditions are attained almost 
wholly as a result of the increased evaporative cooling in which the efficiency, 
rate, and total volume of sweating are favorably improved by acclimatization. 

Acclimatization is well retained for 1 to 2 weeks, after which it is lost 
at a variable rate. Most men lose the major portion of their acclimatization 
in 1 month - - a few are able to retain it for 2 months. Men who remain in 
good physical condition retain their acclimatization best. Repeated exposures 
to heat are required at intervals not exceeding 1 month, if a high degree of 
acclimatization is to be maintained for long periods of time. Newer techniques, 
pioneered by Fox in England concentrate on raising core temperature to the 
same fixed level each day, so that thermal strain, rather than the stress, 
remains constant throughout the acclimatization process (74). Improvement 
continues for longer periods and to greater levels than the standard exposure 
techniques. Heat acclimatization may not be as important in hot, wet environ
ments where increased evaporative cooling cannot be produced even if there 
is an increased sweat secretion, since no increase in the internal thermal 
gradient between "corell and skin can be achieved (88). However, techniques 
for acclimatization en route to hot -wet climatic conditions are under study 
(165). 

The practical value of heat acclimatization in space operations is still 
a controversial issue (52, 173). Current NASA opinion is centered on the 
concept that excellent physical conditioning of the astronaut will be adequate 
to cover anticipated thermal emergencies and not impose further on the 
already overburdened training schedule of the astronauts. The issue of 
interference with resistance to acceleration by the vasodilato ry effects of 
heat acclimatization has been raised (see Acceleration, No.7). Simultaneous 
heat and cold acclimatization is also a problem in future lunar and planetary 
operations (see discussion of this under cold acclimatization). More work in 
this area is neces sary before formal recommendations can be stated. 
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Figure 6-91 

Humidity and Maximum Temperature on Day of Onset of 157 Cases of 
Fatal Heat Stroke in the U.S. Army, 1942-44. 

(After Schickele(178)) 
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Figure 6-92 

Acclimatizat ion to Heat 

(A fter Blockley(30), Adapted from .2. Wyndham et al(235) , ~ Lind and Bass(129) ) 
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Figure a shows the results obtained with the standard acclimatization procedure used in South African-gold mines to prepare laborers recruited from remote villages for work in saturated environments underground. The duration of the daily work period is five hours, and the work is shoveling rock under close supervision. For the first six days the Effective Temperature was 84° F; the next six days the E . T. was 89.5° F and the amount of rock shoveled was increased. Note the fall in rectal temperature- -the curves are means for over 100 men, the bar shows ±1 S. D. --during each of the six - day work periods. 
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Figure b illustrates the results of a technique used at the U. S . Army laboratories at Natick, where men marched at 3 .5 mph for 100 minutes each day in an environment of 120°F dry bulb, 80°F wet bulb, 200 ft/min air velocity (E. T . 89°F, vapor pressure 15 mm Hg). The value of the shorter exposure period technique in preparing men to work for long periods such as five hours or more in the heat is the subject of considerable controversy . 
Newer techniques, pioneered by Fox in England , concentrate on raising core temperature to the same fixed level each day, so that thermal strain, rather than the stress, remains constant throughout the acclimatization process. (74) 
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Figure 6-93 

Improvement in Function from Heat Acclimatization 

These data dramati c ally illustrate accli
matization to heat as shown by the lower-
109 of body temperatures and heart rates 
of two men walking at 3.5 mph on a 5.6'70 
grade in room temperature of 1040 F, 
vapor pressure 13 mm Hg(E. T. 84°F). 

(1) Subject S. R. was acclimatized by 23 
exposures to these conditions between 
February 20 and March 20. After 
March 20 his only exposures were on 
April 16 and 28. 

(2) Subject W. H. was acclimatized by 11 
exposures between March 24 and 
April 8. After April 8 his only expo
sures were on April 22 and 29. 

On the first exposure, the experiment 
was terminated by the collapse of the 
subjects at 90 minutes. After acclimati
zation, the men were still maintaining 
equilibrium with ease after 4.5 hours. 
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Figure b is a diagrammatic presentation of mean results from two studies of the heat acclimatiza 
tion phenomenon. Subjects in both groups were drawn from the same Army population at Fort Knox, 
Kentucky . The two studies are related by means of a parameter combining the sweat rate (ex
pressed as its caloric value if evaporated) and metabolic rate. The slope of the straight lines in the 
diagram represents an estimate of the sensitivity of the sweat response to increases in temperature 
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of the peripheral tissues or 
blood (expressed as a function of 
surface temperature and meta
bolic h eat output). It can be seen 
that when men are unclothed and 
the air is dry, sweat rate changes 
but little, but the skin tempera
ture needed to produce that 
amount of sweat becomes steadily 
lower in successive exposures; 
when the climate is humid, and 
evaporation is impeded by cloth
ing, the skin temperature does 
not change much on successive 
days, but the quantity of sweat 
produced at that temperature is 
enormously increased as accli
matization progresses . 
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Skin Pain and Heat Pulses 

Tables 6 -64, 6 -65, 6 -94, and Figure 6 -95 cover the pain thresholds for 
the skin from conductive, radiant and convective heating. In general, the 
pain threshold is reached when the skin attains a temperature of 45 0 C. 
Figure 6 -96 shows the influence of skin temperature on the thresholds of 
three sensations, pain from heat, warmth, and cold (69). The average value 
of the cold thresholds between 16°C and 240 C air temperature is -0.25, ±0.061 
millical/cm 2 /sec., and increased (absolute energy change) to -0.67, ±0.073 
millical/cm 2/s e c. between 350 C and 400 C. There was no change in th e 
warmth thresholds, which were +0.32, ±0.081 millical/cm 2 / sec and +0.32, 
±O. 075 millical/ cm 2 / sec. , respectively, for the above air temperatures. 
Indirect evidence is offered that the rise in the cold thresholds in the high e r 
environmental temperatures is associated with vasodilation of the blood 
vessels in the skin. The face and the neck are most sensitive to thermal 
stimuli and the backs of the hands are next (99). 

The ability of the body to withstand high heat pulses is shown in Figure 
6 -97. A computer program is available for evaluation of time -temperature 
histories of the skin at different depths following heat pulses (211). 

COLD STRESS 

Exposures to cold stres s are not as likely to occur during space flight 
as heat stress. This is due primarily to man l s capability for generating 
heat and the relative ease with which he can be insulated against heat loss 
to the space environment by provision of adequate clothing. Except for 
nocturnal operations on the lunar surface, the likelihood of cold exposure 
after return to Earth.is much greater and must be considered in the design 
of survival gear and plans for recovery (173). 

A simplified heat loss equation can be obtained from Equation 1 indicating 
that the total heat lost from the body surface to the environment, H, is (54): 

H = q + q = K(t - t ) + q s m s a e 
(48 ) 

where H = total heat los s 

K = a constant which depends on humidity, ventilation, 
and clothing 

t = average skin temperature 
s 

t = ambient air temperature 
a 

qe = evaporative heat loss 

If evaporative heat loss is ignored, as it can be in the cold, the equation 
becomes: 

Ii = K(t - t ) 
s a 

(49) 

Heat los s from the interior of the body to the surface is similar: 

(50) 
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Table 6-94 

Pain from Conductive Heating 

(After Blockley(30) , Adapted from North American Aviation( 152)) 

Body Area 

Hand 

Kneecap 

Fingertip 

Hand - palm 

Forearm 

Upper arm 

Buttocks 

Mid-thigh 

Kneecap flexed 

Calf muscle 

Upper arm 

Forearm 

Palm of hand 

Back of hand 

P alm of hand 

Bare sk in 

Bare sk in 
Bare skin 

Clothing Worn 

AF/B-3A leather gloves 

AF/B-3A leather gloves 

AF/B-3A leather gloves 

AF/B-3A leather gloves 

AF/B-3A leather gloves 

SAC alert suit 

SAC alert suit 

K-2B light AF flight coverall 

SAC alert suit 

Alert suit plus Brynje net string 

underwear 
K-2B suit 

K - 2B suit plus Brynje underwear 

SAC alert suit 
Alert suit plus Brynje underwear 

K-2B suit 
K-2B suit plus Brynje underwear 

SAC alert suit 

Alert suit plus Brynje underwear 

K-2B suit 
K-1B suit plus Brynje underwear 

SAC alert suit 
Alert suit plus Brynje underwear 

K-2B suit 

SAC alert suit 

Alert suit plus Brynje underwear 

K-2B suit 
K-2B suit plus B rynje underwear 

MD-3A wool - nylon anti-exposure s uit 

MO-3A wooL-nyLon anti-exposure suit 

MD-3A suit 

Aluminized asbestos glove 

ALuminized asbestos gLove 

Arctic mitten 
Arctic mitte n p lus B-3A glove 

Arctic mitten plus B -3A glove 

Pigskin '800 OF' heat glove 

P igsk in ' 800 OF ' heat g love 

P igskin '800 OF' hea t glove 

Me tal Su rfacE' 

Tempe rature 

120 

117 
120 

150 
160 

150 
175 
185 

150 
175 

150 
150 

300 
150 
150 

150 
300 
150 
150 

ISO 
300 
150 
150 

150 
175 
150 

150 
300 
150 
150 

300 
400 

250 

250 

250 

300 
300 
400 
300 
400 
500 

Av erag\' 
Tole r·anC'\· Til1l f' 

sE-conds 

10- 15 

12.6 
7.3 

25.2 
9. 7 
8.0 

20.6 
8.0 

7.5 
31.3 

7 . 2 
18.1 
61. 9 

70.3 
21.7 
32 . 5 

+90 

35. 6 
13.1 
13.6 

+90 

14.4 
9.5 
7 .3 

14.4 
11.4 
13 . 2 
66.1 

12.0 
10.2 

15.9 

13.5 

5.2 

18 .7 
37.0 
27 .6 
30 . 7 
21.0 
18.5 

Notes: L ight touch pressure (less t han 1 psi ) a ppl ied to heated metal s u rface. T he elbow a nd knee 

someti m es received second degree burns without pain. 

I __ .J 



Figure 6-95 

Pain from Radiant and Convective Heating 

Figure a shows the time to 
reach strong skin pain from 
radiant heating, with radiation 
sources ranging from the sim
ulated intense thermal flash 
of a nuclear weapon (approxi
mately 100 Btu/ft2min) to the 
slow heat pulse associated 
with re- entry heating, where 
the heating is partly convec
tive as well. The curve is 
derived from experiments 
involving heating of single 
small areas of forehead or 
forearm or exposed areas of 
skin of a subject in fligh t 
clothing, and of the whole 
body surface. The pain 
threshold is reached when the 
s kin temperature comes to 
45° C, and a skin temperature 
of 46° C is intolerably painful. 
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For small skin areas the c urve becomes asymptotic at about 18 Btu/ ft 2min, which means that at 
this level and below, the blood supply to the skin is carrying off the heat as fast as it arrives, and 
h eat is stored in the body; how long this can go on with the total body exposed is not established. 

(After Blockley(30), Adapted from Buettner(40), Hardy( 101), 

Kaufman et al(118), Stoll and Greene(191), and Webb(217)) 

These data indicate the 
dividing line between pain
ful and non -painful heating 
for air at various temper
atures, versus the heat 
transfer coefficient, which 
depends on air density, 
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were obtained by exposing 
a small segment of the 
cheek to a flowing air 
stream through a padded 
hole in the wall of a cy
lindrical tube. hc was 
computed from air velocity 
and du ct geometry. 
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Figure 6-97 

Tolerable Heat Pulses 

Figure 6-96 

Influence of Skin Temperature 
Upon Thresholds of Warmth, 
Cold, and Pain. 

(After Breeze(36)) 
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Charts E and 12 show the pulse responses and 
average skin temperatures of subjects exposed 
to three different severe heat exposure trans
ients which come close to both pain limit and 
the heat storage limit. Each curve represents 
the average data from five or six subjects. 
Clothing consisted of a standard flying cover
all over long underwear with an insulation 
value of 1 clo. 

(After Blockley(30), Adapted from Kissen 

and Hall(120), Kaufman(117), and Webb(217)) 
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Figure 6-97 (continued) 
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ehart.£. shows the increase in tolerance times 
(voluntary limit when surface pain becomes 
unbearable) for subjects exposed to a heat 
pulse where wall temperature was increased at 
1000 F/min, and the subjects wore clothing 
affording various degrees of protection. Each 
limit represents average data for from 3 to 10 
subjects. When an aluminized surface was used 
with a heavy coverall, the protection increased 
again; exposures were changed in form - the 
increase in wall temperature was stopped at 
500°F and that temperature held until toler
ance was reached. Adding ventilation with 
air at about 85°F allowed these exposures to 
last beyond 20 minutes. 

(After Blockley(30), adapted from Kissen and 

Hall(120), Kaufman(117), and Webb(217)) 
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time for exposure of the skin to radiant heat, and escape time for curve marked 
body. The latter refers to a lightly clad man with face exposed. The tempera
ture scale denotes room temperature for the body curve and radiation tempera
tures for curves referable to the skin. The curve marked warm dry refers to 
experiments with an initially dry skin, and a skin temperature initially of about 
300 e. A tourniquet was applied to obtain the data marked without circulation. 
The cold wet curve utilized skin exposed wet at an initial skin temperature of 
about 150 e. The clothed skin curve was obtained using skin covered with 1 cm 
insulating cloth with an initial skin temperature near 300 e. 

(After Buettner(41) from the data of Blockley and Taylor(28l, 
Pfleiderer and Buettner(160)) 
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where K' = a constant which depends on tissue conditions 

tb = internal body or core temperature 

Since heat los s (H) 1S the same in both equations, the n: 

and 

K' (t - t ) = K (t - t ) 
b s s a 

K' / K = (t - t ) / (t - t ) b s s a 

(51 ) 

(52 ) 

which is called a "thermal circulation index" because if humidity, ventilation 
and clothing are held constant, then K' / K will depend largely on circulation 
(197). This ratio may be used as an index of the physiological state of the 
tissue or of physiological stress in the cold. From it may also be derived 
the heat los s of circulatory convection (54). 

Inspection of K' / K shows that the most important quantities are air, 
body, and skin temperatures. As discus sed under Heat Stres s, body tem
perature is usually estimated with rectal temperature; skin temperature is 
taken as an average of selected points on the body surface each appropriately 
weighted by the surface area it represents. The value of qs depends upon 
tb, t s ' the mas s changing temperature and specific heat of the tis sue. This 
highly simplified equation 48 hides anum ber of complexities and does not 
isolate the specific contributions of radiative, convective, conductive, and 
evaporative heat los ses (See Figure 6 -56 and Equations 39, 40, 41). More 
detail is available (48, 54, 151). 

Shivering ensues when heat los ses to the environment exceed the 
metabolic energy being produced by the body. The shivering reaction in
creases skeletal muscle activity (without doing measurable work) and results 
in an increase in metabolic heat production. A two -fold increase in metabol
ism due to shivering has been observed after exposure to an ambient tempera
ture of 4l o F (5 0 e) for more than one hour. A five -fold increase in metabolism 
due to shivering is considered to be the maximum attainable (43). While 
shivering may add enough to metabolic heat production to prevent further 
heat loss it is never sufficient to replace heat already lost. The shivering 
response may be triggered by the rate of temperature fall of the body and 
not the temperature per se (47). 

The body does not similarly respond to warm environments by reducing 
metabolic heat production. Instead, as body temperature increases, 
metabolic heat production increases in accordance with Van't Hoff's law 
(i. e., a 100e rise in temperature will increase the velocity of a chemical 
reaction by a factor K, where 2 < K < 3). 

For a body at rest the temperature coefficient of metabolism can be 
expressed mathematically: 

(53) 
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where 6tb = rise in body temperature above 370 C - (OC). 

Figure 6 -55 covers shivering thresholds of skin temperature during several 
metabolic loads. 

Cold Stress Tolerance 

The effective los s of about 80 _kcal/ m 2 or 31 BTU / ft
2 

has been taken as 
the maximum heat loss a person can tolerate with severe discomfort (189). 
The heat available for loss can therefore be taken as 0.75 qm + 80 kcal/m 2 

where qm is the metabolic rate in kcal/m 2 /hr. Sleep of unacclimatized 
Caucasians will be disturbed by restl e ssness at 500/0 of this loss rate. The 
lowest ambient temperature at sea level which can be tolerated for prolonged 
thermal equilibrium is a function of the exercise rate, insulation, wind speed, 
and sev eral other variables. A rough estimate of this critical temperature 
at very low wind velocities may be obtained by the equation (189): 

t = 5.56t - (IxH) 
a s (54) 

5.56 

t = mean skin temperatu.re in °c assumed to be 
s 320 C in the cold. 

I = total insulation against convective and conductive 
los s in Clo units where 1 Clo = insulation maintaining 
a temperature difference of . 18°C for a flow of 
1 kcal/m 2/hr. 

H = total heat available for convective and radiative 
los s or O. 75 times the metabolic rate (qm) in 
kcal/ m 2 /hr under equilibrium conditions. 

Figure 6 -98 may be used as a rough estimate of relative comfort levels 
at different metabolic rates and under different ambient temperature and 
insulation conditions. It is invalid for wind speeds above 20 ft/ min. 

An empirical expression for the total cooling power of the environment, 
disregarding evaporation, is called Windchill (109): 

where K 
c 

K = (.vVx100 + 10.5 - V) (33 - t ) (55) c a 

= windchill, i. e., total cooling in kilogram 
calories per square meter per hour 

V = wind velocity in meters per second 

ta = air temperature in °c 
While Kc is not representative of human cooling, and is probably not very 
closely representative of physical cooling either, windchill has come into 
common use as a single -valued index of the severity of the temperature
wind combinations. As such it provides a descriptive quantity against 
which human cooling phenomena can be evaluated. A nomogram, giving 
rapid approximations of windchill is provided as Figure 6 -99. When the 
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This chart shows the approximate relationship between ambient temperature and the 
units of insulation (expressed as "Clo") required to maintain thermal comfort. It will, 
in addition, indicate the varying degrees of heat loss (or gain) and levels of thermal 
equilibrium under varying degrees of heat production and exercise. No estimates can 
be made with this diagram to include the effects of wind velocity greater than 
20 ft/min. 

Figure 6-98 

Comfort Levels at Various Ambient Temperatures with Different Levels of Heat Production 

(After Adams(1)) 
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In outdoor cold weather, the wind velocity has a profound, sometimes decisive, effect on the hazard 
to men who are exposed. The windchill concept dramatizes this well known' fact by providing a 
means for quantitative comparison of various combinations of temperature and wind speed. Note 
for example that -50°F with an air movement of 0.1 mph has the same windchill value, and there
fore is predicted to produce the same sensation on exposed skin, as -15° F with a wind of only 
1 mph or +l4°F with a wind of 5 mph. The windchill index does not account for physiological 
adaptations or adjustments and should not be used i n a rigorous manner. It is based on field 
measurements by Paul Siple during World War II of the rate of cooling of a c ontainer of water. 

Figure 6-99 

WindchilJ Nomogram 

(After Blockley(30), Adapted from Consolazio et al(58) and Siple and PasselJ(184)) 

--------------------- ---------. -----------
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rate of body heat production is greater· than the windchill, exces s heat is 
removed by evaporation; under bright, sunny conditions, the nomogram 
values should be reduced approximately 200 kg. cal. Figure 6 -100 repre
sents the heat lost by men under differ e nt windchill conditions in the nude. 
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Figure 6-100 

The Relationship of Mean Body Temperature and Heat 
Exchanges of Six Men to Windchill, after ·100 Min
utes of Exposure in the Nude. 

The conditions are coded as dry bulb temp (oF)/ 
relative humidity (%)/ windspeed (mph). 

(After lampietro, Bass, and Buskirk(109)) 

In military operations or when the wetting of feet is a problem, the 
freezing of flesh begins at variable levels lower than 1400 windchill. Well
trained and acclimatized men can tolerate a highe r windchill index (222). 
The windchill index has often been criticized because it is not feasible to 
expres s the effect of wind on heat los s without references to the amount of 
clothing being worn. The same wind speed will increase the heat loss of a 
lightly clad man very greatly, but increases only slightly the heat loss 
of a heavily clothed man. These objections can be avoided by using the 
windchill values as index numbers on a relative scale and not expressing 
them in actual amounts of heat loss in kcal x m -2 x hr -1. Used in this 
manner it has been found to provide an index corresponding quite well with 
the discomfort and tolerance of man in the cold. This is because the 
tolerance will be determined by the parts of the body which are usually 
unprotected, such as the face and hands. The windchill then applies to the 
naked face or the bare hands, where the pathological effect of cooling first 
will appear. 

Figures 6 -101 and 6 -102 indicate the insulation required in cold air at 
sea level for comfort and thermal equilibrium. Table 6 -89 represents the 
physiological response to cold air. 

For ocean recovery in winter months, the rate of cooling in water is of 
importance. Figure 6 -103 is a nomogram for estimating tolerance time to 
cold water immersion (187). Figure 6-104 is a graphic presentation of 
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Figure 6-101 

Insulation Required in Cold Air at Sea Level 

(After Blockley(30), Adapted from Burton and Edholm(48), and Taylor(197)) 
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Figure 6-102 

Cold Tolerance of Active Clothed Subjects 
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Tolerance to cold wearing inadequate body insulation 
is shown in figure ~, which illustrates the principles 
underlying estimation of tolerance time in severe 
cold stress situations. The data are averages for 
four subjects studied outdoors in Alaska. Tempera
tures were all within a few degrees of the average, 
·320 C (·260 F). and wind velocity ranged from zero 
for the 2.3 clo tests to 65 ft/min for the resting 
experiments with the 4.2 clo uniform. The rate of 
fall of the body temperature (0.67 X rectal + 0.33 
X skin) is a measure of the rate of negative storage, 
reflecting the imbalance between heat production 
and heat loss by the body. It has been estimated 
that serious discomfort results from a total heat 
debt of 150 kcal. The survivable limit of heat 
debt is uncertain; it would in any case be heavily 
dependent on the procedures and facilities for re
warming. Most practical experiments are necessarily 
terminated at the point of incipient tissue damage
temperature of 40 C (390 F) or less at some local 
surface. It may be that death from hopelessness is 
a more frequent sequel of real exposures beyond 
this point than the incurring of an intolerable heat 
debt. 

Cold tolerance at rest wearing adequate body insu
lation is shown in figure ~ for increasingly cold 
environments. The prime limiting factor in volun· 
tary tolerance of cold distress is the development of 
painfully cold feet. (The hands are more easily 
protected inside the clothing.) Even when the total 
body insulation is an impractical 5.9 clo (close to 
wearing a sleeping bag). ordinary footgear limits 
tolerance time at OOF (shown by the vertical bar) 
to 77-104 minutes, which are average times for five 
men. The chart shows that the improvement so 
far achieved with insulated boots is not impressive, 
particularly if the socks become wet. There is a 
distinct risk of tissue damage when any part of the 
skin reaches 39°F (40 C). Most men refuse to 
continue before this point is reached. 
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Figure 6-102 (continued) 
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Figure £ is a record of body temperatures while 
marching at -380 F (-390 C) for one subject who 
was dressed in long underwear, wool shirt and 
sweater, army field jacket and trousers with liner, 
arctic felt boots, two pairs of socks, mittens and 
wool gloves. He walked six miles on hard-packed 
snow, with his metabolic rate averaging 220 kcal/ 
m2hr. The wind velocity was 8 mph, so that the 
windchill index was 1850 ("travel dangerous, flesh 
freezes 1 min"). 

These data illustrate the fact that rectal temperature 
can be maintained at its customary level during 
work in severe cold, provided sufficient clothing is 

worn. In such situations, the constant dangers are 
of freezing of under-protected areas and sweating of 
over-protected parts of the body. As soon as the 
activity is reduced or stopped, excessive heat loss 
occurs from the area wetted by sweat during work, 
and a precipitous drop in body temperature may 
result. 

(After Blockley(30) , Adapted from Milan(144» 
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To relate the many. factors involved in estimating tolerance in cold water, the nomogram below 
has been devised where one knolNS or can assume: water temperature (T w); insulation of clothing 
and tissue (It); metabolic heat production per unit surface area (MIA); the immersed surface area 
(A); body mass (m); and exposure time (t). As shown by the dotted example line (for a nude 
man in water at 4 0 C, a metabolic rate of 400 kcal/m 2hr, an immersed surface area of 1.75 m2, 
a body mass of 75 kg, and an exposure time of one hour) the nomogram predicts: heat loss to 
the environment H IA; heat debt per unit surface area (D/A); heat debt (D); change in mean 
body temperature fd (J ); and mean body temperature (e). 

Figure 6-103 

Nomograph for Estimation of Tolerance Times to Cold Water Immersion. (See text for use) 

(Adapted from Smith and Hames(187) by Gillies(85) and Blackley(30» 
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Figure 6-104 

Survival in Cold Water 

(After Blockley(30), Adapted from Beckman and Reeves(13), Damato and Radliff(62) 
Hall et al(95), McCance et al(133), Molnar(147) , U.S . Navy(205), and Barnett(10)) 
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a. Voluntary Tolerance to Cold Water 
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TIME - hours 

The "voluntary tolerance, flight clothing" zone in figure ~ shows the average resu Its 
from numerous experimental studies, including a recent one using a diver's "wet 
suit" in conjunction with a flight suit and long underwear. Such experiments are 
typically terminated when the subject declines to accept the discomfort any longer, 
or reaches a skin temperature below 500 F. The second limit shown, pertaining to 
men protected by potentially waterproof garments, reflects the fact that hands and 
feet cannot be adequately insulated and remain functional. Nude men in 750 F 
water reach within 12 hours one or another tolerance limit (rectal temperature 
below 950 F, blood sugar below 60 mg/100 ml, or muscle cramps). 

The extent to which real survival time would exceed th is limit is difficult to pre
dict, due to the importance of injury, equipment available, and such psychological 
factors as belief in the possibility of rescue. An analysis of over 25,000 personnel 
on ships lost at sea during 1940-44 shovved that of those who reached life rafts, 
half died by the sixth day if the air temperature was below 41 0 F (50 C) ; survival 
time increased with increasing air temperature. 

b. Life Expectancy in Cold Water with No Exposure Suit 

LIFE EX?ECTANCY WITH NO EXPOSURE SUIT 

60 70 

WATER TEMPERATURE. OF 

The expectation oflife following cold water immersion. The data is that of Molnar. 
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practical experience in cold water toleranc e with routine flight clothing and 
anti-exposure suits. Figure 6-105 represents the time to reach critical core 
and skin temperatures after exposure to cold water in several types of expo
sure suits. Recent developments in isotopic heating devices make practical 
the use of exposure garments heated for long periods of time (176). 

In cold air, injury to the extremities is often a limiting factor in human 
performance (42). Figure 6 -106 represents the power required to attain given 
skin temperatures of hand and foot in electrically heated gloves and socks 
with subj ects in air temperature of -400 F in a 10 mph wind. Performance 
is severely hindered if temperature of fifth finger falls below 55 0 F (55). 

Figure 6 -107 represents a typical physiological response of a body 
immersed in cold water and rewarmed. The pathophysiology and treatment 
of hypothermia and cold injury in space operations have been recently 
reviewed (52). 

Performance in the Cold 

Exercise performance decreases during hypothermia (169). When the 
mean body temperature is decreased from a control value of 35. 50 C to 33. 30 C, 
and thermal gradients from core to skin increased from 2. 70 C to 10. 10C, 
mean treadmill times to exhaustion decreased from 4.6 minutes to 4.1 minutes. 
The V02 max decreased 50/0, 02 requirement per minute of running increased 
60/0. There was no significant difference in average values of 02 debt and 
lactate values from controls. The dec reased efficiency in the cold is attributed 
to increased tension and viscosity in cold muscles and from the fact that in the 
cold, a greater proportion of the energy appeared to come from anaerobic 
sources than in the control runs. 

Skilled motor performance shows a progressive loss with continued cold 
exposure (202). The sensitivity of skin to cold stress is seen in Figure 6 -96 
and Tables 6 -58, 6 -64 and 6 -65. 

Tactual sensitivity is markedly affected by lowered skin temperature. 
A numbness index has been developed based upon the individual's ability to 
discriminate the separateness in space of two straight edges upon which the 
finger is placed (V-test or two-edge limen) (138). Figure 6-108 shows the 
great difference in the size of gap required to detect the presence of the gap 
under varying conditions of air temperature and wind speed. Exposure was 
for approximately three min. The numbness index is the difference in just 
detectable gap between control data obtained before exposure, at the end of 
exposure, and at varying intervals following exposure. The data are clear 
in showing a great loss in tactual sensitivity under the more extreme condi
tions and a slower recovery following them. Figure 6-109 shows data using 
both the V -test and the clas sical two -point (aesthesiometer) test to describe 
the relationship between tactual acuity and digital temperature (145, 146). 
It is clear that there is no difference between the two types of stimulation. 
The minimum detectable gap appear s to be approaching infinity at skin 
temperatures slightly greater than freezing. In the case of individual sub
jects, gaps of 14 millimeters could not be discriminated at skin temperatures 
slightly above the freezing point. 
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Figure 6-105 

Clothing Tests in Cold Air and Water 

a_ Time to Reach Critical Skin Temperature in Cold Air and Water 
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The relative protection of various types of aircrew clothing in water immersion and exposure to 
cold air is illustrated in this graph, which shows the time required to reach a critical mean 
skin temperature of 76°F in each assembly. The criterion of 76°F is based on the general ob
servation of extreme discomfort when this point is passed; in most of the experiments summa
rized here, some subjects requested termination of the exposure at or near the time when the 
group average reached this point. The clothing assemblies were: winter flight clothing- -the 
assembly specified by the Alaskan Air Command, USAF; the Navy anti-exposure suit assembly, 
Mark V; the (obsolete) Air Force anti-exposure suit assembly, R-l; and an Air Force pressure 
suit with bladders in torso, arms, and legs, designated CSU 4/ P . Note for comparison the 
data point for nude exposure to water at 48° F. The value of exercising in cold air, and the 
lack of an advantage in cold water, is evident. 

(After Blockley(30), Adapted from Barnett(10)) 

b. Estimated Survival Times in Cold Water with Latest Survival Clothing· 

Water Air 
Suit Temp. Temp. Time * 
RI-A 1.9° C _18° C 5 hrs 
RI-A 0° C 1 ° C 18 hrs 
CWU -12/P 12° C 15° C 15 hrs 
CWU -3/P 7° C 12° C 10 hrs 

* Estimated time (in hours) required for subjects' rectal temperatures to reach 31°C. 
Rapid rewarming of hypothermic subject in 42°C water required for resuscitation. 

(After Milan(143)) 
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Figure 6-107 

Changes in Body and Skin Temperature of Subject 
Immersed in Water at 60C(430F) for 52 Min
utes. The Water Was then Warmed to 39°C. 
Note the Sharp Fall of Gastric, Oral, and 
Rectal Temperatures Initially on Warming. 

(After Behnke and Yaglou(14)) 

Figure 6-106 

The Hand and Foot Temperatures Maintained as a 
Function of the Power Used for Auxiliary 
Heated Gloves and Socks. Air Temperatu re is 
-40°F with a 10 mph Wind _ Body Core was 
wound in a U.S Army Quartermaster 4.3 Clo 
Cold-Dry Standard Clothing Ensemble. 

(After Goldman(87)) 
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Figure 6-109 

30 

Comparison of the Two-Edge and Two-Point Thres
holds as a Function of the Skin Temperature 
in Air at Sea Level. 

(After Mills(146)) 
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Figure 6-108 

Comparison of the Effects of Windspeed and Air 
Temperatures on the Numbness Index in Air 
at Sea Level 

(After Macworth(138) 
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The mInImum pressure on the skin required for detection is inversely 
proportional to skin temperature (146). Threshold amplitude of vibration of 
the skin depends on relatively small changes in skin temperature, the greatest 
sensitivity to vibration occurring when the skin temperature (of the wrist) was 
increased about 4 0 C above normal; above and below this optimum, sensitivity 
decreased (218). 

General performance is also altered by cold in a complex way. Figure 
6-110 shows the effects of various combinations of air temperature and 
velocity (and thus windchill) on the manual dexterity of soldiers. Complete 
arctic uniforms were worn except as indicated. During the test trials the 
subjects removed the heavy arctic gauntlet and performed with only the wool 
trigger -finger insert. The results are based upon a total of 530 soldiers 
sorted into the various subgroups of the experiment. It may be seen that 
performance time increased in direct proportion to the windchill and that 
mean skin temperature and digital temperature were roughly inversely pro
portional to windchill. The rate of cooling is an important factor (56, 82, 83). 
There is clearly a relationship between performance and the skin tempera
tures. However, analysis of thes e data and those of Figure 6 -Ill indicates 
that the direct dependence of performance on finger and skin temperatures 
may be relatively small; that other factors of a psychological or physiological 
nature may be of equal or possibly greater importance. Total body cooling 
is not as significant a factor as finger temperature in dexterity tests (82, 83). 
It has been shown that cooling of the hand decreases finger £1exibility(126). 

The speed of reaction of men to simple visual signals is also affected by 
the cold (201). The relative loss is not as great as that of tactual sensitivity, 
but it is greater than that of manual dexterity. Figure 6 -112 shows a compari
son of these three phenomena for appropriately dressed, but unacclimatized 
men in terms of the percentage loss relative to optimum thermal conditions. 
Figure 6 -113 shows degradation of pursuit performance at low temperature. 

It is thus reasonable to expect losses in the cold for all types of per
formance which depend upon any of these functions, as well as tasks of 
eye -hand coordination (199) and intellectual tasks requiring fast reactions 
such as the code test (106). So far there has been nothing reported to 
indicate that intellectual tasks not requiring fast reaction times, motor skills 
or tactual sensitivity are affected by cold exposure, at least short of the 
accumulation of a serious heat debt. 

Acclimatization to Cold 

Recent evidence is contrary to the older view that under cold conditions 
increased voluntary caloric intakes and other compensatory processes result 
from low temperature as such; rather, they may result from the increased 
energy expenditures associated with field activities (8, 33, 54, 63, 206). 
Whatever the direct cause, the result contributes to a beneficial increase in 
heat production, vasomotor, and renal control. The major known physio
logical changes, both short and long term, which are produced in the cold 
are shown in Table 6 -89. Inspection of this table shows that acclimatization 
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as a Function of Windchill. Arctic Clothing 
Worn Except Where Indicated. Hand Exposed 
During Performance Only. Follows Approxi
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(After Teichner(200)) 
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Percent Decrement in Performance as a Function 
of Ambient Temperature at Sea Level 

(After Dusek(68)) 
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(After Teichner(201)) 
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Figure 6-113 

Rotor Pursuit Performance as a Function 
of Practice Under 0 ifferent Conditions 
of Temperature 

(After Teichner and Kobrick(198)) 

takes the form of increased levels of some functions and the return to normal 
of others. Data have been obtained on the cold acclimatization of skills 
(138, 198, 202) as shown in Figure 6-113. Discussions of the problems of 
acclimatizing astronauts to cold are available (52, 173). The value of such 
an approach to inc rea sing the performance and survival capabilities of 
astronauts during emer gencies in such mis sions as lunar night operations 
has not as yet been established. 

As to the question of conflicts in the simultaneous acclimatization to 
heat and cold, it has been found that fully acclimatized men retain acclimatiza
tion to heat during 14 days of severe cold exposure (5 -1/2 hours per day 
at -200 F). (190). Conversely, it has been suggested that artificially or 
seasonally acquired "cold acclimatization" is unaffected by a 2l-day heat 
exposure (64). These findings do not conclusively prove but only suggest that 
heat and cold acclimatization are not mutually exclusive; they can coexist in 
an individual, and the loss of one usually occurs not as a result of the other, 
but as a result of the absence of an adequate acclimatizing stimulus. No 
serious conflicts between cold acclimatization and acclimatization to other 
stress parameters of lunar flight are apparent, though studies on these com
bined adaptations are distinctly limited. Much remains to be done in this 
area. 
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