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1. INTRODUCTION

The spiraling growth of technology over the last several decades has
exposed man to ircreasingly hostile environments. These may range from
the high external heat environments experienced in the ce -amics, glass,
metal, and rubber industries to the extremes of the srace enviromment,
in which low pressures, toxic materials, cosmic radiacion, and extremes
in temperature and humidity are commonplace.

A major problem in these environments occurs whenever heat input to
the body differs markedly from heat dissipation. The resulting thermal
stress can severely affect man's ability to perform useful work, and may,
in fact, incapacitate him or prove fatal.

The ability of an individual to survive and work under these condi-
tions depends, to a large extent, upon the type of protective equipment
surtounding him. For most ground-based industrial applications, the
problem is one of ambient temperature, in which the protective equipment
must either remove or add just enough heat to balance the individual's
heat input and heat output. For applications in the space environment,
protec*inn from near-vacuur. pressures, toxic gases and ultraviolet or
other cosmic radiation must be provided in addition to thermal protection.

The protective equipment required to shield man from these hostile
environments consists of suits designed to essentially isolate the
individual from his surroundings, in a manner similar to that of a thermos
bottle. However, under such isolated conditions, even a moderate amount
of metabolic activity would produce forced storage of metabolic heat,
Consequently, an artificial cooling system mu<c be provided in order to
prevent rapid performance impairment and possible collapse due to excess

body heat storage.



For applications involving low levels of metabolic activity, a
ventilating gas circulated between the skin and the protective suit is
adequate to remove the heat of metabolism by means of convective and
evaporative heat transfer. The ventilating gas must also supply oxygen
required for metabolism and remove metabolic waste products such as carbon
dioxide and water vapor. However, for metabolic rates associated with
most common activities, conventional body cooling by gas ventilation is
inadequate (98). Even at low metabolic rates, the circulating gas provides
cooling primarily through the mechanism of sweat evaporation rath:r than
convection, and as such, leads to eventual heat stress and dehydration
(3, 36, 145, 169). Furthermore, gas ventilation has a limited cooling
capacity which cannot be increased without resorting to undesirably low
gas inlet temperatures and high gas flow rates.

In the early 1960's, the Royal Aircraft Establishment (RAE) in London
investigated and developed a new technique for circumventing the disadvan~
tages of gas ventilation. They designed a garment which passed a liquid
through many small tubes positioned against the subject's skin. The
circulating fluid was capable of removing large quantities of metabolic
heat by means of conductive heat transfer from the skin directly to the
circulating liquid. This liquid conditioning garment (LCG) covered the
entire body, with the exception of the hands, feet, and head, but the
cooling tubes actually contacted less than 3% of the total body surface
area. The entire garment weighed less than 2-1/2 1bs. Furthermore,
because of the higher heat capacity and conductance of the liquid, the
power requirement per unit of heat transferred decreased by several orders
of magnitude when compared to gas ventilating systems. Since the early

RAE jinvestigations, a technology of LCG design and operation has gradually
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evolved. The garment utilized in this experimental study is an outgrowth
of this technology.

Although considerable information is available on 1liquid or conductive
cooling in the physiological, medical, and engineering literature, it is
often of a qualitative, rather than a quantitative nature. Specifically,
very few attempts have been made to relate quantitatively the heat removal
characteristics of the LCG to the various sensitive parameters of the
human thermoregulatory system. The concepts of heat stress and thermal
comfort have been described primarily in qualitative terms related to
subjective observations of thermal sensation, and remain controversial
subjects. Although several studies have been directed at relating LCG
performance to skin temperature, rectal temperature or subjective comfort,
a quantitative interrelationship between these and other physiological
factors is lacking.

The research effort herein described was devoted to th~ development
of such quantitative relationships. This was accomplished by means of an
experirental test program in which several environmental and physiological
factors were varied systematically in order to derive the most significant
parametric relationships. It was also desired to establish a theoretical
basis for the quantitative relationships in terms of the known behavior
o. the human thermoregulatory system. This required the development of
equations, or a mathematical model, relating sweat rate, cutaneous
blood-flow rate, and other physiological responses to various body and
environmental temperatures. It was necessary that the equations fall
within the framework of the known state-of-the-art behavior of human
thermoregulation and yet reproduce, in a reasonable fashion, the parametric

trends derived from the experimental results. The model provided a
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mechanism for testing current theories of thermoregulation. Comparison

of the model predictions with the experimental data served as a guideline
by which to judge the validity of thes~ theories. 1In addition, correlation
of the mathematical model with the experimental results resulted in improved
model accuracy. This, in turn, provided a means by which to investigate
and explain the source of experimental results that were not immediately

obvious.

HISTORICAL DEVELOPMENT AND USE OF THE LCG

The original purpose of the LCG was to remove metabclic heat which
cannot be disposed of by normal environmental mechanisms. 1In accomplishing
this task, the ILCG acts to reduce heat strain and promote thermal comfort.
In most instances, a ventilating gas supplies the necessary oxygen . quired
for metabolism and removes metabolic waste products. It also removes a
certain amount of heat from the skin, and an amount of heat from the
respiratory tract during normal breathing that amounts to approximately
10% of metabolic heat generation (49), In order tc be effective and
maintain a zero body heat storage rate, the LCG is designed to remove the
majority of heat attributed to metabolism plus any additional external
heat loads from the environment.

The concept of a water cooled garment was first suggested by Billing-
ham in 1958 (12). His work led to the development of a prototype suit
by the RAF in 1962. Their initial interest was the protection of pilots
in hot aircraft environments, but many other practical applications were
ultimately considered. The garment was originally visualized as an
extracorporeal circulatory system in which water passed through tubes in

contact with the skin. The circulating water was warmed as it removed
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body heat, and was then carried off to an external heat sink for cooling
before returning to the LCG.

In 1964, theoretical studies on the RAE garment by Burton and Collier
(25) showed that 1iquid cooling provided definite engineering advantages
over gas cooling suits, Their computations showed that the higher heat
capacity and thermal conductance of the liquid would result in more
efficient heat transfer, lower system weight, and lower pumping power.

The first prototype LCG was constructed of 40 polyvinyl chloride
tubes sewn into a suit of cotton underwear. Water was supplied to the
wrists and ankles and conducted by manifolds to smaller tubes which
distributed the flow over the limbs, vhere it ~icked up the majority of
its heat, and was finally collected at outlet manifolds loca:ed at mid-
thorax. Water flow was distributed to all parts of the body with the
exception of the head, neck, hands and feet.

Experimental data analysis by Burton and Collier.(26) showed that
the design provided excellent heat transfer between the skin and the
circulating water and that the LCG was comfortable even when high metabolicn
heat loads were imposed. Thermal comfort had been a subject of concern
because the use of low water inlet temperatures at high metabolic rates
resulted in large skin temperature gradients between regions of skin
lying directly under the cooling tubes and adjacent sites between the
tubes,

The prototype LCG was demonstrated by Burton and Collier for the
National Aeronautics and Space Administration (NASA) in Houston, Texas in
late 1964, This led tn an extensive developmental and test program with

the ultimate aim of applying the LCG to practical use,
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The final version of the garment (and the one used for this experi-
mental study) was constructed for NASA by the Hamilton Standard
Corporation, Division of United Afrcraft and was designated the Apollo-LCG,
It featured 40 polyvinyl chloride tubes sewn into a cotton latex under-
garment (see Figure 2-5). A nylon slip liner was placed between the
garment and the skin to improve comfort and increase thermal conductance.
Like the early RAE prototype, the Apollo-LCG provided cooling to all body
areas except the head, neck, hands and feet. However, it featured a
modified tubing distribution that was designed to provide local water
filow in a manner proportional to body mass. In addition, water was both
supplied and removed by manifolds located at mid-torso and was distributed
in a loop pattern spreading from the torso to the extremities.

The Apollo-LCG was designed to accommodate average metabolic rates of
500 watts with peaks up to 600 watts. This constraint was imposed by the
work tasks anticipated for activities on the lunar surface during NASA's
Project Apollo. Sustained metabolic rates above these levels resulted
in high body heat storage and considerable discomfort (149, 159),.

‘Tests of the garment demonstrated that liquid cooling retarded
sweating, increased subjective thermal comfort, and provided clear
superiority over gas cooling in reducing signs of heat stress. These
results were observed to be indeperdeat of whether the heat stress was
induced by hot environments (2, 146) or high metabolic rates (112, 160),
Other results showed that a wide range of combinations of water flow rate
and inlet temperatures could be utilized to provide subjective comfort at
any particular metabolic rate (83, 149); that heat exchange was greatest
over working muscle groups such as the leg (37); and that cooling efficiency
could be markedly reduced by placement of materials between the skin and

the LCG tubing (73).
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Since the introduction of the Apollo-LCG, other LCGs have been
designed with improved cooling qualities. However, these remain largely
of an experimental nature. Many of these garments are variations of the
Apollo-LCG, tailored for specific tasks. For example, the current RAE
suit has increased _.hing length, producing more uniform flow with less
pressure drop. This suit was designed for men doing mild work in hot
environments such as overheated aircraft cockpits. The U.S. Air Force
has developed an LCG vest covering the torso and upper thighs for use in
flights over tropical climates. Experimental versions of the RAE suit
have been tested for industrial use in glass factories, where furnace
maintenance requires hard physical labor in the presence of high environ-
mental heat loads. Because of these high radiant heat loads, it has been
found that adequate comfort cannot be provided without the addition of
cooling to the head and neck areas (68). Other concepts in LCG design
have utilized partial LCGs such as head cooling caps, gloves or vests
designed for specific work tasks,

The most recent innovations in LCG design have been based upon
increased heat transfer from the skin to the LCG. This is accomplished
by means of greater skin-tubing contact surface area or utilization of
tubing material with increased thermal conductivity, Such designs permit
the use of higher water inlet temperatures or lower water flow rates
without decreasing the heat transfer efficiency of the garment. This
lessens the 1’kelihood of such physiological problems as shivering or
vasocon :triction, while simultaneously decreasing power requirements,
Examples of these advanced concept LCGs include the evaporative cooling
garment designed by the McDonnell Douglas Corporation in Huntington Beach,

California, and an LCG using a high conductance, heat-sealed plastic

1-7



material called FLEXITHERM, built by the Aerotherm Corporation in Mountain
View, California.

The feasibility and - 'pability of an LCG to maintain subjective human
thermal comfort in stressful enviromments has been investigated in several
studies. The first and most comprehensive review of these studies, and
of LCG development in general, was performed by Nunneley in 1970 (98).

She discussed the physiological effects of 1liquid cooling upon thermoregu-
lation, the effects of variations in LCG design parameters, and the effects
of regional or local body cooling. A more recent review of the literature
was performed by Shvartz in 1972 (123). He investigated the ability of
various LCG designs to reduce heat strain under different metabolic and
environmental conditions.

Both of these reviewers concluded that the LCG was indeed capable of
providing thermal comfort under a variety of stressful conditions. 1In
addition, they emphasized that different areas of the body are more
critical than other areas in the subjective determination of comfort. The
lower body, especially the legs, requires high heat removal rates, thereby
justifying a higher LCG tube density. It was also found that the head and
neck areas are highly effective sites for LCG heat removal because these
regions lack a significant vasoconstriction mechanism (98, 99). The latter
finding has done much to spur the recent interest in head cooling (33, 99,
163, 164, 165, 166), which had been largelv ignored in the past.

In 1972, Shitzer, Chato, and Hertlig (119, 120) also studied the
effects of regional cooling on human subjects working at various metabolic
races. They employed a modified Apollo-type LCG and observed that vari. us
body areas required different cooling rates for comfort, with the thigh

and neck regions demanding the lowest inlet water temperatures., They also
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performed an analytical investigation to determine the effects of variable
LCG tube spacings, heat flux rates, metabolic rates and seripheral blood
flow rates upon the temperature profile throughout a small cross section
of human tissue approximated by a rectangular slab or a circular cylinder.
Baged upon this analysis, they concluded that the peripheral biood flow
effect 1s important in determining the local skin temperature, that closer
spacel LCG tubes would yield a more uniform skin temperature, and that che
highest temperature in the body probably occurs within the muscle tissues
at elevated metabol?~ rates. In an earlier, similar study, Buchberg and
Hurrah (21) p..formed a theoretical analysis of the efficiency of liquid
cooling through polyvinyl chloride tubes as a function of the skin-tubing
contact surface area. These two analytical investigations are noteworthy
because they represent the first attempts to apply mathematical and
theovetical principles to the interactions between the human physiological
system and the LCG.

Other experimental studies performed with whole or partial body
cooling have further demonstrated the ability of the LCG to maintain sub-
jective thermal comfort at high metabolic rates in hot environments (30,
32, 117, 124, 126, 140, 163), 1Included in the studies were advanied
concepts for automatic control of LCG cooling. In these experiments, LCG
inlet temperature was adjusted based uprn measurements of heart rate,
sweat rate, skin temperature, or Bther physiological parameters.

Such investigations have provided the impetus for the application of
the LCG to many diverse uses, including laboratory studies for the axact
co~trol of skin temperature in cardiovascular research (109, 110, 111).
For the latter application, an Apollo-LCG modified to cover the head,

hands and feet imposed a constant skin temperature across the body while



permitting continuous monitoring of various »hysiological processes,
including cardiac output by means of heart catheterization. These experi-
ments clearly established that high skin temperatures are associated wiii
substantial increases in cardiac output, with the largest percentage of
the increase going to the peripheral circulation.

In other applications, LCGs have been used to cool racing car
drivers in the presence of high engine heat (87), to cool surgeons during
delicate operations that would be obstructed by high perspiration rates
{87), and to subcool patients during neurosurgery (83). They ave also
uader consideration for heating divers descending to great depths, where
high conductive heat loss to the water ic a severe problem (101, 158).

One final application of the LCG is noteworthy in that it pertains
directly to some of the experiments that constitute this investigation.
By covering the entire body with an Apollo-type LCG modified to cover the
head, hands and feet, and then thermally isolating the man from his
enviromment, the Lus has been used as a calotrimeter for the direct deter-
nination of metabolic heat output (157). Subjects dressed in the LCG were
covered with an outer insulating garment and performed measured quantities
of external work at known metabolic rates. By using a thermal chamber to
minimize environmental heat exchange, a close match was achieved between
metabolic heat production and LCG heat removal plus mechanical work.
However, these studies leave something to be desired in that they imposed
an uanr-*ural constraint on the subject by eliminating convective and
evaporative heat removal. That 1is, the outer insulating garment usually
consisted of a rubberized or neoprene suit that permitted sweating but
essentially eliminated evaporation of sweat and ¢ ..vection heat transfer.

To date, there has been no comprehensive quantitativ iovuag

LCG performance to sweat rate, metabolic rate and e + loss

1-10



rate under comfort and off-comfort conditions. Such a study would permit
the calorimetric use of an LCG to determine metabolic rate without
inhibiting the normally occurring processes of convective, evaporative
and radiative heat transfer.

Part of the difficulty of performing such an investigation can be
traced to the complexity and inherent inaccuracy of techniques for meas-
uring the convective, evaporative and radiative heat loss from exercising
subjects wearing an LCG. However, for the experimental study that com-
prised the present research effort (described subsequently in Section 2),
a new approach has been utilized. A mathematical model of the human
thermoregulatory system was combined with a detailed enviromnmental model
including the effects of the LCG, and then used in conjunction with
experimental data to determine parametric relationships between LCG per-
formance and metabolic rate. In addition to providing a calorimetric
method for estimating metadolic rate, this technique also permits accurate
predictions of sweat rate and evaporative heat loss rate for comfort and
off—comfort conditions, while simultaneously offering a quarntitative means

of assessing thermal comfort.

HISTORICAL LEVELOPMENT AND USE OF THE MATHEMATICAL MODEL

It was mentioned earlier that Buchberg ~-nd Hurrah (21), followed
later by Shitzer, Chato and Hertig (118, 119), deduced important physio-
logical characteristics of LCG performance by using mathematical and
theoretical principles to simulate the interactions between the human
physiological system and the LCG. However, their analyses were inadequate
in one very important respect: they failed to account for the variable

and dynamic effects of the human thermoregulatory system. Furthermore,
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since they were only concernec with analyzing a small regicn of tissue,
they did not consider the effects of other body regions a distance away.

These effects cannot be ignored, since every region of the body
contributes to the total body heat balance which, in turn, influences
important thermoregulatory system parameters such as sweating, peripheral
circulation and shivering. As a consequence of this property ~f feedback
control exhibited by human thermoregulation, the local heat balance of
cvery region of the body affects every other region. Any theoretical
analysis of human heat loss is therefore incomplete unless it accounts
for such interactions.

Of course, it may be argued that many of these interac ions are
quite complex and poorly understood. However, a considerable body of
knowledge about these effects has been accumulated in recent years through
various research programs. Consequently, the major mechanisms of human
thermoregulation are fairly well known. Examples of those mechanisms are
shown in Figure 1-1.

While it 1s true that many of the pathways shown are qu:te zomplex,
it is also true tnat the validity of any theoretical or mathematical
analysis of human thermoregulation depends greatly upon the extent to
which it faithfully reproduces these physiological processes. The most
efficient way to account for these processes, and yet s?multaneously learn
more abcut them, is by the use of a mathematical model of the human thermo-
regulatory system.

An essential element of the present research effort has been the
development and utilization of such a model. The use of this model has
been beneficial in three important respects: first, it has enhanced the

interpretation and understanding of the physical processes affecting
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the experimental results; secondly, the quantitative accuracy of the
model has been evaluated and improved by comparison with the test gdat.:.
This has resulted in a high degree of confidence in the ability of

the model to predict the thermal response of man to his enviromment.
Finally, the model predictions, in conjunction with the test data, con-
stituted an effective tool with which to investigate the ability of the
LCG to control heat stress. These results were used to establish physio-
logical trends that provided insight into the behavioral response of man
to heat stress.

The development and utilization of mathematical models of biological
systems is not a new phenomena. Scientists have been intrigued and
fascinated by the workings of the human thermoregulatory system since the
18th Century, when the F..:2nch chemist Lavoisier established the fact that
the human body generates heat (116). It has been known for many years that
the thermoregulatory system was capable of maintaining a fairly constant
deep body temperature under a wide range of environmental conditions by
dissipating or preserving heat. The early attempts to understand this
behavior consisted of observing the thermal response of individuals under
natural and laboratory controlled conditions. However, this approach soon
reached a point of diminishing return, and it was clear that more sophis-
ticated methods of study were required. It was from tuis need that the
concept of the mathematical model was derived.

The first mathematical model of human thermoregulatiin to appear in
the literature was introduced by Burton in 1934 (22). By utilizing the
principles of comservation of mass and energy, he appears to have been the
first to apply the equations of heat transfer and thermodynamics wo the

human body. His analysis considered the body as a single homogeneous
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entity within a control volume. It was from this apprcach that the familiar
total body heat balance equation was formulated.

In 1945, a new approach emerged, whereby the body was divided into
two concentric shells, each at a uniform temperature (44). The inner
shell constituted the core and was designated the deep body or rectzal
temperature, while the outer sheli was asrigned the average skin tempera-
ture. This ccre and skin technique provided satisfactory solutions for
simple problems and remained popular until the late 1950s. However, !
soon became obvivus that the 2-shell approach had three basic shortcomings.
Firstly, by approximating the entire body as a single inner segment sur-
rounded by an outer segment, it failed to account for the physiological
differences between separate regions of the body. Thus, the interactions
between the arms, legs, head, hands and feet, etc., were neglected and
instead, approximated by one overall segment. Secondly, by approximating
the continuous temperature profile between the skin and the deep body with
a discrete temperature prorile consisting of only 2 temperatures, signifi-
cant 2rrors would arise when a large temperature difference existed
between the skin and the air. Finally, this method failed to account for
the various sensing and control mechanisms of the thermoregula’ ory system.
As a consequence of these insufficiencies, the 2-shell approach was
inadequate to handle all but the simplest of problems.

With the advent and availabilitv of high speed digital and analog
computers in the late 1950s and early 1960s, the restraints which had pre-
vented the correction of the above inadequacies were removed. It becane
possible to implement advanced mathematical techniques on computers, which,
beforehand, could not be practically utilized in hand ralculations. These
methods permitted the solution of the complex, simultaneous differential
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heat transfer equations that resulted from consideration of the effects of
several distinct body compartments, multiple layers of tissue within each
compartment, and the sensory and motor responses of the human thermoregu-
latory control system.

With the availability of advanced computational techniques, many
investigators embarked on the development of more sophisticated mathemat-
ical models. Several excellent reviews of these models are available in
the literature. The interested reader is directed to the works of Chato
and Hertig (34), Shitzer, Chato and Hertig (118), Fan et al. (48), and
Shitzer (116) for a more coumprehensive historical overview and technical
description of the major mathematical models developed through 1972, 1In
the forefront of tihe research in this area has been the J. B. Pierce
Foundation Laboratory at the Yale University School of Medicine. Since
1961, Drs. J. Stolwijk and J. Hardy of this institution have been inten=-
sively investigating the responses of the human thermoregulatory system
by the use of mathematical models in close connection with an experimental
program (138-138). Their approach is described in the following
summary (116):

"The human body is represented by three (or more) cylinders:

the head, the trunk and the extremities. Each cylinder is

divided into two or more concentric layers to represent

anatomical and functional differences in so far as they are

of primary importance in thermoregulation. Heat flow between

adjacent layers is by conduction, and all layers exchange heat

with the enviromment by convection with a central blood com-

partment. All three skin layers exchange heat with the

environment by conduction, convection, radiation and evapora-

tion, Signals which are proportional to temperature

deviations in the brain and to deviations in average skin

temperature are supplied to the regulator portion of the

model. The regulator then causes evaporative heat loss,

heat production by shivering, or changes in the peripheral

blood flow to occur in the appropriate location in the body,

If a proposed mechanism of thermoregulation is expressed in

quantitative form, it describes the relationships between
the input signals and the resulting thermoregulatory
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response; the model can be used to compare the quantitative

response 1esulting from a proposed mechanism with the

responses obtained by measurement. A number of experimental

results are compared with prediction furnished by the

mathematical model using a regulator with an output

which is proportional to the product of the {input

signals”

The mathematical model utilized in the experimental program described
in the present dissertation is based largely upon the Stolwijk-Hardy
concept. The evolution of the model has been taking place since 1965 at
NASA's Johnson Space Center in a developmental program concurrent with the
research of Stolwijk and Hardy.

The model initially consisted of the 2-shell concept discussed
earlier. A set of thermoregulatory control mechanisms was added, followed
by the growth of the model to 3, 6, and finally 10 cylinders, representative
of the various body elements. The current model has a separate cylindrical
element for the head, the trunk, each arm, each leg, each hand and each
foot. The number of concentric layers within each cylinder has also
increased from 2 to 4, with a separate region for the inner core surrounded
by layers of muscle, fat and skin.

Characterization of the thermoregulatory svstem has become increas-
ingly more sophisticated as research provided more information on the
nature of the primary physiological processes., The current model utilizes
the latest sensory-motor pathways identified by the J. B. Pierce Foundation
and consists of dynamic feedback and interplay between all of the body
elements and layers. This includes the effects of interactions between
all body regions with a central blood compartment which contacts these

regions. Each of the 10 skin layers exchenges heat with the enviromnment

by conduction, convection, evaporation and radiation.
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A considerable effort has been spent in developing the equations
describing these heat transfer mechanisms and correlating them with
experimencal data (89, 83, 85). The current model is capable of account-
ing for the heat transfer effects of surrounding garments ranging from an
undergarment to a multilayered space suit. This includes the simulation
of the LCG, which constitutes an important part of this research study.
The model can also account for the effects of variations in the properties
of the surrounding envirommental gas, as well as variations in ambient
pressure, temperature, humidity, gas flowrate and incident envirommental
radiation. Finally, heat exchange between the environment and the respira-
tory tract is also considered by incorporating empirical relationships
derived from previous experimental studies or from the literature. A more
detailed description of the mathematical model follows subsequently in

Section 2.

General Purpose

The mathematical model described above was used in conjunction with
the results of an experimental program to generate important physiological
information. A calorimetric technique was found to relate the heat dissi-
pated by the LCG tc the metabtolic rate, sweat rate and thermal comfort
of human subjects. It was found that individuals controlled their LCG
cooling in such a way as to minimize sweating according to a predictable
relationship. A quantitative assessment of thermal comfort was investi-
gated and a study of the behavicral and physiological responses to
off-comfort environmental conditions was pursued. The accuracy of the
model was improved by adjustment of several model parameters that
ultimately resuited in bett=r agreement with the test data, and conversely,

the correlated model was used as a tool to study unusual experimental
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results, Finally, this effort culminated in the formulation of a new,
second generation mathematical model, with improvements designed to
correct the major inadequacies illuminated by this study.

A description of the detailed experimental procedures utilized to
deduce the above findings now follows in Section 2. The actual results
are shown and examined in detail in Section 3. However, the analysis of
mauy of these results is quite complex and time consuming. Therefore,
for the reader who does not wish to pursue this level of detail, the
major findings and practical applications of these findings, are summarized

in the discussion of Section 4.
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2. MATERIALS AND METHODS

GENERAL

The experiments herein described were conducted to provide information
in several vital areas. From an engineering standpoint, the primary
objective was to demonstrate the capability of MASA's portable life
support system equipment to meet the design specifications required for
extravehicular activity (EVA) on the lunar surface. From a physiological
standpoint, these tests were conducted to ensure that man could satis-
factorily perform scientific tasks while exposed to the harsh environmental
stress of space.

Although the primary justification for these experiments was to
provide confidence that the life-support equipment could thermally support
the first Apollo lunar landing missions, by utilizing the data in a
systematic and orderly fashion, it was possible to investigate the
physiological response of the human thermoregulatory system under stress.
The internal heat of metabolic activity can lead to thermal stress when
man is sealed in the impermeable cocoon of a space suit., Under these
~cnditions, body heat cannot be efficiently dissipated to the environment
vy conventional heat rejection mechanisms, However, thermal comfort can
pe provided by the use of a liquid conditioning garment (LCG) in
conjunction with a forced oxygen ventilation system.

Thue following experiments provide considerable data on the perform-
ance of human subjects while wearing an LCG to reject metabolic heat as
contrasted with the more conventional mechanisms of convective, evaporative
and radiative heat removal. In addition, these data were used to correlate

and verify a mathematical model o” the human thermoregulatory system,



which was used, in turn, to establish trends in the physiological response

of man to thermal stress.

FACILITIES, SUBJECTS, AND EQUIPMENT

All of the experiments, with the exception of Series E, were
conducted at the facilities of NASA's Johnson Space Center, in Houston,
Texas, for environments ranging from room temperature to simulated lunar
surface conditions. Hypobaric thermal vacuum chambers were utilized to
simulate the desired space environments. These consisted of the 8-foot
diameter hypobaric chamber of the Crew Systems Division laboratories and
the Chamber B facility of the Space Environment Simulation Laboratory.
The hypobaric chambers provided the capability of ccntrolling the ambient
temperature, humidity, pressure and ultraviolet and infrared radiation
to the desired requirements of each test series (6, 46, 47, 88{ 129).
This included the capability to vary ambient pressure from sea level to
below 10 torr and to control external space suit temperatures to limits
as extreme as * 122°C,

The test program consisted of 5 series of tests in which subjects
exercised at prescribed metabolic rates for periods of time ranging from
30 min to 7 hrs, while wearing an LCG for conductive cooling. For Series
A, B, C, and D, thirteen healthy adult males, all of whom were either
NASA test subjects or astronauts, were used ... the experiments. For
Series E, 12 healthy adult males, all of whom were NASA astronauts, were
used as subjects,

For the sea-level test series (Series A), subjects wore the snug-
fitting LCG under an artic coverall garment designed to minimize heat loss
to the environment. A small area of the face was exposed to the room

temperature environment.
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For the hypobaric experiments (Series B, C and D), and for Series
E, subjects wore the LCG under the Apollo A7L space suit. This full
pressure suit provided pressure integrity, oxygen, ventilation, and
thermal protection (46). The oxygen ventilation flow path thre _u the
A7L suit was normally directed to the head, flowing initially across the
oral-nasal area, then over the torso and limbs, and finally, to the hands
and feet. This flow path provided convective and evaporative heat removal
and prevented the buildup of carbon dioxide in the facial area. The
ventilating gas was then collected in ducts located near the hands and
feet and directed out of the suit through appropriate munifolding (See
Figure 2-1).

For the tests conducted in the 8-foot diameter hypobaric chamber
(Series B and C) the outlet gas exiting the suit was then directed, by
means of umbilicals, to condensing heat exchangers, contaminant control
filters and pumps within the chamber facility Here, the temperature,
humidity and flowrate were controlled to the desired requirements of each
:est, and carbon dioxide and other contaminants were removed. This
conditioned oxygen was then returned to the suit by means of a suit inlet
umbilical.

For the test sequences conducted in the Chamber B Space Environment
Simulation Laboratory (Series D), and for Series E, the outlet gas exiting
the suit was directed to the NASA portable life support system (PLSS).
The PLSS was worn on the back of a suited subject in "knapsack" fashion
and attached to the A7L suit by means of a harness~umbilical arrangement.
Because the PLSS was designed to operate in the 1/6 gravity environmem
of the lunar 3urface, it became necessary to relieve 5/6 of its weight

during Series D, in order for the test subjects to experience realistic
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weight constraints and sterd upright comfortably. This was accomplished
by means of a counterweight mechanism (46).

The PLSS conditioned the suit outlet gas temperature and humidity
by making use of a porous plate sublimator that utilized the low pressure
sublimation thermodynamics of a vacuum (7, 63, 75). Heat was rejected
and moisture was removed when the suit outlet gas was indirectly exposed
to an ice layer formed on the surface of the sublimator. The ice w.s
formed when water supplied by 1 feedwater storage tank withir the PLSS
was exposed to vacuum conditions on the extericr surface of the sublimator
plate. The ice layer removed the heat from the ventilating gas (and
also f.om the circulating outlet water of the LCG) and, in so doing,
sublimated directly to a vapor. As the ice layer sublimated away, it was
continually replaced by the freezing of water supplied from the feedwater
storage tank.

The amount of feedwater in the feedwater tank was one of the major
life support system consumables of the PLSS, and since it was used
primarily to cool the suit oxygen and LCG water exiting the suit, its
usage rate was directly proportional to the metabolic rate of the test
gubject (82). This can be seen from the total ueat balance equation shown
in Figure 2-2 and by examination cf the PL5S oxvgen and LCG water loop
flow paths (Figure 2-3), Here, most of the heat of metabolism is dissipated
to the LCG or by sensible convection or latent evaporation of body moistu:e
to the circulating oxygen. These, in turn, find their way into the PLSS
oxygen and LCG water circuits., The conditioned gas and LCG water leaving
the PLSS then return to the suit inlet with the temperature, humidity
and flowrate controlled to the desired requirements necessary for meiabolic

heat removal.
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Removal of metabolic end products, primarily COZ’ was also accomp-
lished in the PLSS by passing the ventilating gas through a cannister
containing lithium hydroxide and activated charcoal. The internal
components and flow paths for the PLSS are shown in more detail! schematic-
ally in Appendix A.

The PLSS, together, with the LCG, and the Apol’o A7L space suit with
its oxygen ventilation system, comprise what is referred to as the extra-
vehicular mobility unit (EMU). This is shown in Figure 2-4 and Appendix
A, Figures A5-A7. Leading narticulars of the FMU and the Apollo A7L space
suit are also shown in Appendix A. Additional details on the construction

and design of the U may be found in References 30 and 46.

LIQL TD CONDITIONING GARMENT

The LCG was originally developed to provide conductive cooling for
men resting or mildly active in hot environments (12). It was then
modified to meet the needs of NASA in which individuals were required to
work strenuousl: while isolated from direct heat exchange with the outside
environment.

For Series A-E, the liquid conditioning garments uced were the
standard Apollo-type LCGs. The gar.ent consisted of a network of polyvinyl
chloride (PVC) tubing stitched to the inside surface of the open mesh
cotton garment (see Figure 2-5). A lightweight nylon comfort layer was
used to separate the tu'ing network from the skin surface. The LCG
incorporated 91 meters of PVC tubing fabricated with an ID of 1.6 mn and
0D of 3.2 mm. The tubes were sewn to the inside of the cotton under-
garments and covered Lhe skin area with the exception of the head, neck,
hands and feet. When fully charged with water, the LCG weighed about
1 kgu.
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The water flow to the LCG was supplied through a temperature
regulating system located either In the chamber facility (Series A, B,
and C) or in the PLSS (Series D and E). The water temperature for all
tests was varied between 7 and 26°C depending upon test requirements.
For Series A, B, and C, water temperature was controlled by an external
heat exchanger in the chamber facility according to a predetermined
profile. For Series D and E, a 3-position, check-stop diverter valve
located on the PLSS, permitted the subject to select cold, moderate or
warm inlet water temperatures, in accordance with his own subjective
comfort. This valve controlled the inlet water temperature by diverting
a portion of the water flow around the FLSS sublimator.

The LCG water flowrate was controlled to 109 liters/hr for all tests,
with the exception of Series C where flowrate was varied petweea 0 to 82
liters/hr. The inlet and outlet LCG water temperatures were measured by
thermistors for all tests.

The LCG water flowrate was measured with a rotometer in all cases
except Series D and E, where it was regulated by the PLSS to a fixed,
calibrated flow of about 109 liters/hr. OnNther pertinent details about
the LCG may be found in Appendix A, and information concerning the
manufacturers and descriptions of the LCG and other equipment used in

these experiments are listed in Table A3 of Appendix A.

TEST PROGRAM

The test nrogram followed in these experiments was organized in such
a fashion as to maximize the phvsiological information gained about the
performance of human subjects working in LCGs, and yet still provide
enough data to correlate and validate the mathematical model of the human
thermoregulatory system. Each of the test series was conducted under
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unique conditions, yet similar encugh to the oth. test series to permit
parazetric analysis of the results.

For example, Series A was conducted in a room temperature enviromment,
with subjects wearing an insulating coverall garment degigned to limit
convection and radiation loss. There was no air ventilation flow across
the skin and all runs were made at sea level pressure. LCG flowrate
was constant and LCG inlet temperature was varied.

Series B was conducted in a vacuum enviromment below 10 torr.
Subjects wore an Apollce A7L space suit with gas ventilation consisting of
oxygen circulating at 170 liters/min. The suit was pressurized to 195
torr. LCG fiowrate was again constant and LCG inlet temperature was
varied. The chamber enviromment was kept near room temparature in order
to minimize radiative interchange with the environment.

Series C wa; performed at a reduced pressure of 259 torr. The
charber temperature was again neutral to eliminate radiation heat transfer
between the subjects and the ambient environment. The subjects again wore
the Apollo A7L suit over the LCG. However, in this case, the circulating
flowrate of the oxygen ventilating system was almost doubled to 331
liters/min. The suit was maintained at the ambient pressure of 259 torr,
so that no differential pressure existed between the suit and the
environment. For Series C, the LCG flowrate was varied while the inlet
temperature was maintained constant. This permitted direct comparison
with other tests for which the flowrate was fixed and the inlet tempera-
ture was varied.

Series D and E were conducted in a vacuum environment with all
critical life-support system functions being controlled by the PLSS.

The ambient pressure was below 10 torr, but subjects wore the A7L suit
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pressurized to 195 torr. The oxygen ventilation system was regulated by
the PLSS to a circulating flow of 170 liters/min. The LCG flowrate was
again comstant at 109 liters/hr and the inlet temperature was varied.
However, in these tests, the inlet temperature was selected entirely in
accordance with subjective comfort, as opposed to the other test series
in which either temperature or flowrate was varied according to a pre-
determined, parametric profile. For Series D, the chamber enviromment
was varied in a parametric fashion from very hot to very cold. This
permitted the additional benefit of providing comparative data with the
previous test series in which the surrounding enviromments were thermally
neutral,

For Series E, the lunar eaviromment and the life-support equipment
used were simflar to Series D. However, on the lunar surface, the effect
of gravity was only 1/6 as great as the 4 Earth-based test series.

Additional details of the experimental methods and procedures for

each test series will now be presented.

Series A

The Series A experiments consisted of 11 test sequences in which 5
subjects were exercised at metaholic rates ranging from rest to vigorous
activity (100 to 620 watts) while wearing an LCG under an arctic clothing
assembly in a room temperature enviromnment. All tests were conducted at
sea-level pressure. The tests were all 2 to 3 hours in duration and
steady-state data were collected during the final 30 - 60 minutes of each
sequence, All tests were conducted using an LCG water flow of 109
liters/hr and an inlet temperature of either 7 or 16°C,

Metabolic rates were measured by collecting gas samples at approxi-

mately 5 min intervals in Douglas bags, Oxygen consumption and carbon
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dioxide production rates were determined from these samples by using a
Tissot spirometer, followed by chemical analysis using the Scholander
technique (115). These values were used to determine a respiratory
quotient and metabolic rate (see Appendix C, Figure Cl). The metabolic
rate was controlled by varying the speed of a motor-driven treadmill.

A biomedical harness was utilized to measure several body skin
temperatures. These included temperature measurements for the forehead,
chest, arms, legs, back, hands, and feet. Copper-constantan thermocouples
were used for the measurements, A rectal temperature thermistor and ECG
sensors were also included in the biomedical harness to measure rectal
temperature and heart rate. Thermistors were used to measure LCG inlet
and outlet water temperatures and a rotometer was used to measure LCG
water flowrate. All of the above temperatures were recorded at intervals
of 5 minutes or less and used to determine LCG heat removal, total body
heat storage and heat storage rate (See equations 3, 4, and 5, Section 2).

A human balance with an accuracy of *5 grams was used to measurz
the subjects pre-test and post-test weights. These data were used to
determine sweat rate and evaporative heat loss (See sample calculation,
Appendix C).

Due to the nature of the tasks performed, subject mechanical
work was very small and neglected in the results.

All of the raw data for Series A, including environmental and meta-
bolic conditions, are presented in Table D1 of Appendix D. The results
calculated from these data, includ. , the overall body heat balance,

are shown in Table 3-1 of Section 3.
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Series B

Series B consisted of a group of 4 tests, each comprising 4 to 7
separate test sequences in which 2 subjects were exercised at metabolic
rates from moderate to vigorous activity (256 to 556 watts). The subjects
wore the Apollo A7L space suit, which provided gas ventilation, over the
LCG. All tests were conducted in the 8-foot diameter hypobaric chamber
of the Crew Systems laboratories at the Johnson Space Center. The
chamber pressure was essentially a vacuum at 1) torr or less while the
sult pressure was regulated to 195 torr pure oxygen.

All test sequences were 30 minutes in duration and data were collected
continuously. Steady-state conditions were recorded at the conclusion
of eack 30 minute test sequence., All tests were conducted using an LCG
water flowrate of 109 liters/hr and an inlet temperature that was varied
between 7 and 25°C according to the predetermined profile shown in Table
D2 of Appendix D.

The ventilating gas through the A7L suit was supplied by the chamber
envirommental equipment and consisted of pure oxygen circulated at 170
liters/min and maintained at a temperature of 20°C and a dewpoint of
4°C, The suit outlet gas was collected and delivered to the chamber
environmental conditioning equipment by means of umbilicals. CO2 and
humidity were removed and the temperature, dewpoint and flowrate con-
trolled to the suit inlet conditions previously specified. Heat added
to the LCG by the exercising subject was also removed by the chamber
envirommental conditioning equipment., The circulating oxygen and LCG
water were then delivered back to the suit inlet by a return umbilical.

The oxygen and LCG inlet and outlet temperatures were measured by

thermistors and were recorded continuously. The oxygen and water flowrates
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were also measured, as was the suit inlet and outlet dewpoint. The latter
measurements were utilized to determine LCG, convective, and evaporative
heat removal rates on a continuous basis during the test (equations 5,

6 and 7, Section 2). The equilibration of these values was used as an
indication of steady-state.

Metabolic rates were measured by comparing the subjects heart rate,
measured with ECG sensors, with a predetermined calibration curve of
heart rate versus metabolic rate. The calibration curve was determined
prior to the test by utilizing bicycle ergometry apparatus to measure
oxygen consumption, carbon dioxide production, and heart rate at various
controlled resistance workloads. The apparatus also included a turbine
flowmeter and a mass spectrometer to measure respiratory flowrate and
respiratory gas compostion (02 and COZ)' This information was then
combined to determine a calibration curve for each subject to be used
during the test (see equation 1 and Figures Cl and C2, Appendix C).

The mecabolic rate during an experiment was controlled by varying the
subject’s step rate on a Harvard step test until his heart rate
equilibrated at a point representing a desired work level, as determined
from the calibration curve.

The duration of e:ch sequence in this test series was from the onset
of exercise until the ouclet gas temperature, dewpoint and LCG outlet
water temperature reached steady-state. This was approximately 30
minutes for each test sequence. The use of the space suit outlet
crnditions as a monitor for the achievement of steady-state was necessi-
tated because body temperatures were not measured during this test series.

The chamber environment was neutral with no imposed heat load. The

chamber wall and air temperature were about 27°C and it was assumed
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that radiation heat transfer through the Apollo space suit was small.
As in all other test series, subject mechanical work was negligible and
not considered in the heat balance,

All of the raw data for Series C, including envirommental and
metabolic conditions, are presented in Table D2 of Appendix D. The
results ~alculated from these data, including the overall body heat

balance, are shown in Table 3-2 of Section 3.

Series C

Series C consisted of a sequence of 10 tests in which 2 subjects
exercigsed at constant metabolic rates ranging from moderate to vigorous
activity (352-586 watts). The subjects wore the A7L space suit over the
LCG, which provided gas ventilation. All tests were conducted in the
8-foot diameter hypobaric chamber of the Crew Systems Division laboratories
szt the Johnson Space Center. The cham® r pressure was regulated to 259
torr absolute and the suit pressure was also controlled to 259 torr, so
that there was no pressure differential between the suit and the chamber.
The chamber environment remained near room temperature throughout each
test sequence, and radiation exchange between the subject and the chamber
was minimal.

All test sequences were 30 minutes in duration and duta were collected
continuously. Steady~state data were recorded at the conclusion of each
test sequence after body temperatures had reach eruilibrium. All tests
were conducted using a constant LCG inlet water temperature of 17 - 19°C
with a variable water flowrate that ranged between 0O to 82 liters/hr,
according to the predetermined profile shown in Table D3 of Appendix D.

The water temperature and flowrate were supplied and controlled by heat

exchangers and pumps within the chamber environmental control equipment.
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The flowrate was varied in such a fashion as to permit parametric exami-
nation of the cooling effects of variable LCG flow at constant metabolic
rates. In order to accomplish this, the flowrate was increased sequen-
tially in a stepwise fashion for a low metabolic rate. This sequence
sequence was then repeated at a higher metabolic rate, and so on.

The ventilating gas through the A7L suit was supplied by the chamber
ervironmental control equipment, as in Test Series B, and consisted of
pure oxygen circulated at 331 liters/min. The suit inlet temperature was
controlled between 22 - 27°C and the inlet dewpoint was kept between 7 and
8°C. The suit outlet gas and LCG water were collected and delivered to
the chamber envirommental conditioning equipment by means of oxygen and

LCG water umbilicals. CO2 and humidity were then removed and the
temperature, dewpoint and flowrate were regulated to the suit inlet
conditions previously specified. The conditioned oxygen and LCG water
were then delivered back to the suit inlet by a return umtilical. Oxygen
and LCG water inlet and outlet temperatures were measured by thermistors
and recorded continuously. Oxygen inlet and cutlet dewpoints and oxygen
and LCG water flowrates were also measured and continuously monitored.
These measurements were usecd to compute LCG, convective, and evaporative
heat loss rates (see equations 5, 6, and 7, Section 2).

Metabolic rates were mcasured and controlled by varying the subject's
step rate on a Harvard step test in accordance with a predetermined
calibration of metabolic rate versus step rate, The pre-test calibration
was performed by collecting gas samples for each subject while he was
stepping at a given rate on the Harvard step under conditions sir ilar to

those imposed during the test. The gas samples were then analyzed for

O2 and CO2 by the method described in series A, and an RQ and metabolic
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rate determined for each step rate. By repeating this process for a
series of step rates, several data points were determined and used to
generate calibration curves such as Figure C3 of Appendix C.

A biomedical harness was used to measure several body skin tempera-
tures. These included temperature measurements for the forehead, chest,
abdomen, back, calf, forearm, hand, and thigh. Copper-constantan
thermocouples were used for these measurements. Tympanic membrane
temperature was also measured by means of an ear probe thermistor. The
latter measurements were recorded continuously and used to calculate mean
skin temperature, and total body heat storage and heat storage rate
(equations 2, 3, and 4, Section 2). ECG sensors were also included in
the biomedical harness for measurement of heart rate.

[*1e to the nature of the tasks performed, subject mechanical work
was very small and neglected in the heat balance.

All of the raw data for Series C, includirg environmental and
metabolic conditions, are presented in Table D3 of Appendix D. The
results calculated from these data, including the overall body heat

balance, are shown in Table 3-~3 of Section 3.

Series D

Series D consisted of a group of 7 tests in which 4 subjects worked
at metabolic rates ranging from rest to vigorous activity (143-615 watts).
The subjects wore the A7L space suit over the Apollo-LCG and also carried
a portable life~support system (PLSS) on their back in "knapsack"
fashion., The PLSS provided oxygen, ventilation, and conditioned LCG
water to the suit. All tests were conducted in the Space Environment
Simulation Laboratory (SESL), hvpobaric chamber B, at the Johnson Space
Center. The chamber pressure was maintained at 10 torr or less throughout
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each test sequence, while the sult pressure was regulated to 195 torr,
pure oxygen, by the PLSS.

The thermal environment of the chamber was adjusted for each test
to simulate the various envirommental conditons anticipated during
lunar surface explorations. The high incident radiation environments
expected during the lunar day wvere simulated by carbon-arc solar lamps
utilizing xenon vapor, and by infrared heaters. The cold conditions
expected during lunar night were simulated by circulation of liquid
nitrogen through the chamber walls, The net environmental heat exchange
resulting from these severe chamber environments ranged from exiremes
of 137 watts into the suit to 72 watts out of the suit., The primary
factor in the limitation of the radiative heat exchange to these values
was the insulation characteristics of the A7L space suit. The suit wall
was comprised of seven layers of beta cloth, Kapton, and aluminized
mylar, which provided effective insulation\from thermal radiation and
environmental temperature extremes,

The tests ranged in duration from about 4 to 7 hours each, and data
were collected continuously over each test period. The LCG water flowrate
was regulated by the PLSS to about 109 liters/hr and the LCG inlet tempera-
ture was controlled by the subject in accordance with his own comfort
throughout each test. This was accomplished by means of a 3-pnsition
diverter valve located on the PLSS. The inlet temperatures selected by
the test subjects in this manner ranged from 6 to 30°C. During each test,
the subject was requested to evaluate his feelings of comfort and thermal
sensation. This included sensory estimations for individual areas such
as the limbs or extremities, as well as whole tody sersations. All test

subjects were experienced in the ure of the LCG and associated equipment,
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The vencilating gas through the A7L suit was supplied by the PLSS
and consisted of pure oxygen circulated at 170 liters/min and maintained
at a temperature and dewpoint of approximately 25°C and 10°C, respectively.
The suit outlet gas and LCG water were collected in separate umbilicals
and delivered to the PLSS for conditioning. The PLSS oxygen ventilating
circuit first resupplied any oxygen lost by metabolic consumption or
leaks. The suit outlet gas then passed through a contaminant control
agsembly where carbon dioxide was removed by chemical reaction with
lithium hydroxide. Odors and foreign parti-les were filtered out by an
activated charcoal filter. The oxygen was then circulated to a porous
plate sublimator, which cooled it, and then to a wicking water separator,
which removed the evaporated moisture of metabolism. The cooled, dry
oxygen was then passed to a fan/motor assembly, which forced it into the
su?t inlet at the conditions previously specified. The PLSS recirculating
liquid transport loop directed the LCG outlet water to the PLSS sutlimator
where the heat added by metabolism was then dissipated by sublimation as
previously described. The cooled LCG ' ~ter was then circulated to a
pump/motor assembly, which pumped it into the LCG at a flowrate of about
109 liters/hr. The temperature of the inlet wate. was controlled by
diverting part or all of the water flow around the porous plate sublimator.
This was done manually bv the subject by means of the PLSS water diverter
valve, which could be turned to a MIN, INTERMEDIATE, or MAX position for
warm, moderate or cool water temperatures.

The PLSS also contained all of the other life support system con-
sumables and equipment required for EVA. Thie included oxygen, {vedwater
for heat rejection by sublimation, communication and telemetry equipment,

electrical power, and operating controls and displays. The PLSS was
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attached to the A7L suit by means of a harness, and during Series D, 5/6
of its weight was relieved from the test subject by means of a counter-
weight device.

The suit inlet and outlet oxygen and water temperatures were measured
by thermistors and recorded continuously. These measurements were used
to calculate convective and LCG heat removal rates (equations 5 and 6,
Section 2). The evaporated water of metabolism was collected in the PLSS
water separator and measured at the conclusion of each test. This was
used to determine the total evaporative heat loss over the duration of
each test (equation 3, Appendix C). Thc instart=:ieous evaporative heat
loss rate was not measured directly due to the failure of dewpoint sensors,
however, it was determined by a he:t balance technique that will be
described in the Series D test results, The net environmental heat
exchange into or out of the suit was determined bv an engineering heat
balance analysis performed on the PLSS at the conclusion of each test,
This analvsis was based upon subtraction of the amount of feedwater used
to reject metabolic heat from the total amount of feedwater used
(equation 14, appendix C).

The metavolic rate profile for each test was designed to simulate the
actual workloads required for the various tasks and experiments to be
performed on the lunar surface., The metabolic rate was controlled by
varying the step rate on a Harvard step test in accordance with a
predetermined calibration of metabolic rate versus step rate for each
subject, The pre-test calibration was performed by a procedure identical
to that of Series C, 1In additinn, the metabolic rate was estimated on a
real-time basis by using the LCGC heat removal rate and inlet temperature
data and the PLSS oxygen usage rate data (87, 147). This information,

alonp with heart rate data, was used to alter the step rate, if deviations
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from the calibration curve were indicated. As a final check on the
metabolic rate, a chemical analysis of the lithium hydroxide canister in
the PLSS was performed at the conclusion of each teot to determine CO2
production., This, combined with the total amount of oxygen used in . he
PLSS oxygen tank for metabolic consumption provided an RQ and total
metabolic expenditure for each test (Figure Cl, Appendi—- C). This was
then ~rom;, .ed to the other metabolic rate methods to determine a final
metabolic rate profile for each test,

A biomedical harness was used to measure several body skin temp¢«ra-
tures (see Figure A4, Appendix A). These included forehead, upper
chest, lower back, bicep, hand, foot, and thigh temperatures. Copper-
constantan thermocouples were used for these measurements. An ear probe
thermistor was also used to measur: tympanic membrane temperature. The
latter measurements were recorded continuously and used to calculate mean
skin temperature, tntal body heat storage, and heat storage rate (see
equations 2, 3 ard 4, Section 2), Silver chloride ECG sensors were also
included in the biomedical harness and used to measure heart rates and
monitor ECG. The heart rate data was used with a previously determined
heart rate versus metabolic rate calibration curve (Figure C2, Appenaix C).
as determined in the manner described for Series B. This information was
used, along with the other real-time indicators of metabciic rate, to
evaluate deviations from the step rate calibration curve and make
appropriate adjustments to the step rate,

As in Series A, B, and C, subject mechanical work was ne,iigible and
not considered in the results.

All of the raw data for Series D, including environmental and metabolic
condicions are presented in Table D4 of Appendix D. The results calculated
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from these data, including the overall total heat balance for each test,

are shown in Table 3-4 of Section 3.

Series .

Series E consisted of the EVAs (extravehicular activisies) that
occurred on the . ~=»r surface for the 6 manned Apollo luna: missions.
During the Apollo program, a total of 28 EVAs were conducted by 12
different NASA astronauts. Lunar surface activities and experiments were
performed by astronauts while wea- ng an Apollo-LCG, an A7L space suit
and a PLSS (portable 1if:-support system) ilentical to that used fo-
Series D,

Conditions on the lunar surface proved to be similar to those of
Series D with ambient pressures of 0 torr and net environmcntal heat
exchange between 72 watts out tc 137 watts into the suit.

Space suit ventilation and LCG operating conditions were also the
same as Series D, and the astronauts selected LCG inlet temperatures in
accordance with their own comfort.

The EVAs ranged in duration from about 4 to 7 hours each, and data
were transmitted continuously from the PLSS during that time. The data
“ncluded LCG inlet temperatures, LCG temperature differential (AT), PLSS
sublimator outlet gas temperature, PLSS feedwater pressure, PLSS battery
current and vnltage, A7l space suit pressure, astronaut ECG, and PLSS
oxygen bottle pressure. In addition, the astronzuts were periodically
requested to subjectively evaluate their feelings of thermal comfort.

The PLSS contained all of the life-support system consumables and
equipment required for EVA, This included oxygen, feedwater for heat
rejection by sublimation, communication aund telemetry equipment, a

battery for electrical power, and operating controls and displays.
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The PLSS was attached to the A7L suit by means of a harness. A
counterweight device such as used in Series D was not required since the
lunar gravity was only 1/6 that on Earch.

All of the PLSS telemetry data were transmitted to the Mission
Control Center at the Johnson Space Center in Houston for processing
(Figure 2-6). The LCG inlet and outlet water temperatures received in
this way were used to calculate LCG heat removal rares (equation 5,
Section 2). This information was then used as Iinput into a real-time
computer program that included parametric curves generated from analysis
of the results and model predictions of Series A-D. This provided the
basis for the determination of astronaut metabolic rate, heat storage and
heat stress, sweat rate, and consumables usage rates as they occurred.
This information was also used to determine the metabclic cost of performing
various work tasks on the lunar surface, and to monitor general physio-
lo ical performance and safety. Finally, based upon the predicted con-
sumable usage rates determined from the parametric correlations, the EVA
task and experiments were modified on a real-time basis so as to permit
the optimum utilization of the limited supply of consumables availatle.
This included modifications to the traverse paths and stay times at
particular geologic sites (Figure 2-7), which allowed completion of those
experiments with the highest priority. Additional details on this phase
of the experimental program are presented in Section 3, and in Appendix E.

The net environmental heat exchange into or oui of the suit was
determined by pre-mission engineering preaictions based upon the expected
lunar environment and the A7L space suit insulation propertics. This was
checked and, 1f necessary, adjusted after such EVA, bared upon a heat
balance analysis of the amount of PLSS feedwater used (see equation 14,

Appendix C),
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The metabolic rate profile for each EVA was controlled by the actual
workloads required for the various tasks and experiments performed on the
lunar surface. The rates were calculated by using the LCG heat removal
data in the real-time computer program described above. The PLSS oxygen
usage rate data and astronaut heart rate data were also used to determine
the final real-time metabolic rate, as described subsequently in Section
3, Series E Results. The oxygen usage —ate was determined from the
telemetry data of PLSS oxygen bottle pressure and the astronaut heart
rate was determined from ECG data. Silver chloride ECG seasors incorporated
into the biomedical harness worn under the A7L suit were used to transmit
the data,

As in previous test series, subject mechanical work was neglible
and not considered in the results., The pertinent raw data for Series E
are presented in Tables El and E2 of Appendix E, The results calculated
from these data are shown in Table 3-6 of Section 3. The A7L suit
environmental conditions, incluaing all flowrates and inlet temperatures,
etc., and surrounding (luaar) environmental heat exchange may be assumed

to be the same as those for Series D unless otherwise specified.

INSTRUMENTATION, COMPUTATIONS, AND DATA MANAGEMENT

The physiological measurements recorded during Series A, B, C, D,
and E consisted of various skin temperatures, rectal temperature, tympanic
membrane temperature, and heart rate., These measurements were made
continuously over the duration of each test, Other physiological param~
eters, measured during tl.. pretest calibrations, consisted of respiratory
minute volume and respiratory gas compositions (02 and COZ)'

Other pertinent measurements taken during the experiments consisted of

LCG water flowrate, LCG water inlet and outlet temperature, suit gas
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inlet and outlet dewpoints temperatures and suit ventilation flowrate.
In the absence of dewpoint measurements, subject weight loss was recorded
to determine evaporative heat loss.

The skin temperatures were measured with copper-constantan thermocouples
and were arranged in various locations over the body. Typical arrangements
as used in Series D, are shown in Figure 2-8. The skin temperatures
measurements were used to determine the mean weighted skin temperature

(MWST) as follows:

MWST = KlTl + K2T2 + K3T3 + o000 . KnTn 2)

where the proportioning factors (Kl, KZ’ .« o . .Kn) are weighted according
to the relative surface area of each body region (43). These weighting
factors are shown in Appendix B, Table 3. The skin temperatures that
were inoperative during a particular test were eliminated from the
calculation of MWST and the other weighting factors were increased equally
to compensate so that the weight factors used always added up to 100%.
Rectal temperature was measured in Series A using a linear precision
thermistor, and tympanic membrane temperature was measured in Series
C and D with a similar device, fitted to the subject's ear canal. Total
body heat storage (QSTOR) was then determined by multiplying the rise in
core and skin temperatures by their appropriate heat capacitances, as
follows:

OSTOR = c(1) [T(I) - T(I)
all I

Initial Value] (3)

where the heat capacitances (C(I)'s) for each body area are shown in
Appendix B, Table 1, and the init{ial values of core and skin temperatures

(T(1)

Initial Value) were measured at the start of each test. The heat
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storage rate (STORAT) was then found by dividing the change in body heat

storage over a particular time interval by the time interval. Thus,
STORAT = QSTOR/At (4)

During tnese experiments, STORAT was used as a means of monitoring the
instantaneous direction of heat transfer between the subject and his
environment. When it approached zero, the test subject was assrmed to
have reacted steady-state conditions.

In order to determine metabolic rate, it was necessary to take
respiratory measurements (minute volume, 02, 002) while the subject was
being calibrated at a particular heart rate or step rate prior to the
test, The one exception was in Series A where respiratory measurements
were made during the test.

Oxygen conaumption, 002 production and minute volume were found by
using Douglas Bags ‘o collect the samples, a Tissot spirometer to measure
respiratory volumes and the Scholander chemical analysis technique to
measure 02 and COZ' When available, an alternative technique was used,
whereby a turbine flowmeter was utilized to determine respiratory volumes
and a mass spectrometer or Beckman gas analyzer was utilized to find 02
and CO2 composition, Oxygen and CO2 measurements were then used to
compute RQ, and metabolic rate was determined from Figure Cl1, Appendix C.
Heart rates were monitored during all tests by silver-chloride ECG sensors
incorporated in a biomedical harness with the skin and core temperature
sengors. Work loads were imposed during the calibrations by the use of
a Harvard Step (Series C and D), a Collins bicycle ergometer (Series B),

or a motor-driven treadmill (Series A). Typical calibration curves derived

in the abovc manner are shown in Appendix C, Figures C2-C4.
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The heat removal rate of the LCG was determined by measuring the water
flovwrate (Hw) and inlet and outlet temperatures. Turbine flowmetz2rs were
used to measure LCG water flowrate and linear precision thermistors
recorded LCG inlet and outlet water temperatures. This information was

used in the following equation to find LCG heat removal rate (QLCG):

QLCG = Mw-CPw- (Tooue = Tutn) ©F Mw-cpq. AT, (5)

where Cp is the heat capacity of the LCG water.

Thewamount of metabolic heat removed by sensible convection from
the body (QCONV) was determined by measuring the ventilation flowrate
through the A7L suit (mg) and the suit gas inlet and outlet temperatures.

This information was used in the following equation to determine convec-

tion heat loss:

-T,) (6)

QO = mg'ch° (Tgout gin

where Cp is the heat capacity of the suit oxygen. Suit oxygen flowrate
was measgred with a "Voluflow" mass flowmeter and suit inlet and outlet
temperatures were measured with linear precision thermistors.

The amount of metabolic heat removed by evaporation heat loss was
determined from measurements of suit inlet and outlet dewpoint temperature
and suit ventilation flowrate, or deduced from measurements of subject
weight loss. Suit inlet and outlet dewpoint measurements were made with
Cambridge or Hastings dewpoint sensors, based upon the principle of
fogging or defogging of a polished mirror by a thermoelectric refrigerator

or heater circuit. The suit gas flowrate was measured as before with a

mass flowmeter. These data were utilized in the following equation to
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determine total evaporative heat loss rate (QEVAP):

QEVAP = mg.hfg' (wgout - gin)’ ™

where "éout and "éin’ the specific humidity of the suit outlet and inlet
gases, are found from their respective dewpoints by means of psychrometric
charts (104) and hfg is the latent heat of evaporization of water vapor.
For the tests in which dewpoint senscrs were not used or inoperative,
total evaporative heat loss was determined by weighing the subject before
and after the test with a Buffalo or Toledo human balance. Subject weight
loss was then used to determine evaporative heat loss as shown in the
sample calculation of Appendix C.

The total evaporative heat loss was used to determine evaporative
heat loss due to active sweat (OSWT) and active sweat rate (SR). Total
evaporative heat loss is comprised of three components: evaporative
loss through the respiratory tract (QR), evaporativ. loss due to passive

diffusion of moisture from the skin (SD), and heat loss due to evaporation

of sweat (QSWT). Therefore,
OSWT = QEVAP - QR - QD, (8)
and

SR = QSWT/hf 9)
g

where expressions for QR and QD were derived from empirical results {rom
several sources (49, 50, 80, 103) and are found in Appendix C. A sample
calculation of QSWT and SR is also demonstrated in Appendix C.

The determination of radiation heat loss is a complex function of many

factors, including surface properties cf garments, skin and surrounding
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walls, garment insulation characteristics, geometrical view factors

between the subject and the surroundings, etc. For this reason, a separate
engineering analysis accounting for these various factors was performed

to evaluate QRAD (84). A detailled description of this anlysis is beyond
the scope of this text but 1s summarized in Appendix B.

Other measurements made that were pertinent to these experiments
included envirommental (chamber or room) temperatures and environmental
and internal suit pressures. The former were measured by copper-constantan
thermocouples while the latter were measured with variable reluctance
type pressure transducers. A complete list of the major equipment and
instrumentation used in these experiments, including a brief functional
description and list of manufacturers, appears in Table A3 of Appendix A.

The recording, collection, display, and monitoring of test data were
controlled by a computing system incorporating analog signal receiving
and conditioning instruments, analog-to-digital conversion equipment,

a sequential data sampling device, digital tape transports, card readers,
card punchers, typewriters, high speed printers, and assorted special
equipment. Three separate computer systems were utilized to process the
data, with a total available memory capacity in excess of 65,536 13-bit
words. The data handling system was capable of processing more than 3000
analcg data measurements separately and sampling then at a rate of 1
sample per second per measurement.

The raw data collected were displayed on cathode ray tubes (CRTs) in
the test control room area as they were being sampled (See Figures El and
E2, Appendix E). The data were also simultaneou-.y recorded on paper and
magnetic tape, and were typed on high speed printers at periodic intervals.

All performance parameters of interest, including the computations of body
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heat storage, and LCG, convective and evaporative heat removal rates, were
computed on line, on a real-time basis to permit constant surveillance of
the condition of the subject and the progress of the test. To facilitate
this, real-time electronic plotting capability was included for various
test sequences., At the conclusion of each test series, the computed data
stored on magnetic tapes were further analyzed and used to produce final

computer-generated plots of the raw data.

MATHEMATICAL MODEL

The mathematical model utilized in this study reprzsents the end
product of several years of developmental research. The earliest model
was an extremely simplified 2-node version which assumed that the human
thermal system could be adequately represented by subdivision into two
segments consisting of a core layer and - sk.r layer. It soon became
obvious that this assumption was inadequate for all but the simplest
conditions. Over the years, more body segments were added and the physio-
logical reponses that were simulated became increasingly sophisticated.
The current model that ha evolved utilizes 41 separate body compartments
to describe :1e human thermal system.

The fmazaenti:! bzsis of this or any other model in which heat and
energy are exci-anged is the first law of thermodynamics. Simply stated,
the first law savs that {or any substance, the difference between the
heat gained (either from the environment or by internal production) and
the heat lost (by transfer to the environment) is equal to the change in
the internal energy of the substance plus the net mechanical work done.

The human body may be considered in the same manner as a heat engine.
That is, heat is produced (QMET ) by the oxidation of fuel (food) for
energy, and heat is dissipated by conduction, convection, radiation, and
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mass transfer trnasfer at the skin surfaces. In man, the mass transfer
of 3 components: evaporation of sweat (6SWEAT), heat loss through the
respiratory tract (éLUNG LATENT) and passive mass diffusion. Heat
produced in excess of that which can be dissipated will be stored in the
tissues (QSTOR) with a resulting rise in body temperatures. In addition,
a small amouunc of energy can be transferred from the body to the environ-
ment in the form of mechanical work. A heat balance performed on the
total body, treating the skin surface as the external boundary, is shown
in Figure 2-2. Consideration of the individual thermodynamic terms
discussed above results in the familiar total body heat balance equation
shown at the bottom of Figure 2-2 (equation 1).

To describe the internal temperature distribution within the body, a
similar type of heat balance is performed on an element of tissue, rather
than over the entire body. The mathematical model divides the body into
10 elements: head, trunk, right and left arms, right and left hands,
right and left legs, and righ: and left feet. Each consists of a core,
muscle, fat, and skin layer. Considering the central blood as a separate
element, there are 41 distinct compartments, and each compartment is
assumed to be at a uniform temperature having a discrete temperature
distribution (see Figure 2-9).

Again, considering the first law of thermodynamics, heat is generated
in each compartment by metabolism (QMET), and is transmitted by convective
heat transfer to tie bloodstream (QCONV), and by conduction to adjacent
compartments (QCOND). For skin compartments, convection heat transier
to a surrounding gas stream (QSEN), radiation to the environment (éRAD),
latent evaporation (QLAT), and conduction to a thermal undergarment (éUG)

are all considered as avenues of heat dissipation. 1In addition, conduction
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heat transfer to the cooling tubes of an LCG (QLCG) is also considered.
A typical heat balance for the internal body lavers is shown in Figure 2-10,
and the general equations for the core, muscle, fat, and skin layers of

each major body compartment are as follows:

* Core
dTcore ,

(Mass Cp) core —r— QMETcore - QCOND - QCONV (10)
« Muscle

° = - T L
(Mass Cp) nuscle dTm::cle QMETmuscle + QCOND - QCOND QCONV' (11)
e FAT

N = v o _ (X}
(Mass » C) . dgiat QMET -+ QCOND' - QCOND QCONV''  (12)
¢ Skin

R = vy _ tee
(Mass Cp) skin dT:tin QME'I‘skin + QCOND QCONV

-~ QRAD - QSEN - QLAT - QLCG, (13)

where the %%-terms represent the change in temperature with respect
to time and Cp is the heat capacity of the particular body layer.

A very significant fact is derivable from the previous discussion.
In order to understand the heat transfer processes within the human
body, a detailed understanding of the physiological processes of sweating
and blood-flow regulation is required. Both of these processes greatly
affect the temperature field. They both vary significantly as a function
of certain body temperatures, and they are also under the control of the
central nervous system. Consequently, in order to correctly describe
the transient thermal response of man to his enviromment, two distinct,
and yet interrelated processes must be understood--the heat transfe=~
characteristics of the passive human body (the controlled system) and the

active thermoregulatory control of the central nervous system (the
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controlling system). The passive system has been described in the previous

paragraphs and a discussion of the active control system follows.

Active Thermoregulatory Control System

The human body is capable of regulating the amount of heat that is
transferred to the environment, It does so through four primary
physiological mechanism:

(1) Sweat produciion
(2) Shivering
(3} Vasodilatation )
) Blood-flow Control
(4) Vasoconstriction )

The controlling system for each mechanism consists of three separate
parts (See Figure 2-11), The first part is the detecting system which
records the thermal state of the passive system. The second part
utilizes this information in an integrator which serves as an amplifier
cr an attenuator to produce appropriate effector commands, The third
part receives the effector commands and processes them into appropriate
action at the periphery (sweat glands, .wuscles, arteries, veins).

Detector

Research has shown that thermal control signals have been generated

by local temperature changes from a reference, and by the rate of

change of local temperatures, Consequently, the stimulus from the

detector part of the controller which describes the thermal state

of the passive sytem for all four control mechanisms is of the form:

(tt (1) - 1

1
(D).
- )+ (ACT) (14)

ERROR(I) -~ (TY(1) - TSET(I) +

Where EC(I) is the temperature of the sensitive thermoreceptors
of bedy compartment I at time t, A(I) is a constant and TSET(I)
is a reference temperature,
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Integrator

The integrator part of the control system functions by modifying the
ERROR signal for each mechanism., It is most probable that this signal
is modified by a central control signal from the brain and by a local
control signal from the skin-environment interface. Dr. J. Stolwijk
of the J, 8. Pierce Foundation, suggests that the central control
signal would most simply be proportional to the ERROR(I) term for the
tissue region representing the hypothalamic area of the brain.
Furthermore, it is likely that rhis signal be positive for sweating
or vasodilatation commands wherg heat transfer at the skin surface

is to be augmented, and negative for shivering or vasoconstriction

commands where heat transfer at the skin surface is to b: attenuated.

Thus, the central signal is of the fo.m:

CEN SWT = SWI1 X ERROR(1) SWEATING
CEN SHIV = SHIV1 X ERROR(L) SHIVERING (15)
CEN DIL = DIL1 X ERROR(1l) VASODILITATION

CEN STRICT = STRICT1 X ERROR(1l) VASOCONSTRICTION

Where the index I = 1 is for the hypothaiamic region of the head,

and SWT1, SHIV1l, DIL1l, and STRICT1 are gain constants,

It is convenient to assume that the control signals for each skin
segment are of the same form, Since all the local signals must be
summed to produce one final local contribution to the integrated

signal, the skin input may be characterized as:

LOC SWT = SWT2 X (A(J)+*ERROR(J)) SWEATING
10C SHIV = SHIV2 (A(J)<ERROR(J)) SHIVERING (16)
LOC DIL = DIL2 X (A(J)*ERROR(J)) VASODILITATION '

LOC STRICT = STRILT2 X (A(J)*ERROR(J)) VASOCONSTRICTION

Wtere A(J)'s are local -~onstants for each skin region, ERROR (J)'s
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are local skin error signais and SWT2, SHIV2, DIL2, and STRICT 2
are overall local gain constants.,

Based on this d*scussion, the most generalized integrator signals
would have a local contribution, a central contribution, and a
combination of both. Thus, for example:

SWEAT = CEN SWT + LOC SWT + SWT3 (LOC SWT X CEN SWT)

SHIVER = CEN SHIV + LOC SUIV + SHIV3 (LOC SHIV X CEN SHIV)
DILAT = CEN DIL + LOC DIL + DIL3 (1L.OC DIL X CEN DIL)

STRICT = CEN STRICT + LOC STRICT + STRICT3 (LOC STRICT X
CEN STRICT)

17)

Effector

The third part of the control system processes the integrator signal
into an appropriate response to ULe delivered to che periphery for
effector action. Thus, the SWEAT signal is proportioned into

several peripheral sweat commancs based on the density of sweat

glands, and the SHIVER signal is proportioned into several local heat
generation terms in the muscle region based upon muscle density. The
vasoconstriction and vasodilatation terms are similarly proportioned
into varioue contributions to the local blood flow, (ﬁI)b. In addition
the blood flow is also modified due to increases or decreases in

metabolic activity level (qm). Thus

(rBI)b = B(I) + [C(T) X DILAT] + [F(I) X q_(D)]
1 + [D(1) & STRICT]

Where B(I) 1s a basal blood-flow rate for tissue zlement I, C(I),
D(I) and E(I) are weight ratios for element T and qm(I) is the local

heat generation term.
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Through control of local heat generation, blood flow, and sweat rate,
the active thermoregulatory control system interfaces with the passive
system,

A more detailed description of the mathematical model, including the
various physical pr perties and control parameters utilized, is presented
in Appendix B. 1In addition, there are various options that are available
within the model for evaluating the thermal response of man to different
activity levels, various envirommental conditions, and for several
protective garment configurations, ranging from simple clothing to a
complex space suit. For interested reacers, a description of these
additional capabilities is available ia documented reterences of the
mathematical model computer program and in the program user's manual (80,
9, 127).

The mathematical mondel described here was transformed into magnetic
tape for use on a digi.~1 computer to support this experimental program.
The computer nrogram (94) is written in Fortran V for the Univac 1108
computer with the EXEC IT or EXEC 8 operating systems. However, the
program is compatible with other computer systems such as the IBM 360

series, and is available on request to any interested party.

Implementation ¢f the Model and Generation of Trends

The mathematical model described above was used to investigate the
experimental results of Series A~F and as a means to predict physioclogical
trends in hurmin performance., TIn additior comparison of the . del
predictions with the test data permit:« ' : "tuning" of the model which
resulted in improved accuracv.

To a-complish the above tasks, computer simulations were run for

2ach (cst series, The test conditions for each experiment were used as
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input to the model and the resulting computer output was then compared to
the experimental data. The input consisted of various envirommental
parameters versus time, read into the computer program in tabular input
form. These included ambient pressures, temperatures, and dewpcints;
garment, LCG and suit insulation properties; and incident radiation heat
fluxes, and other similar parameters. The metabnlic rate profile was
also entered as input for each e.periment.

The computer model output consisted of the various human physiological
responses of interest. These included body temperatures, including skin
and core temperatures, mean skin temperature, total body heat storage, heat
storage rate, sweat rate, evaporative, convective and radiative heat loss
rates, and LCG heat remcval rate. Shiver rate and skin blood-flow rates
were also available for examination and were fiequently used to explain
particular experimental results. Other output parameters of interest were
LCG water and suit gas outlet temperatures, suit outlet dewpoint
temperatures, space suit or garuent temperatures, etc, A sample of the
input-output format for a typical computer program run is shown in
Appendix B.

The moudel predictions for each exreriment wer. hand-plotted
graphically with the test data superimposed. Although this was done as
a function of time for many of tne parameters, the steady-state results
were of primary interest for these experiments., The process of "tuning"
the model to bring it into closer agreement with the test data was in
inexact process at best; heavy rellance was placed on intuition and
previous experience in using the model. All adjustments of physiological
or physical parameters within the model were constrained within the

bounds of current knowledge.
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Comparisons of the model results and test daca exhibited good
accuracy for almost all physiological parameters. Errors were not large
enough to warrant modifications to the active thermoregulatory control
system equations, However, improvements in the predictions of individual
skin temperatures were achieved with modifications to the passive,
controlled system equations. The actual adjustments that were made to the
model to improve its predictions are explained in more detail in Sections
3 and 4.

After the model was correlated in the manner described above, the
results of each test were agaln superposed with the predictions to
produce the final results shown in Section 3. Comparison of the model
predictions with the test data provided one other benefit. 1t
illuminated many of the inadequacies of the current model and formed the
groundwork for a new model that will be described subsequently.

One of the most siynificant applications of the model in this
experimental program was in the derivation of correlations demonstrating
the physiologicai response of man while wearing an LCG to maintain comfort.
These correlations are presented in Section 4, The experimental results
were first plotted independently, and a regression analysis and curve
fitting to the data were performed. This included an error analysis in
which only statistically significant data were included. Comfort
envelopes were then generated by the model describing the predicted
behavior of the same physiological parameter., These comfort envelopes
were superposed over the experimental results, The degree to which the
dats and regression curves fell within the predicted envelopes provided
a theoretical basis for the physiological behavior observed during the

tests and provided additional confidence in the test results and the
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model itself. Purther details on the procedures employed for the above

results are presented in Section 4.
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(a) Tnside-out view showing cooling tubes.
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Figure 2-5,- Liguid cooled undergarment.
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3.  RESULTS
SERIES A

Series A was conducted in a room temperature enviromment, with sub-
jects wearing an insulating coverall garm-~t designed to limit convection
and radiation heat loss. There was no air ventilation flow across the
skin and all tests were conducted at sea-level pressure. The Apollo-LCG
was worn under the cucer garment and the water flowrate was fixed at
109 liters/hr while the water temperature wa< varied.

The metabolic rate for each test sequence w:s controlled by varving
the speed of a motor-driven treadmill ard is shown in Table D1 of
Appendix D. The raw, steady-st>te data for each of the test conditions

is also shown in Table D1.

ileat Balance

Tzble 3-1 presents t : calculated steady-state results and heat balance
data for Series A. The basis of the heat balance shown in Table 3-1 is
the heat balance equation (see equaticn 1, Figure 2-2). All terms in this
equation were determined as indicated by the footnotes of Table 3-~1, with
the exception of shiver rate, which could not be measured, an. m2chanical
work rate, convection, and radiation heat loss, which were all assumed
negligible. Mechanical work rate was neglected because _he nature of the
exercise p.ofiles of Series A produced no external work other tha: friction,
which was small. This was the case for all of the exercise profiles con-
sidered in this study. Convection and radiation heat loss were neglected
be~ause the physical characteristics of the arctic coverall overgarment
(no gas ventilation and 1.'. ““ermal conductance) were assumed to insul- 2

the test subject effectively from heat transfer by these mechanisms.



The results show the expected relationship between heat production and
heat loss. That is, for a constant LCG inlet temperature (7 or 16°C),
total evaporation heat loss, heat loss through the LCG, and total heat
loss all increase as metabolir heat production increases.

The HEAT BALANCE row shows the difference between heat production
and heat loss. From the hcat balance equation, this difference may be
attributed to the rate of heat storage (or shivering). It should be noted
that this value is negative for all t-sts with the exception of Test 5,
which indicates that heat removal was generally greater than metabolic
heat production. Negative heat balance values are often indicative of
cool or cold testing conditions, while positive values signify warm
conditions.

Further information is provided by the TOTAL HEAT STORAGE row,.

These values show the direction of changes in skin and rectal temperatures
over the duration of each test, Here, negative values indicate a drop in
body temperatu:=s, while positive values signify an increase. It is
obs2rved that bodv temperi.tures decreased for low metabolic rates at both
LCG i..let temperatures, but became higher and eventually positive as
metabelic rate increased. This suggests that test conditions were cool

or cold at the low metabolic rates, but became warm as work rate was
increased. This was indeed the case as test subjects visibly shivered in
Tests 1, 2, and 3, and cubjectively noted cold sensations in Tests 7, 8,
and 9.

In orier .o more fullv assess the heat balance equation, it was
ne~essary te determine the final heat storage rate at tlie end of each test.
Thi- was found “rom the change in body temp.ratures measured over the

final 30 - 60 min. Ideallv, for true stead -state conditions, this value
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would be close to zero, indicating that body temperatures were not changing
while the various heat production and heat loss measurements were being
recorded. However, due to subject fatigue :nd discomfort resulting from
cold conditions (often accompanied by shivering); and the long duration

of many of the test sequences in Scries A, it was possible to reach a

true steady-state in only 5 « ° the 11 tests. Predictably, these tests
were at the higher metabolic ra.es, for which shivering or cold discomfort
was not a factor (Tests 4, 5, 6, 10, and 11).

For those tests in which a true steadv-state was not obtained, a pre-
cise accounting of all of the terms in the heat balance equation is dif-~
ficult because equilibrium conditions were not reached. However, additional
insight can be provided by subtracting the FINAL HEAT STORAGE RATE row
from the HEAT BALANCE row. Theoretically, the difference between these
two values, designated the HFAT DEFICIT row, should be the shiver rate,
cince it is the only unknown term left in the heat balance equation.
However, in practicality, the heat deficit also represents anv errors
made in the determination of the individual heat production, heat loss or
heat storage rate terms. As mentioned previously, the failure to reach
true steadv-state for several of the tests causes complications by intro-
ducing another term into the he t balance equation (i.e., heat storage
rate). Error may result if che heat storage rate 1s much different from
zero because this indicates that bodyv temperatures, and therefore evapora-
tion rate, LCG heat removal, and tctal lLeat loss, were changing at the
time theyv werc¢ measured, despite the fact that thev appeared tu be in
equilibrium.

It is observed that the heat deficit values are all aecative, canging

between -4 1o =91 watts. Tf an errors were present, it would bLe expected

3-3



that the largest negative values would be at the lowest metabolic rates
for each LCG inlet temperature. This would then be assoclated with
shivering or subjective cold sensations and also with an overall drop in
body temperatures and negative total body heat storage. Furthermore, in
the absence of errors, the heat deficit should become more positive as
metabolic rate increases until it approaches zero at about the same time
that total body heat storage approaches zero. This is because shivering
or cold sensation should only persist for decreased body temperatures
(and negative heat storage). However, the heat deficit values of

Table 3-1 do not uniformly display this trend, indicating the presence of
errors in some terms of the heat balance.

The most likely sources of error may be traced to the determinations
of heat storage rate, evaporative heat loss and radiatior heat loss. The
final heat storage rate may varv for each test conditio depending on the
time interval utilized in its determination. However, any value signifi-
cantly different from zero indicates non-equilibrium conditions which are
a likely source of error. FEvaporative heat loss values are another likely
source of error because they were determined from subject weight loss
(see sample calculation, Appendix C). 1In this determination, it is assumed
that all sweat was evaporated. In fact, any sweat that was not evaporated
("runoff sweat'") would contribute to weipybt loss but not to heat loss,
since unevaporated sweat does not constitute heat removal. Therefore, the
use of subject weight loss to determine evaporativc .cat loss rates can
causc er-or because the latter values may be too large.

The third, m. ¢ iikelv source of error, is the determination of radi-
ation heat loss. Based upon the low thermal conductance of the arctic

overgarment, it was assumed that radiation interchange with the envirorment
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was negligible. However, as will be seen subsequently, the most pronounced
effect of cold LCG inlet water temperatures is to lower the average skin
temperature. This effect, combined with the low water temperatures inside
the LCG itself, acts to drop the inside surface of the overgarment nearest
the skin below that of the external environment. This could then provide
ar effective "sink" for radiation heat transfer from the environment to

the skin or the LCG. In either case, the result would be an overly large
heat removal rate, which would, in turn, result in a negative heat deficit.
This effect would be most pronounced for the lowest skin and LCG inlet
water temperatures, but may be pr-sent for the other test conditions.

Based upon the heat deficit values found in this test series, and
the limits of radiation heat leak commensurate with the physical properties
of the arctic covergarment, a value of 30 watts appears to be a reasonable
estimate ot the actual radiation heat transfer from the environment into
the man/suit syccem. Although this value prcbably changes for each test
condition (being somewhat larger at the lower metabolic rate. aud smaller
at the higher metabolic rates), it represents an average which would
enhance the heat balance calculations, and yet is quite reasonable. It
should also be noted that the effect would be less significant for higher
LCG inlet temperatures, since the "sink" temperature would more closely
approach that of the environment.

Finally, it should be observed that the actual heat deficits are
probably a consequence of a combination of the abnve factors, rather than
any one in particular. It is likely that shivering and errors in evapora-
tion hear loss, heat storage rate and radiation hea’ loss all combined to

produce the negative heat deficit values of Table 3-1.



Transient Results

Typical results for the transient response of skin and rectal tempera-
tures are shown in Figures 3-1 to 3-4. The 4 tests shown represent the
data for 2 different metabolic rates (orne low and one high) each at the
2 LCG inlet water temperatures utilized (7°C and 16°C).

The most immediate observation about these data is that for the lower
LCG inlet temperature, all body temperatures were observed to decrease
over the duration of the test for the lower metabolic rate (Figure 3-1).
However, for the same inlet temperature at th. higher metabolic rate
(Figure 3-2), the rectal temperature, and the temperature of the arms and
legs are shown to significantly increase while the forehead undergoes
little change and the chest drops markedly.

At the higher LCG inlet temperature, the results are somewhat
simi'~r, except elevated in all cases. That is, at the lower metabolic
rate (Figure 3-3), there is little change in most of the body temperatures,
with the chest, arms and legs showing slight decreases. For the higher
metabolic rate (Figure 3-4), all temperatures are observed to increase
except the chest, which decreases.

In general, those skin temperatures in which the LCG is in contact
with the skin initially decrease as the test begins. However, as time
progresses, the regions in which muscle action was minimal {such as the
chest or the back) conginue to drop, while the regions of vigorois
muscular activity (such as the arms and legs) begin to increase as the
heat produced by the rearby muscles reaches the skin surface. The lag
time required for this to occur appears to be in the order of 30 to 45 min,

a result forecast by the mathematical model (solid lines). The coldest
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skin temperatures monitored were those of the chest and the thigh, while
the warmest was the forehead, which was not in contact with the LCG.

The predictions of the mathematical model are shown in Figures 3-1
to 3-4 as solid lines. In general, there is reasonable agreement with
the test data. The most accurate predictions are for rectal and mean
skin temperature, and for total body heat storage. Differences between
predictions and actual results for several individuai skin temperatures
were greater. These variations are a consequence of several complex
phenomena and will be discussed subsequently, after other results are
2xamined.

The bulk of the information gained from this test series is derived
from analv-¥s of the steady-state results. These are shown for all 11
test condi ions in Table 3-1, and beginning with Figure 3-5, an analysis

of the heat removal characteristics of the LCG.

LCG Heat ..emoval

Figure 3-5 shows the heat removal capability of the liquid condition-
ing garment (LCG) at various metabolic rates and water irlet temperatures.
The LCG heat removal rate is determined from equatinn 5 of Secttion 2. Test
data using LCG inlet water temperatures of 77 and 16°C are shown, along
with the the data »f Santamaria (112) for hirher temperatures of 23-26°C.

The results indicate that the LCG heat removal rate is a nearly
linear function of metabolic rate, for metabolic rates between 100 anc
620 watts. The slopes of the lines for 7°C and 16°C are approximately
equal (slope = change in LCG heat removal per unit change in metabolic
rate (v 0.4),, with the cooler inlet water temperature curve disgplaced

T i icted results from the mathematical model are shown by



the solid lines, and agreement between the test and predicced results is
fairly good.

At first glance, differences between the test and predicted results
appear to be attributable to the heat transfer coefficient between the
skin and the LCG (See Equation 10, Appendix C). The model assumes a
fixed heat transfer coefficient (Figure 3-6), whereas the actual heat
transfer coefficient may vary considerably from test to test for various
reasons. One of these is the actual fit of the LCG. For these tests,
all 5 subjects used the same LCG, although the subjects differed in
physical size. Thus, the efficiency of the LCG was not the same from
subject to subject.

Another important variable is the degree of wetness of the underliner
that separates the tubes of the LCG. The liner must be fully wet from
perspir: :ion in order to establish a maximum conductive path between the
tubes. This acts to increase the effective surface area of the LCG in
much the same manner as fins act to increase the effectiveness of a heat
exchanger. 1If the liner is not fully wet, the heat transfer coefficient
and the LCG heat removal rate will vary depending upon the depree of
wetness, The fact that the test data did not exhibit significant varia-
tions, and that the predicted results were lower than the actual data by
a nearly constant amount indicates that the heat transfer coefficient
used by the model may be low, result.-, .n slightly less heat removal
than observed in the tests.

For the highest inlet temperatures, the original raw data of
Santamaria showed considerable scatter in heat transfer coefficient values.
Furthermore, the values were generally lower than those observed in this

test series. For this reason, the use of Santamaria's experimental data
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(112) was limitr:. t- eat transfer coefficient values between 10 and

25 watts/°C, results consistent with the Apollo-type LCGs used in Series
A-E., Also, slight differences in test conditions, and in the outer cover
garment used by the test subjects contributed to differences between the
results of Santamaria and the predicted results. However, the important
point is that the trends shown by these data are basically in agreement
with the predicted results.

The results of this test series indicate that a considerable per-
centage of the metabolic heat generated was absorbed by the LCG., This
was especially true at the colder inlet temperature where 1007 or more of
tine metabolic heat produced was removed by the LCGC for metabolic rates
below 440 watts, For such conditions, there was an overall negative heat
balance and test subjects were subjectively cold, with frequent shivering.
The negative heat balance was manifested by negative heat storage values.
These were calculated using equation 3 of Section 2, and determined for
each subject over the duration of each test. They are indicated by the
numbers located near each data point of Figure 3-5.

Additioral insight may be gained by replotting the results of
Figure 3-5 in terms of the percentage of metabolic heat production removed
by the LCG (LCG heat removal/metabolic rate) vs. LCG inlet temperature.
Tnis is shown in Figure 3-7. 1t is noted that there was a very sharp
increase in LCG heat removal from 30% to over 1007 of the metabolic heat
production as LCG inlet temperature decreased from 29°C to 7°C. Further-
more, most of the data fall within a fairly narrow band, which is shown
bounded by the lines reprecenting model predictions of 585 and 234 watts.
The fact that the observed data for a wide range of metabelic rates fall

into a narrow band illuminates the feasibility of using this relatiouship



as a means of predicting metabolic rate from LCG performance. It can be
seen that if the LCG heat removal and inlet temperature are known, an
estimate of metabolic rate can be determined from the data of Figure 3-7.

Obviously, if the band of data were narrower, these estimates would
be more accurate. Considerable scatter is introduced as a consequence of
the fact that many of the test points in this series consisted of off-
comfort conditions. That is to say, the subjects were not permitted to
control the LCG inlet water temperature in order to maintaia comfort. As
a congsequence, many of the test condi:ions were too cold. Mcst of the
data scatter in the band of Figure 3-7 occurs in the region of colder LCG
inlet temperatures and is associated with subjects who were too cold and
frequently shivering.

Shivering results from depressed skin and rectal temperatures, which
cause a reflex involuntary contraction of the skeletal musculature. The
mechanism of detection and control is by means of thermoreceptors in the
skin and hypothalamus (8,15). The involuntary muscular contraction causes
increased heat production which is indistinguishable from the heat of
metabolism. Consequently, shivering is an off-comfort condition that can
produce thermal effects which will cause variations in data from values
expected under comfort conditions.

In fact, any off-comfort condition which results in significant
thermoregulatory adjustments, such as vasodiiatation, vasoconstriction,
extreme sweating or shivering, will alter the means by which the body
dissiputes heat and therefore change the normally linear relationship
that - ..ists setween heat production and heat loss at comfort, It will be
shown later that if subjects are permitted to regulate the LCG inlet

temperature in order to maintain thermal comfort over a wide range of
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metabolic rates, that the scatter in LCG heat removal data is much less,
with the resulting improvement in metabolic rate estimates from LCG
performance.

It should also be noted that there is very good agreement between
the computer model predictions and test data, emphasizing the capability
of the mathematical simulator to predict accurat~ly the heat removal
characteristics of the LCG in response to the various test conditions.

From the apparent linearity of Figure 3-5, it might be concluded
that an incremental increase in the heat produced by the muscles will
reach the skin and be removed in a linear fashion by the LCG. However,
it is necessary to observe relationships between skin temperature, LCG
performance, and ¢ her factors in order to clarify this hypothesis.

The data of Santamaria show the same trends as the observed test
data, but with a considerably lower LCG heat removal rate. This is a
ccnsequence of the higher inlet water temperatures and the reduced
temperature gradient between the skin and the LCG water. Since the
gradient represents the driving force for heat transfer between the skin
and the LCG, it is expected that higher inlet water temperatures would
result in decreased heat removal by the Lus. If there are no other means
available for removing the _xcess heat that cannot be removed by the LCG
at the higher inlet cemperatures, body temperatures and heat storage will
rise. This 1s supported bv the increase in the heat storage values shown
in Figure 3-5 for progressively warmer inlet water temperatures at constant
metabolic rates. For example, at a metabolic rate of approximately 440 watts,
heat storage increases from =37 to +32 to above 88 (predicted) watt~hours

as LCG inlet temperature increases from 7 to 16 to 24-26°C,
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Sweating and Evaporative Heat Loss

The consequence of decreased LCG he;t removal is an increase i1 gkin
and rectal temperatures and bodv heat storage. Since active sweat rate is
directly controlled by the incrz2ase in core and skin temperatures, it would
be anticipated that this would lead to an increase in sweat rate and
evaporation heat loss. The computer model utilizes the [ollowing relation-
ship, developed by Stolwijk and Hardy (136) to characterize active

sweating: SWEAT = K ).

)+ K . (
si 1(0)

i (Tskini -Tskini Tskini - Tskin

(o)

(Tcore - Tcore(o)) + Kc (Tcore - Tcore(o)) (See equation 17, Section 2).

Other investigators relate the rate of change of skin and rectal tempera-
tures to sweat rate; however, in all cases, a rise in body tem;eratures
and heat storage is a-sociated with an increase in active sweat rate,

The expected relationships between sweating and the decreased LCG
heat removal at high inlet temperatures are shown in Figure 3-8. Total
evaporative heat loss was calculated from total weight loss for each test
condition as shown in the sample calculation in Appendix C. This was then
converted into evaporation heat loss from active sweat by subtracting out
empirical expressions for evaporation heat loss by passive diffusion and
by respiration (equaticns 5 and 7, Appendix C)., The results are plotted
in Figure 3-8 as a function of metabolic rate, and demonstrate tha the
sweating response is not initiated unless metabolic energy production is
sufficiently high to exceed LCG heat removal rate, For higher LCG inlet
temperatures, the sweat glands and active sweating are more easily
stimulated, even at resting metabolic rates. However, as the LCG inlet
temperature decreased to 16°C and then to 7°C, it required progressively
higher w.etabolic rates of 229 and 410 watts to excite the sweating
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response, This is shown in Figure 3-9, which presents the metabolic rate
at which active sweating first occurred at each LCG inlet temperature,

as taken from Figure 3-8. From Figure 3-8, the data for 24-26°C inlet
temperatures show the highest sweat rates, whereas the data for 7°C inlet
temperatures show the lowest. 1In all cases, for a given metabolic rate,
sweating was reduced as LCG inlet temperature was decreased, and was
dramatically less than it would have been without the LCG.

Agreement between the test data and the model predictions of
Figure 3-8 is fairly good. Predicted values tend to be slightly higher
than the test data for the higher metabolic rates. However, this is
anticipated from the total heat balance equation since LCG heat removal
predictions were slightly less than the test data values, while the other
heat loss factors in the equation were relatively constant.

Inaccurate estimations of radiation heat exchange can also lead to
differences between the model predictions and :est data. To produce the
predictions shown, the mathematical mo!e] utilizes the environmental
conditions of each test as input and then c..moutes radiation and convection
heat lo:s between the subject and his surroundings. These calculations
suggest that convective loss is unlikely, but a small amount of radiative
interchange js probable. Of course, chis depends largely upon the
insulation properties assumec for the arctic coverall overgarment. The
heat balance data of Table 3-1 slso indicate that radiation heat exchange
from the enviromment to the subject may have occurred. This "leak,"
although small (on the order of 30 watts), would also partially explain the
constant error found between the predicted and actual results.

Another sourne of error is the utilization of body weight loss to

calculate evaporative heat loss rate and sweat rate for each test sequence.
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In additior to *naccuracies due to unevaporated sweat, the empirical
expresaions frr evaporative heat loss through the respiratory tract and
for passive skin diffusion that must be subtracted from the total evapor-
ative heat loss data to arrive at sweat rate are approximations with a
certain degree of er -or.

The data of Figure 3-8 (btuth predicted an' test) display a near
rectilincar relationship between active sweating and mctabolic rate. This
ic psrtially because there was no active sweating for any of the cases
1n which ihe subjects were cold or shivering; and also because sweat rates,
in general, were very low, indicative of little, if any, heat rtress.
Since shivering or high sweat rates would lead to discontinuocus or noa-
rectilinear results, it is reasonable to expect rectilirearity in the
absence of heat stress,

Another .bservation about the data of Figure 3-8 is that heat removai
by active swe. .ing constitutes a far smaller p2rcentage of the total heat
removal than dons LCG heat removal. This can be more clearly seen by
replotting the data as the ratio of heat removal by active sweatiug to
total metabolic rate, as a function of LCG inlet tempera‘ure (Figure 3-10)
and comparing results with Tigure 3-7. Here it can be seen that at water
temperatures between 7 and 16°C, active sweat heat removal rate varies
from O to 167 of the total metabolic heat production, as compared witt
60 to 1"07% for the £.CC heat removal. At the higher inlet temperatures,
data from Santamaria show a greater range of sweat heat removal with
va® es between 10 and 37% of . he total metabolic rate.

The data scatter at high inle. temperatures implies that under thuse
conditions, sweat rate is driven or controlled more by metabolic rate.

Thie 1s emphasized by the higher percentage of sweat heat loss rates at
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the higher metabolic rates, as contrasted with the low LCG temperature
data in which metabolic rate makes little difference in percent heat loss.
Under the latter conditions, sweat rates are very low and appear to be
driven or under the control of the LCG. However, in order to ascertain
that this is truly the case, it will be necessary to examine sweat heat
luss rate r-. its dependence upon skin and rectal temperatures and heat
storage. This will be done subsequently.

The band of data relating sweat heat loss rate and LCG inlet tempera-
ture, especially at the lower inlet temperatures, alsc raises the poséibility
of using these results as a means of predicting active sweat rate from LCG
performance. It can be seen that if Figure 3-5 or 3-7 is utilized to pre-
dict metabolic rate from LCG inlet temperature and LCG heat removal, .hen
Figure 3-8 or 3-10 can be coupled to this to predict active sweat heat loss
rate (and active sweat rate). Of course, in order for such a predictive
scheme to be valid, it must be shown that the trends demonstrated by these
results are repeatable for many other tests over a wide range of conditions.
It is to this end that much of this thesis is directed.

It should be emphasized that heat loss by active sweating is only
one of three ways that the body utilizes to lose heat by evaporative heat
transfer., Sweating is a reflex response of the thermoregulatory system
to rising body temperatures and heat stress. However, the body also loses
heat by evaporation of water through the respiratory tract, and by con-
tinuous passive diffusion of water through the skin.

Evaporation heat loss by diffusion depends upon a diffusion coeffi-
cient, and the water vapor pressures of the air and at the skin surface.

It may be calculated using equation 7 of Appendix C., This relationship is

in basic agreement with data from Fanger (50) and other investigators (57)
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and the results for a typical case are shown in Figure C6 of Appendix C.
It is seen that evaporation heat loss by diffusion at comfort decreases
with metabolic rate and represents a rather negligible percentage of the
total evaporation heat loss. The slight decrease shown is due to increased
peripheral vascoconstruction, and decreased gkin temperature and satura-
tion vapor pressure at the skin surface, associated with the progressively
lower LCG water temperatures utilized at the higher metabolic rates.

On the other hand, evaporation heat loss through the respiratory
tract is quite significant, especially at higher metabolic rates. Evapora-
tion heat loss by raspiration is calculated in the mathematical model by
equation 5 or Figure C5 of Appendix C. This expression is shown to be
dependent upon metabolic rate and the water vapor pressures of the air and
in the respiratory tract. Heat loss is related to the volume of air
exchanged in the lungs, an! is predicated o~ the observation that air
inspired through the respiratory tract at ambient environmental conditions
will be ex?ired at temperatures near deep Liody temperature and saturated
at 1007 humidity. The heat loss expressior relates the volume of air
exchanged to metabolic rate and also includes other effects, such as
hyperventilation in response to hypoxia (see Figure C4 of Appendix C).
Although equation 5, Appendix C is a simplification of a complex process,
the results are in pood agreement with cobservations of respiration heat
loss by other investigators (50).

Figure 3-11 presents the total latent -.aporation heat removal rate
as a function of metabolic rate for the various LCG inlet water tempera-
tures used, The total evaporation heat loss represents the summation of
active sweat heat lcss (Fizure 3-8), evaporation heat loss by passive

diffusion, and evaporation heat loss through the respiratory tract. It
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1is determined from total subject weight loss for each test condition (see
sample calculation of Appendix C). Figure 3-11 shows that total evapora-
tion heat loss is considerably greater than the lieat loss by active
sweating alomne.

This is shown more graphically in Figure 3-12, which presents the
data of Figure 3-11 as the ratio of total evaporative heat loss to
metabolic rate, as a function of LCG inlet water temperature. Here it is
observed that total evaporation heat loss removes as much as 527 of the
total metabolic heat load produced for the higher LCG inlet temperatures
(249 watts are removed by evaporation heat loss at a metabolic rate of
472 watts for an LCG inlet water temperature of 24°C). However, for the
lower inlet water temperatures, this percentage is still much smaller than
the LCG heat removal, usually amounting to approximately 257 of the total

heat produced.

Skin Temperature, Rectal Temperature and Total Body Heat Storage

In order to understand more fully the effects of the LCG upon
thermo-regulation, it is instructive to look at such physiological param-
eters as skin temperature, rectal temperature, heat storage and sweat
rate. Figures 3-13 and 3-14 show the steady-state response of mean skin
and rectal temperature to LCG inlet water temperature and metabolic rate
for this test series. Mean skin temperature is calculated by weighted
values of at l=ast five skin temperatures (see equation 2 of Section 2).
The weight factors are proportioned to relative body mass and only
steady-state temperatures are considered.

From the steady state data of Figure 3-13, representing a composite

of all metabolic rates between 117 and 615 watts, it can be seen that
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rectal temperature remained nearly constant for all water inlet temp-
tures between 7 and 26°C, while mean skin temperature showed a dramatic
linear iacrease, with a gradient of 0.32°C change in mean skin temperature
per 1°C change in inlet temperature. At the lcver LCG inlet temperatures
(7 and 16°C), skin temperature is controlled by the LCG water temperature
rather than metabolic rate. This is evident because these data points
represent a wide range of metabolic rates between 352 - 615 watts. At
the higher inlet temperatures, the same conclusion is not as obvious
because metabolic rates were generally lower and did not vary as widely.
It is suspected that gkin temperature at the higher inlet temperatures
would be more a function of metabolic rate (that is, heat production) than
at lower LCG temperatures. This is shown to some extent by Figure 3-14,
which shows the variation of mean skin and rectal temperatures as a func-
tion of metabolic rate., The higher inlet temperature data of Santamaria
suggest a more direct increase in average skin temperature in response to
metabolic rate than does the lower LCG temperature data. However, more
data points at higher metabolic rates are necessary to justify this trend
since this data only represented metabolic rates between 205 and 293 watts.
Compar ing Figures 3-13 and 3-14, it should be noted that the varia-
tion of skin temperature in response to metabolic rate for a constant LCG
water temperature (Figure 3-14) is not as dramatic as the variation of
skin temperavure as a function of LCG water temperature for all metabolic
rates (Figure 3-13). This again emphasizes that skin temperature is more
under the control of the LCG water temperature, especially at the lower
water temperatures. As seen in Figure 3-13, rectal temperature appears
to decrease somewhat because metabolic rate, and thus heat production,
generally varied inversely with inlet temperature. On the other hand,
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Figure 3-14 indicates a rectilinear increase in body temperature with
metabolic rate. The slope of the curve fit to the data is 0.0035°C/watt
and appears independent of LCG inlet temperature. In fact, it has been
demonstrated (97) that rectal temperature varies directly in response to
metabolic rate and is largely independent of heat loss at the skin surface.

In Figure 3-14, the predicted (mathematical model) results are shown
as s0lid lines, and agreement with the actual data points is reasonable.
There is very good agreement between predicted and actual rectal tempera-
tures, while predicted mean skin temperatures are generally lower than
actual results. Variations between predicted and actual mean skin tem-
perature may be traced to individual subject variations from test to
test (5 different subjects were used), to difficulties in measuring skin
temperatures accurately due to the proximity of the skin thermocouples
to the LCG water tubes with resultant possible biasing, and to shortcomings
and simplifications of the thermal model itself.

The model predictions of mean skin temperature appear to deviate from
the actual results by almost the same amount (2-3°C) for each LCG inlet
water temperature. This raises the possibility that the model may be
underpredicting the heat production that occurs in various tissues at a
given metabolic rate, which would lead to lower predicted skin temperatures
in certain areas, and a low mean skin temperature. This will be discussed
further in the subsequent analysis of the transient results. However,
another likely possibility is that the model may be overly restricting
peripheral blood flow circulation, especially at cooler skin temperatures.
This could be caused by oversimulation of vasoconstriction, or, perhaps,

undersimulation of wvasodilatation.
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Since both of these physiological control functions are characterized
in the model by complicated expressions containing set-point temperatures
and gain constants (see equation 17, Section 2), it would be difficult to
ascribe such errors to the model without considerably more data and
analysis than are available from the present test series. However, those
factors should not be overlooked as a possible source of error.

The fact that the model under-predicts mean skin temperature sheds
added light on the interpretation of the results plotted in Figures 3-S5
and 3-8, Differences in the predicted and actual results of these curves
were traced to possible errors in the heat transfer coefficient or the
radiation heat exchange properties used by the model. Now it appears that
underprediction of skin temperature may also be a significant source of
error, since the driving force for heat transfer to the LCG is the tempera-
ture difference between the LCG water and the skin. These factors will be
examined subsequently in more detail; however, for the data of Figure 3-1l4,
the predicted behavior of the mathematical model has some value in inter-
pretation of the trends shown by the test data.

The S-shape of the 7°C curve in Figure 3-14 probably results in part
from vasoconstriction effects which are predicted by the model for skin
temperatures below 24°C at metabolic rates below 360 watts, and were noted
by Webb (155). At these metabolic rates and water temperatures, skin
temperature is depressed, and vasoconstriction and shivering with increased
heat retention by the deep body is predicted. For this reason, the skin
temperature remains constant at very low metabolic rates (daghed line).

The heat reaching the skin is restricted because the peripheral blood-flow
remains reduced until the metabolic rate increases enough to drive the skin

temperature up by means of conduction of heat from the deep body.
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As metabolic rate increases beyond 360 watts, shivering ceases, and
heat production and skin blood-flow eventually increase until peripheral
circulation is fully restored and active sweating is initiated., For the
test data shown, this appears to occur at a metabolic rate of approximately
400 watts for the 7°C water temperature, in agreement with the results of
Figure 3-9., As metabolic rate is increased further, the skin temperature
continues to increase as vasodilatation and active sweating develop.

As metabolic rate increases beyond 440 watts, the rise in skin
temperature ceases. The mathematica! model predicts that this occurs
because the active sweat response 1s large enough to offset the increased
metabolic heat production, and evaporation heat loss maintains the skin at
nearly constant temperature. Thus, skin temperature does not appreciably
rise because the heat removed by the LCG and by evaporation are adequate
to remove all of the heat of metabolism.

The shape of the 16°C inlet-water temperature curve is somewhat
different in appearance. Here the model predicts vasoconstriction effects
only at the lowest metabolic rates. From the test data, the onset of
active sweating occurred at 220 watts (see Figure 3-9). Skin temperature
is not depressed as much as for the lower water temperature case, and
continues to rise as metabolic rate increases. This, coupled to increases
in core temperature, results in larger sweat rates, sufficient to remove
the heat of metabolism. The higher sweat rates are required because LCG
heat removal is less at the higher inlet temperature and m.st be supple-
mented by evaporative heat loss.

Core temperature, skin temperature, peripheral vasodilitation and
sweating continue to rise until the last is high enough to balance total

heat production with total heat loss. This occurs before the ;' . is
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fully wetted, in a zone in which sweat rate can be greatly increased with
only slight increases in skin temperature. The result is a near-constant
plateau in skin temperature, which occurs at lower metabolic rates than
for the data of the 7°C case.

Skin temperature ultimately resumes its increase at higher metabolic
rates (dashed line) because LCG heat removal, sweating, and evaporative
heat loss are eventually insufficient to maintain a steady-state heat
balance, At this point, the skin is fully wetted, and body heat storage,
core temperature, and skin temperature must all rise until the latter is
sufficiently high to raise the vapor pressure of water at the skin surface.
This augments evaporative heat loss enough to offset the increased metabolic
rate but requires a much greater rise in skin temperature than the previous
zone.

The behavior of the 16°C curve again suggests that as inlet tempera-
ture increases, skin temperature becomes influenced more by metabolic rate
and less by the LCG. The data of Santamaria for the 24-26°C water tempera-
tures seem to reinforce this idea further, but again, more data points at
higher metabolic rates are needed.

As mentioned previously, the rectal temperatures displayed in
Figure 3-14 show a general increase with metabolic rate. There was no
appreciable difference between the data for 7 or 16°C water temperatures.
This general increase is associated with an increase in heat production
accompanied by active sweating in order to maintain a proper total heat
balance at the higher metabolic rates. This is the trend predicted by the
mathematical model, and agreement with the test data in this case is
excellent.
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As mentioned previously, the dependence of active sweating upon skin
temperature and core temperature is well known (8, 15, 49, 65, 107, 139).
This relationship was observed in the present test series and is seen in
Figures 3-15, 3-16, 3-17 and 3-18,

Figure 3-15 indicates a general increase in the active sweat rate as
skin temperature increases from 24 to 32°C, and Figure 3-16 shows a sub-
stantial increase in active sweat rate with a rise in rectal temperature
from 36.5°C to 38,5°C. Thus, sweat rate appears to be more sensitive to
a change in rectal temperature than a change in skin temperature, as
emphasized by the greater slope of Figure 3-16 compared to Figure 3-15.

This is demonstrated in another way by Figure 3-17, which relates the
change in average skin and rectal temperatures measured over the duration
of each test to active sweat rate. Here, increases in average skin tem-
peratures on the order of 5-6°C are required to produce the same equivalent
sweat rates as an increase of 1.5°C in rectal temperature. It is this
type of observation that has led physiologists to the conclusion that the
response of the thermoregulatory control svstem (in this case, sweating)
to changes in skin temperature constitute a less sensitive, "fine tuning"”
type of control, while adjustments in response to changes in deep body
(or hypnthalamic) temperature are associated with a more sensitive
homeostatic control mechanism (101).

Concernirg the model predictions shown in Figures 3-15 and 3-16, it
is seen that the model results show the same trends as the data, The
separate predictions for 7° and 1A°C LCG inlet temperatures illustrate
the fact that sweating depends upon bhoth skin and core temperature. Thus,
for example, it is possible to have the same sweat rate for low skin

temperatu 2s and high rectal temperatures as for high skin temperatures
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and lower rectal temperatures. It is noted that for the skin temperature
curve, the onset of sweating is predicted to occur considerably before it
actually did. The same discrepancy is present, although much less
noticeable,in the rectal temperature curve. Thus, the model predicts the
occurrence of sweating at lower skin or rectal temperatures than was
actually observed; and also predicts higher eweat rates for a given skin
or rectal temperature.

These findIings may explain why predictions of sweat heat loss rate
and total evaporative heat loss rate (Figures 3-8 and 3-11) were good
despite the fact that skin temperature was underpredicted. In other words,
the model simulations of skin temperature (Figure 3-14) and sweat rate
(Figures 3~15, and 3-16) deviate from the actual results in an opposing
fashion. The total effect is that the heat balance is generally accurate
because errors in predictions of skin temperature and predictions of the
effects of skin temperature upon sweating tend to cancel one another out.
The data of Figure 3-17, on the other hand, show much better agreement
between the actnal and predicted change in skin and rec-il temperatures
versus sweat rate, Thus, the model appears to be better at predicting
the Effect of a change in skin or rectal temperature upon sweating than in
relating the absolute skin or rectal temperature to sweating.

In light of the above, it would seem that 3ome of the set-point
temperatures used in the equations characterizing sweat in the model
(equations 14-17, Section 2) may be too low, while the gain constants
utilized appear to be accurate. This would lead to a premature predicted
onset of sweating, yet with a correct slope and an accurate prediction of

the effect of changes in skin and rectal temperature upon sweating.
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Modifying the set-point temperatures in accordance with the above,
while simultaneously decreasing the model's vasoconstriction function
(or increasing vasodilatation), would probably produce a rise in skin
temperatures with little effect upon sweating, thus bringing predictinmns
more into agreement with actual results. However, due to the complex
dynamic interactions of the model (the sweating function indirectly
interacts with the vasoconstriction function, etc.), these changes may not
produce the results that appear obvious from first glance. Furthermore,
many other factors have been mentioned in the test itself which could
contribute to the observed errors, and it is likely that a combination of
these factors is responsible. Con.equently, it will be necessary to
examine more results, and possibly perform more tests, before a pattern
emerges that would reasonably justify and guide modification to the con-
trolling parameters of vasodilatation, vasoconstriction and sweating in
the model.

Perhaps a more useful means of evaluating the sweating response is by
the computation of total body heat storage. Total heat storage is a
measure of the change in body heat from the beginning to the end ~f a par-
ticular test. It reflects the change in both skin and rectal temperat.res
(see equation 3, section 2) as measured over a specified time peri.d.

The variation of active sweat rate with body heat storage is shown
along with model predictions in Figure 3-13, In relating body heat storage
to sweating, variatiors and scatter in skin temperature data tend to be
damped out, as rectal temperature is more heavily weighted in the calcula-
tion of heat sturage. Consequently, the predictions of active sweat rate
versus total body heat storage are In very good agreement with actual

results (since predictions of re. 1il temperature were more accurate),
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Figure 3«18 also shows a strong linear relationship between active sweat
rate and heat storage, with a slope of about 1.3 g/watt-hrz. It should be
noted that the model predicts some dependence of the heat storage-sweat
rate curve upon LCG inlet temperature. This is because differert combina-
tions of changes in skin and rectal temperatures can produce the same
value of heat storage, but slightly different sweat rates.

The use of heat storage has the additional advantage of providing a
quantitative means of assessing thermal comfort. By relating the subjec~
tive responses of test subjects to measured values of body heat storage,
the Environmental Physiolony Laboratory at the Johnson Space Center of the
National Aeronautics and Space Administration has postulated a comfort
band for test subjects wearing an LCG, This band varies linearly from
0 + 19 watt-~hrs stored body heat at a metabolic rate of 146 watts to
40 + 19 watt-hrs stored body heat at a metabolic rate of 586 watts. Heat
storage values above the upper limits of the band represent off-comfort
warm conditions and values below the lower limit represent off-comfort cold
conditions.

The band was determined by noting that subjects generally were com~
fortable if sweat rates were limited between 0 to 100 ¢« hr for metabolic
rates of 146 to 586 watts respectively., The heat storage for each sweat
rate was determined, and it was this value :hat was associaced with thermal
comfort at each metabolic rate. Furthermore it was found from the
literature (18) that subjective feelings of comfort varied from individual
to individual at each environmental condition.

The variance in subjective comfort was correlated with a range of
+0.3°C 1in rectal temperature, The variation in rectal temperature at

comfort was then related to a variince in heat storage of + 19 watt-hours
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(see equation 3, Section 2). Thus, ti2 comfort band was derjved from a
value of heat storage associated with a swcat rate observed at comfort at
a particular metabolic rate; plus a variation in heat storage whicn
accounts for differences in the subjective feeling of comfcrt experienced
by various individuals.

It is possible to show that this comfort band can he superimposed on
curves of sweat heat-lous (such as Figure 3-8) in such a way as to demrn=-
strate that under comfort conditions, a subject wearing an LCG would limit
his sweat heat-loss rate to a very small percentage of the total metabolic
heat production. He would do so by controlling the inle¢t water temperature
of the )fquid cooled garment. By superimposing the comfort band on the
data for LCG heat removal, it would also be possible to predict the inlet
temperature that would be selected and the amount of h:at that must be
removed by the LCG in order to optimize comfort.

This concept will be demonstrated for subsequent tests, but can be
shown in another way by Figure 3-19. Here, total body heat storage is
presented as a function of metabolic rate and LCG inlet temperature for
each test. The predictions of the mathematical model are indicated by the
solid lines and the comfort band is shown superimposed on the data.

Figure 3-19 shows that the heat storage curve for the 16°C inlet water
temperature is well above that for the colder 7°C water, at the same meta-
bolic rate, If this ig then referred to Figure 3-18, it is easily seen
that the sweat rate is higher for the higher inlet temperature. Thus,
body heat storage is a most convenient parameter with which to relate
active sweat rate to m-tabolic rate and LCG inlet temperature.

From Figure 3-19, it is also seen that many of the test points lie

outside of the comfort band. As mentioned previously, subjects had no

3-27



control over the LCG inlet temperature, and, in fact, most data points

were on the cold side of comfort with frequent shivering. This is showm
very well by Figure 3-19, and is supported by the subjective comments of
the test subjects. It should be noted, however, that since relatively few
data points were within, or were above the warm limit of the comfort

band, additional test data would be desirable. Tests n which the subjects
regulated the inlet water temperature to maintain thermal comfort uncer a
variety of environmental conditions will be presented subsequently and will
underscore the utility of this comfort band technique as a means of

assessing thermal comfort.

Discussion of Errors

The results of Figure 3-19 illustrate the usefulness of the mathe-
matical model as a tool for predicting heat storage and thermal comfort.
Overall agreement between the test data and the predicted results is
excellent. There is some scatter for the more negative heat storage
region; however, this is understandable because the mathematical model is
not well correlated for extreme cold or shivering conditiouns, primarily
because of the scarcity of test data, and alsoc because the test data are
very difficult to evaluate for shivering subjects. On the other hand,
agreement in the regions of heac storage near comfort is very guod,

It should also be nointed out that although model predictions of core
and individual skin temperature may deviate from test data to a greater
extent than does predictions of heat storage, the utility of the model
lies more in its ability to predict heat storage and thermal comfort than
in itg ability to forecast various skin and rectal temperatures. Differ~
ences between actual and predicted rectal and skin temperatures may occur
for a variety of reasonc, not the least important of which are the many
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oversimplifications inherent in the mathematical model. These oversimpli-
fications and proposed methods of improvement are discussed subsequently.
However, it should be noted that if total body heat storage predictions
are more accurate than those of individual skin and rectal temperatures,
it simply suggests that the model is partitioning the production and
dissipation of heat among the various body compartments less accurately
than it is computing the total body heat balance.

This is seen to be the case for several of the transient results
sresented in Figures 3-1 to 3-4., All four tests showed reasonably good
agreement between actual and predicted rectal temperature, average skin
temperature and heat storage, and in most cases the mathematical model
predictions were slightly lower than the test values,

Comparison of predicted and actual individual skin temperatures shows
that the chest had the greatest deviation for all four tests considered.
This may have occurred through overprediction by the model of the percent-
age of the total heat removed by the LCG from the chest. More specifically,
if the percentage of the total water flowrate assigned to the chest area of
the LCG is too high, then predicted chest skin temperature will be too low.

The agreement between actual and predicted chest skin temperature would
be .aproved simply by reducing the proportion of total LCG flowrate that
goes to the chest area. In addition, the mathematical model treats the
entire torso area as one region. That is, the chest, back, upper thighs
and groin are lumped into a so-called trunk or chest area. It can be seen
from Figure 3-1 that there can be a considerable difference in temperature
between the chest and the back, Therefore, oversimplification of the
model in this respect results in inaccurate representation of the chest

skin area, In future versions, the torso will be divided into discrete
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regions, thus permitting greater accuracy. This will be described in more
detail in Section 4.

While the differences between predicted and actual skin temperatures
are less for other areas, such as the arms, legs a forehead, in some
cases, they are substantial. It is suspected that these differences arise,
at least in part, from the lumped parameter techniques employed by the
current model., Future versions will use a more accurate finite-difference
approach that will account for heat transferred in two spatial dimensions.

As mentioned previously, other possibilities for the differences
observed between actual and predicted skin temperatures include inaccuracies
in the vasoconstriction/vasodilatation expressions utilized by the model,
and underpredictions of local heat production in various tissues. 1In the
case of the former, changing the set points or gain constants of the equa-
tions of vasodilatation or vasoconstriction in such a way as to increase
localized peripheral blood-flow would result in an increase in the predicted
local skin temperature. This would appear to be especially applicable to
the chest area.

From the transient data in Figures 3-1 to 3-4, it will be noted that
agreement between predicted and actual heat storage is quite good despite
wide variations in several skin temperatures. This occurs for two reasons:
Firstly, heat storage is more heavily dependent upon rectal or core tempera-
ture (for which there was good agreement between predicted and actual
results). More important, however, is the fact that heat storage is found
from the change in rectal and skin temperatures, rather than from their
absolute values, and the model was more accurate at predicting the changes
that occurred in various body temperatures than it was at predicting the

temperatures themselves,
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This suggests that the set-point parameters used in the vasocoustric-
tion terms may have been too low, or those of the vasodilatation terms too
high., 1If additional analysis shows a consistent pattern, the individual
skin temperatures which show the largest deviation from actual results may
dictate a modification of the set-print parameters for the vasocorstriction
or vasodilatation terms that contryol blood-flow to those specific regions
in the model.

As regards the possibility that the model is underpredicting local
heat generation, there are insufficient data at hand to evaluate this
idea critically. However, some comments are in order.

The model determines total heat generation by assigning a basal
metabolic rate to all body tissues, and augments this by increasing the
metabolic rate of the muscles so that total heat production adds up to the
metabolic rate required to perform a specific task. The percentage
increase for each muscle region is proportional to the relative size of
the muscle.

In the current version of the model, there is no attempt to partition
the heat production of various muscles accoraing to the specific task being
performed. In other words, the percentage incrcase in the heat production
of the muscles does not consider the fact that different muscles are used
more than others for different tasks. Since all tasks for the present
study required similar types of exercise, this shortcoming did not impai~
the useifulness of the model. However, for widely variant types of muscular
activity, it will be necessary to account for this factor in future versions
of the model,

In addition, the model assumes that the other body organs generate

a constant amount of heat (basal) that is invariant during exercise.
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There is evidence to suggest this may not be the case. Hodgdon (90)
observed cylical changes in internal body temperatures of primates, and
Webb (157) reported cyclical changes in the heat storage of human subjects
which msy be attributable to a 24{-hr rhythm in heat generation by various
body o-'guas. In any case, far more work is required before the nature

of the local heat production terms can be fully understood, and this is
certainly a possible source of error in the model which could explain
differenc:'s between predicted and actual body temperatures.

To ¢ mclude the analysis, some observations about the behavior of
the transient data in Figures 3-1 to 3-4 are appropriate. The time constant
for most of the temperatures appears to be on the order of 30 to 60 min;
however, this is subject to variation, depending on the severity of the
test conditions. For example, for the tests shown in Figures 3-2 and 3-3,
most of the temperatures had approached their steady-state values approxi-
mately 30 min after the start of the test. However, both of these tests
were for conditions -.thin the comfort band., On the other hand, some
temperatures in Figure 3-1 still had not approached steady state after
180 min of testing. The latter test was conducted under off-comfort cold
conditions. Therefore, it may be concluded that the time required for
body temperatures to reach near steady-state values (time constant) varies
with the severity ~¢ the test, being shorter for conditions near thermal
comfort, and longer for off-comfort conditions.

Fin-1ly, although the mathematical model generally tracked the test
data .11, there was some dispersion during the initial minutes of testing.
This is attributed to the difficulty in initializing the model to the exact
starting cc.d. :ions that prevailed for each test sequence, and to the
simplified firite difference technique used by the model, which necessitated

the relatively long time steps used for each iteration.
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SERIES B

Series B was conducted in a vacuum environment below 10 torr. All
subjects wore a NASA-Apollo AFL space suit over the Apoilo-LCG. The suit
provided gas ventilation, consisting of pure oxygen, circulating at
170 liters/min. The LCG water flowrate was maintaine! constant at
109 liters/hr and the LCG inlet water temperature was varied between
7 and 25°C. The suit inlet gas and dewpoint temperatures were kept
relatively constant, as was the AFL suit pressure, which was maintained
at 195 torr, absolute. These conditions were selected because they
reasonably duplicated those that were to be provided by the PLSS during
lunar surface explorations.

The chamber environment was kept near room temperature in order to
minimize radiative interchange with the environment.

The metabolic rzate for each test was controlled by varying the step-
rate on a Harvard step test until the subject's heart rate matched a point
on a predetermined calibration curve. The metabolic rate profile for each

test is shown in Table D2 of Appendix D,

Heat Balance

T_ble 3-2 presents the calculated results and heat balance data for
Series B, The raw test data are shown in Table D2 of Appendix D. Two
observations should be made concerning the data of Series B which tend to
detract from the accuracy of the heat balance calculations.

First, it should be noted that subject body temperatures were not
measured in this test. Consequently, total body heat storage and heat
storage rate could not be determined., This meant that the determination of

physiological steady-state for each test sequence could not be ascertained
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directly. 1Instead, suit outlet environmental parameters were used to
judge steady-state, and this indirect method is less accurate.

Second, the use of heart rate versus metabolic rate calibration curves
for each subject (see Figure C2, Appendix C) has been shown to be the least
accurate method of controlling the real-time metabolic rate to a desired
profile (147). 1In addition, the heart rate data itself became erratic
during several sequences of the test series and it became necessary to
modify the pre-planned metabolic profile.

Despitz these shortcomings, an accurate heat balance was obtained on
all but 5 of the sequences of Series B. The heat imbalance in these 5
cases all occurred for the coldest LCG inlet water temperatures, and can
probably be attributed to the failure to reach adequate steady-state
conditions or to shivering.

Another factor contributing to the inaccuracy of the heat balance
was the estimate o! radiation heat loss, especially at the lower LCG inlet
water temperatures. As was shown in the results of Series A, skin tempera~
ture‘decreases linearly as LCG inlet water temperature decreases. At
these low skin temperatures, radiation heat transfer from the environment
into the man-suit system is possible and the magnitude of this mechanism
can only be estimated. For Series A, radiation heat loss was assumed to
be negligible through the Arctic coverall garment. Uowever, the heat
balance data and subsequent analysis with the mathematical model suggested
an actual heat input by radiation. Consequently, for Series B, radiation
heat transfer was estimated to be 30 watts into the suit at the colder LCG
inlet water temperatures (7 and 12°C) and negligible for the higher LCG
inlet temperatures. This estinate was judged to be reasonable with respect

to the thermal properties of the space suit.
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It is possible that other factors, such as additional heat input from
overhead lamps used in the chamber, coupled to the inherent diff iculty in
accurately assessing the thermal properties of a complex, multi-layered
garment such as the Apollo space suit, may well have contributed to errors
in radiation heat loss. However, the absolute magnitude of the resulting
error was still small when compared :o the total heat production or total
heat loss for most sequences of this test series.

The calculated data of Table 3-2 point out another interesting effect
of the LCG, It would be expected that the ventilating gas provided by the
suits used in Series B would allow a significant amount of heat to be
removed by convection heat transfer, a heat loss mechanism which w-s not
available in Series A. However, from the computations of convective heact
loss in Table 3-2 (see equation 6, section 2), it is evident that heat
loss by convection is also negligible in Series B, despite the presence of
a ventilating gas with a significant flowrate. The only explanation for
this phenomenon is that the gas, with its limited heat capacity, is cooled
by the cooling tubes of the LCG by means of countercurrent heat exchange.
In effect, the convective heat removal of the ventilating gas is converted
to conduction heat removal of the LCG. This is evidently the case because
convection heat loss is significant in a space suit without an LCG.

One final note on the heat balance computations of Table 3-2 is in
order. As mentioned earlier, in the 5 cases in which a heat balance could
not be obrained, the neat deficit could be attributed to shivering, failure
to reach steady-state, or errors in the prediction of radiation heat
exchange. However, unlike Series A, there were no subjective comments
from the test subjects to indicate that shivering was a major factor,

Although tihis does not preclude the possibility that shivering occured, it
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tends to place more emphasis on the other two factors as the primary
contributors to the heat balance deficits.

Despite the lack of a compl:te heat balance, the data from Series B
are informative. It is still possible to compare these data with mathe-
matical model predictions. Furthermore, in cases where conditions overlap,
the results can also be compared with those from Series A. This 18 possible
because convection heat transfer is negligible in both test series and
also because radiative heat exchange is about the same order of magnitude.
Examination of the test data reveals that the results from Series B show
the s-me general trends obtained by the mathematical model, and seen in

Series A.

1.CG Heat Removal

Figure 3-20 shows the LCG heat removal rate as a function of subject
metabolic rate for LCG inlet water temperatures ranging between 7 to 26°C.
As in Series A, the same general trend of an increase in LCG heat removal
for an increase in metabolic rate as a constant inlet water temperature
was observed. Also as seen in Series A, the cooler LCG inlet temperature
curves are displaced upwards from, but have approximately the same slope
as the warmer inlet temperatures.

The predicted results for Series B are shown by the solid lines, and
as in Series A, the model predicts less LCG heat removal than was actually
observed, However, unlike Series A, the difference between predicted and
observed results is not constant. At lower metabolic rates, agreement
between predicted and actual results is relatively good. However, at
higher metabolic rates and colder inlet temperatures, the test data
(dark symbols) deviate considerably from predicted results. This is
especially noticeable for the 7 and 12°C inlet water temperature cases.
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It is also significant that for 7°C inlet temperatures, the data of
Series B demonstrate greater LCG heat removal rates than' the corresponding
data of Series A (open symbols). In Series A, the difference between
predicted and actual results was approximately constant, with the slopes
being the same. This was ultimately attibuted to errors in estimates of
radiative interchange, differences in the predicted and actual LCG heat
trangfer coefficients, and model skin temperature underpredictions. 1In
Figure 3-20, there is good agreement at the lower metabolic rates but
increased deviation in the higher metabolic rate range. Thus, the dif-
ferences in Series B cannot be associated simply with errors in estimation
of heat transfer coefficient or radiative exchange.

It is possible, however, that the discrepancy may be related to the
observation that a steady-state was not always reached when cold inlet
temperatures were imposed at high metabolic rates. In other words, the
test subject may have been overcooled with depressed skin temperatures and
suppressed sweating. If the test conditions had been longer in durationm,
it is likely that LCG heat removal would have decreased and sweating
increased.

Figure 3-21 presents the data of Figure 3-~20 replotted as the per-
centage heat removal of the LCG (LCG heat removal/metabolic rate) versus
LCG inlet temperature. This graph has the effect of normalizing tho
deviations seen in Figure 3-20. As in Series A, there is a very sharp
increase in percentage LCG heat removal as the inlet temperature decreases.
Heat removal varied from 507 of metabolic rate at the highest inlet tempera-
ture to 118% at the coldest. The percentage heat removal is also observed
to be higher for lower metabolic rates at the same inlet temperature.

Agreement between predicted and actual results is generally good despite
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the differences that exist at higher metabolic rates and colder inlet
temperatures. It is also seen from Figure 3-21 that the data of Series B
falls in the same range and shows the same trend as that of Series A.
However, there appears to be more heat removal, especially at the lower
inlet temperatures.

Although the subjects in this test had no control over the LCG inlet
temperature, they tended more towards sensations of comfort or warm, with
no incidence of shivering, rather than the cool conditions of Series A.
This is supported by the model predictions shown in Figure 3-22,

Although heat storage was not measured, the values predicted by the
mathematical model for the conditions of Series B indicate that most of
the test points were probably within or on the warm side of the comfort
band.

As mentioned previously, it appears that if test subjects are per~
mitted to control the inlet water temperature to maintain comfort, heat
removal by the LCG (and also heat removal by evaporation of active sweat)
should fall within a fairly narrow band that forms the basis of a means
of predicting metabolic rate from LCG performance. This does not mean to
imply that the band would possess the same characteristics as found in
Figures 3-20 and 3-21 of the present test series. Indeed, it should be
stressed that many of the data points in both Series A and B are off-
comfort points, and errors arising from shivering, uncertainties over the
LCG heat transfer coefficient, and determinations of metabolic rates,
radiation heat exchange and total body heat balances will almost certainly
bias these results. This is expecially true for Series B, where lack of
body temperature and heat storage data 1limit error analysis. However,
despite these shortcomings, the trends demonstrated thus far support the

predictions of the mathematical model.
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One final note about Figures 3-20 and 3-21 concerns itself with the
difference observed in the predictions and results of Series A and B at
low LCG inlet temperatures; namely, that LCG heat removal was greater in
Series B, In conjunction with the analysis of the heat balance data of
Table 3-2 presented earlier, the higher LCG heat removal observed in
Series B can be explained bv a failure to reach physiological steady state,
or greater than predicted radiation heat exchange (owing to cool skin
temperatures and uncertain space suit thermal properties). Shivering is
also a possibility but 1s less likely considering the shorter durc:ion of

each sequence in Series B and the scarcity of subjective comments.

Sweating and Evaporation Heat Loss

The removal of lieat by evaporation of active sweat is shown in
Figure 3-23 as a function of metabolic rate and LCG inlet temperature.
For Series B, heat loss by active sweating was found by subtracting
respiratory and skin diffusion heat loss from total evaporative heat
loss. (See equations 5 and 7, Appendix C.) Total evaporative heat loss
was calculated from the gas flowrate through the Apollo suit and the
inlet and outlet dewpoint temperatures (see equation 7, Section 2),.

The trends shown in Figure 3-23 are the same as observed in Series A
(open symbols) and as predicted by the mathematical model. Sweat rate
generally increased in a linear fashion as metabolic rate increased at a
constant LCG inlet temperature,

Agreement between the test data and model predictions is reasonably
good. As in Series A, the model generally overpredicts sweat heat loss;
a result expected from the total heat balance equation (equation 1) since

LCG heat loss is generally underpredicted. The deviations showm in
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Figure 3-20 are also present in Figure 3-23. That is, differences between
predicted and test results are larger at higher metabolic rates and colder
LCG inlet temperatures. However, it should be noted that the differences
in Figure 3-21 are not as great as those observed in Figure 3-20., This
suggests that greater-than-predicted radiation heat leak into the space
suit at lower LCG inlet temperatures is a likely possiblity. Space suit
deeign testing indizates that a significant percentage of the thermal
radiation entering an Apollo A7L suit may be transferred to the LCG duri
the transient period preceding attaimment of physiological steady-state.

The LCG may remove a large quantity of heat in cooling down the space
suit a 1 surroundings. This amount of heat comes from the environment
rather than from the man and may bias th~ test data higher than the pre-
dictions., Coupled to the fact that skin temperature and sweating are
depressed at low LCG inlet tempera*ures, the increased envirommental and
radiation leak would lead to larger errors in predictions of LCG heat
removal than in predictions of evaporative heat loss. However, radiation
heat loss probably cannot explain all of the differences observed between
the predicted and actual results of Figure 3-23, and as mentioned previously,
these errors undcubtedly result from a combination of factors,

The results of Figure 3-23 show fairly gocd agreement with those of
Series A (open symbols). The trends are the same and th: magnitude of the
sweat heat-loss rate is similar for both test series., It should be empha-
sized that in Series A, body weight lors was used to calculate evaporative
heat loss, while in Series B, space suit inlet and outlet dewpoin® tempera-
tures were utilized directly, a more accurate method., In addition, it
was assumed that all sweat was evaporated, However, post-test inspection

revealed that some moisture was retained in the Apollo space suit. This
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trapped moisture could partially explain why values of sweat and total
evaporative heat loss rates for Series B were lower than predicted by the
mathematical model. Despite these errors, the re. .its of Series A and B
are similar, indicating that in the .ace of Series A, weight loss is an
acceptable means of assessing swert rate; and also that i.evajorated
sweat, although a likely source of error, was not appreciably different
for either test.

The data of Series B also show the trend of decreased sweat rates as
the LCG inlet temperature decreases for a given metabolic rate. This is
shown verv nicely in Figure 3-24, were agreement with predicted results
is excellent. Furthermore, the predicted onset of sweating is showr to
increase from 293 to 396 watts as inlet temperature drops from 12 to 7°C
(Figure 3-23). Both of these results are in agreement with previous
trends seen in Series A,

Figure 3-25 presents the heat removal by evaporation of active sweat
as a percentage of metabolic heat production for various LCG inlet tem~
peratures. Comparing this to Figure 3-21, it i3 again obvious that heat
removal by active sweatirg constitutes a far smaller percentage of the
total heat removal than ' es LUG heat removal. Maximum values of cweat
heat removal ranged from 5% of the total metapbolic heat production at
the coolest inlet temperature to 35% of the total at the warmest inlet
temperature, These results agree very well with the model pruiictions
and also with the data of Series A. The test points fall within a band
which increases as a function of LCG inlet temperature. The fact that
these data have less scatter at tne warmer inlet temperatures than the
data of Series A is probably because metabolic rates were uniformly low in

Series B uander thege conditions. In any case, one of the must significant
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results emerging from the study thus far is that the LCG limits oweating
considerably, and in a predictable fashion.

Total evaporative heat loss rate is shown as a function of metabolic
rate and LCG inlet temperature in Figures 3-26 and 3-27, As mentioned
previously, total evaporative heat loss rate is determined from the inlet
and outlet dewpoint temperatures and gas flowrate according to equation 7
of Sectiocn 2, Total evaporative heat loss represents the sum of evapora-
tive heat loss by acti-e sweat, by diffusion from the skin surface, and
through the respiratory tract. Heat loss by diffusion and respiration
are determined from the empirical expressions found in Appendix C.
Figures 3-26 and 3-27 show that total evaporation heat loss is considerably
greater than heat loss by active sweating alone, but follows the same
trends. Heat removal rate varied from about 102 of metabolic rate at the
lower inlet temperatures to 45% at the highest inlet temperature. The
dependence upon LCG inlet temr rature is not suiprising since the largest
component of total evaporative heat loss is due to active sweating
(diffusfon and respiration heat loss sre not appreciably dependent upon
LCG performance). The results of Figures 3-26 and 3-27 also show good
agreement with the mathematical model predictions, and with the results
of Series A,

In view of the influence of active sweating upon total evaporative
loss, the same errors noted earlier for the active sweating relationships
a~- present in Figures 3-26 and 3-27. These factors contribute to most
of the deviations seen between the actual results of Series B and the

predictions of the mathematical model, or with the results of Series A.

3~42



Discussion of Errors

As noted previously, certain discrepancies observed between the
results and predictions of Series B appear to be dependent upon metabolic
rate and inlet temperature. These discrepancies were observed in both
LCG heat removal and evaporative heat loss (although more significant in
the former due to a probable increase in radiation heat exchange at the
colder inlet temperatures). Some insight into the cause of the differences
is derived from Figure 3-28a, where LCG and total evaporative heat loss
rate (dark and open symbols) are shown for different metabolic rates and
LCG inlet temperatures. A regression curve fit thi-ousn the data shows a
steep increase in LCG heat removal as metabolic rate is increased. The
curve is second order and described by the following equation: LCG heat
removal = 114 - ,062 (met. rate) + .0013 (met. rate)z. The accuracy of
the curve fit is good, with a correlation coefficient of 0.82. 1In
subsequent data reduction, it will be shown that the curve fit can be
improved significantly if certain constraints are considered.

The LCG heat removal increased sharply with metabolic rate because
colder inlet temperatures were utilized as metabolic rate increased. The
colder inlet temperatures not only had the effect of increasing LCG heat
removal, but also decreased skin temperatures and consequently, reduced
sweating. The reduced sweat rate is exemplified by the almost asymptotic
behavior of the evaporative heat removal curve (dashed line). The curve
fit to these data was also second order and described by the equation:
Evaporative heat loss = =182 + 1,397 (met. rate) - .0016 (metabolic rate)z.

The accuracy of this curve fit is not as good as that for L.CG heat
removal, the correlation coefficient being only 0.39. The reasons for
this are complex and will be reviewed in Section &4 along with data

reduction t‘chniques for improvement of the correlatiocn.
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Figure 3-28b shows the difference between the test data of Series B
and the mathematical model predictions. Errors are shown as a percentage
of metabolic heat production for LCG heat removal (dark symbols) and
total evaporative heat loss (open sysbols). Curve fits tec the data are
also shown (solid and dashed lines). The results show that at high
metabolic rates the model underpredicts LCG heat removal Ly as much as
20% and overpredicts evaporative heat loss by roughly 15%. The largest
errors occur at the coldest inlet temperatures and are largely attributable
to the transient overcooling effect discussed earlier. All errors appear
to be lower at the lower metabolic rates and increase slightly with heat
production.

The curves of Figure 3-28D suggest that these differences depend upon
both inlet temperature and metabolic rate rather than one or the other
exclusively. A most reasonable explanation for this behavior can be
traced to the characterization of vasodilatation, vasoconstriction, and
sweating by the mathematical model. As noted in Series A, differences
between actual and predicted skin temperatures may be caused by inaccrrate
simulations of these terms in the model. If this were the case, the
model could predict lower skin temperatures for the colder LCG inlet
temperatures since, for example, decreased peripheral blood-flow would
restrict the transfer of heat to the skin surface. Furthermore, elevated
swea: rate predictions could be a consequence of oversimulation of the
sweating terms.

The differences seen in Figure 3-28b indicate that as metabolic rate
increases, the model is not providing enough peripheral blood-flow to the
extremities when the LCG inlet temperatures are low. Thus, the colder

LCG inlet temperatures would appear to overly depress skin temperature.
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This would result in predictions having less LCG heat removal (due ‘o a
lower driving force between the skin temperature and LCG water temperature).
The overpredictions of active sweat and evaporative heat loss are less
severe, They may be due in part, to a slightly higher rise in core tempera-
ture resulting from less peripheral circulation.

The inadequate peripheral circulation at lower inlet temperatures
and higher metabolic rates could be a consequence of inaccurate simulation
of the interaction between vasoconstriction and vasodilatation characterized
by the model. The model depicts vasoconstriction and vasodilatation as
being dependent upon various set-point temperatures and gain constants
(see equation 17, Section Z). This is probably an oversimplification,
since these values depend upon many complex parameters and vary even from
individual to individual, a factor not taken into account by the mudel.

In light of this, it is easy to see how variations in skin blood-flow
could lead to the types of errors seen in Series B. For example, a low
gain constant for vasodilatation could cause low predicted skin blood-flow
at higher metabolic rates for all LCG inlet temperatures, while a high
peripheral set-point could cause low circulation at lower LCG inlet
temperatures for all metabolic rates. A combination of both factors could
cause the largest errors to ocvur at high metabo’ic rates and low inlet
temperatures,

The task of accurately characterizing the physiological phenomena of
sweating, vasoconstriction, and vasodilatation is a formidable one. Con-
sidering all of the factors involved, the results produced by the model
are quite acceptable, It should also be emphasized that some of the
deviations seen in Seiies B were not noted in Series A. For example,

differences between predicted and actual LCG and evaporative heat removal
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in Series A were constant while those in Series B were not. The deviations
in LCG heat removal at 7°C and high metabolic rates were greater in

Series B than in Series A. 1t is probable that physiological steady-state
was not attained for some of the comditions of Series B. This may have
resulted from the shorter duration of each test. In any event, the model
predictions are steady~stace values, and do not simulate well the over-
cooling effect which cccurs in the transient. The latter also emphasizes
that inadequacies in defining peripheral blood-flow may be oaly cne of
many possible sources of error. In other words, the discrepancies seen in
both Series A and B are the result of a combination of many factors, and
analysis of many additional tests would be required for a complete
explanation.

In concluding the consideration of Serius B, a final observation is
in order. The data of Figure 3-28a point out another interesting factor
that has not yet been considered. The results show that there is no
characteristic difference between the responses of the 2 subjects tested
vnder the same conditions. Variation in the results from the same subject
tested at 2 nearly identical test conditions (repeat points) is about
the same as exists between the 2 subjects at the same approximate test
condition. The differences that do exist can be ascribed to variations
in physical conditioning, fatigue, and test conditions. In other words,
the test results appear to be reproducible with different subjects.

It should be noted, however, that both test subjects were of approxi-
mately the same weight and build. It would be more instructive to have
subjects who were more anthropomorphically dissimilar. This points out
another source of error between the model and the test results. At

present, the model utilizes physiological data for an "average man'. This
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"average man", compiled from the data of several sources (42, 43, 134)
is 70 kg in weight and 173 cm in height. There is no provision to vary
the input characteristics of the model to account for specific physical
characteristics of individuals. Obviously, differences between predicted
and actual results would be expected for individuals whose physical
charecteristics differ markedly from the data of the "average man" used
by the mathematical model. It is intended that future versions cf the
model be modified to accept a means of matching the input data more
closely to individual physical characteristics such as height, weight,
general body shape, body density, etc. Darling and coworkers (38) have
had some success in making such modifications to an early version of the

Stolwijk-Hardy model and additional work is forthcoming.

SERIES C

Series C was performed in a hypobaric chamber at a reduced pressure of
259 torr. The pressure in the A7L suit was also maintained at 259 torr.
The chamber enviromment was kept neutral to eliminate radiation heat trans-
fer between the subjects and the ambient enviromment. All subjects wore
the Apollo A7L suit over the LCG, with a circulating oxygen flowrate of
331 liters/min.

The LCG water flowrate was varied between 0-82 liters/hr while the
LCG inlet temperature was kept constant. The suit inlet gas temperature
and dewpoint were also kept relatively constant,

The metabolic rate for each test sequencc was controlled by varying
the step rate on a Harvard step test in accordance with a predetermined
calibration of metabolic rate versus step rate for each subject. 7The
metabolic rate profile for each test sequence is shown in Figures 3-29

and 3-30.
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Tahle 3~3 presents the calculated results and overall heat balance

data for Series C. The raw data is shown in Table D3 of Appendix D.

Heat Balance

The data from Series C show the effect of parametrically varying LCG
water flowrate at a constant inlet temperature, as contrasted with the
previous test series in which the inlet temperature was varied and the
flowrate kept constant. The heat balance data (Table 3-3) illustrate that
for a constant metabolic rate, LCG heat removal increased with flowrate.
However, the effect was not as dramatic as that of previous test series in
which the inlet temperature was varied. 1In fact, the LCG heat removal
will subsequently be shown to approach asymptotic limits as flowrate
increases beyond 55 liters/hr. The data of Table 3-3 also show that as
the LCG flowrate increased at a given metabolic rate, evaporative heat
removal by active sweating decreased. This is expected since increased
flourate results in greater LCG heat removal which acts to lower skin
temperature, increase conductive heat loss and decrease active sweating.
It was observed that the largest sweat rates occurred with no LCG water
flow., In fact, there was more sweating at a metabolic rate of 352 watts
with no LCG cooling than at a metabolic rate of 586 watts with an LCG
flowrate of 55 liters/hr and a relatively high inlet temperature of 17°C.
This underscores the powerful influence of the LCG upon thermoregulatory
sweating.

Table 3-3 also shows that convective heat removal through the venti-
lating gas in the suit was almost negligible. Although this trend was seen
in Series B, it was not expected for this test series. Convective heat
loss was predicted to be significant for Series C because the ventilating
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gas was circulated at nearly twice the flow of the previous test series
(331 liters/min); and also because LCG cooling was limited since inlet
water temperatures were relatively high at 17 - 19°C. However, the heat
balance data show negligible convective loss, including the 2 cases where
there was no LCG cooling (zero water flowrate). This somewhat paradoxical
result is explained by examining the radiation heat loss data.

It is seen that environmental heat loss out of the suit was signifi-
cantly larger than experienced in either Series A or B. These large heat
loss values (up to 62 watts, mean that any heat that might have been trans-
ferred from the subject's skin to the gas stream by convection was ulti-
mately lost to the enviromment by radiation. The envirommental heat loss
data for Series C were determined by using the insulation properties of
the A7L space suit and the ecavirommental conditions in the hypobaric
chamber (22°C wall and air temperature) as input to the mathematical model.
The model then predicted values for radiation heat loss.

Although the same procedure had been used for the previous test series,
the radiation heat loss predictions for Series C were much larger. This
occurred because the insulation properties of the space suit require the
ambient pressure to be close to a vacuum in order to be most effective.

For Series C, the ambient pressure was 259 torr, as opposed to 10 torr as
in Series B, Consequently, the suit insulation was not as effective and
more heat was conducted through the suit and radiated to the chamb~or walls.,

This interesting fact was discovered because initially, utilization
of the vacuum properties of suit insulation resulted in negligible radia-
tion loss and large errors between predictions and test values of LCC heat
removal and evaporative heat loss., Furthermore, use of these low radiation

heat loss va™ 1es i{n the heat balance data of Table 3-3 produced low values
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in the TOTAL HEAT LOSS row. This led to large positive values for the
HEAT BALANCE row, which, in turn, resulted in excessively large heat
deficit values,

It was suspected that the large heat deficit results were caused by
errors in the computed values of heat storage rate, or by errors in radia-
tion heat loss (since there was no observable shivering). The former
computations were suspect, due to the slow response of changes in skin and
ear canal temperatures, coupled to the rather short duration of each test
sequence (30 min). However, consultation with the manufacturer of the
NASA-A7L space suit, in conjunction with detailed engineering analysis of
its thermal properties, revealed a much larger than expected suit conduct-
ance for enviromments at significant ambient pressures (259 torr). It was
decided that the latter was probably most responsible for the high heat
deficit values.

Utilization of the higher suit conductance properties at 259 torr
resulted in the large radiétion heat loss values shown in Table 3-3. Using
these data in the heat balance increased the TOTAL HEAT LOSS row and sub-
stantially reduced the HEAT DEFICIT row to the values shown. The latter
quantitieg are more in keeping with the corresponding data of other test
series, The heat deficits shown are relatively small and are largely
attributable to errors in heat storage rate determinations (for positive
heat deficits), small, unavoidable variabilities in radiation heat loss
estimates (for negative heat deficits), or simply errors in the data for

LCG, convective, or evaporative heat loss.

Transient Results

The results for the transient response of mean skin and tympanic tem-

peratures and total body storage are shown for Series C in Figures 3-31
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and 3-32, The response of the individual skin temperatures are shown in
Figures D1 through D4 in Appendix D. These results revealed only slight
variation in head core temperature but considerable change in individual
and mean skin temperature. The maximum values of mean skin temperature,
head core temperature and body heat storage occurred at or near the test
sequences in which there was no water flow and consequently no LCG cocling,
while the minimum values of mean skin temperature occurred during the
sequences in which water flow was a maximal 82 liters/hr.

In general, the mathematical model predictions track the transient
data very well, For predictions of individual skin temperatures, the
results are not quite as good (see Figures Cl - D4, Appendix D). Here,
the model shows a definite tendency to underpredict the trunk skin tempera-
ture (dotted line). These predictions were as much as 3°C lower than any
of the abdomen, back or chest skin temperature test data that are equiva-
lent to the model's trunk skin prediction. Incidentally, the occasionally
wide differences between the test values of abdomen, back and chest tem-
perature noted in several of the test sequences further illustrate the need
to divide the model into more segments in the trunk region if greater
accuracy is to be achieved. The model (dotted line) also shows a tendency
to overpredict leg skin temperature (when compared to the test data for
calf or thigh temperature). Again, significant differences between the
test values of calf and thigh temperatures point out the shortcoming of
approximating the entire leg region in the model with one segment.

The : ndel inaccuracies described in the previous paragraph fnllow
identical observations that were made for model predictions of Series A
(Figures 3-1 to 3-4), These inaccuracies and their correction are the

subject of a subsequent discussion. Also in keeping with previous
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observations during Series A, the forehead and hand skin temperatures
were observed to be the warmest, while the abdomen and thigh temperatures
were the coldest.

One final note about the model predictions and test aata concerns
itself with the relative frequency of chanpes. GExamination of the tran-
sient behavior of the ear canal and mean skin temperature and heat storage
data shows much faster response by the model predictions than by the test
data. This is especially observable over the 7-n. period comprising the
first 8 test sequences (Fig.ire 3-31), where gradient changes are much more
pronounced for the model than for the test data. The conclusion to be
drawn here is that this fault probably lies with the lag time associated
with the skin and tympanic thermocouples utilized for this test. The
difficulty of properly insulating and placing a skin thermocouple, plus
the tendency for tympanic thermocouples to work loose all contribute to
a slow response time. This is especially likely in view of the rapid
progression of test sequences that occurred (30 min per sequence). It is
this slow response time that makes the computation of heat storage rate
from the test data values of ear and skin temperatures susceptible to

arror over the relatively brief duration of each test sequence.

LCG Heat Removal

Figures 3-33 and 3-34 show LCG performance as a function of metabolic
rate and water flowrate. For Series C, LCG heat removal was controlled
by varying the water flowrate with a constant inlet water temperature
(17 - 19°C), rather than the reverse procedure used in all other test
series, This was done to determine if any substantial differences existed
between the two methods, The subjects had no control over the selected

water flowrate., In effect, each subject worked at a constant metabolic
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rate for 30 min with a given flowrate. These conditions were then
repeated for 3 other flowrates ranging between 0 to 82 liters/hr. Subjects
were generally either warm or near comfort.

This observation was verified by using the heat storage data and the
previously developed comfort zone to assess thermal comfort (Figure 3-35),
Figure 3-35 also indicates that for each metabolic rate, a unique range of
LCG flowrates would be required to maintain heat storage and thermal comfort
within acceptable limits, However, it is difficult to evaluate this
relationship fully since the test data were frequently changing at the
conclusion of some of the 30-min test sequences., Final heat storage rates
in several cases were still significant, indicating the likelihood that
total body heat storage would have increased further had each sequence
been longer in duration.

Figure 3-33 showr the expected trend of increased LCG heat removal
with increases in metabolic rate for a given water flowrate. However, as
contrasted with the corresponding curves for Series A and ks, the data
appear to be approaching a 1imit at the higher metabolic rates., Thus,
this method of heat removal may not be as efficient as that of temperature
control, It is rcted that the higher water flowrate curves are displaced
upward from the lower flowrate curves in a manner similar to that for the
colder inlet water temperature curves of Figures 3-5 and 3-20. However,
it is also observed that the heat removal (both predicted and actual) for
the highe:t metabclic rate of 586 watts is not substantially greater at
a flowrate of 82 liters/hr than it was at 55 liters/hr. This implies that
for constant inlet water temperatures of 17 - 19°C, no appreciable benefit
from LCG cooling is derived from flowrates greater than 55 liters/hr. This

is clearer from Figure 3-34, which shows the percentage of metabolic heat
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removed by the LCG as a function of water flowrate. Here, it is ohserved
that at the 2 higher metabolic rates, LCG performance begins to approach
a limit somewhat below 60% of total heat removal for flowrates bevond

55 liters/hr.

The method could be improved significantly by using inlet temperatures
lower than the 17 - 19°C utilized for this test. The effectiveness of LCG
heat removal at these relatively high inlet temperatures is reduced below
that of Series A or B, especially at the higher metabolic rates. The
maximum LCG heat removal amounted to less than 60% of me cabolic heat pro-
duction, as contrasted with values of up to 1207 noted in the corresponding
data from Series A and B (see Figures 3-7 and 3-21). The reasoa for the
decreased effectiveness can be traced to the flow dependence of the LCG
heat transfer coefficient (Figure 3-36). The heat transfer coefficient for
constant flow, variable inlet temperature con rol was shown to be constant
at 23 watts/°C for inlet temperatures up to 17°C (See Figure 3-6). However,
Zor the lower flowrates and constant inlet temperatures of Series C,

Figure 3-36 shows a reduced heat transfer coefficient which asymptotically
approaches the constant flow, variable inlet temperature value as the
flowrate approaches 109 liters/hr. In other words, the LCG does not remove
;e body heat as effectively for the variabie flow case as it did for the
variable inlet temperature case.

The predictions of the mathematical model are shown as solid lines
in Figures 3-33 and 3-34, and agreement with the actual data is very good.
In Figure 3-34, the predictions fall within a fairly narrow band for
flowrates between 27 to 82 liters/hr at metabolic rates from 352 to
586 watts. This suggests the possibility of using such curves to predict
metabolic rate, given LCG heat removal and flowrate. However, a useful

relationship would require substantially more data.
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Sweating and Evaporation Heat Loss

The removal of heat by evaporation of active sweat is shown as a
function of metaboiic rate and LCG water flowrate in Figures 3-37 and 3-38,
As in Series B, this is determined from the suit ventilation flowrate and
inlet and outlet dewpoint data (equation 7, Section 2)., Sweat rate is then
found by deducting empirical expressions for respiratory evaporative and
skin diffusion heat loss (equations 5 and ” Appendix C) from total evapor-
ative heat loss.

The trends shown "1 Figure 3-37 illustrate the inverse relationship
that exists between LCG heat removal and active sweat rate. The highest
sweat rates occurred for the zero water flow tests in which there was no
LCG cooling. The next highest sweat rates occurred for the minimum water
flow case of 27 liters/hr. The lowest sweat rates wete chserved for
flowrates of 55 and 82 litzrs/hr, with very little di{ference between the
twc. The latter finding supports the contention that for in'et water
temperatures of 17-19°C, only minimal benefit is derived from LUG flowrates
greater than 55 lite s/hr.

The usefulness of the LCG in reducing sweating is also apparent irom
Figure 3-37, The sweat heat removal rates shown for the no-cooling, zero
water flow sequences are far in excess ol any values that have thus far
been observed. This may be seen more easily in Figure 3-38, whizh show:
the percentage of metabolic heat removed by evaporation of sweat as a
function of LCG flowrate. At zero flowrate, sweat evaporation constitutes
45 to 557 of the removal of total heat production. These high values are
contrasted with sweat heat removal ratios below 25% for all previous test
data in which there was sufficient LCG cooling.

The model predictions, shown as solid lines in Figures 3-37 and 3-38

also show excellent agreement with the test data. The noticeable tendency
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to overpredict evaporation rates that was observed in Series A and B

(Figure 3-28b) is absent in this case. As mentioned previously, erroneous
values of suit insulation properties initially predicted negligible radia-
tion loss, with consequent errors in predictions of sweating and evaporation
heat loss. However, correcting the suit insulation properties to the
appropriate values for a pressure environment greatly reduced the errors

and also improved the heat balance data of Tablc 3-3.

The predictisas and data of Figure 3-38 also show the large effect
that even a small amount of LCG cooling can provide. The band bounded by
the model predictions has a very steep nesative gradient at the lower
flowrates, demonstrating a linear reduction in sweating that amounts to
0.84 - 1.0 watts/liter/hr of water flow for flowrates between 0 and
27 liters/hr. However, as water flow is increased beyond 55 liters/hr, the
gradient largely disappears and approaches zero, another reflection of the
fact that the latter flowrate appears to be optimum for these test condi-
tions. At the high flowrates, sweat heat removal amounts to less than 25%
of metabolic heat production,

Figures 3-39 and 3-40 show cotal evaporative heat removal, including
respiratory and skin diffusion heat loss, as a function of metabolic rate
and LCG water flowrate. As previuvusly discussed, total evanorative heat
loss is determined directly from the suit gas flowrate and dewpoint data.
All of the trends observed on the curves are similar to those for evapora-~
tive heat loss by active sweat alone, except that they are greater in
magnitude., Total heat removal by evaporation amounts to 65 to 70% of
metabolic rate for the no-cooling test sequences, and exponentially
decreases to 25 to 357 at the higher water flowrates. As in the case
for sweat evapcration alone, total evaporative heat removal for the no-

cooling tests exceeds all previous corresponding date from Series A and B,
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but approaches the same minimum values as LCG flowrate increases. It
should be noted that for the test sequences in which there was no LCG
cooling, the remainder of the metabolic heat generated in the body is
diysipated primarily in the form of radiation loss or increased body heat

storage.

Skin Temperature, Tympanic Temperature, and Total Body Heat Storage

The effects of LCG cooling upon thermoregulation, sweating, and com—
fort are more easily interpreted when augmented by physiological data for
the steady-state responces of skin temperature, head core temperatures and
body heat storage. For Series C, these data are presented in Figures 3-41
through 3-47. In comparable cises, results agree favorably with the
equivalent data of Series A, although the latter test utilized inlet water
temperature as the independent variable, rather than water flowrate. Mean
skin temperature was determined in Series C by using the final skin tem-
peratures at the conclusion of each test sequence, multiplying each by its
appropriate weighting factor, and combining these values into an overall
mean skin temperature (see equation 2, Section 2). Total body heat storage
was found by combining skin temperatures and core temperature (in this case,
tympanic temperature) in the manner described in test series A and equa-
tion 3 of Section 2.

Figure 3-41 shows the effect of water flowrate upon head core tem-
perature and mean skin temperature. The data represent metabolic rates
of 352 to 586 watts. It is observed that the tympanic temperature remains
nearly constant and is independent of water flowrate, while the mean skin
temperature decreases asym