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Secticn 1

INTRODUCTION AND SUMMARY

The latest Gemini flights have shown that astronaut extravehicular activities
(EVA) require more physical effort than had been expected, and this effort
causes very high peak metabolic rates. The body heat that is generated during
these activities must be dissipated so that a complete body thermal balance is
maintained with the need to minimize or eliminate sweating, and lastly to
provide a cooling system that will allow maximum sustained metabolic rates with
optimum cemfort. Other criteria for spacesuit body cooling include immediate
response to any dyramic heat problem; minimum or no power required; high
reliability, preferably with no moving parts; and applicability to EVA, IVA,

or lunar exploration.

This report describes the results of an Evaporative Cooling Garment System
(ECGS) program that was conducted for the NASA-MSC Crew System: Division and
was jointly founded by the USAF-AMD. The primary objective of the program
was to develop and test an engineering model of the ECGS to determine if this
new concept would be able to provide full body cooling for an astronaut in

a simulated 4-hour EVA mission. The mission profile was designed tc tax the
limits of human endurance and to produce maximum heat energy outputs; these
conditions were imposed to ascertain if the ECGS could provide all of the
cooling necessary to maintain thermal equilibrium and working comfort in a
highly variable work duty cycle without heat stress. A target maximum cooling
performance level of 5,000 Btu/hr was desired. Another requirement of the
program was to determine if the ECGS could be integrated into an Apollo

A-6L type of full-pressure suit with only minimum changes to the pressure
suit. The USAF also desired that the full body, suited ECGS configuration

could be converted to a garment front and back torso with upper arm coverage.

The ECGS operates by conducting body heat through a thin membrane that

completely encloses a wick water supply, which is adjacent to a flexible

three-dimensional material. A vacuum line penetrates the outer membrane




layer, thus exposing the water to low--pressure boiloff to space via a control
valve. The phace change and cold steam generated by the heat of vaporization
carries the body heat to space. This may be likened to an open-loop

refrigeration cycle or may be compared to the ratural process of skin cocling

by sweat evaporation.

The lb-month program included the research tasks of theory and design, basic

laboratory tests, engineering model fabrication, design verification tests,
and documentation with hardware delivery. The following pages describe the
! problems and solutions and present ihe analysis of the test results as they

relate to the several tasks.

Every objective and contract requirement was achieved within the specified

time and budget. The highest performance target was easily exceeded. The

ECGS heat rejection capacity was found to be highly effective; in fact no
matter how hard a test subject worked, more than adequate cooling was available.
The program also demonstrated that cooling up to thermal equilibrium could
eliminate sweating, even at the highest metabolic rates. The cooling rate
response time is virtually instantaneous at any level of heat rejection, and
the control of heat removal could be held in the laboratory to within +1% of B
the desired values. In summary, the ECGS has shown that a man's useful work

output can be increased by 250%, on the basis of thermal equilibrium, over

that provided by current flight hardware.




Section 2

ECGS SYSTEM DESCRIPTION AND OPERATION

The ECGS consists of several cooling patches covering nonarticulated por-
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storage of material, in a vacuum environment. Th ystem will be compatible with

an Apollo-type space pressure suit and will use the suit openings presently pro-

vided for the LCG system. A drawing showing the comple
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shown in Figure 1.

The ECGS is built up of four basic layers in the patch area. Next to the

skin is a layer of absorbent mesh which serves twc purposes. Fi
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absort any moisture from the skin. This moisture is transported by the mesh wick

to the areas between patches where it can be evaporated. The next layer of the

ECGS system is the cooling patch. It acts as a low-pressure boiler, removing
heat from the skin and carrying it away as low pressure (cold) steam. (See Sec-
tion 3.1 for detailed patch description.) The third layer is a plastic ballonet

which is pressurized to approximately 5 in. of water. This ballonet imposes a
uniform pressure on the patch, causing it to conform closely to the local body
contours. The outer layer is a nonstretchable fabric cover which protects the

ballonet and patch from abrasion and holds the assembly in place,

The patches are connectci to form a complete garment with stretch type
material at the articulated joint areas. Vacuum lines connect the individual
patches to the outlet collector manifold. Water supply lines are routed inside
the vacuum lines to the outlet ccllector. A water reservoir in the form of a

belt is attached to the main torso patch. This reservoir supplies water to the

individual patch boilers through the water supply lines. The controls for
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regulating water feed rate and steam (heat) removal rate will be located out

the space pressure suit for the first prototype ~del. Later versions will

In operation, the function of the ECGS coolin arment is as follows:
D s

1. Heat is generated in the subject.

2. The water in the cooling patch is heated by conduction from the skin

space environment through a throttling valve.

corresponding to

4. The water in the patch boils at a temperature >
ff 1,000 Btu of heat for

reduced patch internal pressure, carrying o
pound of water vaporized, as ''cold" steam.

Patch temperature is controlled by adjusting the vacuum throttling valve wnhi
affects patch internal pressure, hence adjusting the boiling temperature o

water. By this means, patch temperature can be adjusted from body temperatu

down to about the freezing temperature of water. With this wide range of patc

temperature adjustment, any conceivable body heat rejection rate can be accom

dated at a wide range of skin temperatures. Water which is boiled off from

patch is replenished as resquired from the water belt reservoir.

3. The pressure in the patch is reduced by exposing the patch vacuum exi

re
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Section 3
DEVELOPMENT OF ECGS COOLINC PATCHES

3.1 ECGS COOLING PATCH AND COMPONENT DESIGN AND FABRICATION

Figure 2 shows a typical ECGS cooling patch. The patch is made up of five basic
layers. An inner and outer impermeable membrane, a wicking layer, a boiler void
layer, and a reflective foil layer. The inner and outer membranes are sealed
together around the edges of the patch to form a vacuum-tight bag. Within this
bag are the wicking layer, boiler void, and reflecting foil layers. The wicking

layer acts as a small capacity water reservoir and maintains a "wet'" contact with
the membrane on the skin or cool side of the patch. This wicking layer is
attached to a boiler void layer. The boiler void provides a path for the
vaporized water to use in leaving the patch. Additional steam collector mani-
folds are provided between the boiler void and the foil layer to aid in removing
steam from the patch and reduce internal flow restrictions. The foil layer acts
as a thermal reflector, preventing radiant heat from entering the cooling patch

from outside sources thereby preventing unnecessarily high heat loads to the

cooling patch.

~——WATER VAPOR OUT
THROUGH LIMITING
IMPERMEASLE £ -z--c===============( V )==== VALVE ORIFICE
MEMBRANE

Hzo n ’ -~ SIS ORI MG
UNDERGARMENT l

>~ INTERCONNECTING
" VOIDS (TYPICALI

NON-COMPRESSIBLE/ BODY SKIN
WICKING MATERIAL

Figure 2, Patch Cross-Section




The cooling patch is fabricated using the Trilock boiler void as a base. The
Trilock is cut to the patch shape. The water distribution lines, steam collector
manifold lines, and any pressure tap lines are then sewed onto the Trilock. The

steam collector manifold lines are made from Spirap, a commercial nylon product

used to bundle wire into harnesses. It is a tube made by wrapping nylon strip in
a helical pattern onto a rodlike mandrel. For the ECGS application, the Spirap
is expanded to leave spaces between the strip of nylon so it r_sembles a flat
wire helical spring. An electrically heated mandrel is used to set the Spirap
with the desired "pitch" on the spiral windings. Figure 3 shows a typical piece
of Spirap before and after "stretching." This steam collectcr line is also sewed
around the edge of the Trilock to provide a peripheral steam collector and to
protect the outer membrane from puncture by the raw Trilock edge. Water distri-
bution lines are 1/16-in. diam PVC tubing. The water distribution lines are all
connected to a manifold. The manifold is fed by a single tube which is threaded
through the vacuum exhaust fitting. The vacuum exhaust fitting is sewed to the
Trilock and all steam collector manifold lines are routed to this central collec-
tion point. A cover of 0.020-in.-thick soft PVC sheet is sewed over each steam
collector manifold junction and completely around the Spirap on the edge of the
patch. This serves two purposes: it protects the outer membrane from abrasion
by sharp Spirap ends, and it provides a small pocket to aid steam flow from one
steam collector manifold to the other. The next step in patch fabrication is to

sew on two layers of wicking material (Dexter Paper No. 195). This is placed on

the side opposite the steam collector manifold, vacuum exhaust fitting, and water

distribution lines and manifold. The water distribution lines are passed through

this wicking layer so they protrude about 1/2 in. The water lines are then sewed
down to the wicking to hold them in position. Four layers of wicking paper about

1/2 in. in diameter are then cemented over each water line termination. These

provide protection for the remaining wicking, whichi will cover them, and also a
high water storage capacity at each water line termination to aid in water dis- ‘
tribution. Two adiitional layers of wicking are then sewed over the wick side of

the patch. A rip-stop-type aluminum foil is then tack stitched to the top

(vacuum outlet) siae of the patch. The membranes are placed on the top and bot- 4
tom of the patch; all through connections are made up, and the membranes are heat |
sealed around the edges of the patch. This completes the fabrication of a typi- E
cal ECGS cooling patch.




To make a complete patch assembly, a coo!ing patch, ballonet, and a patch cover
are required. The ballone. is simply a plastic bag shaped to match the patch.
A small fitting on the top of the ballonet accepts the pressurizing air line.
The ballonet is placed between the cooling patch and the outside of the patch
cover. The patch cover is made up of two layers of material; an outer fabric,
which serves to protect the cooling patch and restrain the ballonet; and an
inner layer of nylon mesh,which acts as a perspiration wick and comfort layer.
These twc layers are sewed together to form a pocket into which the ballonet
and cooling patch may be placed. Velcro closing fastenings retain the cooling
patch and ballonet once they are in place. Provisions are made for fastening
the outer cover fabric to the stretch-type material which joins the patches
together. The vacuum outlet and ballonet pressurizing fittings protrude through
the outer fabric of the cover where they are accessible for connection to the

external plumbing system.

The externsl plumbing of the ECGS system ducts the steam generated in each
patch to a central collecting maniicld from which it is ported through a throt-
tling valve to space vacuum. The water supply lines are also icuted to each
patch through the external vacuum lines. Two types of external vacuum lines
were evaluated. One is a built up, flat line made up of 1/L-in. ID Spirap
(Figure L4) covered with a plastic membrane. This type of line provides a

very low profile while allowing maximum effective flow area. The second type
of duct is Penn tube WIF flexible zorrugated Teflon tubing. This tubing pro-
vides excellent flexibility and is available as off-the-shelf hardware. Pre-
liminary testing of the first type of ducting (plastic covered multiple Spirap)
showed that some development work was necessary to obtain good end seals and to
provide flexibility at articulated areas. Because of the limited scope of the
present program, this development time was not available. The choice, therefore,
for the first prototype ECGS system was the Penn tube WIF flexible tubing.
Follow-on development of a lower profile ducting will reduce the bulk of the
present system and eliminate the necessity of using circular cross-section
ducting for the external vacuum lines. The present design, using Penn tube

WTF tubing, provides separate 1/z-in. ID ducts from each patch vacuum exit

fitting to the collector manifold.




Figure 3.

Spirapsteam Line - "Stretched" and As-received Condition

Figure L,

External Plumbing-Line Configurations




The patch vacuum exit fitting is shown in Figure 5. The vacuum exit fitting
is designed to seal to the patch memtrane with two soft rubber washers which
are compressed by the fitting base and a washer with the clamping nut. The

external vacuum line is connected to the fitting by slipping the vacuun line

over the fitting exit and clamping it in place.

3.2 PREDICTED PATCH PERFORMANCE

An analysis was made to determine the limitations on patch performance inherent
in the basic design ard to size the external vacuum lines. The results of this
analysis showed that heat removal rates would be obtained which far surpass the
required 5,000 Btu/hr for a complete suit. External vacuum line plumbing layout
was estimated and preliminary line sizes were developed. The complete analysis

is included in Appendix A.

The flow characteristics were ralculated for two different types of Trilock
boiler void materials. Tests were run using air at low pressure, to determine
the pressure drop characteristics of each meterial. The data was reduced to
Reynolds' number and friction factor form and is shown in Figure 6. The method

of data analysis is shown in Appendix B.

/T |/2 INCH DIA COPPER TUBE
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Figure 5. ECGS Patch Exit Vacuum Fitting
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3.3 WICKING MATERIAL TESTS

Tests were performed to evaluate several candidate materials for use in the
cooling patch wicking layer. The characteristics measured included wicking
flow rate and dry wicking rate at a range of simulated external patch
pressures and for several layers of material., The results of these tests

indicated that Dexter Paper lo. 195 was satisfactory for the prcposed use.

The tests were run in a setup which closely simulated the conditions

to which the wicking material would be exposed in actual patch operation.

A typical wicking material test in progress is shown in Figure 7.

The test setup consisted cf a l-in.-wide Ly 15-in.-long test sample
supported by a plastic sheet. On top of the sample was a layer of

Trilock and on top of the Trilock was a plastic balloon. This whole
assembly was retained inside a rigid plastic enclosure. The balloon

was inflated through a pressure regulator to simulate the external pressure

which an actual patch would encounter in operetion. Water was supplied

Figure 7. Wicking-Material Test Set-up
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to the wick from an open vessel with the water level approximately 1 in. below
the level of the wick test sample. The end of the sample was immersed in the
water and allowed to soak there. The other end of the sample, where it comes
out of the test rig, was held in close contact with a large (12 by 12 in.) piece
of wicking material. The large wicking "patch'" acts as a water reservoir. To
ensure & constant water reservoir in the large patch, a blower is used to

accelerate water evaporation from the reservoir patch.

The dry wicking rate tests were conducted by placing a dry test sample into the
test rig with one end in the water supply vessel. The position of the wet
"front' was noted at several times as it progressed dcwn the test strip. From

this data, the wetting rate could be plotted as inches Vversus time.

The wet wicking flow rate tests were conducted by placing a test sample in the
rig, allowing it to saturate throughout its length, and placing the "down-
stream’ end of the sample on a 12-by-12 in. wick reservoir which wes force
evaporated with a blower. The quantity of water removed from the supply vessel

vs. time was recorded to obtain curves of water volume versus time.

The materials which were tested for wicking characteristics are listed in
Table I. These materials include both paper and woven fabrics. 'All materials
were tested in the as-received condition with one exception as noted in

Table I. Test samples 1 in. wide and 15 in. long were cut fron each material.
One sample was used for only one test. Subsequent tests on the same material

used a new test sample.

The results of the wicking material tests are summarized in Figures 8 through 11.
These figures show the average wicking rate per unit fiow cross-seccion of wick
sample. Data for material No. 1 is shown at 3.7 and 18.4 psi pressure in Fig-
ures 12 through 15. These pressures correspond to actual operating pressures.
The data were obtained to provide more complete documentation on the material
which appeared most suitable for ECGS patch application. This material was
selected for use in the delivery cooling garment because of its excellent wet

strength, superior wicking rate, and low linting characteristics.

14




Table I

MATERIALS TESTED FOR ECGS WICKING APPLICATION

Material Number and/or Thickness
Number Description (In.) Manufacturer
1l No. 193 0.0042 C. H. Dexter & Sons, Inc.
1l Elm Street
Windsor Leccks, Connecticut
2 No. 232 0.0033 C. H. Dexter & Sons, Inc.
1 Elm Street
Windsor Locks, Connecticut
3 No. 17V 0.0032 C. H. Dexter & Sons, Inc.
1 Elm Street
Windsor Locks, Connecticut
L No. 10 0.0025 C. H. Dexter & Sons, Inc.
1 Elm Street
Windsor Locks, Connecticut
5 Fiberglas Flake Paper 0.0045 Owens-Corning
(F-5) Specification
6 Marquisette Non- 0.0043 NASA Furnished
Textured Beta Fiber
T Unbonded AA Beta Fiber 0.025 Owens-Corning
8 Double Knit Orlon 0.043 --
9 Knit Cotton 0.0215 -
10 Hollow Glass Roving 0.012 Pittsburg Plate Glass Co.
20 End Fiberglass Division
Shelbyville, Indiana
11 Handi-Wipes-Rayon 0.013 Colgate-Palmolive Co.
Fiber Towel New York, New York
12 Electro Phoresis Paper 0.0096 -
13 Filter Paper No. 5k 0.0085 W. R. Balston, Ltd.
1k L-Ply Superwipes 0.0130 Borg Products
3 Cotton Fiber Pads 0.037 -

15




! R o ERE 4 «—E{I _,-; Lt | ) i O U R - S <,I<‘¢ + R R s
-IH | 0 0 L ) I 1 29 | 6 S I 5 S ) B { 50 150 N1 1) F o 9 0 (1 5 O O | .,.4—«4.474.4,.109_¢_L47T 4
0 I R . I 6 [0 N | : al

e o e e e e 1., PREWASHED 1N
ST | DETERGENT |t
HEEH A H T S A R T RS N W R

5 NO AREWASATNG -
4, FLOWS BASED ON

e

T T T 1
.. H T
z IESERAES ERRER R
: 1 1
z T
z 111
< T i
i 1 ! i
2 4 ..’.._I H
0 B
ul T
- .4,.-1_“:
£ T
) 42 ]
2 T
4 i I W E i 3
8 _;..‘,4, } i
2 —-
i ] 11T 1 !
T | EEESEEESENEEE H
7:'r + R -
-t i vu—r -t
1 T T
T T
o Py 7 + 4
a8 | B :
! Yff t } ok *-‘
HH A HH
5 0 0 B L B
LISINGEECMATERIAL
O JTHICKNESS . TESTS
,‘.':f‘;"‘? 8 5 75 R O O A0 R
1§ HHH R T
234567809I0I1213214159,
WICKING MATERIAL NUMBER

Figure 8. Wet-Wicking Flow Rate at O psi
«




e

-4
=T

T

i

T

DoN |

P

WAS HEID

ENT:

}

ke

11111

(2B
--1!‘[ ! { E
o lae W £
Fjoc et RO O T f
- .PvD 2 L
1 | .y
1 * H! - R x. = t B
il 1 T 3 uu
A fv.g 1t 4 - ‘Mvwlﬂx' _,It
+ 1 o B 1 f 5 BB
1 [ 11 T
H e BEmE ety ] o
1 AENE N Tt A ] wi
F 1 1 H+hp4 -+ T e - = AV.,J m
SRS EEEEESENNE =
SEEEEEEEEEESEEEEEE n S
SENEEEERES ENERE §EE - Z
_-“4 R ..*..l..l.. $ : ¢ + M
1T 11 ~.‘ Iw. .1 T T T M « J
SRR - Ldm <
i I 6 et T
NSNS SaEEnERaE: nEERE . N W
] T SERES ARERG ANER SN RN L) ST aan
1] A EEERS NS S EEEE AN I o = M
] EL: T o T - o'
. e u T r HHHT T t — o
‘w.x. —+ xv‘rvl.“ ,lb;n*nr L & - 1|H! g INI
—+ = - i I N | , , ot —+
1 %T Huq. .._- TA.‘ 4 = 1T @ X
s 11 RS ANEEN N T T o
] O Y 4+ i 5 4 N~ w
B IR i e
. T Ban s aaast °
] O B 05 O o 0 i T}
H BaEaaianainna: <
5 o AN A : r
o) -} ..ﬁ:. . * -t RSN mE M
. . 8 RS 1 852 8 T O B 11 I
T TS S RaRasRasn . HECCE ™
bty - o [ o T e b4 -+ 2
I [ T AT —
17 8 BN N AN AEEEE R - . ——— =
L 111 T I 1 ' T

8

MNI=NINAIN 31V ONIIDIM

5
4
3

0

Wet-Wicking Flow Rate at 5 psi

Figure 9.

17




WICKING RATE ML./MIN.-IN’

26 —F—F— : -
24 fF—1— c mmmnn Hm e s
22—+ -
20 = - - T
18 - —— > - —
| 6 . - — —— - - g “"-,._:
14— -t - —
o ESEES pEmEE B EEEA e ]
12 - rmnumRme.
T + 8 ERARE BEwEN
10 I al
: T T C
N —— & H- - :
= =
q= £ i «~ e o
E E . i SINGLE MATERIAL - —
] S5 IEEE S TRICKNESS TESTS — et
" a
2 s T 1 . T H
88, t ‘ \ wm; T
O m a |
1 234567 8910,11121314159;
WICKING MATERIAL NUMBER
Figure 10. Average Dry-Wicking Rate at 0 psi
18




mm; - 17
36 T é }glu WIDTH

. - L. o kdk .__.7‘7 ) [eous: Banmvass (A : = - 5 = I -NGH R AT
NP o o I A e it
BT A S S SR R [ P e h-.J.,,y_.rlRfm;nm S—

- LR (LD ] SEV0NI TR 5 I ML 5 RN WS PP IR B T PSR (e

32

=~ L NN 1SR iown ) FEIEN SN SeEE - - -
b T TROSSSECTINAL

30

28 = : . -~ . R ——

- 1 3] RGO O %*-44<.,:<ﬂ~.._,::fj,TT;.".FT.T:.
26 . On SREna Ha e CEDen L5 R Fm LS Ranes
: i ] IR 1S NI 520 SR R i ¥ (SN [ [FEH N N SN e
p—- - — - — ——— R e S
B R P ware  —
24 - e e = N | S o -

22 prre =51 sune BERS

B i B T L R 5] S 3 — -

20 "

WICKING RATE ML./MIN.—IN*
|

+ R

0 : —
| ]

Smws RN anEn ey o

: + = T

I
-t 3
h
U
L
>
h
J
i
f

—

b G
;i

:
|
i

2 (T

;
] 1 i ) BT R
- ; 5 | GEEEEE: «,_%:::’_qi'i:j
12 3456789I10:11121314159
WICKING MATERIAL NUMBER

Figure 11, Average Dry-Wicking Rate at 5 psi

19




}
1
1
T
4

' EREEEENE NG T §mE s It 5 1
1 ] HH RENEES L 2 i T _fpu 177
S rl, 4 i

B ] B 1 »Lx 2 I ||LL Al. B nx- YT. HL .‘A

A N Ee SEENSENENSNNRE

)

D

_o 1
. t ¥ T T TN R
[ ] ! ; 8 8 56 6 NI a i i ]
i _ i . - b %l © = 4 ] { 1 U & |

1

| P B £ |

8 ! (R !

|

.

1]

b——— g

34
32
30
2,8
26 =

<« 4 Q @ O € N O 9 O <+
o o (\V] — —_ — - — >

TN — 3WNMOA

60

50

TIME-MINUTES
20

20
Wet-Wicking Flow Rate - Material No. 1 -

10

Figure 12.




4'0 | O T UV 2 0 0 0 O i3 O i R 1 i
! B B R S L LY ! 8 Ll ] ! | LL] A Lk
v -
i e 4 b dadd bbb il e B U L IR S0 I AR
T I Kt I OSSR VTN (NUURNON S i (SN DU Sith S iy o B e bt
. 38
4t L T W - : : . T 9015 ! L5 i
il N1 O T 0 O 7 S U S8 NS TaEwE 0 8 ;R
I SINEN BTN B SIS - e .vtw.._, Lrlbl R B e
IS I O O OO U B AR (I SN U A W R R
26 :
- (! Ei R 2 3 4 (X
L + i (R I
I . TEOUREDES TN SN S “ims
Il =M. v S WIS 5 1S 4 e ot A
34 R NN RIS MRS T S IR E e e e H R | bbbl et
e - - - e g P» B s e R S e S e IR sl e B B
TR 0 0 0 1) O O IO 0 6 B G O
e bt NSSTS ShaS deleadd
DR ST S8 At oot BN W
5‘2 DD SEESSS —— — b e e — et - - -
el — SRS DD UPES WS UERY BESE---- - 4 - e
1% BRI IE O 50 0 0 0y N BHE) I S -
28 ) (R K ST I I A A IR I R
30k
. e s - . R
IR T A . & ddd. BEST MG SIS [SIPEUTNTS I RS S SO <
I R i [ W EE
—— B it W i DTS (RERSREDE MR ES T S U e e ‘4_._._f_._hJ
218 E 1 : | e fonpt oot 1
<5 | Labad + - H ot b I S
1 3 B O A O U O ) S S W G O W WS
(IS 5 s dpgi- L el Ll
| i
26 ymmas T
S L T ST SR E I = ] & | !
X + 1
24 o ) ENEEENAEE
- — <4 Y Y + DRSS N N O USS  —
1 3 od 1 .
! { o ) 41 1
il
22 OTe nws @ m m o $ u
" — g — - ——
: — - . s —— - I 4
5 oo I 5 SN o { B 1 i (S o (1 1
2.0 - ! ! iR o L L1l

EEIRERE S IS ENERIPERTE I SEESTD T A A SNEN BPSSSSSe Be

R -

i BT S

L1 I 15 O O O O

VOLUME -ML.
N
T
1

Ht

v T SsaEs amuns
1] 7.4 ! ] S I
'ah EEE i

4 7 1 T

% w4l i . ! L1l | 11 ]
{ | I |
T ~ ; £ 1 i

2 - + - T T 15 SHEED
' I i) 5 1 i 5 I
e . e—— — D e s
1 | R 1 1 1 I Y O O R O

0 10 20 30 40 50 60
TIME-MINUTES

Figure 13. Wet-Wicking Flow Rate - Material No. 1 - 18.4 psi




EREI I BEEEE | ff 3 1 [ T T T3 T T -
SN a_“.v_w fit H11 { w q HH ﬂ Hill [ i H
~_N. ! 1t } ! | 3 ¢ .u | | | ]
O TRRE s et IRAES EEERS IR LT T HIHIIIE
| 4 i 1 | 1 .I.-.olr_ R
11 T T
AEats R AR R EARE AR RN BRAE AR L <
! HIKEEREEEL ERRRERERE TR o
| 1 | |
| TR AR 4 L
T T M -+ <+ 4+
| T i ‘
| .m IR L | z
M 1 1 ' r 4 (9] ™M
m . ; * | I o y
] | SEAEE L ~
m | | L 11 S
M 1 SEBE B 11 ) =
y T 1 A s S
| 1 N H = ot
| N L HHE z
I I > 3
N
! 1, ! J,
4. 111 I
HA Y B ~ 4 : 0 2 : N
-1t ‘_, {11 N e o o~
H i q i UIY i n.m
T i :
H i « _ i Q h
ik ! 3 Ny 2 S
i __ “ i . IJJT n..w.
, -+ - - !
HEH T HHTHI | N E
AL TR gl T )
,V h; | M | ! JIjII oy
U Hi Hinot | P
it i | I i I 4 o
4: f 111 . il T i N
5 111 .JI,U” 5 mu
| :_ | HLH ] | AI_Tii o =
~ O 0 < 9] o =

S3HONI —3DNV1SIa




DISTANCE — INCHES

111'”“'11114111 1 4 I
lLJA_ 0 10 76 ) ) O O L] L1 ) I 5 I ol R | 0 5 = |
1 5 T 5 0 O O 5 O O O 0 O T 6L 0 3

.. i by et 4
L s e s S e S
B I T B T RS S
gt — - B R e
W | SNGEERIS . - 4 " FEDEDESES SRS . + —
et SR EREE X - Ll
i T ¢ 1 =0 5 4
DU SRS Ht JEDEDIET IS SHURUSUE WNEDREES IS B N8 S AN SRS SN gt} i
feddd RBERITEENESEEEEIMFCTE IS EGEIEITIENSESEESESESER SEEDE SEESEE BES S

SIS N SUGRINES ERURERESON BUEDENSRES By SRER IS PR A e - e

e ottt JOEGHE NI ISSSE IenasEEeEn
e YIS TN 45 TRaaa RS .<
fp—— } + e e B e S e RS S
| . | "
i i S - It : . ek DEDERSH FEEDE
e 5 e gt ettt SN SO ES
MG T SIS U5 O TN VFGIDUN I U IDARAE N

e 4 ded . et pon 4 W5 W E GV O U5 O 0 R | et
—— -
Hages = 1 | ) 0 0 O i O O O O 6 R O O R
R e T R WV TS I AUED TS ISAN SN TN WUNTE I I W - +
- & - d d ¢ - - et
st *- N . T B et et
1
0 0 A G 1 1 }
b+ r——om .- 1+ .
RE 1 -
g + I
———ef - . D e Y -y I
=5 -
- - . . ;-0—-1—0—-0»-&-4 b e o
N E 414 + . RunEE
- ! 1 . -~ - e
| d
| 11 1 1 | V6 | Y
| 1 1 =t . . A-’;
- -
1 i 1 4 Ll I
113 LT ! HEGGEENNERE | ]
] i | i L] IBEEE N 1 ]
T { + L1l (HRENNEREERDE
1 111
[ : T T L JT
- N - 1 |
- -— 1
%L EEEEREEERDEI + did ERRENEE
| ! : ——— — el
" L + D s ‘
-+ 7 8 FTIT i 1 ]
b} —_ - - - - . ‘_1-4
| ) i 8 | ] I ) 1
T ! ! 1 & e 4
] ! 1 T T T 1 ] T
il 111 11l i B L 16 i i ! I
- ! ! 1 } 1 1 ! 11 | |
1 1 ! l
i 11 ! | IBEN pa¥
| 5 § 1 1 1 } 1
——s —
i ! | I & o
t T ™ T 1
: R 1]
¢ 1 i 8 i@ R 15 5 12 1
=] 5 B i . bk
i 0 6 0 1 O g
A ! H ] il
r /i N 5 08 2 O 6 ‘ I ENREN EREa
Vel ! ] Ll ] - i i Ll i n
nE e %1 Ll 4 i I = . et
! ! ! i i 5 S e | i S5 5] 1) 18 1 O I
] 5 W 0 S G ) 1 Ll
i i 1% 1 ! g : 1 [0 ] |
] Ll L : O i
T 11 ' ' T
: J ] A 1
1 1 ! WS | | 9 VR I W 5 I B0 i | ]
B I 550 e L
{ ] | I Li il i | id
+f - 1 1 t B
i - ' —- - ot o 4
] 1 ] & - 1
] 2 5 I | i i =3
»e 1 I Ll 11 LRV LY 1l H 1
/ . 1 LR £
174 4 L L]
LY | 11 Lt Lt . fl E3k B 5
et t
II 1 | - - = IREWE Lil ——
| . . {1 1 ‘ Sl
7 4 b i = + V.- + et -
| B Ll i : ERAENNMREEd s Sy e e 111 111 Ll
i § T 2 it ) 1 ] 1 id EEEReEE AR EERERGE EEE | B G

Figure 15.

10 15 20 25 30
TIME- MINUTES

Dry-Wicking Rate - Material Ne. 1 - 18.L psi

23




3.4 BOILER VOID AP TESTS

A series of tests was performed to determine the local pressure drop character- .
istics of two candidate boiler void materials. The tests were conducted using
air at ambient temperature as the test fluid. The material to be evaluated
was cut to a 6-in.-square shape and enclosed in a plastic envelope. Inlet and
outlet manifolds of 1/k-in. Spirap were provided to distribute the flow uni-
formly across the test section. A photograph of a typical boiler void test
section is shown in Figure 16. Instrumentation was provided to measure pres-
sure at the inlet to the test section, differential pressure across the test
secticn, and air flow rate. A throttling valve was included at the inlet and
exit of the test section. The exit of the downstream valve was ported to the
ECGS laboratory vacuum system. The test setup is shown schematically iw

Figure 17.

The tests were run by flowing air through the test section at a range of sub-
atmospheric pressures. Pressure differential across the test section and air
flow rate were measured. Reynolds number and flow resistance coefficient were
calculated from the test data. Tests were run for flow both parallel and per-
pendicular to the warp of the material. Figure 6 shows the results of these
tests. The method of data reduction and analysis is given in Appendix B. The
most suitable boiler void material, based on the test data, is Trilock No.
6001-1. This material was used in all subsequent ECGS cooling patches.

3.5 INDIVIDUAL PATCH TESTS

All cooling patch tests were run in the ECGS laboratory. This laboratory is

equipped with a large vacuum system, capable of simulating space vacuum pres-

sure at the exit of the ECGS vent system. Ample space is available in the

laboratory for full space pressure suit storage, assembly, and testing in con-

junction with the ECGS cooling garment. A treadmill and bicycle ergometer are

available for generating the required metabolic rates to simulate the antici-

pated work loads astronauts may encounter during EVA or IVA while wearing a

space pressure suit. Two methods of raising metabolic rate were used in the .
tests which have been performed on ECGS patches to date. These are treadmill

walking/running and forearm exercise.
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Figure 16. Boiler Void Pressure-"rop Test Specimen
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Figure 17. Boiler Void Test Set Up Schematic
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Treadmill operation it quite straightforward. A preselected speed end grade
are set and the subject walks/runs at these fixed conditions. Available test #
data from other sources provide a good correlation between treadmill speed

and grade and test subject metabolic .-ate. \

The forearm exercise was accomplished using a squeeze bulb similar to that
used to inflate a blood pressure cuff. A schematic of this system is shown in
Figure 18. 1In operation, the forearm exercise system requires the subjiect to
squeceze the bulb at such a rate that a constant pressure is maintained in

the accumulator. A valve in the accumulator exit line regulates the air flow.

The flow. is measured by a flcwmeter downstream of the flow regulating valve.

The exercise rate can be controlled by changing the pressure or flow rate.
When using this form of exercise, the subject is seated upright with the hand
and erm which is exercising supported in a specific position. With this
restriction of position and the flow and pressure measurements, a very repeat-

able exercise rate can be accomplished.

Primary test instrumentation measured skin temperature under the test patch,
pressure inside the patch, and run time. Secondary data included patch weight
before and safter a run, and vacuum system manifold pressure. All patch vari- .

ables were recorded on an analog data system (ADS).

The ADS is shown schematically in Figure 19. This system provides analog
recordiing on an oscillograph of up to 30 thermistor temperature readings and
up to 40 pressure readings. In addition, five channels of strain-gage-type
instruments can be monitored. The temperature measuring capability is obtained
by sequentially scanning up to 30 thermistor inputs. The scanning rate is
limited to 30/min in order to get readable oscillograph records. Two channels
of thermistor data are continuously monitored and visual readout is provided
for these two channels. The pressure measuring capability of this data sys-
tem is obtained by sequentially scanning up to 48 individual pressure inputs

by using a scannivalve. This scannivalve sequentially ports the pressures to

a single strain gage transducer.
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Figure 19. Analog Data System Schematic
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The procedure used to test individual patches was as follows, with minor

modifications as required for specific tests:
1. Fill patch with water.
2. Weigh patch and record weight.
3. Apply thermistors to test subject.

L. Install patch on test subject and attach patch vacuum and
instrumentation line.

5. Operate patch and record data (subject may or may not be
exercised depending on run requirements).

Table II lists all individual patch test runs during the Task 2 effort. These
tests covered a wide range of variables and as such some served more than one
purpose. A brief discussion of the overall test program is presented in the

following paragraphs.

The first test series (runs 301 to 304) was run to obtain skin temperature time
history data to use as a comparison with future cooling patch data. These

runs were made both with and without a lower right arm patch in place to
determine the effect of the inactive patch on skin temperature. Data from
these tests are shown in Figures 20 through 23. It can be seen that the
inactive patch causes the skin temperature tc rise higher than when the fore-

arm is exercised without any covering.

A run was made to investigate the effect on blood bicchemistry of exercise,
fatigue, and local overheating of the forearm. This work was carried out with
IRAD funds as a parallel study which might have relevance to the ECGS program.

A detailed discussion of this program is included in Appendix C.

Another series of runs (308 to 310) was made to obtain data on forearm tempera-

ture while the forearm was being cooled with an ECGS patch. Forearm exercise

was included to show what effect it may have on the patch cooling character-

istics. Data from these runs (Figures 24, 25, and 26) show that the cooling .
capability of the patch far exceeds the heat generated locally by the

exercise.
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