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ABSTRACT

ICE PACY HEAT SINK SUBSYSTEM - PHASE I
by
George J. Roebelen, Jr,

Contract No., NAS 2-TOll

This report describes the design, development, fabricatlon, and test at
one-g of a functional lsboratory model (non-flight) Ice Pack Heat Sink Sub-
system to be used eventuslly for astronaut cooling during nenned space missions.
In normal use, excess heat in the ligquid cooling garment \ICG) coolant is
transferred to a reusable/regenerable ice pack heat sinl.. For emergency
operation, or for extension of extravehiculsr activity mission time after
all the ice has melted, water from the ice pack is bciled to vacuum, thereby
continuing to remove heat from the LCG coolant. This subsystem incorporates
a quick connect/disconnect thermal interface between the ice pack heat gink
and the subsystem heat exchanger.
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FOREWORD

This report hes been prepared by the Hamilton Stendard Division of the
United Aircraft Corporation for the National Aeronsutics and Space Administrs-
tion's Ames Research Center in accordance with the requirements of Contract
NAS 2-T011, Ice Pack Heat Sink Subsystem - Phase I,

Volume I contealins the entire Ice Pack Heat Sink Subsystem - Phase [ final
report excepvt for Appendix J, Ice Pack Heat Sink Subsystem Opersting Instruc-
tions and Component Specifications.

Volume IT contains Appendix J, Ice Pack Heat Sink Subsystem Operating
Instructions and Component Specifiecations.

Apprecistion is expressed to the NASA Technicel Monitor, Mr. James R.
Blackaby of the Ames Research Center, for his guidance and advice.

Hamilton Standard personnel responsible for the conduct of this program
were Mr. F. H. Greemwood, Program Mansger, and Mr. G. J. Roebelen, Program
Engineer. Appreciation is expressed to Mr. J. S. Lovell, Chief, Advanced
Engineering, Mr, P. F. Heimlich, Design Engineer, sand Mr. E. H. Tepper,
Analyticel Engineer, whose efforts made the successful completion of this
program possible.
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A functional laborstory model (non-flight) Ice back Heat Sink Subsystem
vas designed, developed, and tested at one-g during this 12 month program.
Two complete functional laboratory model subsystems, each having two spare
ice pack modules, were fabricated and delivered to the NASA ARC, Complete
detail and assembly drawings, operating instructions, and specifications of
all mechanical components also were submitted,

In normal use the subsystem utilizes a six pass ..eat exchanger in contact
with & reusable/regenerable ice pack heat sink module to remove heat from,
and control temperature teo, a liquid cocling garment (ICG) loop. For emergenc;’
operaticn, or for extension of extravehicular activity (EVA) mission time, whe:
all the ice has melted, water from the ilce pack module 1s automatically vented
to vacuum, causing boiling, and thereby ccntinuing the removal of heat from
the ICG loop.

The ice pack module holds & minimum of 7.0 kg (15.4 lbm) of water. Cooling
loads of 139.5, 4bo, and 879 J/s (475, 1500, and 3000 Btu/hr) can be satisfied
for both the normal melting lce and emergency water buoiling modes of operstion,
resulting in normal operation unit outlet temperatures of 302.6%K (850F), 20L.20
(TOF), and 282.7 - 284,59 (49-53°F) and in emergency operation unit cutlet
temperatures of 28L,3 - 234,8%¢ (52-53°F), 284.3 - 287.80K (52-56.5°F) and
293.7 ~ 295.3%K (69-T2°F), respectively.

=~

Development of a suitable process for applying a O.1 mm (0.004 inch)
lead coating tc the heat transfer surface required considerable effort. The
application process developed is an electro-plated layer, which was mechanically
finished to obtain a suitably flat surface.

An additional problem area encountered was 1in the development of the ice
expansion compensation sandwiches. Exposure of the sandwiches to vacuum
caused them to grow and thereby push water out of the wicking material. The
successful design now consists of a teflon laced sandwich, which i1s preloaded
approximately 25 percent prior to the teflon lacing process, Preloading
insures that all the slack was removed from the lscing.

It is significant to note that the final version of the Ice Peck Heat
Sink Subsystem is essentially identical to the configuration generated analyti-
cally, and that all requirements of Specification Number 2-17753 were satis-
fied.

Based on the results of this program, the Ice Pe~I Yeat Sink Subsystem
concept has shown itself to be a viable system for astronaut cooling during EVA.
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INTRODUCTION

Future manned space explorastion missions are expected to include
requirements for astronaut life support equipment cepable of repeated use
and regeneration for many extravehicular activity sorties., In anticipation
of these requirements, NASA ARC funded two contracts (NAS 2-6021 and NAS
2-6022) for the study of Advanced Extravehicular Protective Systems. The
purpose of these studies was to determine tne most practical and promising
concepts for manned space flight operations projected for the late 1970's
and 1980'8, and to identify areas where concentrated research would be most
effective in the development of these concepts.

One regenerative concept for astronaut cooling utilizes an ice pack ss
the primary heat sink for a liquid cooling garment (ICG) cooling system. In
an emergency, or for extended operations, water from the melted ice pack
could be evapcrated (boiled) directly to space vacuum.

This report describes the design, development, fabrication, and test at
one-g of a functional laboratory model of such an Ice Pack Heat Sink Subsystem.

Calculations and data pertaining to the execution of t is program were
made in U. S. customary units and then converted to SI units.

v
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CONCLUSIONS

The results of thls program effort to design, develop, fabricete, and
test at one-g a functional laboratory model Ice Pack Heat Sink Subsystem lead
to tie following conclusicns.

The unit hold 7.0 kg (15.4 1lbm) of water.

Cooling loads of 139.5, LkO, and 879 J/s (475, 1500, 3000 Btu/hr)
can be satistied for both the normael melting ice and emergency
water boiling modes of operaticn, resulting in normal operation
unit cutlet temperstures of 302.6% (85°F), 294.2Pk (70°F), and
282.7-28L ., LK (49-53°F) and in emergency operation unit outlet
temperatures of 284,3-284,80K (52-53°F), 284,3-287.89K (52-56.5°F)
and 293.7-295.3%K (69-72°F), respectiv.ly.

The interface between the ice chest module and the ICG heat
exchanger is sufficiently durable to withstand repeated removal/
installation cycles as long ss care is taken to wipe the ma.ing
surfaces prior to instaellution and to protect the mating surfaces
from scralches or grecoves.

Manufacturing tolerances associated with the mating surfaces
present no excessive problem with the concept utilizing a seni-
flexible heat exchenger and a fluld interface preloading bladder.

All aspects of [ASA Ames Research Center specification number
2-17753, as amended by contract amendment,/modifications No. 1,
2, 2, and L, were met.
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RECOMMENDATTONS

The studies and test results of this program evolved the following
recommendations,

® Continuation of the basic hardware configuration generated by
this program phase is recommended.

® Optimum data utilization could be obtained during any future
testing if the following step. were taken.

Normal mode operation should be run at 139.5-44C J/s
(475-1500 Btu/hr) over a wide ICG heat exchanger water flow
spectrum, ignoring the unit mixed outlet temperature.

Accurate contact conductance measuring points should be
utilized to obtain precise temperature differentials for
a 879 J/s (3000 Btu/hr) load application in both normal
and emergency operation,

The emergency water boiling mode should be run over the
whole spectrum of ICG heat exchanger flow rates.

This test sequence would provide a complete series of unit
effectiveness maps for both normal and emergency modes of
operation,

® Additional effort is recommended to study alternate ice chest/
ICG heat exchanger interface configurations and interface pre-
loading configurations to obtain a self-cleaning interface and
a higher unit contact pressure.

7/8
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NOMENCIATURE

effective area, cross sectional erea
heat exchanger core face area
primary area

secondary area

British thermal unit

British thermsl unit per hour

British thermel unit per hour-degree Fahrenheit
British thermal unit per hour-squere foot-degree
Fahrenheit

water specific heat

ICG cooling watexr to heat exchanger end plate thermal
conductance

heat exchanger end plate to ice chest end plate conductance
ice chest end plate to ice conductance

centimeter

heat exchanger effectiveness
extravehicular activity

degree Fahrenheit

gram
gram per second
gallons per minute

convection coefficient
thermal conductance
heat exchanger

hour

inch

Jjoule

Joule per second

Joule per second-degree kelvin

Joule per second-square meter-degree kelvin

degree kelvin

thermal conductivity

thermal conductivity of parellel aluminium/water srrangement
kilogram

thermal conductivity of water

thermal conductivity f aluminium

kilonewton

kilonewton per square aeter
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Nomenclature (Continued)

kN/meA kilonewton per square meter delta

ks kilosecond

1ICG liquid cooling garment

lbm, 1b pound mass (avoirdupois)

lom/hr, 1b/hr pound mass per hour

m meter

mm millimeter

N newton

Np number of flow passes In heat exchanger

P plate open area divided by plate totsl ares

psi pounds force per square inch

psie pounde force per square inch absolute

psi pounds force per square inch deltsa

Q,q heat transfer rate, heat load

s second

TgvAP evaporant temperature of metal boiling surface

Te freezing point tempersture of water

Ty water inlet temperature

To wvater outlet temperature

torr pressure measured in millimeters Hg

UA overall subsystem thermal conductance

Vv heat exchanger core volume

W water mass flow rate

X fin height, length of heat transfer path

AT temperature drop

n fin efficlency, dimeasionless conductance
2

nf fin efficiency

M pressure measured in micron Hg

10
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SUBSYSTEM DESIGN AND ANALYSIS

The Leborstory Model Ice Psck Heat Sink Subsystem delivered ¢s r: end
item of this contract consists of an ice chest/liquid cooling garment (LCG)
hest exchsnger combinatior whose operation wes demonstrated during the
feasibility testing portion of this program and whose werformance capsbilities
were proven during the development portion, and an ice pack console. This
console is designed to meintain contact between the ice chest and liguid
cooling garment heat exchanger, end provides the liquid loop components which
circulate the liquid, chilled in the heat exchanger by the ice chest, to the
external liquid cooling germent. Figure 1 is a front photograph of the Ice
Pack Hest Sink Subsystem Console, Figures 2 snd 3 sre left side znd resr
vhotographs of the Ice Puck Heat Sink Subsystem Console. Figure 4 is a
photograph of the Ice Chest.

SUBSYSTEM CONCEPT

As designed, the Ice Tack teat Cink Subsystem contains an inderendent
ice chest which is mounted to z plate-fin LCG heat exchanger in which
the LCG coolant is circulated. The independent ice chest is filled with
water and frozen. The ice is contained in wicking material, and fins zare
incorporated to provide adequate heat transfer from the ice chest mounting
surface to the ice. Closed cell feoam is incorporated in the ice chest to
serve as an ice expansion compensation device.

As the LCG coolant is circulated through the plate-fin LCG heat ex-
changer, the melting ice provides a heat sink which cools the LCG coclant
over the complete range of heat loads. Temperature control is provided
by the manual temperature control valve which determines the flow split
between the heat exchanger and the bypass loop.

P When the temperature in the heat exchanger outlet exceeds 288,70K
(70°F) , a sign that all the ice has melted and that the unit can no longer
satisfy the cooling requirements under normal operation, the ice chest may
be set to automatically convert into a water boiler ty venting the vapor
passages to a vacuum ambient., Water within the ice chest is then internally
transported by the wicking material tc a metal boiling surface, where the
subsequent evaporation of water is sufficient to cocl the LCG coclant.

The initial charge and subsequent emergency recharges in the space
vehicle are accomplished by filling the ice chest with water through a
fill port. When tne ice chest is filled with water, the fill port is
capred and the ice chest is refrigerated. The ice chest is available for
use as soon as all the water 1in it has frozen.

11
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Using this concept, recharging during EVA is conveniently accom-
plished by mechanical removel and replacement of the ice chest portion of
the subsysten.

Detailed evaluation of the many facets of this design including con-
ductances, wicking devices, ice expansion compensation device, ice chest
sizing, evaporation mechanism and overall subsystem performance for both
normal and emergancy operation are included in the following sections.

SUBSYSTEM FUNCTINNAL DESCRIPTION

The Ice Pack Heat Sink Subsystem is & regenerable thermal control
subsystem containing Tkeg (15.43 1bm) of ice end capable of rejecting

heat in a range from 139.5 J/s to 879 J/s (475 Btu/hr to 3000 Btu/nr).
A functional schematic of the subsystem is presented in figure 5.

The Ice Tack Leat Tink Subsystem consists schematically of a liquid
heat transport toop containing inlet and outlet fittings, an accumulator,
a pump, an ice pack heat sink, valves, a temperature sensor, and therumo-
couples. The inlet and outlet fittings are attached to a thermal heat
source to simulate a space suit liquid cooling garment (LCG). By measuring
total flowrate in the LCG and the temperature difference at the two thermo-
couples situated at the inlet and outlet, the heat source may be measured
and controlled.

The accumulator (Item 1), which pressurizes the LCG coolant upstream
of the pump to 143 kilonewtons/m2 absolute, minimum (20.7 psia, minimum), is
a spring loaded diaphragm device., Locating it upstream of the pump (Item 2)
prevents pump cavitation. Since the accumulstor is a gage device, the
pump inlet pressure will be 4l kilonewtons/m“ absolute, minimum (é psia,
minimum), if the total system is placed in a vacuum.

Two needle valves (Item 3), one in the LCG heat exchanger loop and one
in the heat exchanger bypass loop, allow adjustment of the coolant flow
through each loop thereby allowing the total flow and the flow split to be
precisely set. During low heat load conditions most of the coolant flow
is bypassed around the LCG heat exchanger, and during meximum heat louad
conditions all of the flow is circulated through it. A preset sdjustsble
orifice (Item 1k) is included to bypass the needle vulve in the LCG heat
exchanger loop. This adjustable orifice is set to maintein a minimum flow
throug: the heat exchanger in the event the heat exchanger loop needle

16
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.valve is inadvertently snut-cfs wii Y -in
~tnereny prevents the heal exchiapger coclant flow from belng tagrated,
which would ailow: it to freere and piug the heat exchanger..

,

Flowmeter taps are vrovided in both the 1C3 heat exchanger locp ard
.the bypass loop. These iteps are located on the front panel and are
utilized by removing jumper tubes and ‘nat ling the zppropriate flc‘meters.

e sink r: o consist e ice chest : the LG
The heat sink portion con s of the s (item &), the L
" heat exchanger {Item 5}, = bladder {(fiem 20 =nd mountin~ frarc {Ttam 13,

a pressure source port, a thermoswitch {Itex 12}, : vacuur shut-off wvalve
g , t

1'
-+ {(Itex 6), and two interchangeable crifices i(item T,. Tigz tw> most irportant
parts of ‘the heat sink portion sre the heat exchanger and the ice chest.

) The hent exchanger is a plete-firn, eluminum, six-vass, single passage
device through which the coclant water fiows. The na2at iced is transferred
from the heat excnanger tc the ice chest by conductors and is fiangliy
stcred in the ice chest by the malting ¢ the ice during normel ovreraticn.

Emergency copereticn is initiated by the thermoswitch (Item 12) when 2 high
temperature, 238.7CK (6C°F), =t the outlet .f the hest exchenger is reached.
The thermosvitch aciustes the vacuum shut-off valve (Item 6) via the
signal conditicnmer {Item 13;. Waicn this occurs - zssuming all the water in
the ice chest has meited - LCC thermzl conditioning Is zzintzined by the

transformation of the Ice ctest into z water toiler. Two crifices are pro-
rided in the test hardware to ccntrol Tiew. An orll'ce dismeter of {.79. cm
(.311 ipen) provides a fresuin - coudition at 117.2 J/s (W00 Btu/nr) and
effective ~ooling up to 531 J.s {120 Btus/hr). The second oritfice diameter
of 1.52 cm 1.590 ineh! will fresze-ur unier 2 heat .ocad of 3o¢ J.'s {1250
Btu/nr) or less and provides effective cociing up t- the maximum heat lcal
of’579 J/s (3000 Btu/kr). Attachment cf the i-e chest tc the hest exchanger
is accomplisned bty sliding the ice chest belween the mounting frome assembtly
and tne heat exc“angev The beck side of the hest exchanger is tressurized
from suit pressure 54 kilcmewions/m, (8§ psi), thereby clzziiig the ice

-chest between the mounting frace and the heat exchanger tc provide predict--
able heat transfer conductance.

A terminal box (Item 10} con*ains sll electrical wire lead Junctions.
A pattery {Item 1l1) proevides system power.
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On the front psnel are mounted the main power switch (Item 8), the
pump switch (Item 15), the normal mode indication white light (Item 16),
- the emergency mode indication red light (Item 9), and the switches for
providing override of the vacuum shut-off valve - the override closed
switch (Item 17) and override open switch (Item 18).

In an actual flight system application, the ice chest will be replaced
peviodically during the mission. It is assumed that e cart or vehicle will
be readily accessible to the crewman, where the replacement ice chest will
be stowed in an insulated compartment. The replacement ice chest is
visually inspected and readied for insertion into the mounting frame,

First the spent ice chest must be removeu from the crewman's life support
system. The Dbladder pressurization line 1s vented to vacuum by turning
a three-way valve., This closes-off the suit line and vents the hack side
of the bladder thus relieving the pressure on the ice chest. The

ice chest is then slid out from the mounting frame. The replacement ice
chest is inserted and the bladder pressurization line is repressurized -
by turning the valve. The spent ice chest is stowed in tne "used" com-
partment. The actual method employed for replacement is dependent on the
suit/life support system packaging design. For a front mounted life sup-
port system or integrated suit, replacement is relatively easy because it
may be accomplished within view of the crewman's line of sight. For a back
mounted life support system, a donning station and procedure may be
required.

SUBSYSTEM PHYSICAL DESCRIPTION

A cut-avay view of the Ice Pack Heat Sink Laboratory Model is shown in

figure 6. The ice chest and heat exchanger assembly are surrounded by 2.54 em

(1 inch) of Min-K insulation and mounted on top of a structural frame. For
ice chest insertion in the direction shown, the front panel of the structure
is opened.

The pump, accumulator, battery, vacuum shut-off valve, signal con-
ditioner, and terminal box are attached directly to the structure base

plate. The adjustable orifice is locsted on the bsck side of the front control

panel and is accessible only when the front panel is opened.

The front panel contains the two flow regulating needle valves, the
norme . mode and emergency mode pilot lights, the main power switch, the
pump switch, the override open switch, the override closed switch, and the
flowmeter taps for the heat exchange and the bypass 1lines.

20
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The inlet and outlet fittings for conmection to the liquid cooling
garment or dummy load are on the left side as is the fitting for the
bladder pressurization line.

Isometric pictures of the Ice Chest and Heat Exchanger are shown
in figures T and 8 for the normal and emergency modes, respectively.
This section describes the ice chest and the heat exchanger in detail.

The heat exchanger is made from aluminum and its comstruction consists
of a single passage, six-pass plate-fin heat exchanger. The selected fin
for this application is a 1.9 mm (0.075 inch) high fin with 9.5 fins per cn
(24 fins per inch) end & 0,076 mm (0.003) inch wall thickness. Heedering
between pssses is accomplished by s2n internsl headering srrsngement consisting
of fins cut and fitted st right argles snd internsl pess sepsrstors. The
end sheet facing the ice chest - the hest transfer surface - is made extre
thick to permit finish mochining after brazing. The psssage separstors and
the hest exchenger ciosure bars sround the periphery of the hest exchanger sre
machined into this end sheet. The other end sheet - side opposite the ice
chest - is made out of standard aluminum sheet stock. The inlet and .utlet
headers are bruazed in place and are of standard heat exchanger header con-
struction. The whole assembly is fluxless brazed.’

The ice chest consists of a housing,¢tov, buna-N O-ring gassket, wick,
and closed cell foam pads. The housing is constructed predominantly of
sheet metal wherein the sides and fins are spaced on a pitch of 1.5 cm (0.6
inch). The fins run the full length of the ice chest and from top <o
bottom. The bottom of the ice chest is constructed of aluminum plate
stock machined with grooves in which the fins are placed and additional
grooves which act as the vacuum passage during emergency operation. These
grooves run the full depth of the ice chest between the fins and run into
the vapor exhaust header. On top of the vacuum grooves, and in betwecn the
fins, is a perforated sheet. This perforated sheet acts as the boiling heat
transfer surface during emergency operation. The entire sheet metal assem~-
bly described above is fluxless brazed to form a structursel unit. After
brazing, the underside of the bottom of the ice chest is finish machined
to ensure flatness.

The spacing between each fin is 1.27 cm (0.50 inch). Inserted in this
cavity are two layers of 5 mm (0.20 inch) thick wicking material separated
by a layer of 2.5 mm {(0.10 inch) thick closed cell foam and foam retainer.
The cleosed cell foam is utilized to account for the expansion and contraction
of ice. The theory is that upon being cooled, ice will form first at the
fins and progressively freeze towerd the closed cell fosm. The 1id is con-
structed of aluminam plate stock and the gasket is a buna-N O-ring.
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The wick is the means ty which the water is transferred te the rer=
forated sheet metali tciling surfsce during emergency operaticn; i.e., a

wicr-f:3d water toiler. Therefcre, during ncrmal ¢reration the water is

cortainsd within the wick anéd is frozen within it. The progression of
zelt/freeze iines is gdepicted =t the top of figure 7 I{rom begianing to-
the end of the missicr.

For emergency cperation, the electrically actuated shut-off valve is
zctivatei, exposing the vaper exhaust DeSsege to vecuum. When the vsper pressure
at the perforated sheetmetal tolling surface fell:s 1o the saturaticn
rressure consistent with the heat trapsfer input rzte, tolliing occurs.
Yayorization aiso occurs at the fins tc maintain pressure eguslizaticn
and tc £i1i the void formed by ithe water being wicked tc the beiling hest
transfer surface. & progressisn of vapor/liguid iines es shown in figure 8
depicis the razth tha "atnr will take withirp the wicx {rcom start te finist
of ihe erergeacy mission zode.

A compisTe colorizticn of each pieca ¢f hardware Is centained in
Appendix J, Ice x-ox est Sink Subsyster Opersting Iastructions end Com-
ponent Specificstious.

SUBSYSTEM 24:ALYSIS

Cverall conductarce Srom the LG cocling water io the ice {or boiling

water) was brcken Gowrn into thres corductances:

irg w nraver €03 1lute {comvection).
ezt exchsnger e“d ;late e ive chest end plate {contact
.t a A

@ Ice chest eni plate (fin base) to ice {conduction).

These ccenductances are evaluated in detail in the following three
secticns. Thnese individuz: conductsuces were then combined to oblairn an
overall conauctance using the relationship.

b . 1 1 1
= = - + = + -
'JA Ll C2 C3

Zeat axchanger elfect
Leat exonenger data (& &
conTiguration).

iveress was determined utilizing courter fliow
-3 approximaticn for the six-pass, cross ficw



The effectiveness then was used to calculate ocutlet water tempera-
ture for various inlet. water temperatures:

T, = T; - E(Ti-‘r

f)’

where T, is water outlet temperature, T3 1s water Inlet temperature,
E is effectiveness, and Ty . is the freezing point of water. The heat trans-
fer rate then was determined: -

4 = Welns -7,

i o

wvhere W is the water flow rate and ¢ is the water specific heat.
Finally, graphs were pade to show the relationships among heat transfer
rate, water flow rate, heat sink iniet temrerature, and time {percent of
ice melted). PFigure 9 shcws effectiveness versus water weight flow for
various times during rormzl operction.

“he following three secticns evaluate the individual rate-controlling
conductances from the LCG cooling water to the ice. For normel operation
at time z2ro and for emergency ovzration, the fin base-tc-ice {or to
toiling water) conductance is not rate conirclling, and it is therefcre
taZen as infinite.

Cenductance from LCG Water

As the LCG cooling weter flows through the finned, multipass hest
exchanger, heat is transferred from the water, through thae fins, to the
heat exchanger end plate. The corresponding conductance is ha, where h
is the counvection coefficient at the interface and iz is the effective srea.
This ares

;‘.=Ap + Asn,

Where 4 is the prizary erea, Ag is the secondary (fin) zrea, and 7

S

5
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The wvalue of the conductance depends on heat exchanger configuration;
that is, on number of passes, face area, flow length, and fin height,
spacing, thickness, and material. For a given heat exchanger configuration
and fluid, conductance depends on fluid flow rate. Based on the proposed
design, conductance was determined for several flow rates, as flollows:

Flowrste Conductance’
&ls (1b/hr) Jis - %K {Btu/hr - °F)
2.5 ( 20) 970 {1838)
7.6 { 60) - 1233 (2333)
15.2 (120) - 1950 (3685)
22.8 '(180) 2616 {(L9ks)
30.4

(240) 3200  {6065)

Tne values of conductance, hA, were determined from Hamilton Standard
test data of this fin configuration which relates hA/V versus WN_/A,, where
V is heat exchanger core volume, W is water ’low raue, H is numger of
passes, and A¢ is core face area. P

Interface Contact Conductance

When two surfaces are brought together forming an interface across
which heat must flow, a discontinuity in the system temperature profile
(figure 10) will occur at the interface. The temperzture profile within
materials (1) and {(2) will be a direct function of their thermal con-
ductivities, kj and kp, but the definition of the contact temperature
discontinuity is not so easily described. Considerable attention te
this definition has been generated since the late 1950's Gue to stringent
aerospace requirements. In the actual design, the contact resistance
comprises a major portion of the total system temperature drop and vas
the subject of considerable attention during the feasibility phase.
Although this problem could have been avoided through the utilizatiom
of a one piece ice chest/LCG heat exchanger, the inherent drawbacks of
tha* ccnfiguration (logistics, performance and potential LCG freeze-up)
would have produced problems with substantially higher development risk.

The actual area of the two materials in contact is a rather smaill
fraction (possibiy one to ten percent) of the projected area and is a
direct function of the contact pressure or force holding the Joint
together and the hardness of the materials. Roughness and flatness of
the twe contacting surfaces result in peaks which join to form the
effective heat flow area of the joint. The valleys tetween the peaks
rrcduce & gap which essentially insulates that portion of the heat
flow puth (especially in a vacuum environment). Conductance can be

27
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increased by increasing the contact pressure, which produces plastic defor-~
- mation of the peaks thus ircreasing the effective heat flow area. Also,
soft materials may be applied to the interface to deform under low load

anéd fill the valleys providing parallel paths for heat flow. Obviously,
the higher the plasticity and thermal conductivity of the 1nterst1t131
material, the greater the beneficial effect.

e

. For this design, the greatest hurdle was in the extrapolation of
reported data dovwn to a range of contact pressure @chievsble by a crewman
during EVA. Much data is reported it loadings above 680 kN/m< (100 psi)
while loadings for this effort will be 5k kN /m® {8 vsi) or less. Data
from Reference 1, Appendix I are presented in figure 11 and are the basis
for the follow1ng conclusiors.

® Contacts assembled in a pressurized environment will have
substantial conductance at low applied loads as a result of
gas trapped in the interface. This gas persisted in the
Joint ‘throughout a cne-week perlod during the Reference 1 -
testing.

® Materials having a very fine finish, which are assembled in
vacuusw, have essentislly zero conductance at zero contact
pressure.

® Rougher materials, assembled in a vacuum, exhibit some ccnduc-
" tance at low contact pressures but verification of extra-
polations to very low loads is required. The rate of con-
ductance drop-off appairently is quite high in this region.

A contact conductance of 1132 J/s—me-QK,(ZOO Etu/hr—ftQPF)was
assumed for the assembly. This value is considered conservative for
contacts assembled in a pressurized environment such as the lunar vase
or spacecraft cabin, but is unrealistic for a vacuum assembly such as
resupply during EVA.
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To attack this problem and improve conductance for all modes of
assembly, the inclusion of an interstitial material is required. Data pre-
sented in Reference 2 and shown in figure 12 show an order of magnitude
improvement in contact conductance through the application of silicone
vacuum grease and substantial improvements with indium, lead or gold.
Although the grease appears to hold the highest performance potential, it
poses the practical problems of contamination during assembly and excessive
force requirements for disassembly. Dats presented in Reference 3 and
shown in figure 13 substantiates tbe findings in Reference 2 with contact
pressures in the range of 136 - 20+ kR/m2 (20 - 300 psi).

The designed unit has lead plzving applied to the relatively rough,
approximately 0.81 micrc-meter (32 micro-inch) finish of the ICG hest excharger.

A rough finish will provide the pealks necessary to iosd and plssticslly
deform the lead with the intended aim of filling the vslleys and voids
between the two ccntacting surfacas. PFor this resson it zlso would be
desirable to provide sn equslly "rough" finish on the moting surfsce

of the ice chest. Potentizl disessembly problers, however, hsve dictsted

2 0.1 micro-meter (4 micro inch) finish on this part to minimize
friction.

Several other materials and applications were considered because of
their effect on contact conductance. Copper was eliminated by corrosion
and storage requirements. Aluminum was disregaraed because identical
materials will cold weld under vacuum conditions. Although indium has a
desirable effect on contact conductance, its cost is prohibitive wher
compared to lead. A plating procedure for the lead was deemed more
aprlicable than leafs and foils, as leafs and foils will tear, necessitating
replacement when the ice chests are removed and replaced. The lead piat-
ing is thus the most effective means of improving contact conducic.ice by
use of interstitial materials.

As presented in Reference 3 and figure 13, the use of lead plating will
increase the contact conductance by approximately 200 times over that
obtained with bare aluminum 202k, Thus, to get an overall contact conductance
of 1132 J/s-m2-9K (200 Btu/hr-£t2-°F) requires a base metal junction contact
conductance of only 5.67 J/s-m°-°K (1 Btu/hr-ft2-OF). Therefore, +his portion
of the design more than meets the requirements, holding the discontinuity in
the systen temperature profile (figure 10) to a minimum.

3¢
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Fin-To-Ice Conductance

The final heat rejection stage is transfer of heat from the fin base
to the melting ice. Most of the heat passes up tie fin, through the water
(melted ice), and into the ice. The rest of the heat flows directly from
the fin base, through the water and into the ice. Early in the mission,
when ice is in contact with the fins, the heat goes directly from the fins
to the ice.

To determine the fin-to-ice conductance vertical and lateral recession
anaiytical models were used, and the results were averaged. The resulting
values were as follows:

Conductance
Percent of Ice M~lted J/s-°K  (Btu/hr-°F)
o o o(relative)
50 180 (341)
100 105.5 (200)

Wiih no ice melted the conductance is of course finite, but it may
be considered infinite relative to the conductances discussed in previous
sections. The analytical models discussed here are represented in
figure 1k.

In the vertical model, the ice is always in contact with part of the
fin, as it recedes vertically from the base to the top of the fin. Heat
transfer through the water from the fin and fin base is negligible.
Essentially all of the heat passes upward through the fin to the fin-ice
interface st 273.1°K (32°F). The rate of heat transfer is therefore
described by ,

g = kAAT/x
where k is the thermal conductivity of the fin, A is the cross sectional
area of the fin, AT is the temperzture drop from the 7in base to the

fin-ice interface, and x is the height of the fin. TYFor any heat transfer
rate g, the temperature drop may then be calculated as

AT = q x/(ka),

as x varies from zero at the start of the mission to the total fin height
at the end of the mission,
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Ir the lateral modei, the ice is never in contact witk the fin {except
at time zerso), and iis surface is a uniform distance from the fin. Heat is
transferred from the {in base upward along the fin and letarally through the
weter to the melting ic:. Heat also flows from the fin vase directly o -
the Ice, but this was neglected to generate a conservative design. The
heat fiux from any point of the fin to the ice is described by

aq/dA =k AT/x

where X is the thermsi coanductivity of water, AT is the temperature
difference between the fin and the ice, 2nd x is the distance from the
fin tc the ice. fror tae entire fin, the heat transfer rz'.e is therefcre
descridbed by

4 = EAMAT/x

13

where A is “he fin izieral sres, Nis the fin efficiency, and AT is the
temperature drop from the ice to the fin base. In this expressionm, -

7= tenh {2k Likgtx) / {lx,Likyptx)

where s‘_

is thermal conductivity of the water, L is Tin height, ky is thermai
coenductivity of the fin, t is fin thickness, sad x is the distance from the
fin to the ice., Fior any heat iransfer rate g, the temperzture dror may

then te caiculated as

AT = gx/xiym

&S X varies from zZerc at the s:o:1 oF the mission to half the fin spacing
at tie endé cf the missi-o.

in temperszture drops vere then calculated {or each model to accecunt
e conditicn when the ice has 21l melted under = femt icad of

-
-

for th

£723/s. {3000 Biu/ar). Tre temperature dror for tae hcgi:ontal model is
T.459% {13.49F) and for she v i:a(]:. model, 6.23% {1€.¢°7). Tne sverage
of these twe values is .34 {15.0°F).

£
Fesulis for the twe models are in fairly gocd cgreemert sc thrat >4
resc_ 1S 2re provably eccurate witihin five percent. The right zand side ot
Tigure l4 shews pictorially how averaging the twe znalyticzl modess
approximates the time situation.
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Wicking Device

A wicking device Is used in the ice chest as a water trans;ort mediunm

toc the boiling plate surface when all ihe ice has me.ted. When the sclerncié
actuated shut-off valve is activated exposing the varcr exhaust header to
vacuum, water evaporates off the boiling plate surface. The wick is

utilized to keep water always in contact with the surface.

water flow in & wick not fed by a reservoir is caused by a wick density
driving force; i.e., the small capillaries pull water from the iarger
cepiliaries. A wick vwitn uniform capiliary diameters will not induce fiow.
These facts were corroborated by test during the design of the ice chest.
These tests are represented gpictorially in figure 15.

Fig. 15 &) COMPRESSEL AT EOT END Fig. 15 b} COMPRESSED AT COLD ERD

mwrsomee N\ANAL / /S

~o——— COMPRESSIOR
COMPRESSION ——ppe e

TEST DEMORSTRATION OF WICKING MECHANICS

FIGURE 15
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As represented ty figure 15a., a2 wet wick was hLeld against a hot sur-
face and compressed to produce small capillaries at the hct end. In this
case, water vapcr cculd be observed forming at the hot end. igure -5t
depicts the case where a wet wick was held against 2 hot surface and ccz-
rressed at the end of the wick awsy from the hot surface. In this case,
no water vapor was cbserved, and the wick begar to turn st the hot end.
These rather simple tests dramaticelly demonstrated both the wick lensity
dr;vz ig force ana the need for the wick to be compressed in a controiled

anner at the ice cuaest metal btoiling surface, to ensure water flcw to ike
boiling surface.

Along with the need for the wick to be compressibtle to ensure wz:er
transport, several other facets wvere also considered. O{ne of these was
cagilliary wicking head, which is the height of water that a wick can dres
when placed vertically with one end in a2 liquid sSuppiv. & wick with
sufficient capillary wicking head will provide the rroper water retention
in the ice cell when ia & one-g testing enviromment. Tkis precliudes water
dripping into the vapor passages where tne possiviiiiy of freezing exists
when the passages are vented to vacuum.

Ancther design criterion wus that the wick shouid have high rcrosity.
Torosity is defined as the wick void vclume divided ty the wick tctal
volume. A wick cf high porosity will provide for a2 smaller Ice chest
size than one with low porosity.

Table I shows candidate wicking materiais and comments on each. from
this information Dacron #67DA 18/.065 was chosen based on compr-asibility,
capillary wicking head, and porosity considerations. A comparable wicking
materi-l was then tested to determine water flow characteristics whern 2
hieat load is sappiled.

A model ice chest cell was made of plexiglas, filled with wicking
meterial, expansicn foam and weter, and hot air was bhiown over it. The
purt I - wno ‘o ascertain whether, ror the range of conditicns in whicn the
T .o .._ut Sink Subsystem is to be used, the wici can transport enough
Wil r LC tre heat load regquirements.

... neat sinx available in any evaporating meci.a:.ism is degerdent
on the amount of mass evaporated and the heat of vapcrization at ine
evaporant temperature. Any wicxing device is flow limiteé at some maximum
Tisw dw® to surface tensicn within the capillaries. Iurthermore, there
will slways ce scme rater reteined in the wiek wnich -an 1ot be Jjrawn cut,
agairn due to surface tension effects. The test was run tc determine the
waler 1ran spurt and retention characteristics cf the Uzoren Sk zaterials,
: ateristies similar to Dacrcn €714 material.
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tted in figure 16. The model cell was run on a
ngs taken over specified tize intervals tc determine
the amount ¢f water 2vepcrating. Temperature measurements vere taken by
2 thermcccouple at the ceil model evaporating surface. The results indicate
that for this application the wick can pass sufficient water flow to
satisfy 21l heat loads required during emergency operation in the Tc. ~=z:2.
Heat Sink Subsystem. “he results also indicate that 60%Z to TO%Z cf ti: wat:or
in the ice chest can be wicked to the boiling surface befcre the wicr
teccmes flow limited by the emptying of the large cagillaries.

Test resuits ar:z pi
weight scale with reaii

hl

2
| JO

Ice txpansion Compensaticn Device

Each water cell in the ice chest heat sink has =z layer of closed celi
foam utilized as zr ice expansion compenstion dzvice (reference figures
T and 8). Prior to ice chest use as a nee* sink, the unit is filled with
water and frczen. Witheut an e expansicn compensation device, the vclu-
~otris expansion cf the freezing water would either cause the unit to

apture or force water and ice intc the vapor header rassages, which

could cause diffi-:ities durirg em:rgency cperaticr. Therefore, a com~
pressit.e expansion device was needed to avoid these imherent difficuities.
Tatle II shows & coxparison of several candidate materials for the ice
expension cecmgensaticn device.

TABLE IT

COMPARIGON OF ICE EXPANSICH CCUMPENSATION DLVICE 'ATERTALS

Mzlerial Construction Jommoris
Polyethyl Impa.- (iI) Cpen Tell " | Water c¢zn TYe for -a hrovuch,

stiffens velc: ... .-5010 [0OF).

Polyethyl Tmpac (IIT) Cpen el water vun te ‘crrel fnrough,
stiffen. velow :55.35C¢F (0€F).

Heoprene SCE-L2 Closed Cell Strong skin, no contoiinunts.

- .-.\""‘,- -, ~ v 2
Leckican E-3Cq rreon tlcun, may introluce
contaninants.

Lo ‘kfoam A=20¢ Very ricid.
lockfoan A-210 Heavy, r!-ii, possitle wvater

atsorteni .
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EXPANSION ~ FRACTION
ASE DIMENS!gN = 2,9MM (0
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(1)

P A e WA A ®as e maTOM

&

LINEAR EXPANSION VERSUS PRESSURE
CONSTRAINED ON ALL BUT ONE SIDE
NEOPRENE WiTH DACRON #62 WICK,

NO WATER, DATA OF 6/29/72

89.7 75.9 62.1 483 34.5 2.7
13 n, 19; 7 (5" .3

PRESSURE ~ KN/M>ABS (PSI ABS'

\CE EXPANSION COMPENSATION DEVICE PSiA!

FIGURE 7
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Of the candidate materials, neoprene was chosen for its compressibility,
closed cell, non-gsbscrbent properties, and lack of potential contaminants.
The neoprene was then checked for behavior in a vacuum environment.

The perimeter of a test piece of neoprene was constrained on 2ll but
one side, and the test piece was placed in a bell jar. Pressure was reduzed
from 101.3 kN/m? abs (14.7 psia) to 3.45 kN/m? abs (0.5 psia) and the ex-
pansion of the unconstrained end of neoprene was measured. Results are
plotted in figure 17. ¥rom the figure, it can be seen that linear dimensions

. of the neoprene closeu cell foam will increase 65% without rupture. If left
unconstrained this closed cell foam will force liquid water through the
perforated metal boiling surface when the vapor exhaust header is vented tc
vacuum conditions. This situation could then cause icing conditions in the
vapor passages or solenoid shut-off valve. Therefore, the closed cell foanm
ice expansion compensation device is constrained against expansicn.

Figure 18 gives a detailed schematic of the designed ice chest water
cell, showing the constraint of the closed cell foam and the means of
maintaining the wicking material against the metal boiling surface.

Ice Chest Sizing

The ice chest is designed to retain 7 xilograms (15.43 pounds) of
water. The face area in contact with the LCG heat exchaager is 9.186 m?
(2ft2) to provide an overall thermal contact conductance cf 211 J/s-9K
(400 Btu/hr OF). Basic water cell dimensions (reference figure 18) are
2.5 mm (0.10 inch) width for the ice expansion compensation device,

S.1 mm (0.20 inch) width on either side of the ice expansicn compensaticn
device for water filled wicking material, and 2.5 mm (.10 inch) wide
aluminum fins on the outside of the wicking material.

An attempt was made to keep the icechest - ICG hest exchsnger interfsce
area as square as possible tc minimize deflection of the interface. Based
on these requiremeants, the ice chest is composed of 28 cells (29 fins) on
an overall dimension of 43 cm (16.9 inches). This requires a 43.3 ecm
(17.03 inch) height to provide the required 0.186 m“ (2 £t2) surface area.
Allowing 20% blockage fcr the wick, a cell height of 7.11 cm (2.8 inches)
is needed to hold the reguired 7 kilograms (15.43 its) of water.

nh
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» Overall Subsystem Performance for Normal Cperation

- Thermal performance of the ice pack during normal cperation is
represented by figures 19 through 2°.. 7:.ese plot heat trensfer rste
from the LCG cooling water to the ice pack heat sink versus water flow
rate through the heat sink heat exchanger, with inlet water temperature
as a parameter. Each graph is for a different point in time when no ice
is melted, half the ice is melted, and the end of the mission (all ice
Just melted). Only three temperatures are shown, but interpolation is
linear. Application of these graphs may be illustrated by comsidering

" Figure 19. At the start of the mission with a 297.0°%K (75°F) heat sink
inlet temperature, an LCG cooling water flow :‘ate of 5.66 g/s (45 1b /hr)
through the heat sink is required for a heat load of 586 J/s (2000 Btu’hr).
The rest of the 30.2 g/s (240 1b/hr) LCG cooling water is bypassed
around the heat sink. Water temperature at the inlet of the LCG is:

T - 0.238Q/30.2 = 297.0-0.238 x 586/30.2 = 292.5%

(T - /240 = 75 -~ 2000/240 = 66.T°F)

&
IS

LCG heut exchanger ccre pressure drops were also calculated for LCG
water inlet temperstures of 283.2°K - 305.3°K (S50°F - 90°F) over a flow
range of 0 - 30.2 g/s (C - 240 1b/hr). The ICG heat exchanger is zluminum,
43 cm (16.9 inches) by 43.3 cm (17.03 inches) single passage, 6 pass, with
ruffled aluminum fins. The fins are 1.9 mm (0.075 inches)high, 0.076 mm
(0.003 inches) thick, with 9.5 fins per cm (24 fins per inchj. Core pres-
sure drops were calculated based on Hamilton Standard test data for this
fin and are presented in figure 22.

Emergency Operation

An emergency operation is considered to exist during EVA when all the
ice in the ice chest has melted. A thermoswitch at the LCG outlet of the
heat exchanger activates g vacuum shut-off valve which vents the ice
chest vapor passages to ambient vacuum. The reduction in pressure causes
water to boil at the metal boiling surface., LCG thermal conditioning is thus
maintained by transforming the ice chest into a water boiler,

L5
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HEAT SINK PERFORMANCE WITH NO ICE MELTED

FIGURE 19
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FIGURE 20
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"Tte availatle heat sink for emergency operation depends on the water
wicked tc the metsl boiiing surface and the Leat of vaporization at the
eveporant temperature of the metal boiling surface. The evaporant tempera-
ture is governed by the pressure at the metal boiling surface which is
controlled by the pressure drop through the vapor header passages and
acrcss the flow limiting corifice. ~Th~ overall effectiveness of the

enmcvgency mode unit can then be determined by an analyris of tte conductive :

o aeatl transfer path froam the metal boiling surface tc the 1LG waler.

Fs

“h. Tye metal boiling surface is desigred to provide a proper medium for
weter boiling during emergency operation. High wicking capisisary head and
constraint of the Beoprene ice expansicn compencat.on device eliminated
metal boiling surface waiter retentica capabilities as a desigu criteriea.

The material caosen was aluminum, which provides for similar materia.
throughout tke ice chesi, thus facilitating the brazing assembly procedure.
The metal boiling surface is 1.57 =m (0.062 inchk) thick with approximstely
11% open area, which can.be readily vurchesed froe 2ny of several vendors.

"% The range of open areas (10 - 13%) was picked to maintain high

" thermel conductivity through tbe metal boiling suriace. Since the sucface
is alodine 1200 t- cated aluminuwm, which is a2 wetting surface, the wmetzi
toiling surface is assumed to be nydrophilic, i.e., the water is retained
in the metal boiling surface at the downstream end of the open area. This

culated by iresting the conductive snest trenmsfer path as a parallel
arrangement of aiuminum and vater. Therefore,

Ezpp = (1-P) Ky + P, L

where Kgpp is the thermel conductivity of the parailel 2luminax/water
ar-angement, ¥, is the therme'! cozductivity of the aiufinez, -\, is the
thaermal conduc ¥1v1t1 of water, and P is the fraction of plate open eres
divided ¢y the plate total aree. By holding metel toiling surface erea
fractice P tc & r:.inim, the effective thermal conca;tz. ity Eggy is held
high, since ¥y > K;. Vor ary given heat load Q, ‘th: tempersture drep.

A T can be neld to a minimum since K- oo [ N i

—.;_:' 4 Q=XA AT A _ L

- B < L - - IR e

‘o

vhere A is the cross sectional zrea of the heat .,ram*’er pa*"' -and x is
.,he lcﬁgth of The nat.h. : S

B

sssuaption oliminates pressure drop calculations acrnss the metal boiiing _
surface. Furthiaore, the boiling surrace conductivity can “hen be cal- -~ -
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ur.it, the effective thermal conductiviiy is <5 J. 5 -~ - - °
- 2t - 9F) with 11 percent open area.

To accurately pedict the evaporant temperature at the wmetal i
surface, it is necessary to have pressure drop characteristics as & func
of weight flow, since evaporant temperature is dependent cn tre ©
et the metal toiling surface. Pressure drops during emergeacy cperation
copsist of vzpor passage pressure drops and orifice pressure drors.

Tigure 23 oresents e schematic of the vapor passages. The tetsl pressure
drcp is subéivided into four parts.

e Frictiore]l pressure drop in the cell.

@ Pressure drop for a square mitered elbow bend of 79.2° vased on the
flow ic the cutside cell. -

@ Fricwiunel pressure drop in the header.

@ Iressure érop due to contraction in the exhaust port.

Figure 2L presents tk ka vepor passage pressure drop curve as a function
of evaporant water onw Appendlxiafpresep;s sample calculations for iais
nrccedure” N N e - :

An crifice is rlaced acwnstream cf the vapor rassage exhaust port tc
contrcl the cverlLoard ficw of water vapor. For any orifice size, there
is & point of freeze-up. This is caused by the vapor pressure Taliing

" below 0.61 kY/m=° apsclute (0.0885 psia), which is eguivelent to a saturation

temperature of 273.1% (320‘1 At this poiut, ice is formed im the orifice
and the minimum hest lced has Leen reached. At the other end of trespectrur,
there is also a maxioum cooling load that the orifice can accommodate. (h:is
is a result of higher pressure drops csnsed by an -ncreased Tlow requ;rehegt
at higher heat loads. s w -

2 the pressure at the metal boiling surface increases due tc the
incrczized pressure drop, the evaporant temperature at the metal boiling sur-
face =132 increases. Eventually, the point is reached where the nigher
evapcrznT tempers’ures can Ro longer satisfy the LC“ flou/tezperatu*e
requirements. :
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1.0CM™M

(0.667 IN DIA)
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(17.03 m)\/
a4Cm

ICE CHEST VAPOR PASSAGE CONFIGURATION

FIGURE 23
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For this application, two orifices are employed. The first orifice
diameter of 7.9 ma (0.311 inch) will freeze-up for a heat load of 117.2 J/s
(400 Btu/hr) and provide effective operation up to 4l1l J/s (1400 Btu/hr).
Alloving some overlap, the second orifice diameter of 15.0 mm (0.590 inch) is
designed to freeze at 366 J/s (1250 Btu/hr) and to provide required cooling
for the unit under a 879 J/s (3000 Btu/hr) heat load.

A sample of orifice calculations is included in Appendix B.

The following comments on the exhaust tube design resulted from an
analysis:

@ The line between the ice chest outlet and the orifice, because
of its size and its sharp edged inlet, does nct provide a flow
pattern which enables accurate predictici: of orifice size re-
quired for a given flow rate and upstream pressure. A rounded
inlet, larger diameter tube, and possibly greater length are

. required to establish the fully develcped flow upstream of the
orifice required for accurate prediction.

@ The high Mach numbers in the line upstream of the orifice, parti-
cularly in the vena contracta at the inlet, increase the prob-
ability of vapor condensation shocks occurring in the exit line.
Relatively high Mach numbers may also be present downstream of
the orifice at high heat loads. Vapor condensation shocks will
vesult in depositing liquid in the exhaust line which will
subsequently freeze. An external 1liquid trap is required tc
drain off condensate.

@ The calculated pressure drop in the exhaust line was suffi-
ciently marginal with respect to requirements that manufacturing
tolerances or distortion of the line due to hendling cculd cause
an increased pressure drop, which would back-pressure the boiler
causing an increase in evaporant temperature. Careful establish-
ment of tolerances and relatively non-flexible lines have been
incorporated. -

Heat exchanger performance was calculated by an anaiysis of the
conductive heat transfer psth from the ICG cocling waster to the boiling
vapor. This puth included the aforementioned contact conductance and the
pure metal mass of the ice chest end plate. The conductivity of the metal
boiling surface is:

Sk
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Kepp = (1-P) Ky + PKp

where P is the fraction of piate open area to total area, Ky is the thermsil
conductivity of the metal, K is the thermal conduc’:ivity of the water, and
Kgpp is the overall thermal conductivity of the metz: boiling surfazce. The
rate of hecat transfer down the metal boiling surfacze is therefore descrived
by ’

a = Km'A- AT/x

where A is the cross sectional area of the netai beiling sﬁrface, x is the
distance from the edge of the metel beiling surface tc the ice expansion
compensation device, and AT is the temperature drcp along the plate.

For any heat transfer rate g, the temperature drop attributable tc -
each of these conductances can be calculated. The total temperature drop
can then be used tc calculate an overall conductance UA by use cf the
relationship . -

1 = AT
[#£:1 qQ

wnere AT is the total temperature drop from the LCG cooling water to the
evaporant surface. This cverall conductance is assumed to be a constant
over the range of Leat loads encountered during emergency operation. Over-
all effectiveness during emergency operation was determined based cu
counter flow theory and ;s presented in Figure 25.

Overall Subsystem Performance for Emergency Operstion

The overall heat transfer rate during emergency operation is defined
by -

qQ = ¥We (Ti-To)

vhere T, is water outlet tempersture, T; is water iniet temperature, W is
the water {lovw rate, and c is the water specific heat. The effectivzness
is used to determine water outlet temperature for various water inlet
temperatures

55



Hamilton

T oM Dh LUl A man T L S 4 WO

A

Standard

¢ JUNOI4
\

MO d ¥ALVM ODT SNBSHUIA
SSININILOTA4T HIONVHOXI LVIH 007 Q3LD1I034d NOILVM IO ADNADYINI

I

f

!
j
!
!

o (¥H/87) §/9 MONd LHDIIM
ore) (oee) (002) (081) (09) (or1) (021) (00l) (08) 109) or Q3
2'0t Lt 2's? L'2t 202 9'¢1 1§ 9'21 101 9'¢ c.m §°2
{ 1 ) T ' 1 ] 1 T T ™ T

|
s N T

H
[=]
©

%~ SS3ANIALLIIIAS

1
<
]

-4 00t




. Ham“ton Tovniadne OF ASTED MM SaZ? (IBPORATON
Standard (= P

To = T3 - E (T3 ~ Tgypp)

vhere E iz effectiveness and TEVAP is the evaporant temperature of the
metal boiling surface. .

Ice Pack Heat Sink Subsystem performance dm-:lng emergency opera-
tion wita each of the orifices is presented by figures 26 through 30.
Appendix B contains semple calculations for these conditionms.

a—

5T ap



Re

Standard

Hamiiton

9¢ J3UN9OId

W3LSASENS NIS ...(u... HOVd 301 NOILYEIHO AONIDYINWI
(88v1) LEP=D ZO_._._OZOOA.,. v,

a
Y,
LES

(s°89) 262 = 4
M.un_.w _‘“.oo m_. . (042) 2°0E=M | ing
, (MH/€7) s/3 M (0°6€) £42 = L A = "oL
' aN3o3n
mmuw.w ) = d180qg Scnvn: o i
‘ =
.- 6'stz =40 0 gLr9L2® i (L'vL)8'962 = L4

(861) 6'vz=M

1S3HD ¥IONVHOXI
(€r°1) 81’0 = o~xs

30! Lv3H
i (L'vL) 8°962 = L (L°vL) 8°962 = L
L(@@y) €=M (ov2) z'0E=m
| " ‘ , - 1 INS
WO J

58



Lz 3xnold

W3LSASENS MNIS LV3H Ovd 301 NOILYY3dO >0.2m0mm_2m
(000€) 648 =® NOLLIGONOD

(£°29)¢'062 = L
(N W (or2) 2°0E=M
9 a : - S -
wids o3 oo oz b
orZ) E'0E= M
(4H/ni@) sHr O
P an3o3"
90 amio )
ANIIGWY (s'25) (000€) "
oL 9 68 =0 | . -=L
i m.mowv =ANO0, ¢ g9z =9VAI, SOL'=» o =M
(29°2) §5£°0 = O°Hpy | "4S3HD [SluaONVHOX3
. 3ol LvaH
® ™
2iQ
3 .
(2'sL) 2°L62 = L (°sL) 2262 = o
(ore) cotE=Mm .AO'NV 2°0E=M

WOM 4

Hamilton
Standard

59



8¢ 3NNSOI4

WILSASENS MNIS LY3IH 3OVd 3D1 NOLLVYIdO ADNIDHMINI
(00S) 9v1=0 NOILLIONOD

(6°v9)¥'162 = L
(ov2) 2'0e=Mm

U
ONNICN OF LUNITED aiC#as ¥ CORMORA TION
Re

Standard

Hamilton

—i— -
(NI) WD a (1'ge) o'wz=L[ \ 1
(do) My L (s2°L1)  1'T =M
(MH/@7) s/3 M
(MH/N18) S/ o
aN3o3
(SESE°0)
wes'0 =180 |
ANIISWY v (9°2¢) S%W.w 0
oL (0°LE = (1°L9) L'262 = L
¢ 4180 ‘qs» = dVA3 o
0'9LZ = le €792 i 686" =¥ (60°222) 1'82 =M
. 3 LS3HD ¥IONVHOX3I
(S9¢°) 650°0 =O°HM —— ol LvaH
(1°L9)L°262 = 1 (3°L9) L'262 = L
(2°Ll) 1'T=M (0vZ) 2°0€= M
- | INS
wWou 4

60



62 3HUNODIS

W3 LSASENS MNIS LV3IH MOVd 301 NOILVEIAJO ADNIDHNIN I
(0001) £€62=0 NOILIONOD

OvSEIe OF G OTED AMCRAS T COBMIRATION

Standard

Hamiiton

(sL) L6Z =L
: 2°0€ =M
(N1) WO a - (ore) —~o = |iNS
(do) Mo L (§°16) €282 = L j ‘ oL
(84H—~87) s/4 M (1'9%) 8°'S =M
(¥H/NL8) s/r o
aN3o3"
(SESE°0)
268°0 = 1¥%g
AN3ISNYV ! (0001) »
OL  (s'98) @°L8)  4yaz €62 =0 (2°6L) °662 = L
sL'9ge =4dlOje 278z = 1 G86° = » (6'€61) p've = .j.
1S3HD YIONVHOXI
(576°)911°0 = OPH S 39| LvaH
N.m\uv Q.OGN =1 AN.ONV V.0.0N =L
M—.wvv 8°C =M (0veZ) zZ0t =M
) ———e— 1INS

: nWod 4

61



OrBaIn UF LUASTEC AMC Al T CORPONA TION

Standard

Hamiilton

0L JHN9OId

WILSASENS XNIS LVIH %OVd 3D1 NOLLVH 34O ADNIDHINI

(00v1) ily =0 NOILIANOD

(6°69) 2°'¥62 = L
(0¥2) 20E=M

(N}) WD a - o= LINS
(do) Ao 1 (6'69) 2'V62 = 1 A oL
(¥H/E7M) s/3 M (0p2) 2°0E =M
(¥H/NLE) s/r V)
aN3o31
L
(GESE*0)
L6g°0 =4140g (oov1) i
‘ Ir=0
AN3IGNY .
(L*99) (v'e9) _ ‘= p -
- oL c'z67 =980, o cez =dVAI; SOL ok !
. 1S3HD 4IONYHOX3
1G2€°1) £91°0 = O°Hp 301 1V3H
(L'SL)etez = 4 (L°SL) €°L62 = L
(ove) zoe=m (ove) zoe=m
—-——— | NS
WoM 4

62



Hamilton U

OWSON OF UMTED MACRAST CORPORA TIOM

Standard As

DESLGN FEASIBILITY TESTING

The purpose of conducting feasibility testing was
of actual performance, tc be ccrrel=ted with analytically ¢
performance. ‘Inis performance correlation verified design feas
and allowed more precise performance calculations <t te male for the
laboratory demorstration model nardware. A deelgn easitilizy hardwiare
test plan was written 1o direct the feasitility nardweare testing ani
is included ia Appendix C. ﬁw

[#]
joue H

-~
-
+

*1

The feasibility hardware assemtly task ccnsisted o
ice chnest with the expansion compensation srouge rutte a
<containment tlates, and packing in the water containment wicx materiaj.

. Instrumentaticon was a
readings for variocus areas wi

various positions within the e
couple locations are identified 1 g e 3
2% the right rear, rignt front, center, ana outlet rorticns cf the vapor

Lussages.

The cover and ccver sezl were tolted in p
rressuriczed to ensure pressure integrity. Siight
crcountered along the thermoccurle wires tut this
te acceptablie for the feasibility testing. When L
reguired to prove cut tne interface surface heat
unw~elded thermocouplies were replaced wit: three well
couples. The assenbled ice chest, including 1in
was vacuum loaded with water and the water cconteinrment cap=city
at TC0J ml minimum.

ire design and sssembly cf the design feasiti_iiy hardwarc “est
rig was completea in acccerdance with the Design Feusitilizy Test
ol

Flan. The Portsbie Flow Conscle was assembled in the Spacz Syztem
Department (S8D) Advanced Engireering Laltcratory, rer Tigure 22, and
checked out in ambient utiiizing the Liguid Cooling Garment (LG, heat

e, hanger and the ice chest for a series of ice e*iint rinsg After tre

A
operatlon of the Pcrtable F ow Conscle had been prcver out in erblent, tne
we . e Laboratory Rig ;5 Jalluun. cnanter

neat excnsnger and crecked out.
asibilivy Harjwcre Vacuum

Sy

reasserntied to the LC
maulua‘*y iliustrates

s a h:Lc’ogvapn of the P ;
izure 35 is & thotograph of Rig &5 sracuunm chad~~r
d LCG 1eat exchanger installed.

N
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Fuil scale design feasibility testing of the ice ~hes+ av:-
cooled neat exchanger was initially performed at rcom st :
and provided data necessary to evaluate the ability of the ize >l.sv -
‘withstani repeated freeze-thaw cycling. Further room ambient <::

performed on the ice chest/LCG heat exchanger combination to 4=t

9]
pede
@D

=4

ware handling techniques.

Ice chest operation and water boiler operation ilien vor: 207172
ir vacuur. environment utilizing the procedures specified i: “zl__.".
and 5.4 of the Design Feasibility Test Plan, except the hard vzons = L.
tion of the heat transfer interface surfage could not te sccimpizstel.
vacuum chamber could not pull down to 107" mmHg vacuum with the instrureriec
jce chest in the chamber because of the previously mentioned leakage zlcne
the therxmocouple wires. Therefore, tLe hard vacuum evaluaticn of the net:
transfer interface surface was rescheduled to be accomplished during the
Development Test, in accordance with the original program pian.

The initial testing conducted at room ambient provided consideratile
experierce with the test setup. The usefulness of these tests for perfor-
mance evaluation, however, was limited by the fact that the chest con~
tained an interim wick material vhich had a relatively infericr water
ebsorption capability. As a result, large air pockets were present in iiio
chest, aegrading the unit's potential performance. This data therefore wes
not extensively analyzed.

In the subsequent thermo-vacuum tests the ice chest was reassembled
with the optimum wicking material and an improved loading prccedure
devised tc cobtain a satisfactory cherge. Four combined tests were cou-
ducte@ in the ice operating mode and two in the boiling (evaporative)
mode. In the ice mode the tests evaluated operation at heat lcads of 205,
Lko, and 879 J/s (700, 1500, and 3000 Btu/hr). In the emergency mcde heat
loads of 293, 4ko, 586, and 733 J/s (1000, 1500, 2000, and 250C Btu/hr)
were imposed. Ice pack operational performance in these tests was exten-
sively analyzed.

The performance wes compered to predicted performance by super-
imposing the test data on the predicted performance plots, figures 36-L43.
Review of the data shows that the ice mode perfcrmance was as expected at
879 J/s (3000 Btu/hr) vhile st 440 and 205 J/s (1500 end 700 Btu/hr)
performence was satisfactory, but lower then predicted.
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The temperature 4drop across the contact surface previously had been pre-

As

dicted to be 4.16, 2.08, and 0.97%K (7.5, 3.75, and 1.75°F) for respective
heat loeds of 879, k0, and 205 J/s (3C00, 1500 and 700 Btu/hr) for a

vacuum contact.
with trapped air.

Lower temperature drops were anticipated for contacts
Table III gives the heat exchanger contact temperature

differential near the outlet and middle of the heat excharger at several
heat loads.

HEAT EXCHANGER TEMPERATURE DROP ACROSS CONTACT

- TABLE III

SURFACE FOR "ICE ALL MELTED" AND "EVAPORATIVE" CASES

Contact Heat Load Contaci AT.°K (°F)

Mode Condition J/s V{(Btu/Hr' Jutlet Middle
Evaporative "vac” 293 | (1000) 263.2 (1) 252.1 (12)
Evaporative "vac” 440 | (1500) 266.5 {20) 266.0 (19)
Evaporative "vac" 586 | {2000) 260.4  {9.0) 259.7 {7.5)
Evaporative "vac" 732 | (2500) 260.7 (9.5) 261.3  (10.5)

Ice "vac" 498 | (1700) 266.3 (i9.5) | 261.0 (10)
Ice "vac" L69 | (1600) 263.2 (1) 257.8  (k.5)
Ice “vac" 938 | (3200) 259.3  (7) 258.8 (6)
Ice VB o3 | (1375) | 257.2  (3) 258.5  {6)

T0
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WHERE TIME = MINUTES
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At 938 J/s (3.0 Btu/hr) the contact temperature differential was as expected;
tovever, for tne low=r heat loads it was wmuch higher with the exception of
the ambient test case. Furthermore, there is a lack of :omplete consistency
—~ in the data. A biuing test of the contact surface showed that tLe coatact
~ zones only covered approxirately 20 percent of the total surface due to
lesd plating build-up at thke edges. On this basis ‘e contact AT might
be expected to be five times the predicted values. This is in general
agreement with the test data. The inconsistency in the data may have
resulted from variations in the surface mating due to the lead build-up.
The ambient case showed that the tenperature drop was less than in vacuum,

as expected.

Evaporstion mode testing was done with 2 1.59 om (0.625 inch) diameter
oriflce. The perfcrmance of the unit is _..ustrated in Tigures 4S5 through
ko, gure 45 shows that the evaporant surface te' _-~rature is aspproximately
1. 67°K ( ‘IOF) sbove predicted. This indicates that this system exhsust
pressure drop is nezrly ss expected.

Figure kL6 shows effectiveness versus time for this test zna is ss pre-
dicted. Since the test started with a heat load of 293 J/s (10GC Rtu/hr),
freezing at the evaporant surface occurred as expected; huwever, it is
pertinent thet as the heat load was increased tc BuC J/s {1500 Btu/hr)
the frozen wick was unable to ajequately feed water to the evaporant plate
with the resultant degrsdation in effectiveaess and verformcnce noted in
Tigures L7 and LB. Neve-theless the unit continued to perforx adequately.
The test was not run to completion, so no assessment of effective utiliza-
tion can te made. A second evaporative mode test at heat lcads of 586 and
733 J/s 1200 and 2500 Btu/hr) showed that performance appronx:ated pre-
dictions vhen the unit had not been previcusly frozen.

The predicted effectiveness for the respective heat loeds was Q.96.
end 0.6Y9 versus C.9% and 0.60 actually achieved.

Heat exchanger inlet and outlet absolut~ pressures were monitored
durirg tae tests. Figure 49 shows the pressure drop versus flow from all
tests. Predicted pressure drop wa: approximstely one-half that measured.
The higher pressure drop is attributable in part to inaccuracy of measuring
caused ty measuring absolute pressures rather than a delta pressure and
due to the fact that this data includes flowzeter and line pressure 4rops.
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The conclusions obteined from the feusibhiiity test progrezm are listed
below:

@ Heat exchanger ligquid pressure dror as recorded is twice pre-
dicted. ‘

e TIce mode 879 J/s (3000 Btu/hrj performance agrees with preaiction.

@ Temperature drop across the heat transfer surface is higher than
anticipated. Bluing test of contact zcones correlates with test
results.

® Further testing with an improved contact surface would be required
to identify reasons for satisfactory, tut lower than predicted,
ice mode performance at L40 and 205 J/s {1500 ard 70O Btu/hr).

@® DEmergency mode testing demonstrated basic feasibility of this
operating mede. At 293 J/s (1000 Btu/hr) the large orifice
resulted in freezing. 3ubseguent L4C J/s (1500 Btu/hr) heat load
was met, but performance was degraded, probably due to wick dry-
out. Further testing withcut heving freczen the wick demonstrated
that performance is approximately as expected.

@ Evaporant surface temperature is as predicted - within 1.67°K
(3°F).

Jtilizing the results derived from the feasibility test program the
sizing ol the ice chest and LCG heat exchanger were judged to be satisfactory
for incorporation into the Lab Model design. Further development effort was
Judged to be required to improve the flatness of the 1°G heat exchanger lead
coating and to fully eveluate the water retention capabilities of the
existing wick expansion compersstion device whe: used with deaerated water.
Changes in this area were minor and in no way impcse” a constraint on Lab
Model system design and packaging.

The Lab Model syster was designed utilizing systerm flow and heat

tre~- "er data developed primarily during the feasibility “-vdware analysis
task.
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DEVELOPMENT TESTING

The purpose of conducting development testing was tc obtzin data of
actual performance, to verify satisfactory performance of the unit. Selected
tasts from the Develcpment Test Plan were used tc investigate varilous ice
chest/ICG heat exchanger in-erface configurations and to check cut an alternate
wick/expansion compensation configuration. The Development Test Plan is
included as Appendix D and tke development test log sheets are included as

Appendix E of this report.

Development test hardwrre consisted of the previously manufactured ICG
Heat Exchanger (S/N 1) and ice chest (S/N 1), and sn additicnal ICG Heat
Exchanger (S/N 2). Modifications were made to the ICG Heat Exchanger plating
technique to allow investigation of different interface configurations. Inter-
nal ice chest hardware was manufactured to allow testing of an alternate wick/

expansion compensation configuration.

The design and assembly of the development test rig was completed in
actordance with the Development Test Plan. This test rig utilized the
feasibility hardware test rig with modifications to rrovide for better deamera-
tion or the ransport fluid, and the addition of ecircuitry to allow checkout
of the vapor passage shutoff valve and conmtroller. Figure 50 is a schemati:
of the deveioprent test setup and figure 51 is & schematic ¢f the vapor
passage shutofy valve and controller setup.

PRELIMINARY DEVELOPMENT TESTING

Preliminary development testing was perforreé c: an'improved" wick/expansion
compensation configuration. The main advantage of this configurstion, shown
in figure 52, is thet the expa.sion compensation device - large open cell semi-
rigid foam - 1s pressure balanced, thereby eliminating the forcing out of
water when the ice chest vacuum passage i1s depressurized. The configuration
performed very satisfactorily as & water boiler end dumped little or no water
( < 60 ml) into the exhaust duct trap. Unfortumately, however, the configura-
tion wvas poor 1n the ice melting mode; the semi-riglid fcam was insufficient
to preload the frozen wicks againat the ice chest fins whenthe wicks started
to thaw and contract. It i1s speculated that gaps opened up between the wicks
and the fins during thawing. The closed cell sponge material initially used
bas sufficient preload to push the wicks into contact with the fins. In any
event, the semi-rigid open cell foam version did not perform satisfactorily
in the ice melting mode.

The original restralned closed cell expansion compensation device was
readopted with a modification instituted to minimize the objectionable dumping
of water during vacuum operatioz. Specifically, the change consisted of
apply'ng a preload to the metal contaimment plates to squeesze the foam rubber
approximetely 25 percent prior to installing the teflon restraint cording.
This procedure ensured that all of the slack was taken out of the teflon
restraint cording and thereby minimized further growth during vacuum exposure
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as 11lustrated in figure 53 . Test data indicated that the modification did,
in fact, improve the water dumping problem, lowering it into the 600 ml range.
This quantity, while significant, is small enough so that it does not clog the
liquid trap and hence causes no operationsl problem:.

Full scale interface investigation testing was initiated to assess the
interface temperature drop for the interface conditions given in Table IV,

Testing was performed in the boiling mode utilizing the "improved"
wick/expansion compensation configuration. The boiling mode was chosen
because it allowed continuous testing without requirirg refreezing betweon
Tuns. Also, the greater endurapce capabllity in the boiling mode allowed
longer runs at deep vacuum {10-* torr), thereby making more efficient vse of
the test facllity. The temperature drop across the interface for each con-
figuration was corrected to account for slightly different heat loads and
campared to the feaslbility hardware temperature drop. This comperison
allowed performance prediction based on the performance obtained during feas-
ibility testing.

Description of Preliminary Development Test Runs

Eight runs were conducted during the preliminary development testing
as summarized In Table IV, A brief discussion of each run is presented in the
following sections.

Run #1

As expected, the bare aluminum on bare aluminum surface condition pro-
duced very poor heat transfer, resulting in a relative tempersture drop of
approximately 2. Relative temperature drop 1s defined as ilie ratio obtained
by dividing the interface temperature drop of the run under invesiigat.on by
the interface temperature drop of the femsibility configuration run.

Run #2

A 0,10 rm (0.004 inch) thick lead foil "gasket" was insertad between the
bare alumimm surfaces and produced a relative temperature drop of 1.06. It
is helleved that the two air gaps (aluminum to lead and lead to aluminum)
increased tne temperature drop.

Run #3

The lead foll was epoxy bonded to the heat exchanger to eliminate one
aluminum to lead air gap. Unfortunately the relative temperature drop increased
to 1.25. This increase can be attributed to two factors: +the drop through
the reletively thick, approximately 0,075 mm (0.003 inch), epoxy and the uneven
lay of the bonded foil, It is belleved that improved bonding techniques could
improve this interface corfiguration.

9l
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Run #4

This rn utilized the feasibllity configuration and was conslidered as
the standard run,

Run #5

The lead plated heat exchanger used in run #4 &nd in the feasibility
testing was reworked to remove the lead ridge around the outer border. The
surface was scraped to the point where a blulng test showed no high points.
This configuration was tested and showed a relative temperature drop of 0.85.
It was declded to run the deep vacuum testing with this configuration.

Run #6

Deep vacuum testing (10"" torr) of the run #5 configuration produced a
relative temperature drop of 0.94, This was extremely encouraging because
it showed that the interface temperature drop characteristics of this con-
figuration at deep vacuum were better than those of the feasibility hardware
at 2004 . The feasibility hardware was good enough to more than meet program
performance requirements.

Run #7

Decreasing the interface loading pressure from run #6 to 34,k kN/m? A
(5 psid) produced a relative temperature drop of 1.03.

Run #8

A further decrease of the interface loading pressure to 20.7 kN/m2 A
(3 psid) produced a relative temperature drop of 1.05.

LAB MODEL CONFIGURATION DEVELOPMENT TESTING

At this point in time sufficlent data had been compiled to allow selection
of a configuration for the lab model hardware to meet the program requirements.

A lead plated heat exchange» with the lead ridge around the outcr border
removed was chosen as the lab model configuration. This configuration provides
satlisfactory performance and appears 1o be reasonably durable, Judging from
the number of runs made during feasibility and development testing.

The configuration selected for the ice chest wick/expansion compensation
assembly 1s the same baslc one utilized in the feasibility hardware., Two
improvements were made to this configuration. The wicks were cut Into smaller
pieces and separated, to prevent the wicks from losing water i1f the ice chest
were set up on end, as illustrated in figure 53. The expansion compensation
sandwich, consisting of two metal plates with an inside pilece of closed cell
foam, is held together by teflon cording. The sandwich is precompressed
approximately 25 percent by a fixture during the cording process so that no

9k
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slack exists In the cords of the completed sandwich. This is important because
any slack in the cords would allow the sandwich to grow during vacuum (boiler)
operation therby expelling water into the vapor passages. Runs made during

1lab model configuration development testing indicated that the water expelled
during vacuum testing had been cut in half compared to the water expelled by
the feasibllity configuration.

Full scale development testing was conducted on the final Lab Model hard-
wvare configuration. The analysis of this one-g operation date had two specific
purposes. First, the analysis was intended to confirm that the Iab Model Ice
Pack Heat Sink Sutsystem meets all requirements of the NASA ARC "Specification
for Ice Pack Heat Subsystem for Extravehicular Activity", Specification No.
2-1T753, contained in Appendix H. Second, the analysis was used to generate
optinum methods for collecting data necessary for predicting the performance
of subsequent ice chest designs.

Normal Mode Testing

Testing of the melting ice mode of operation confirmed that the unit holds
the design water mass of T kg (15.4 lbm) and that cooling loads of 139.5-879 J/s
(475-3000 Btu/hr) could be maintained. For an ice mass of 7 kg (15.4 1bm). the
predicted times for all of the ice to melt while providing the required range
of cooling loads are presented in Table V.,

TABLE V

PREDICTED ICE MELTING TIME

Heat Iload Time to Melt
J/8 . (Btu/hr) ks (hrs - min,)
139.5 (b75) 16.56 (4 hrs. 36 min.)
410 (1500; 5.28 (1 hr. 28 min.)
879 (3000 2.64 (44 min,)

During the melting cycles, various ICG heat exchanger/bypass water flow
splits were used to maintaln eppropriate unit outlet temperatures. The results
of these melting cycles are depicted in Table VI.
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TABLE VI
MELTING ICE TEST RESULTS
Heat Load Unit Outlet T ture Time to Melt Ice
J/s Btu/hr) ~OK BE?(?’F) ks (hrs - min.)
139.5 (4715) 302.6 (85) 15.12 (4 hrs. 12 min.)
Lho (1500) 48¢.8 (70) 4,26 (1 hr. 11 min.)
879 (3000) 282,7-284,8 (49-53) 3.06 (50 min,

Emergency Mode Testing

Testing of the water boiling mode of operation was conducted over the
range of heat loads of 139.5-879 J/s (475-3000 Btu/hr) for « meximum LCG
water flow rate of 31.5 g/s (250 Ibm/hr).

For a unit cooling load of 879 J/ s (3000 Btu/hr) s ICG outlet temperatures
between 293.7%K and 295.3%K (69-72°F) were maintained for over 7.2 ks (two
hours). ICG outlet temperatures of 254,3-287.89K (52-56.50F) were sustained
for the 440 J/s (1500 Btu/hr) losd, while the ICG outlet temperature was main-
teined at 284.3-28L4.80K (52-530F) for the 139.5 J/s (475 Btu/hr) loed operation.

For this emergency evaporative mode of operation, overall unit effective-
ness ranged from 0.4L77 to 0.615 for an LCG water flow rate of 31.5 g/s
(250 1bm/hr), as compared to a predicted effectiveness of 0.680. As the
contact conductance between the LCG heat exchanger and the ice chest 1s the
predominant factor affecting overall unit effectiveness, analysis of the test
daga indiceted unit contact conductances of 543-862 J/s-m2-9K (96-152 Btu/hr-
£t°-°F) in the development unit as opposed to a design value of 113% J/s-m2-OK
(200 Btu/hr-£t2-°F), For & nominal ice chest emergency mode effectiveness
of 0.546, the contact conductance would be 685 J/s-m2-OK (121 Btu/hr-£t2-OF),

Conclusions
The following conclusions were derived from the development test program:

® The unit holds 7.0 kg (15.4 1bm) of water.

® Cooling loads of 139.5, 440, and 879 J/s (b75, 1500, and 3000
Btu/hr) can be satisfied for both the normal melting ice and
emergency water bolling modes of operation.

® Appropriate weter temperatures can be meintained. For normal
operation unit outlet temperatures at 302.6°K (85°F), 29k,20K
(T0°F), and 282,7-284.89K (49-53°F) correspond to heat loads

of 139.5 J/s (475 Btu/hr), 440 J/s (1500 Btu/hr), and 879 J/s
(3000 Btu/hr) respectively.
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For emergency operation unit outlet temperatures of 28h4,3-28h4,80K
(52-53°F), 284.3-287.8%K (52-56.5°F), and 293.7-295.30K (69-T2°F)
correspond to heat levels of 139.5 J/s (475 Btu/hr), 440 J/s
(1500 Btu/hr), and 879 J/s (3000 Btu/hr) respectively.

While the development test results do not provide sufficient

data to precisely extrapolate performence maps for normal and
emergency modes of operation, contact conductance is 50-60 per-
cent of the analytical value of 1134 J/s-m2-°K (200 Btu/hr-ft2-
OF) resulting in a lesser overall unit effectiveness than that
predicted amalytically but still within the effectiveness required
to meet performance requirements.

Reduction of the test date indicates thet optimmm date utilizetion may be
obtained if the following steps were taken during any subsequeut testing.

Normal mode operation sghould be run at 139.5-440 J/s (475-1500 Btu/hr)
over a wide ICG heat exchanger water flow spectrm, ignoring the
unit mixed outlet temperature.

® Accurate contact conductance measuring points should be utilized to

obtain precise temperature differentials for a 879 J/s (3000 Btu/hr)
load application in both normal and emergency operation.

The emergency water boiling mode should be run over the whole
spectrum of ICG heat exchanger water flow rates.

This test sequence would provide a complete series of unit effectiveness
maps for both normsl and emergency modes of operation.

Ace nce Testing

Acceptance testing was performed on each of the two functional laboratory
model Ice Pack Heat Sink Subsystem in accordince with the Acceptance Test Plan

in Appendix B,

Acceptance Test lLog sheets are included in Appendix G.

Table VII sunmarizes the results of the Acceptence Test. All acceptance
test requirements were met.
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For the case of 1500 Btu/hr heat load, assume evaporative temperature
of approximately 27°F, giving a vapor pressure of .108 psia (steam
tables). For 37°F, absolute viscosity in a near vacum is

8.8 x 1075 poise or

2.13 x 1072 1b_/hr-ft.

hfg = 1073 Btu/lby,

Therefore,

1500 Btu/hr
@ = T073 Beu/1b,, 1-40 1bm/hr

m

Analyzing each section serparately:

1) Cell drop: Cell cross sectional area = A; equivalent diameter = Deq
A =.38x.2=.,07 inches?
Deq = +.076/m/4 = .311 inches

Since flow has an uneven distribution take conditions at the half-way
point and apply them for half the total length. L = half length.

L = 17.03/2 = B.515 inches
L/Deq = 8.515/.311 = 27.4
Half flow per cell =w,.
we = 1.40/(28)(.) = .025 lbyy 1wr/cell

Calculate Reynolds Mumber. Reynolds Mumber = Ry
= Wc X Deq x 12
Re = M XA

025 x 311 x 12
Re = “Pr6 % 713 % 10-2 = 57.7
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Since this is laminar flow, smooth ducts, set
f =64/R, = 1.11
therefore,
AP = f(%) q
where q = dynamic head in psia.
By definition,
q=% !i x 144
vg

= VW 144
and V -I X m
where v is specific volume in ft3/1b
We is weight flow in lbp/hr
A'is area in inches?

g is gravitational constant
V is velocity in ft/sec

v = (2732) (. 025 X 3%%6- = 35.9 ft/sec
q=1% 35.92 0000509 psi

AP = 1.14 (27.4)(.0000509) = .0015 psi
2) Mitered bend:

AP = A\q
For a 79.2°F bend, A = 1.25
Using the outside cell

w = 1.40/28 = .05 1by/hr/cell

v = 2732 £t5/1by

A = .076 inches?

v = (2732)(.05) x 3%%%= 71.9 ft/sec

A-2
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2
q-= ;i Um%#%ﬂm = ,000204 pSi

AP = (.000204)(1.25) = .00026 psi
3) Frictional header loss:

for a rectangle,

= 2(a
D = £33)

Defining at the midpoint
a = .2 inches
b = .975 inches
De = .332 inches
half length L = 4.125 inches

L= 12.4

In the header take the midpoint of each half
A= .2 x .975 = .1950 inches?

and a quarter of the total flow
w = 1.40/4 = .35 Iby/hr

to approximate the flow distribution.

Calculate Reynoids number.

o (35)(.332)(12)  _
Re = T1050) (.13 x 10°9) - 337

Laminer, therefore
f=64/R, = .191

Following the same procedure as above

. (2732)(.35) (144) ~
Vv 195 (3600) 196.1 ft/sec

Q=% 196.1)2 = .00152 psi

AP = f({-,) (@) = (.191)(12.4)(.00152) = .0036 psi

A-3



MHamilton

DIVIBON OF UNITEQ MRCRAF Y CORPORA TIOM,

Standard Re

4) Abrupt contraction into outlet port:
Outlet diameter - .667 inghes
Outlet area = .349 inches4 = Aout
Inlet area = Ain= (.2)(.38)(28) = 2.128 inches?

Aout . 349
Kn = 73728 = -164

For an abrupt contraction,
Ay/Ay = .164
AP =Aq (q defined in contraction)
and
A=Y Co=(.H)Q) = .4 From SAE Aeronautical Report No. 23.

Defining velocity head at the outlet, total flow

v = (1.40) (2732 &g{% = 438.4 ft/sec
q=%_ (438.4)2 = .0076 psi

AP = .4 x .0076 = .0030 psi

Total pressure drop:

cell - .0015
bend - .00026
header - .0036
contraction - .0030
J00835 psi
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APPENDIX B

ICE CGHEST EXHAUST LINE PRESSURE DROP AND ORIFICE SIZES

SAMPLE CALCULATIONS

B-1i
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Pressure Drop Calculations (see figure 1-B for exhaust line geometry).
Exhaust line pressure drop will be calculated assuming:
1. A flow corresponding to 1250 Btu/hr heat load on the ice chest -

_ _ 1250 _
W= HfgSHEU‘ o077 = 1.16 1b.hr

2. A total pressure entering section 1 corregponding to saturation
pressure of Hy0 at 32°F, i.e. .08854 1b/in‘.

3. The isentropic critical pressure ratio across the orifice.

Pressure drop calculations proceeded from the exhaust line inlet,
section 1, to the exit. The purpose of these calculations was to deter-
mine that the exhaust line geometry permits the assumed flow rate at the
assumed inlet and exit pressures,i.e., that the calculated pressure at
the exhaust line exit is greater than the nominal ambient pressure of
400 4. Consequently the calculations do not predict an actual exhaust
line AP (which will of course always be the inlet minus the ambient
pressure) or the pressure profile in the line.

In sections of the line where the calculated Mach number is less
than .3, incompressible relationships were used:

2
LG
AP=4fﬁz-g7)
f = £(Re)

Where the Mach Number is greater than .3, tabulated Fanno line

(compressible adiabatic flow with friction) relationships were used.

In using these relationships, 4f %is evaluated and subtracted from the

af _:U'gt; associated with the Mach Mumber at the beginning of the section.

This gives the 4f _l‘% at the end of the section, and values for exit

Mach Number and total pressure associated with this 4f Ix%x_ may be

obtained. Figure 2-B is a plot of Fanno line relationships for v = 1.3
(the approximate value for water vapor).
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Standard (o 1450 INCH I.D.

1,75 INCH LENGHT
+65 INCH I1.D.

209 INCH LENGHT

o0
ICE 4—-\/\/\1\/\/\/“——'_——!
CHEST s
+l_.qn,\,.,\,, F—T
ORIFICE
1,40 INCH I.D.

@ 8.0 INCH LENGHT

! ————

VALVE
@ 1e31 = 1425 = 1,31 INCH I.De
546 INCH LENGHT

CONVOLUTED TUBING

/W: @wnu Bm
AT 2,0 INCH I.D.

LeO FEET LENGHT

Y

NOMINAL PRESSURE e LOOH

ICE CHEST HyO EXHAUST LINE

FIGURE 1-B
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Sample Calculations

I. Section 1
The total density at the inlet is:
Po = g = LIS X 144) . 000302 1b/£t3
(e 492

The velocity and Mach Mumber which would be associated with this
total density are:

- W _ (1.16/3600)
A po (rrx (.65

v = 461 "t/sec
Tx (33)7) x 000302

Vo

_ Vo _ 461 _
M=r=1510 = .344

However, the velocity depends on the static density. Evaluating the
static density at a Mach Number of .344:

p
p =(P3 ) isentropic = -942P0

Therefore M =~ _g% = ,366

For more precise evaluations the static density and Mach Number
should be further iterated upon, but the above value of Mach Number
was used fcr the following calculations:

.65 1.16
VRS 71’/ (.55\2
4G 4 x\177) - 1200
Re == = T071 =

. 64 64
4f (laminar) = ]g = 1760 = ,0496

and 4fL = 0496 x 2.9 = ,222
£5 * %
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z1or figure -2, the inlet 4f _..L“# = 3.3

and the exit 4f EE%E = 3,30 - .22 = 5.0
e - e v - R

o LvLl ra.*_ - 1. 1, and e oA totdl Dl
Pe
RS i 1.71
POayir = Po v X Pojpler™ 1,76 X .uB854 = [i3L8

Fo*} inlet

II. Orifice
The isentropic critical pressure ratio for ¥ = 1.3 is .546. There-
fore, the value for total pressure downstream of the orifice assumed
was:

Po X .546 = .0858 x .546 = ,0466 lo/m*:

= Poynstream
I11. Section 2
The total density at the inlet is:
.= Po _ (.0468 x 144) _
Po = 1o (1545
g ) 492

The velocity and Mach Number at this density are:

.00040 1o/ftd

1.16/3600

Vo = 1\%'—' ({rrx (%7_5;) 00016 = 164 ft'sec

W = = 122

At this Mach Number flow is for all practical purposes incompressible,
sc total density is used in th: following calculations:

1.5 1.16
17 X T (I.5)2
Re = ?621 L

B-5
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The manufacturer of this flex hose recommends multiplying the
friction factor for a smooth tube with an I D equal to the inner
corrugation diameter of the flex hose by a factor of 4 to obtain
an effective friction factor. Therefore:

64 1.75
4f'ﬁ=§5'8')(r5—x4 = ,535

1.16
fL G2 (Ix(ii )> . 2
AP =14 ﬁz-é—= .535 x m= .00025 1b/1n
2\/ ind
where K¢ = 2g( SeS” ) in ) = 1.202 x 1011
f g<h;2 <ft2>

The pressure at the exit to the section is therefore:
.0468 - .00025 = .0465 1b/in?
Sections 3, 4 and 5

At the flow rate considered, the remaining sections may be treated

as incompressible, and the equations described for section 2 applied.

Aditional considerations in these sections are:

Section 3 - The 90° miter bend was assigned an equivalent %.of 59.

Section 4 - The entire valve flow length was considered to be the
minimum ID.

Section 5 - Two 90° bends with r/d of 10 were assumed and assigned
an equivalent %.of 29. A corrugation factor of 4 was

applied to the friction factor in this section.

Calculated values for each section are presented in Table I-B.

B. Orifice Size Calculations

The orifice size required to pass a given amount of flow in the ice chest

exhaust line cannot be calculated precisely because the flow in the tube

upstream of the orifice is not in a fully developed state.

two methods of calculation were used, and the smaller of the calculated
values was recommended since it was Jesired to have an upstream pressure

B-6
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LINE REYNGLD' S MACH EOUV. INLET |  OUTLET
SECTION NUMBER NUMBER 4fL Po PSIA Po PSIA
(inlet) D

1 1290 . 366 222 .0885 .0858
Orifice .0858 .0468
2 58 .122 .535 .0468 .0465
3 600 .144 7.0 . 0465 .0421
4 670 .195 .63 .0421 .0414
5 211 .106 60.7 .0414 .0225

CALCULATED THERMODYNAM1C CHARACTERISTICS OF

ICE CHEST H;0 EXHAUST LINE
TABLE I-B

B-7




Hamilton

DIVISION OF UNITED AIRCRAFY CORPORA T1ON

Standard Rs

higher rather than lower than the saturation pressure corresponding to a
32°F temperature.

The first method is from Shapiro '"Dynamics & Thermodynamics of Compres-
sible Fluid Flow". This method assumes a zero upstream velocity, and

a sharp edged orifice discharge coefficient is calculated which is to be
applied to the isentropic choked flow equation. For sonic velocity in
the orifice vena contracta:

c= > = .716
T+ T

TR

y+1
, 7T

. . W_ Po Y
isentropic x = ﬁ: K (WT)

1.3 +1
L0857 (.3 x 32.2)( - ) T, 001645 1b/sec in?
V492 o\ .

Therefore, for a flow rate of 1.16 1b/hr (1250 Btu/nr heat load on the
ice chest), the required orifice area:

= .273 in?, and the diameter

4
D=\/;x .273 = .59 in

The second method is from Crane, Teclmical Paper No. 410. The discharge
coefficient is calculated based on the Reynold's number of fully
developed flow upstream of the orifice, and an expansion factor, Y, is
applied to the incompressible equation for flow through a sharp .dged
orifice. From plots in the Crane paper, pages A-20 and A-21, assuming
an orifice to pipe diameter ratio of .8:

A= 1.16/3600
. X .

At Re = 1290, C = 1.23
and at the critical AP across the orifice,

Y =~ .78

B-8
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%= Tir Vg4t ape

= 1.23 x .78 /7% 32,27 x 144 x .454 x .000302 = 00220 Thrsc. inl
LBx.1 J2 x {1

The required orifice diameter 1s thercfore:

/4 y i1, 16/3600 .

D=\/7ﬂr \/

.64 in

B-9
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ICE PACK HEAT SINK SUBSYSTEM
DESIGN FEASIBILITY TEST PLAN

PREPARED UNDER CONTRACT NAS 2-7011
by

HAMILTON STANDARD
DIVISION OF UNITED AIRCRAFT CORPORATION
WINDSOR LOCKS, CONNECTICUT

for
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AMES RESEARCH CENTER
MOFFETT FIELD, CALIFORNIA
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Program Engineer
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Program Man
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A
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This plan of test defines the Design Feasibility Tests to t=
performed by Hamilton Standard on the Ice Pack Heat Exchang:er
and Ice Chest per SVSK 86020 and SVSK 86016. This test prcgram
is intended to provide information necessary to verify opeia-
tional performance of the Ice Pack Heat Sink Subsystem.

Test Sequence

This test program will consist of the following tests whict will
be performed in the sequence defined:

1) Evaluation of wicking device, screen device, and ice
expansion compensation device.

2) Evaluation of ice chest operation - ambient environment.

3) Evaluation of ice chest operation - vacuum environment.

4) Evaluation of water boiler operation.

Deviation from the defined test procedure or test sequence vill
require prior approval of the cognizant project engineer.

Test Media

The test media for test sequence 1) and test sequence 2) will be
ambient air. The test media for test sequence 3) and test
sequence 4) will be vacuum.

Test Equipment

The tests for this program will be conducted as follows: Tust
sequence 1) and test sequence 2) conducted in HSD SSD Advaiced
Engineering lab. Test sequence 3) and test sequence 4) con-
ducted in HSD SSD Spece Laboratory.

Except for the Riﬁ 8 vacuum facility, portable equipment
compatible with the test unit and the test requirements as
defined by this plan of test will be utilized.

Definition of Tests

Evaluation of Wicking Device, Screen Device, and Ice Expansion
Compensation Device

C-2
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5.1.1

5.1.2

5.1.3

5.1.4

5.2
5.2.1

v AN (Y A \'\‘ O
Instrumentation
Item Range Accuracy
Scale 0-100 1bs. + .1 1bs.
Flowmeter 0-1G + .05 GPM
Temperature Indication 0-100°F + %°F

Test Setgp

This test is performed on the bench. A freezer is required to freeze
the water and a hot water source is required to melt the ice.
Figure 1-C schematically illustrates the test setup.

Test Procedure

a) With ice chest cover removed fill ice chest with distilled water,
taking care to preclude any trapped air. Record vclume of water
added. Weigh ice chest before and after addition of water.

b) Observe distribution of water in the ice cavities. Determine
if there is any leakage of water into the vapor cavities.

c) Refrigerate the ice chest until all the water is frozen.
Observe the distribution of the ice and the adequacy of the
ice expansion compensation device.

d) Couple the ice chest to the LCG H/X ard flow Hy0 at 0.5 GPM
and 90°F through the LCG H/X. Observe the melting prccess by
probing the wicking material with a thin plastic rod. Make
a sketch illustrating the plan view of the melting pattern
in progressive stages.

e) Repeat the freezing and thawing process 10 times and observe
the results per c) and d) above.

Test Requirements

The quantity of distilled water to be filled into the ice chest
must be 15.4 1bs. minimum. Every attempt must be made to
eliminate trapped air from the wick material.

Evaluation of Ice Chest Operation - Ambient Environment

Instrumentation
Quantity Item Range Accurac
1 24 Channel Temperature
Recorder - copper/con, 0-90°F + 0.1°F
2 Flowmeter 0-1 GPM + .05 GPM
1 Wattmeter 0-2500 watt + 10 watt
3 Pressure Gauge 0-30 PSIA + .05 PSID

C-3
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This test 1s jerfcmed 1 the SSP ,'\.l\am“4 kngince. g Lab. A
frevoer is roguired to freeze the witer i the P or 7 oor

Figure 2-C schematically illustrates the test s<tap

lest Proxedure

a) Clamp an insulated frozen ice chest to the heat exchanger and
xnstall the feasibility test hardware in “-e lah-retory bench
50 s otup shown in figure 2,

b) Apply a load of 3000 Btu/hr to the ice chest and by controlling
heat exchanger flow, maintain the LCG inlet temperature at
50°F. Record all heater loads, temperatures. flows, and
pressures per paragraph 5..2.4 of tnis document.

c) Repeat steps a) and b) with a load of 1IJu Btnu/hi and an LCG
inlet temperature of 70°F.

d) Repest steps a) and D) with a load of 173 Bt i «d an LCG
inlet temperature of 85°F,

e) Repeat steps a) and b) with an LCG inlet temperature of 70°F
and the following heat load profile:

Load (Btu/hr) Time (minu+es®
475 10

1000 10

2000 10

3000 10

2000 10

1000 10

2000 10

3000 Run until temperature at
LCG H/X inlet cannot be
stabilized.

1500 Attempt to restabilize LCG

H/X inlet temperature.

Test Requirements

Each of the four tests must be run until the ic in the ice chest
is completely exhausted. This condition can be recognized by the
inability of wne system to maintain relatively steady state con-
ditions. For each run record the following steady state conditions:

1. Heater power. 4. Pump inlet pressure.
2. Total system flow. 5. LCG H/X inlet pressure.
3. LCG H/X bypass flow. 6. LCG H/X outlet pressure.

C-5
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{Cont inued)

For each run record on log sheets at 3 min intervals, temperature
vs time for each of the 24 thermocouples (Reference figure 3-C).

Evaluation of Ice Chest Operation - Vacuum Environment

Instrumentation
tit Item Range Accuracy
1 24 Channel Temperature
Recorder - copper/con. 0-90°F + 0.1°F
2 Flowmeter 0-1 GPM + .05 GPM
1 Wattmeter 0-2500 watt + 10 watt
4 Pressure Gauge 0-30 PSIA + .05 PSID
4 Pressure Gauge 0-15 PSIA + .05 PSID
Test Setup

This test is performed on Rig 8 in the SSD Space Laboratory.
Figure 4-C schematically illustrates the test setup.

Test Procedure

a) Install the ice pack model minus the ice chest in the vacuum
chamber of Rig 8 and plumb up the hardware per figure 4, Close
the solenoid SOV and set the Nj absolute pressure regulator
to vacuum. Note: The vapor pressure passage pressures are not
used during this portion of the test.

b) Install an insulated frozen ice chest in the ice pack model.
Evacuate the vacuum chamber to 500 microns or less and main-
tain a record of vacuum vs time for the entire run.

c) Set the absolute pressure regulator to 8 PSIA and apply a load
of 3000 Btu/hr to the ice chest and by controlling heat
exchanger flow, maintain the LCG inlet temperature at S0°F.
Record all heater loads, temperatures, flow, and pressures
per paragraph 5.3.4 of this document.

d) Repeat steps b) and c) with a load of 1500 Btu/hr and an
LCG inlet temperature of 70°F.

e) Repeat steps b) and c) with a load of 475 Bt./hr and LCG inlet
temperature of 85°F.

c-7
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5.3.3 (Continued)

5.3.4

5.4
5.4.1

5.4.2

5.4.3

f) Repeat steps b) and c) while slowly increasing load above
3000 Btu/hr until it is no longer possible to maintain LCG
inlet temperature at 50°F.

g) Repeat step f) with absolute pressure regulator set at 5 PSIA.

h) Repeat step f) with absolute pressure regulator set at 3 PSIA.

Test Requirements

Each of the tests must be run until the ice in the ice chest is
completely exhausted or the system is overloaded. This condition
can be recognized by the inability of the system to maintain
relatively steady state conditions. For each run record the
following steady state conditions:

1. Heater power.
2. Total system flow.
3. LCG H/X bypass flow.

Pump inlet pressure.
LCG H/X inlet pressure.
LCG H/X outlet pressure.
N2 pressure.

NN &
s s e e

For each run record on log sheets at 3 min intervals the
following:

8. Temperature vs time for each of the 24 thermocouples.
9. Vacuum chamber pressure vs time.

Evaluation of Water Boiler Operation

Instrumentation
tit Item Range Accuracy
1 24 Channel Temperature

Recorder - copper/con. 0-90°F + 0.1°F

2 Flowmeter 0-1 GPM + .05 GPM
1 Wattmeter 0-2500 watt + 10 watt
4 Pressure Guage 0-30 PSIA + .05 PSIA
4 Pressure Guage 0= 15 PSIA

Test Setup

This test is performed on Rig 8 in the SSD Space Laboratory.
Figure 4-C schematically illustrates the test setup.

Test Procedure

a) Install the ice pack model minus the ice chest in the vacuum
chamber of Rig 8 and plumb up the hardware per figure 4-C.

c-10
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(Continucd)

b)

c)

d}

e)

f)

g)

Close the solenoid SOV and set the Ny absolute pressure
rcgulator to vacuum.

Install an insulated unfrozen ice chest in the ice pack model.
Evacuate the vacuum chamber and maintain a record of vacuum
vs time for the entire rum.

Close the bypass needle valve and open the main flow needle
valve,

Set the absolute pressure regulator to 8 PSIA and ly a
load of 3000 Btu/hr to the ice chest. When the LCG inlet
temperature exceeds 85°F open for solenoid SOV. Adjust the
bygass needle valve to maintain the LCG inlet temperature at
S0°F. Run until LCG inlet temperature cannot be maintained.
Record all heater loads, temperatures, flows, and pressures
per paragraph 5.4.4 of this document.

Repeat steps a), b), c) and d) with a load of 1500 Btu/hr and
an LCG inlet temperature of 70°F.

Repeat steps a), b), c) and d) with an initial load of 1500
Btu/hr and an LCG inlet temperature of 70°F and decrease the
heat load 100 Btu/hr every 15 minutes until freeze-up occurs.

Repeat d), e), and f) with an alternate orifice.

Test Requirements

Each of the tests must be run until the water in the wicking is

depleted as much as possible.

This condition can be recognized

by the inability of the system maintain relatively steady state

conditions. For each run record the following steady state
conditions:
1. Heater power. 6. LCG H/X outlet pressure.
2. Total system flow. 7. Nz pressure.
3. LCG H/X bypass flow. 8. Vapor passage pressure #1,
4. inlet pressure. 9. Vapor passage pressure #2.
5. LCG H/X inlet pressure. 10, Vapor passage pressure #3.
11. Vapor passage pressurd #4,
For each run record on log sheets at 3 min intervals the
following:
12. Temperature vs time for each of the 24 thermocouples.

13.

Vacuum chamber pressure vs time,

Cc-11
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CHART SAMPLES OF DATA REDUCTION
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1.0 Scope

This plan of test defines the Development Tests to be performed
by Hamilton Standard on the Ice Pack Heat Exchanger and Ice
Chest per SVSK 86020 and SVSK 86016 and the Vapor Passage Shut-
off Valve and Controller per SVSK 86216. This test program is
intended to provide information necessary to verify operational
performance of the Ice Pack Heat Sink Subsystem.

2.0 Test Sequence

This test program will consist of the following tests which will
be performed in the sequence defined:

1) Evaluation of ice chest/heat exchanger interface operation.

2) Evaluation of ice chest operation.

3) Evaluation of water boiler operation.

4) Verification of Lab Model operation.

5) Verification of vapor passage shut off valve and controller
operation.

w
[}

Test Media

The test media for all portions of this test will be vacuum.

4.0 Test Equipment

All portions of this test program will be performed in the Hamilton
Standard Space Systems Department Space Laboratory. Except for the

Rig 25 vacuum facility, portable equipment compatible with the test
:)mit and se test requirements as defined by this plan of test will
e utilized.

5.0 Definition of Tests
5.1 Evaluation of Ice Chest/Heat Exchanger Interface Operation
5.1.1 Instrumentation
QUANTITY ITEM RANGE ACCURACY
1 24 (hamnel Temp 0-90°F +.5°F
Recorder
Copper/Con.
1 Flowmeter 0-.1 GPM +.005 GPM
2 Flowmeter 0-1 GpM +.05 GPM
1 Wattmeter 0-1500 watt +25 watt
4 Pressure Gauge 0-30 psia +.05 psi
1 Pressure Gauge 0-20 mmiig ABS +.05 mntig
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Test Setup

This test is performed on Rig 25 in the Space Systems Department
Space Laboratory. Figure 1-D schematically illustrates the test
setup.

Test Procedure

a) Install the ice pack liquid cooled garment (LCG) heat exchanger
and holding fixture in the vacuum chamber of "Iy /- . ~lump il
hardware per figure 1-D. (lose the vapor passage shutoff valve.

NOTE: The vapor pressure passage pressures are not used during
this portion of the test.

b) Set the power supply to 27 VDC and start the Portable Flow
Console pump. Close the bypass flow valve. Adjust the LCG heat
exchanger flow valve to obtain a system flow of 0.5 GPM.

c) Install an insulated frozen ice chest in the hoiding fixture.
Hook up the thermocouples. Close the vacuum chamber and evacuate
to 500 microns.

d) Pressurize the pressure pad to 8 psia. When the outlet temp-
erature of the LCG simulated load reaches 62°F, apply a continuous
load orf 3000 Btu/hr and adjust the bypass flow valve (VR) and

LCG heat exchanger outlet temperature at SO°F and to maintain the
system flow at 0.5 GPM. (Ref.: Bypass flow is approximately 0.14
GPM.) Continue adjusting flow to maintain the LCG heat exchanger
outlet temperature at 50°F and the system flow at 0.5 GPM. When
the bypass flow is zero, continue running until the LCG heat
exchanger temperature reaches 60°F. Shut off heat load and turn off
Portable Flow Console pump. Repressurize chamber and remove ice
chest.

e) Repeat b), c), d)except evacuate vacuum chamber to 10-4 mmHg
(0.1 micron) prior to pressurizing the pressure pad to 8 psia.

f) Repeat e) except pressurize the pressure pad to 5 psia.
g) Repeat e) except pressurize the pressure pad to 3 psia.

Test Reqguirements

Each of the tests must be run until the LCG heat exchanger outlet
temperature reaches 60°F. For each run record the following
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relatively steady state conditions.

NOTE: Monitor these parameters and record any changss due tn
valve settings, etc.

Heater power

Total system flow
Bypass flow

LCG heat exchanger flow

Pump inlet pressure

Pressure pud pressure

LCG heat exchanger inlet pressure
LCG heat evcharoer ~mtlaet rressure

L BN -
. L[] L] L]
= BN NS N |
- e s

For each run tecord on log sheets at three (3) minute intervals tne
following:

9. Temperature versue time for each of the applicable thermocouples.
10. Vacuum chamber pressure versus time.

Evaluation of Ice Chest Operation

Instrumentaticn
ITEM RANGE ACCURACY

24 Channel Temp C-90°F +.5°F
Recorder
Copper/Con.
Flowmeter 0-.1 GPM +.005 GPM
Flowmeter 0-1 QW +.05 GPM
Wattmeter 0-1500 watt +25 watt
Pressure Gauge 0-30 psia +.05 psi
Pressure Gauge 0-20 mmig ABS +.05 mHg

Test Set':\p

This test is performed on Rig 25 in the Space Systems Department

Space Laboratory. Figure 1-D schematically illustrates the test
setup.

Test Procedure

a) Iastall the ice pack LCC heat exchanger and holding fixture in
the vacuum chamber of Rig 5 and plumb the hardv ire per figure 1.
Close the vapor passage shutoff valve.

NOTE: The vapor pressure passage pressures are not used during
this portion of the test.
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b) Set the power supply to 27 VDC and start the Portable Flow
Console pump. Close the bypass flow valve. Adjust the LCG heat
exchanger flow valve to obtain a system flow of 0.5 GPM.

c) Install an insulated frozen .ce chest in the holding fixture.
Hook up the thermocouples. Close the vacuum chamber and evacuate
to 0.1 micron.

d) Pressurize the pressure pad to 8 psia. When the outlet temp-
erature of the LCG simulator load reaches 62°F apply a continuous
heat load of 3000 Btu/hr and adjust the bypass flow valve (Vp) and
LGS heat exchanger flow valve(VH ) to maintain the LCG heat
exchanger outlet temperature at §6°F and to maintain the svstem
flow at 0.5 GPM. {Ref.: Bypass flow is approximately 0.14 GPM.)
Continue adjusting flow to maintain the LCG heat exchanger outlet
temperature at 50°F and the system flow at 0.5 GPM. When the
bypass flow is zero, continue running until the LCG heat exchanger
outlet temperature reaches 60°F. Shut off heat load and turn off
Portable Flow Console pump. Repressurize chamber and remove ice
chest.

e) Repeat b), c), d) except heat up the system until the outlet
temperature of the LCG simulator load reaches 76°F before pres-
surizing the pressure pad to 8 psia, apply a continuous heat load
of 1500 Btuw/hr, and adjust the flow control valves to maintain the
LCG heat exchanger outlet temperature at 70°F. (Ref.: Bypass
flow is approximately 0.42 GPM.)

f) Repeat e) except heat up the system until the outlet temperature
of the LCG simulator load reaches 87°F before pressurizing the
pressure pad to 8 psia, apply a continuous heat load of 475 Btu/hr,
and adjust the flow control valves to maintain the LCG heat
exchanger outlet temperature at 85°F. (Ref.: LCG heat exchanger
flow is approximately 0.021 GPM.)

5.2.4 Test Requirements

Each of the tests must be run until the LCG heat exchanger outlet
temperature reaches 60°F. For each run record the following
relatively steady state conditions.

NOTE: Monitor these parameters and record any changes due to
valve settings, etc.
1. Heater power 5. Pump inlet pressure

2. Total system flow 6. Pressure pad pressure

3. Bypass flow 7. LCG heat exchanger inlet pressure
4. LCG heat exchanger flow 8. LCG heat exchanger outlet pressure

D-6
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5.3.1
QUANTITY
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5.3.2

5.3.3

For each run record on log sheets at three (3) minute intervals
the following:

9.
10.

Temperature versus time for each of the applicable thermocouples.
Vacuum chamber pressure versus time.

Evaluation of Water Boiler Operation

Instrumentation
ITEM RANGE ACCURACY
24 Channel Temp 0-90°F +.5°F
Recorder
Copper/Con.
Flowmeter 0-.1 GPM +.005 GPM
Flowmeter 0-1 GPM +.05 GPM
Wattmeter 0-1500 watt +25 watt
Pressure Gauge 0-30 psia +.05 psi
Pressure Gauge 0-20 mmHg ABS +.05 mmHg
Test Setup

This test is performed on Rig 25 in the Space Systems Department

SP:CC Laboratory. Figure 1-D schematically illustrates the test
setup.

Test Procedure

a) Install the ice pack LCG heat exchanger and holding fixture in
the vacuum chamber of Rig 25 and plumb the hardware per figure 1.
Open the vapor pressure shutoff valve.

b) Set the power supply to 27 VDC and start the Portable Flow Console
pump. Close the bypass flow valve. Adjust the LCG heat exchanger
flow valve to obtain a system flow of 0.5 GPM.

¢) Install an insulated unfrozen ice chest containing the large
exhaust orifice in the holding fixture. Hook up the thermocouples
and vapor passage pressure lines. C(lose the vacuum chamber. Draw
a vacuum of 500 microns on the vapor passage line and simultaneously
evacuate the chamber to 10-4 mHg (0.1 micron).

d) Pressurize the pressure pad to 8 psia. When the outlet temper-
ature of the LCG Simulated Load reaches 72°F apply a continuous
heat load of 3000 Btu/hr. When the vacuum chamber pressure reaches
10°* mmHg, depressurize the pressure pad for one minute and
repressurize to 8 psia.
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Continue to run until the temperature throughout the loop and ice

chest stabilizes. Rum at least thirty minutes more and shut down the
system by turning off the heat 1load and Portable Flow Console pump.
Repressurize the chamber and vapor passage and remove the ice chest.

e) Repeat b), c), and d) except apply a continuous load of 1500
Btu/hr.

f) Repeat e) except use small exhaust orifice, and start at 1500
Btu/hr with a heat load decreasing 200 Btu/hr every sixty minutes
until ice chest freezing is observed.

Test Requirements !

Each of the tests must be run until the LCG heat exchanger outlet
temperature reaches 60°F. For each run record the following i
relatively steady state conditions.

NOTE: Monitor these parameters and record any changes due to
valve settings, etc.

Heater power 5. Pump inlet pressure

Total system flow 6. Pressure pad pressure

Bypass flow 7. LCG heat exchanger inlet pressure
LCG heat exchanger flow 8. LCG heat exchanger outlet pressure

SN0 -

For each run record on log sheets at three (3) minute intervals the
following:

9. Temperature versus time for each of the applicable thermocouples.
10.  Vacuum chamber pressure versus time.
11. Vapor passage pressures versus time.

Verification of Lab Model Operation

Instrumentation
ITEM RANGE ACCURACY

24 Channel Tenp 0-90°F +.5°F
Recorder
Copper/Con.
Flowmeter 0-.1 GPM +.005 GPM
Flowmeter 0-1 GpM +.05 GPM
Wattmeter 0-1500 watt +25 watt
Pressure Gauge 0-30 psia +.05 psi
Pressure Gauge 0-20 mmHg ABS +.05 mmHg
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Test Setup

This test is performed on Rig 25 in the Space Systems Department
Space Laboratory. Figure 1-D schematically illustrates the test
setup.

Test Procedure

a) Install the ice pack LG heat exchanger and holding fixture in
“he vacmm chamber of Rig 25 and plumb the hardware per figure 1.
Close the vapor passage shutoff valve.

b) Set the power supply to 27 VDC and start the Portable Flow
Console pump. Close the bypass flow valve. Adjust the LCG heat
exchanger flow valve to obtain a system flow of 0.5 GPM.

c¢) Install an insulated frozen ice chest containing the large
exhaust orifice in the holding fixture. Hook up the thermocouples
and vapor passage pressure lines. Close the vacuum chamber. Draw
a vacuum of 500 microns on the vapor passage line and simultaneously
evacuate the chamber to 10-4 mmHg (0.1 micron).

d) When chamber has reached 1074 miHg, pressurize the pressure pad
to 8 psia. When the outlet temperature of the LCG Simulated Load
reaches 62°F apply a continuous heat loa® of 3000 Btu/hr and adjust
the bypass flow valve (Vg) and the LCG heat exchanger flow valve
(Vﬂéx) to maintain the LgG heat exchanger outlet temperature at

0°F and to maintain the system flow at 0.5 GPM. When the bypass
flow is zero, continue running until the LCG heat exchanger outlet
temperature reaches 60°F, At this point open the vapor passage
shutoff valve and run until the temperature throughout loop
and ice chest stabilizes. Run at least thirty minutes more and
shut down the system by turning off the heat load and Portable Flow
Console pump. Repressurize the chamber and vapor passage and remove
the ice chest.

e) Repeat b), c), and d) except heat up the system until the outlet
temperature of the LCG Simulated Load reaches 76°F before pressur-
izing the pressure pad to 8 psia, apply a continuous heat load of
1500 Btu/hr, and adjust the flow control valves to maintain the

LCG heat exchanger outlet temperature at 70°F fo: as long as possible.
(Ref: Bypass flow is approximately 0.42 GPM.)

Test Requirements

For each run record the following relatively steady state tonditioms.
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NOTE: Monitor these parameters and record any changes due to
valve settings, etc.

Heater power 5. Pump inlet pressure

T