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1.0 INTRODUCTION AND SUMMARY

This 1s the final report for Phases II and III of the Development
of a Self Contained Heat Rejection Module Progrem conducted under NASA contract

NAS9-14408. The objective of this DProgram was to perform detail design and

o
construet a prototype test article Self Conteined Heat Rejection Module (SHRM).

Also to install this test article in the NASA/JSC Space Environment Simulation
Laboratory Chamber A and conduct thermal vacuum demonstration and performance
testiﬁg. The end product of this contract was the prototype hardware, the
test artiele and the test resulis.

The SHRM is an auxiliary heat rejection system Aesigned to provide
cooling for advanced spacecraft. The SHEM is to be developed, febricated and
qualified separately from the parent vehicles, but is to be compatible with
Shuttle Orbiter payloads, free flying experiment modules launched from the
Shuttle or by a dedicated launch vehicle. Fhase I of this program involved
extensive conceptual design, anzlysis and design, faprication end testing of .
& laeboratory prototype SHEM. In addition a preliminary design of a flight
prototype SHRM was developed. This effort was reported in the Phase I Final
Report, Reference (1).

As a result of the Fhase I work a SHRM system was selected which
consistgd of radistor panels which are deployable by means of scissor type
linkage mechanism and the flow equipment necessary to reject heat from these
panels. Coneeptually there would be two types of systems, one tc provide
heat load control with low return temperatures (LO°F or below) aad one at
higher temperatures (approximetely 100°F). The first type would include a
dual mode system which would have the capability of operating as either a
pumped liguid radiator or a vapor compression refrigeration system using the
rodiator panels as the econdenser. Condensing radiators have been studied in
a previous program documented in Reference (2). Addition of the vapor com~
pression system allows the return of conditioned heat transport fluid at low
temperatures under .severe environments which limit the return temperature of
a pumped liquid system. The second type would be a pure pumped liquid radia-
tor system. The heat load could then be partitioned between the two systems
or passged through the systems sequentially with the conventional radiator

system providing for high return temperature heat rejection and the duzl mode



system the low return temperatures. The dual mode system was deslgned %o
use the vapor compression refrigeration only when necessary due to higher
power requirements. The pumped liquid part of the dual mode system would
be used whenever the heat loads and environments are such that the fequire-
ments cen be met by conventional radiators.

The Phase IT and III progrem was to design, fabricate and test a
SHRM system of the dual mode type. In the Phase I study the Scissors mech-
gnism was selected and 1t was found to be quite similar to the device used
to deploy soler panels from the Apollo Telescope Mount (ATM) on the Skylab
program. Since the ATM deployment device was flight qualified, a successful
effort was made to obtain a spare for use on the SHRM program. Radiator
.panels werersized and designed to fit on four of the five panel locations
on the AT™M frame. Fluid swivels developed in Phase I were used to provide
for fluid transfer across the moveble joints. The panele were installed on
the ATM frame and e simulated zero-gravity deployment test was successfully
conducted at the Marshall Spaceflight Center facility in Huntsville, Alabame.

A prototype flow module ﬁas designed to provide duel mode flow
equ.pment in a package approximately the size necessary to fit into the ATM
pallet. The components used in the flow module were prototype in that they
were selected to be operationally similar to the flight components but not
necessarily flight weight or qualified. This allowed considerable cost
savings in the purchase of refrigeration components since many off-the-shelf
items could be used. It would have been desirsble to use R-21 as the trans-
port fluid since this is the substance being used in the Shuttle Orbiter and
payloed heat rejection systems; however, due to the lack of available R-21
refrigeration hardware, R-12 was selected for use in the flight prototype
progream.

Two weeks of thermal vacuum testing of the prototype SHEM was con-
ducted in NASA-Johnson Spece Center, Chanber A. The two weeks of testing
ocecurred on 20-2% October and 4-T November 1975. A week was scheduled be-
tween the tests since a holiday fell in that week and elso o allow equipment
refurbishment and changeé. A total of 152 hours testing was conducted, 95
in the first week and ST'in the second. The objectives of the test were to
demonstrate and map the performance of the deployable dval mode system and

to evaluate the radiator and refrigeration components and to obtain the
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characteristice of the dval mode system in switching operation between
the two modes. The test plun to accomplish this included 44 test points,
{18 radiator/17 refrigﬂrution) and 9 dual mode tests. Due to various test
difficulties and test plan reviesions based on real time evaluation of re-
sults, 22 radiator, 17 refrigeration and 3 dusl mode points were actually
taken., - Y

Problems were encountered with the panels, pump,
solenoid valves, compressor and one fluid swivel during the
testing. The problems were g1l resolved during the
testing except that concerning the swivel. The swivel between the second
and third penels would not rotate during e cold retraction and the result
was the flex line which connected the swivel to the panels twisted and
ruptured. A post test investigaﬁion revealed the cause of this anomly to
be frozen refrigerant oil deposited in a close tolerance area between the
swivel body and rotating shaft outside the swivel seal. The oll apparently
sceumulated there as a result of R-12 leaks across the seal due to side
load on the swivel during GSE operaticas. The swivel design is Jjudged
to be acceptable for pumped liquid applications but should be redesigned

for systems containing oil.

Maps of the heat rejection capacity in both modes were generated
for three different return temperatures, 35, -10 and +10°F. These maps in-
dicated distinet operation ranées for the two modes as a function of heat
load and thermal eavironment. Limited low load data was taken due to pre-
meture test termination in the second week as a result of the severe leak
in the flex line. Component evaluations indicated adequate performance from
the pumps, compressor and accumulator. During the first week of testing the
contact heat exchanger did not achieve the expected performence level. Be-
tween the two weeks of the test the heat exchanger was repacked with GE6L1
Insulgrease replacing the DC380 thermal grease originally installed between
the conteet surfaces. The GE6WL had indicated superior performance in element
tests. In addition the heat lcad source R-21 flow rate was adjusted to

equalize the heat capacities on both sides of the heat exchanger. The second
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week's test results indicated greatly.improved performance (0.89 effec-
tiveness) and demonstrated the concept is val@d and the contact heat
exchanger device is suitable for use in the SHRM or other devieces with

similar regquirsments.
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2.0 HARDWARE DESIGN AND DPESCRIFTICN

This section discusses the SHRM flight system design and the
component design and selection. The test hardware, installation and

instrumentation are alsc described.

2.1 Flight System Design
During the eeriy portion of the SHRM Phase I effort =z set of

design reguirements were formulated. These design requirements are sum-
merized in Table 1. Extensive trade studies were subseguently conducted
in Phase T to define an efficient flight system design which would meet
these design requirements. '

A schemastic of the resulting final system is shown in Figure 1.
The system contains four arrays of deployable radiator panels arranged into
two separate and somewhat different types of systems. The first is a con-
ventionel pumped liquid radiator which consists of two of the panel arrays
gnd a liquid pump. An sccumilator is included to maintain system pressure
above vepoy pressure and to provide the volume to allow for changes in ligquid
volume due to thermel expansion. A bypass valve provides heat load control
to maintain a constant return from the heat rejection system to the inter-
cooler. The bypass val.e (radiator comntrol valve) routes part of the liguid
flow arcund the radiatcrs then mixes this relatively hot ligquid with the
cold liquid returning from the radistors to achieve the desired mixed return
temperature. An automatic controller senses the mixed return temperature, com-
pares it with a desired set point and adjusts the valve position accordingly.
A heat exchanger is used to transfer heat from the spacecraft thermal con-
trol system into the SHRM heat rejection system. The two arrays of radiator
panels are connected in parallel, however, the four panels in each arrsy are
series Tlow connected. Such an arrangement maintains eaual flow through
eack panel which is sufficiently high to effect efficient forced convection
heat trensfer from the filuid %o the radiator tubes but does not result in
eXcessive pressure drop through the panels.

The second type of system, illustrated on the right side of Figure
1, is & dual mode system which can operaie as either a pumped liguid or vapor
compression heat rejection system. A pumped liguid system is included similar

to that already described and in addition & vapor compressor and liquid
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VEHICLE TNTERFACE

Return Temperature, °C
Delivery Temperature, °C
Max. Heat Ioad, kW
Working Fluid

Required Flowrate, kg/s
Application

Heat Load Range
Physical Characteristics
On-Orbit Mate-Up

SHRM

Controls
Working Fluid
Eavelope

Externsl Environment

Launch & Re-entry Envirorment

LY Y Y

SHRM DESIGH GUIDELINES AND CONSTRAINTS
- FULL 4 WING SYSTEM -

HIGE

LOW MODERATE
RETURN RETURN RETURY
TEMP TEMP TEMP
-18 2 27
93 71 Ti
23.4 58.6 58.¢
Refrigerant 12 Water Refrigersnt 21
0.16k 0.201 1.235
Manned or ummanned secien— Manned Pavload Unmanned Scientific
tific paylead with cold Pavload
storsge requirement 3
100:1 1000:1 1000:1

Mechanical interface rather than fluid if vossible.
Attachment to and denlovment from the Spacelab.

Applicable to any design return temperature

R-21 for flight system, R-12 is allowable for vrototvpe system.
Maximum dismeter of k.6 m for stowage in Shuttle cargo bav.
Use volume above swacelab pallet if possible.

Design Conditions:

EARTH ORBIT
370 km full sun orbit

free-flying or attached
to Shuttle

TRANSLUNAR
fixed orientation

LUNAR ORBIT
2.6 ¥m full sun orbit

free-flving free-flying

To radiant exchange
with other vehicles
or solar cells

No radiant exchange with‘
other vehicles or solar
cells

Radiant interchange with
Shuttle: None with other
vehicles or solar cells

Inside vehicle, so no aerodynamic heating thermel orotection is reouired.
Use Shuttle orbiter vibroacoustic environment.




SHRM FLOW SCHEMATIC

WING # 1 WING # 2

WING # 3 WING # 4
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BY-PASS VALVE
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( AccumuLaToR  }—o
0721m3 ' -
R12, & = .743KG/S PUMP REFRIGERATION MODE .233 K/S

RADIATOR MODE: w = .818 KG/S
7°C REFRIGERATION MODE

35°C RADIATOR MODE
71° f " -1°C
35°C < _4_56_
HI-TEMP HX LOW TEMP HX
—75°% —— 380C ——p- p—2°c—»

WATER .199 KG/S

FIGURE 1  SHRM FLIGHT DESIGN SCHzMATIC




expansion velve are added. The necessary valves to switch from ope mode
to the other are included and the accumilgtor is sized large enough to
contain the approximately 2/3 of the liguid volume which must be removed
in order to operate the systfm in the refrigeration mode. The two arrays
of rediator panels are connected in parallel as in the other system end
the four panels “n each arrasy ere also connected in parsllel. The parallel
connection is necessary in order to operate the radiators as both pumped
liquid radiators and as condensing rediators in the vapor compression cycle.
Significantly higher pressure drops are experienced with condensing panels
and therefore the perallel connections are necessary to avoid excessive
performance degradation. Parallel connections create e problem in achieving
an equal flow split between the penels in both modes since identical flow
peths to each panel are difficult with a deploysble radiator system. Pres-
sure drop characteristics of flow metering devices such as orifices and
venturis differ for vapor and liquid flow and for different flow regimes.
Thus,if such devices are used to achieve an equal flow split, the split for
pumped ligquid will differ from that for the two phase condensing operation.
Some compromise is necessary to select a flow distribution which is satis-
factory for both modes of operation. The intercooler heat exchanger would
also seem to present a similer problem, however, design for liquid to
evaporating liquid heat exchange and design for ligquid to liquid heat trans-
fer do not result in significantly different designs.

The two types of systems could best be combined as shown in Figure
1 where the pumped liquid rediator system is used to reject heat at the
higher temperatures with control to lower temperature accomplished with the
dual mcde system. When a combination of high heat load end environment pre-
vents return at the desired temperature the refrigerstion system may be used.
The power penalty associated with the use of the compressor mekes it more
efficienf to minimize the amount of heat rejJected using the vapor compression.
This is done, as shown in Figure 1, by rejecting =1l the heat possible from
the pumped liquid system prior to routing the coolant to the dual mode system,
In doing this, the heat rejection has been partitioned into a high tempera-
ture system and a low temperature system to echieve the desired total heat

rejection and return tempersture as efficiently as possible. When the
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requirements could be met without the use of refrigeration in the low tem-
perature system it would be operated in;the pumped liquid mode also, thus
saving power. An automatic controller senses when this is the case and
selects the proper mode of operation for the dual mode system.

Trade studies to select a deployment mechanism were also con-
ducted in Phase I. The selected type of mechanism is illustrated in Figure
2. The mechanism is of a scissors linkage type design similar to that used
in the Skylel progrem to deploy the Apolio Telescope Mount solar panels.
The actual radiator panel design is an optimization considering the higher
efficiency with thicker fins and more flow tubes versus the added weight.
In general the most weight optimum panel is the one with the thinnest fin,
however, this requires more arez which increases the weight of the deploy-
ment system. In addition there are inherent structural lower limits to the
fin thickness which usually defines this parameter rather than radiator
efficiency/weight trades. Past studies (References 3 and L) have indicated
that designing for a fin effectivenessz of shout 0.90 produces a near optimum
design. Area sizing was made assuming the paenels are coated with silver-
Teflon tape with optiecal properties of solar sbsorptiviiy 0.10 and thermal
emissivity 0.80.

2.2 Test System Design

The selection of the scissors linkage mechanism for the deployment
fixture resulted in an sctual Apollo Telescope Mount (ATM) deployment frame being
obtained by Johnson Spece Center from the Marshsll Space Flight Center (MSFC)
for use in the SHRM program. The use of thié device dictated, to a large
extent, the design of the prototype test system. By installing four radiator
panels on the ATM frame, one wing of the flight design can be simulated.
Since the dual mode system is the most complex, and since it also contains a
pumped liquid radiator system similar to that in the high temperature part
of the system, a dual mode wing was selected for the flight prototype test.
The radiator penels were designed to install on the ATM frame and eight fluid
swivels of a design which was developed in Phase I were used to provide fluid
transfer across the joints. A sketch of the panel configuration is shown in
Figure 3, along with the details of panel design. Complete detalls of the

panel design and installation sre given in Reference (5).
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PARTIALLY DEPLOYED
RADIATOR

DEPLOYED
RADIATOR

APPLIED TO EXPERIMENT MODULE IN THE SHUTTLE

ORIBTER CARGO BAY

SELF-CONTAINED HEAT REJECTION MODULE APPLIED
TO A FREE-FLYING EXPERIMENT MODULE

FIGURE 2 SELECTED SHRM DEPLOYMENT CONCEPT




OUTLET MANIFOLD (TYP})

-~ | .

RADIATOR PANEL [
(ONE OF 4) {
N . /RETUBN LINE
16 PARALLEL i
| TUBES (TYP) ~— f
- _ .
. = ' ’
A S T ———NLET MANIFOLD
N .
. N :
, ; - DELIVERY . N\ \ .
€ ‘ LINE .
. .
NGTT: PANEL WIDTH = 101.25" ~
PANEL LENGTH =£2.25 )
' , (TUBE LENGTH = 9325 1111 | |
. | \y ©
MAT'L: ALUM. [ ‘
i
WL
e — — - 0.125"(D
e ﬁ - 5 '
f ' WELD 0.040" FLANGE
5 4 ©-040" SHEET
TUBE ATTACHMENT
- u J ' !
! ) . S __&*_.__? :J' :
A ' . “\__INBOARD I T
”“‘W "
J\V FIGURE 3 SHRM RADIATOR CONFIGURATION

URIGINAL PAGE Ig

OF POOR .
QUALITY, N




A prototype flow module was designed to be the approximate size
to fit into"i:he ATM pallet; A schematic of this flow module is shovn in ;
Figure 4. Due to ti:iz prototype nature of this hardware the arrangement |
is somewhat more complicated than the flight system illustrated in Figure 1.
The mejor differences are:

1. Three way latching control valves were not available

to perform system selection as shown in Figure 1.
Tt was necessary to use five pneumstically controlled
velves to accomplish this function.

2. A selection of two evaporator temperatures during the
thermal vacuum test was provided by installing tweo
expansion valves in parallel.

3. The metal bellows accumulators were toc small to con-—
tain enough R-12 to allow mode switches. An esuxiliary
accumulator was added to provide the necessary volune.

L, An oil separstor, liquid filter dryer. snd a suction

filter were included to provide for positive lubrica-
tion and protect the system from contaminents.

5. Check valves and manual fill valves were added to
allow servieing and rework of parts of the system with-
out evacuating the entire SHEM.

Operation can be switched between modes by adjusting the position of
the remotely operated valves, solenoid velves 3, 4, 7, 8 and 9 and ball valve
3 and adding or removing R-12, As explained previously, the smount of refri-
gera.nt‘ necessary for operating in the two modes differs. A compleiely full
"hard liquid" system is required for pumped liquid operation. It is also
necessary to have a system pressure somevhat above the vapor pressure et the
ho*b‘i:est point in the system in order to prevent cavitation in the pump. For
vapor compression it ies necessary to have liquid in the system in an amount
equal to about 1/3 of the system volume. A metal bellows accumulator with an
electrical guantity readout was provided to accommodate these changes. One
side of vthe bellows in the accumulator was pressurized with regulated GHo

to ailow adjustment of system pressure to the desired velue. However, this

12
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SHRM FLOW SCHEMATIC

NOMENCLATURE

BV — BALL VALVE

CV - CHECK VALVE

CHX — CONTACT HEAT EXCHANGER
DP - DELTA PRESSURE

EXPV — EXPANSION VALVE

FO - FILTER DRYER

FM — FLOW METER

FV - FILL VALVE

P - PRESSURE TRANDUCER

PR — PRESSURE REGULATOR

RCV — RADIATOR CONTROL VALVE
RV - RELIEF VALVE

RV1
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accumulator proved to be too small and it was necessary to add a temperature;
controlled suxiliary accumulator later. Fluid wes transferred out of this
accumilator by electrically heating the reservoir. Fluid was returned to
the auxiliary accumuletor for vapor compression operation by starting the
compressor and utilizing it to force the desired smount of liguid into the
accumiator. The transfer proecess was facilitated by liguid nitrogen cooling
of the auxiliery accumulator. The amount of ligquid in-the gystem and accu-
mulators was monitored by sight glasses on the duxilisry accumilator and an
electrical guantity readout signal from the metal bellows accumulator. R-12
return tempersiture control was accomplished by use of a bypass mixing valve
(radiator control valve, RCV in Figure k) in the radiator mode and by con-
stant pressure expansion valves (EXPV1 and EXPV2) which regulate evaporator
pressure (and therefore tempersture) to selected values. Choice of two
evaporator temperatures during testing was made by selectively opening and
elosing remotely controlled valves SV8 and SV9.

The selection of the components in the sysiem was made based on
both regquirements and availability. A Sunstrand centrifugal pump was selected.
This device was purchased by JSC according te Vought specifications and fur-
nished to Vought for installation. The compressor, and accumulator were
obtained in a similar manner.

The compressor selected was a Fairchild Stratos heli-rotor model
with a nominal 10,500 W of cooling rating (3 tons). The aceumulator was made
by the Metal Bellows Corporation. The remote control, valves and the radiator
control valve were purchased under previous contracts and were furnished
Vought by JBC. The radiatof panels were specifically designed to fit into
the ATM frame and were constructed by Vought under the Phase II and III SHEM

contract. A uniquely designed contact heat exchanger was selected for the
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interface heat exchanger. This device, showvm in Photographs of
Figures 5 and 6, was designed by Vought and built by United Aireraft
Products. The contact heat exchanger provides a mechanical rather
than fiuid interface between the SHEM and the spacecraft thermsl con-
trol loop. This will allow the installation and removel of the
SHRM from a spacecraft without breeking into either fiuid system.
These tests represented the first full scale testing of thias device.
Figure 5 shows e photograph of an assembled contact heat
exchanger and Figure 6 partially assembled. Esch half of the heat
exchanger was comprised of five flat cold plates of heat exchanger
core manifolded together as shown In the photograph. The surfaces
were coated with o highly conductive thermsl grease, originally Dow
Corning 380 and later replaced with CGeneral Electrie 6L41. The grease
can be seen in Figure 6. The two halves were assembled as shown in
Figure 6 and bolted together with 45 bolts to provide the high contact
pressure necessary for efficient conduction., The expansion valves selected
were constant pressure expansion valves made by the Refrigerating
Specialties Company. These valves maintain the evaporstor at a2 con-
stant pressure and therefore temperature regardless of the capacity
at which the system is being operated. The remsinder of the flow
components were commercially aveilable hardware obtained from local

suppliers.
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FIGURE 6 ASSEMBLY OF CONTACT HEAT EXCHANGER




therefore temperature regardless of the capacity at which the system is
being operated. The remainder of the flow components were commercially
available hardware obtained from local suppliers.

2.3 Tegt Bardware Installation and Instrumentetion

The test hardware used in the subject test consisted of four
radistor panels connected with fluid swivels, an ATM deployment mechanism,
a deployment fixture to allow deployment and retraction of the ATM mechanism
at earth gravity, a flow module containing the compressor, pump and other
flow hardware and an electronic controller to provide return temperaziure and
mode selection control. In addition there wes & three phase, veriable fre-
quency, variable voltage power generator for compressor power and deployeble
infrared lamps that provided environmenit simulation. Sufficient instrumenta-
tion of the test hardware was included for system monitoring and control
and to evaluate the system performance.

The overall test instaellation ie illustrated in the photograph of
Figure 7 which was taken from the third level of the chamber. As can be seen
in this photograph there were locations for five panels in the ATM frame,
however, only four radiastor panels were Installed. The empty frame represents
the end of the deployment mechanism which would be attached to the spacecraft
or pallet. The relative locations of the deployment/retraction motor and flow
medule are also shown in this photograph. A closer view of the radiator panels
is shown in Figure 8. The four panels were consiructed of aluminum tube ex-
trusions seam welded to 0.00102 meter (0.0LO in.) aluminum sheets at 0.16 meter
(6.3 in.) intervals. The panel size to Tit on the ATM Trame wes 2.57 {101.25
inches) by 2.37 meters {93.25 inches). These panels provide e total radiating
area of 48.7 m2 (524.5 £t°) since they radiate from both sides. The panels
were coated with a black velvel peint in order to facilitate non-reflective
environment simulation with infrared lemps. The eight fluid swivels were
located between the panels at the locations illustrated in Figure 8. The
radiator panels were heavily instrumented with copper-constantan thermocouples.
There were TO locations on panel 1, 35 on panel 2 and 18 on panels 3 and L.
Locations of these thermocouples are shown in Figure 9. The locations were
selected to provide temperature maps of the panels for heat rejection calcula-

tions and to evaluate panel performence both ag pumped fluid radiastors and as
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FIGURE 7 — SHRM TEST HARDWARE INSTALLATION
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condensing radiestor panels. In addition, a thermocouple was loceted on
each of the eight fluid swivels. The first two panels were instrumented
with five radiometers to measure absorbed flux from the enviromment simula-
“or. The locations are shown on Figure 8.

The ATM frame on which the panels are mounted is also shown in
Figures T end 8 This scissors-linkapge type mechanism ordinarily deploys
by placing a force on the ends of the linkage and causing an accordion like
outward projection. For this test, hovever, a chain drive mechanism and a
guide track were used to pull the linkage mechanism in and out in a horizon-
tal plane. The guiding track can be seen in Figure 8. A lerge electric
motor located at the end of the mechanism was used to provide the deployment
and retraction force and load cells on each side of the frame were used to
measure the force.

A prototype of the flow module is shown in Figure 10. This module
contains the flow equipment which was illustrated in Figure 4. The flow
moduwle was instrumented with immersion thermocouples, pressure transducers
and flow meters at key locations in the system. These instrumentation loca-
tions are shown in the schematic of Figure b,

The simulated heat load was provlided by en external R~21 fluid
system which could deliver a wide range of flowretes and temperatures to the
payload thermal control system side of the contact heat exchanger.

An electric controller provided return temperature control and mode
selection. It provided for temperature and therefore heat rejection control
in the pumped liquid mode by variation of radistor flowrate based on a com-
parison of T8 (see Figure 4) with the desired value. Cepebility of two dif-
ferent control set points was included. Ceapacity control in the refrigera-
tion mode was accomplished by manual adjustment of compressor speed by power
frequency variations to the compressor's three phase, 400 cycle motor. The
controller had the capability to autometically initiate a switch from the
radietor to the refrigeration mode when either the heat load or environment
prevented coolant return (T2 on Figure k) at the desired control temperature.
Return to radiator mode ecould be menuelly initiated from a control console.
In both cases the controller set the proper valve positions, allowed time de-
leys Tor the transfer of fluid in or out of the system, and started the com-

pressor or pump. The control cor=ole shown in Figure 11 also provided read-
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outs of key signalsisuch ag valve positions, tempermiure error, compressor
electrical measurements and contained manual overrides of key valve positions.

Power to the compressor was provided by a rotary, three phase genera-
tor. The generators' voltasge regulator was modified to cause a linearly de-
creasing voltage as fregquency is reduced from 400 cyeles per second, 208 volis
{raeted power input to the compressor)}. This is necessary to optimize the power
consumpition at reduced compressor speeds. Frequency was controlled by speed
control of the generator's drive motor.

Fnvironment simulation weg provided by arrays of deploysble infrared
lemps as shown in the photograph of Figure 12. The erreys are shown in the re-
tracted position. Position adjustment of the lamps was necessary o allow
deployment and retraction of the radistor panels during the test. The lamps
could be deployed upward to Jjust below the panels when the panels were in a
deployed (flat) position by use of the pneumatic actuators shown in Figure 12.
Flux from the lamps was monitored by the panel radiometers and adjusted to fhe
desired values. All environment simulation flux wes incident on the lower

panel surface with the upper surface exposed to chamber simuletion of deep space
environment. ’
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3.0 TEST PLAN

The original test objectives and a detailed test plan were delireated in
the detailed test procedures (Ref. 6). Deviations from the originel plans were
caused by the ¥arious hardware problems which are discussed in Section 4,0 of
this report and test plenning was performed on & continuing basis during week
one. Between the two weeks of testing the results of week 1 and the statvs of
the hardware were reviewed and a new test plan writiten for the second week of
testing. This test plan was followed much more closely than the original one
and was deviated from only slightly until the test was terminated due to a
severe flex line leak., This gection discusses the test objectives and original
test plan and how the plan was deviated during the first week. The second

week's test is then discussed.

3.1 Test Objectives and Original Test Plan
The specific test objectives for the Chamber A thermel vacuum test

were:

1. Demonstrate deployment and retraction under realistic
environment and heat load conditions. During these
operations determine the loads and evaluate the fluid
swivel design.

2. Determine heat rejection capability under pumped fluid
radistor and refrigeration cycle modes and assess in-
teraction of a system of condensing radiator panels,

3. Evaluate operation of radiator and refrigeration lcop
components used in s closed cyele system. The com-
ponents to be evaluated were the contact heat exchanger,
R-12 compressor, accumilator and liquid pump.

L, Obtain characteristics of "dual mode" control system in
switching between pumped ligquid radiator and refrigera-
tion cycle operation.

5. Investigote system performance under off-nominal condi-
tions ineluding extreme heat loads, environments and
partial deployment.

To accomplish these test objectives & test plan with kb test points

was prepared. A summary of these test points is given in Table 2. There were
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18 planned tests of radiator mode operation, 17 refrigeration and 9 dual
mode, These tests were orgenized into four phases as illustrated in the

- four charts of Table 2 which progressed from lowest to highest risk. First,
pure pumped fluid radiator testing was to be conducted then pure refrigera-
tion, next mixed mode tests demonstrating the controller were planned fol-
lowed by a series of off-nominal conditions tests. The test points were
designed to mep both the radiator and refrigeration system capacities.

The range of environments simulated cover earth orbitel, trensluner, full

pun luner orbit, and off-nominal conditions.

3.2 Revised Test Plan

During the first week of testing the test plan and sequence vas
- revised as required by the hardware problems discussed in Section 4.0 and
to add test points to insure sufficient data was obtained to define the
systemn capﬁbilities. The characteristics of the edded test points will be dis-~
cussed in the test results discussion in Section 4.0. Tests points 1 and 1A
were conducted as scheduled then the sequence chenged to rum test point 8.
Three other radiator system -test points were conducted, 104 (e point added
to document radistor performance in view of the level of contact heat ex-
changer performance), 4, and 5. The sequence was then altered to run a
series of refrigeration points which were at the same environment since some
diffieulty had been incurred with the environment simuletor. The meode switch
was conducted and test points 13, 16, 16A, 21, 22, 1k, 17, 18 and 19 were run
in that sequence. A switch back to the radistor mode was made and test poinis
7, 6 and 11 were conducted which were skipped previously due to the environ-
ment simulator problem. A change in sequence was agein made to switch back
to refrigeration due to a liguid pump failure and test points 19A and 19B,
which were added to further document refrigeration capabilities based on the
test results thus far observed, wers run. When the pump wes again operational,
test points 46, 47 and 48 were conducted plus 84 and 8B which were mew points
to further document radiator system performance. Then new refrigeration test
points 144 and 1TA were conducted and the week's testing termineted. WNo
mode change experiments were conducted in week 1. The condition of the herd-
ware would not support these operations in the latter part of week 1.

During the week between the tests a nevw test sequence for the

second week wes prepared based on the results of the first week's tests and the
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TABLE 2 ORIGINAL TEST PLAN

SIAM TEST TIAMEZLINE, PIAS® T = DADTATCH SYSTEM TEST.

R=21
TEST FLOW
SEQUENCE  fLRlLEL

1 o

1A 26440

"w
"

12

*To be conducted durimg chasber pumpuown prior to chamber coollown,

rR=-21 =12
2 CCGNTRCML PLOS
13 -TEn2__ BAIE
(°F)
voe ashient 2600
105 4n 2600
150 - 2600
outlet from 40 2600
150° tovards
60° to obtain
40° R=12 outlat
tasp B0-u5 in 40 2600
2 hrs.
camp 45-80 in 40 2600
© 2 brs.
105 a0 2600
at 49° inlet 0 2600
adjust in SO
increrents to
obtain 0° outlet
at 61° inleat 0 2600
adjust in 5°
increscnts to
obtain 0° outlet
camp 50-35 in [} 2600
2 hrs )
casp 35-50 in 0 26090
2 hts
50 0 2A00
a0 0 2600

- ] - « é L .-
] L] ' L]
ELAPSED
LHVIRCNRENT CONRENTS ~IINE_
(PTU/hr=f2?)
no lasps Aeploy & retract
41,6 deploy-~%rinj to 4 hrs.
ateady stata
41.6 2 hrs.
41,6 2 bLrs.
61,6 & hrs.
41.6 3 hes.
2 cycles 8 hrs,
5-50 in
90 ein.
20 3 hes.
5 1 bes.
5 2 Lrs,
S 2 trs.
2 cyclos & hrs.
5=20 tn 90 min.
5 retract S _hrs..
TOAL )7 hrs.
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" TABLE 2 ORIGINAL TEST PLAN {CONT'D)

SHRM TEST TINELINE, PAASE IT - REPRTIGERATIOR SYSTEX TESTING,

Test an T T e-12 ENVIRCNARNT ELAPSED
SEQUENCE ___a___ 18 CONTROL_TEZRE PIUZUE-FTZ CONNENTS 4 ¥ §
(liu/hr) ¥ ")
Bas=lina 11 £440-- 105 80 &1.6 deplcy 3 hrs,
Ccatrol chack at #teady state 18 © o 2440 105 80 20.6 2 brs.
Ccntrol check at steady state 15 FALD 105 LL] 10 2 hes,
Transiant control tesp check 1% _ 2440  Ramp 105-60-105 LL] al.e 3 hra,
in. 2 hrs. !
max refrig lisit polst 17 ~ 2440 105 L1 50 2 hrs.
rax tefrig liwit poiat 18 2440 105 a0 &0 2 hrs.
Hax refcig 1imit point 19 — 2880 15 a0 70 2 hrs.
*ransient control check 20 - 2840 105 80 2 cycles 5-50 8 hrs,
in 90 min.

0° Bas=line n -2a80 60 0 1.6 : 3 brs.
Map to max perforsance 22 ‘z44C 2zt 509, increasa in O a1.6 1 hes.

%% {ncresenta untll

capacity i3 reached
Map to sax environmment 23 —2un0 60 ) 0 50 2 hrs.
Map to Fax anviconsent 28 24kl Lo 0 0 2 hrs.
Cycle for ocbital 25 2680 60 0 2-90 wminJ 4 hrs.

environment . cycles 5-50 — e

TOTAL 15 brs.

sCapacity i3 defined as radiator inlet and radiator outlet temperaturas, increascs are the Gamc.
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TABLE 2 ORIGINAL TEST PLAN (CONT'D)"
=g=)
= =
o G2
o B
O E SHR® TLGT TIMELINE, PHASE TII - CONTROL SYSTFM THSTS.
<~ ; a=21 a=21 R=12
- ®) TEST FLULY b 4 rONTROL ELAPSED
c o ZEQUENCE  (LDAZHR I8 _TEIT__ ENVIRONNENT COBAENT: d V-8
o g (°F) (°F) (ATU/LT-£47)
E: = Reas stability ducing switch over 2o 2440 T n 41.6 optisize sode nvitch 1 hrs.
:2 = refrigeration to radiator
s Nean stability ducing svitch over 27 - 60 0 “1.6 optimize node svitch 3 hrs.
- radiator to refrigyeration
- Meas stebllity during svitch ovar 28 - 105 15 41,6 optimize sode swvitch refri~ ) hrs.
gerator to radiator
feas stability during switch over 29 105 35 LA optimize rode switch 3 hcs.
%ﬂ radiator to refriyerator
Demonstrate svitch for heat 40 camp 105-69 35 41.6 optimize mode svitch refri- 1 hrs,
load change in 2 hrs. geration to rad during rasp
Demonstrate switch for heat n camp 60-10% 3% 81,6 automatic svitck to refri- 1 hrs.
in 2 hrs. geration
Demonstrate avitch for eanviron- 32 195 35 2-90 min. manual switch to rad, avto & hrs,
sent change €eycls 5-50 svitch back
1 60 0 2-90 ain manual switch to rad, auto & brs.
cycls 5-50 switch back R

TOTAL 26 hrs.
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TABLE 2 ORIGINAL TEST PLAN (CONT'D) | :

SHam TEST TIMELINE, PHASE IV - OFF NOMINAL PERFCRRANC:.

R=21 =21 &=12 7-12
T 1Low conrnnL  PLOW ELAPSED
IEST SPQUENCE IN 35 P4 ) --IESP_ RATS ERVIRCNARAT CONNERTS ~I13%
(°F) (°F) (BTU/hC-£22)
b1 150 2800 4) 2600 75 Radiator sode 2 hre,
15 150 2446 a0 2600  20-109 padiator made_ 2 hrs. o
15A rasp 80-150 2440 40 2600 100 2 hrs.
16 150 2440 40 s Sefrigerator mode 1 hrs. -
17 150 25840 %0 100 Refrigerator mode 2 hrs,
0‘8 18 150 2440 0 5 Befrigrrator mode 3 hrs. e e ——
1’ 105 2440 %0 5 #efrigerator mode— 2 hrs. =
L1 as . “0 2000 5 Polly dagloyed radiator 6 hrs.
adjust for sode
ain. loead
(3} ) %0 2600 5 Partially deployed radiator 6 hcs.
adjust for mode
ain. load . . —
.2 adjust for &0 2600 5 Pully cetracted radiator & hrs.
»in. load wole
8] raap 40-105 L) casp S-81.6 Ceploy radiator as heat 8 Lrs.
in 3 hrs. in 3 hrs. load increases autosatic
switch to refrigeravor mode
(L} 0 0 0 5 Petract panel at -25C° r 6 hrs. e
85 80 2880 .0 2600 100 Drploy A bhre,

TOTAL 87 hrs.

TOTAL & PHASLS 185 hrs, i
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[ changes in hardware. The test points were renumbered in sequence. A summary
of the week 2 Test Plan is shown in Table 3. This new sequencelwas designed

] to: |

1. Fvaluete the changes/improvements to the test equipment

hetween tesis.

2, Obtain the originally planned test data not accouplished
in week 1, especially the mode change tests and low load
limits.
3. Map performance at a new {10°F) return temperature.
The week 2 test plen was followed quite closely with no major pertu-
bations until the low load points were attempted. A flow stoppage to panel 4
caused some compromise in the quality of test points 11l ané 115 which will
be discussed later, then a severe lesk which resulted when retraction was

attempted caused the cancellation of test points 116-121.
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-TABLE 3 = REVIseD TEST PLAN FOR WEEK 2

f€

TOTAL
. TEST SYSTEM ' .
OBJECTIVE POINT FLOW (LB/HR) DURATION (HR) ENVIRON- ' -
_ NUMBER ™ FoL T.P. CUM. MENT (BTU/HR °F)
Evaluate HX 101 FEL 2050 oo | 3 3 82
Grease : 102 5. ¢d 2050 iy 3 ()
17

External Pump 103 2600 2kko : 3 9 82

Rad to Refrig 104 2050-> 700 1886 6 15 100
Switchover Refrig to Rad 105 700 =>2050 ' 100

5 A

Rad to Refri_.g 10 2050 > 700 Y 105150 in 1 Ir
35° Set Point Repeat 107 700 2liLo L3 18 120
10> set Point Capacity Red. | 108,109,110 | .20S0 1886 8 26 40, 80, 120
Demonstration Ref. 111,112,115 700 1886 8 3h 40, §0, 120
Lov Loed 100 % (-211%F) | 114 ) . , 1886 . 8 L2 0

Deploy [ (-250°F)| 115 2050 1886 6 w8 | 0

. I

Cold Retract " 116 {0 1886 1 49 0
Lov Load 0% (-21.12?) 17 - P 1886 - 8" 5T 0

Deploy (-250°F) | 118 12050 1886 6 ; 63 0 .

50 % (-222°F)| 119 : ‘ 1886 8 1 o

Deploy | (-250%F)| 120 2050 1886 6 7 0
1/2 Retract, Cold Deploy/Recov. 121 2050 1886 1 78 0

¥ VALVES ARE APPROXIMATE . FyrrEPT TEAT PunT 103
: :

' ! ' ' v ' "o ' ¢
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.o TEST RESULTS

The results of the Thermal Vacuum Testing of the SHRM provided
sufficient date to evaluate bothasystem gud component perfofmance. A total
of 42 test points were conducted during the two weeks of testing compared
to the planned k. Of these there were 22 radiator, 17 refrigeration and
3 dual mode points compared to 18, 17 and 9 planned. A summary of the test
points conducted are given in Table 4. Retraction and deployment were dem-
onstrated at ambient and at cold (average panel temperastures -4 to ~LO°F)
conditions with no anomslies. Deployment and retraction were also demonstrated
at very cold temperatures (-140 to -273°F) with damege incurred to one flex
line. A3l the test obJectives were schieved with the exception that only
limited low load test data were obtained. Neployment and retraction of a de-
ployable radistor system was successfully demonstrated. This section will
discuss the hardware problems, thelr resolution and impact. The system
thermodynamic test resulis and the eveluation of the components based on
the test date will then be presented.

h.1 Hardware Problems and Corrective Actions

During the testing there were seversl hardware problems which had
various effects on the system design, schedule, test planning and test sequence.
Sinee much of the rationale for test activities involved the status of the
hayr . sere the major hardware problems incurred are delineated, the subsequent
corrective actions taken are discussed and the impact on the conduct of the
test explained. The problems are discussed in chronological order beginning
with the pre-test activities of panel calibration and arbient checkout then
the first week of testing followed by the week of refurbishment then the final
week of testing.

h.1.1 Pre-Test Activity Hardware Problems
During the pre-test activities three problems were noted:
1. In pumped fluid mode an vxequal flow split
emong panels was observed.
2. The fluid pump output was only 2070 lbm/hr
with full redistor flow.
3., Damage of expansion walves during proof

presasure test.
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=] E: TABLE L TEST POINT SEQUENCE SUMMARY ~ 18T WEEK
£
=
Eg P> R21 R12
&5 HEAT HX TEWPS
g T D B oy NET HEAT
& iN ouT IN ouT ENVIRONMENT REJECTION
TEST POINT NODE {°r) {°F) 1 °F) {°F) {BTU/HR-FT2) - (BTU/HR) COMMENTS
1A Redintor 113.% 61.9 36.0 101.5 73.5 32,610
8 Radiastor Th.5 20.3 =-T.0 61.9 Lamps Off 33,0L0
10A Radiator- 61.9 27.1 13.6 55.5 68.7 21,360
i Radietor 87-55 47.1-38.3 33.8 kg,2 a3 Varieble 2 hr inlet terp remp
5 Redistor 55-8T7 38.3-h7.2 33.8 76.6 83 Veriable 2 hr inlet temp rerp
13 Refriperation 105.h4 ho.2 33.8 31.5 83 37,£00
15 Refrigeration 105-60 L47.1-38.3 33.8 31.5 03 Varisble 2 hr inlet temp ramp
164 Refrigeration 119.3 59.8 36.0 23.3 89 3 38,820
21 Refrigeration 61.9 36.0 =16. 59.8 8z.0 13,040
zo Refrigeration 27.1 0.1 =16.h 27.1 82.0 13,370
1t Refrigeration 105.4 kt.1 36.0 33.8 39.3 35,9€0
17 Refrigeration " 105.4 Yo.2 36.0 33.8 104.9 3h,700
18 Refrigeration 107.4 51.3 36.0 36.0 121.7 33,620
w19 Refrigeration 107.4 53.4 38.3 36.3 141.6 31,070
7 Radiator 60.8 17.0 -2.1 51.3 40.0 26,560
6 Radiator 107.k 51.3 3h.9 Q1.4 10-80 Varisbie Environment cycles
11 Radiator ) 57.0 11.k ~h,5 5.0 10-40 Variable Environment cycles
194 Refrigeration 105.4 55.5 38.3 38.3 155.k 32,5C0
his): ] Refrigeration 107.4 61.5 45,0 51.3 200 28,600 Run gborted due
‘ to temp
L6 Radintor . 161.6 T6.6 33.5 138.2 16.4 51,805
Lt Radiator 146.9 T2.4 36.0 1£5.3 43 45,663
L6 Radiator 80.8 hg.2 35.0 72.4 121.h 18,050
Ba Radiator 29.3 4.6 =4.5 24.8 T9.1 14,560
88 Rediator 1.4 0.1 .5 6.9 106.1 5,260
kA Pefrigeration 125.3 59.8 38.3 36.0 hz.3 39,873
1TA Refrigeretion 1114 53.4 35.0 38.3 101.3 26,190
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TEST POINT

10%
102
103
1ck
105
106
i
110
109
108
111
12
113
1114

115

L e s e s

MODE

Radiator
Radiator
Radiator

Bad - Ref
Ref -~ Rad
Rad - Ref
Refrigeration
Radietor
Radiator
Rediater
Refrigeration
Refrigeration
Refrigeretion
Refrigeration
Radiastor
Radiator

TABLE ¥ {CONT'D)
TEST POINT SEQUENCE SUMMARY - 28D WEEK

R21
HEAT SOURCE
Trx Tour
(°F) (°r}
110.7 56,7
16.7 ky 1
96.1 kh, 1
85-110 %05-87-43
110-103 hLh-102-42
85.9 Lo-75
101.1 ka5
38.5 17.5
T1.hb 21,6
101.1 24.8
106.9 32.9
B5.5 ah.0
78.3 21.6
103.3 32.1
70.9 16.1
36.1 36.1

R12
X TEMPS
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1. A test was devised to determine the flow split among the four
panels in the pumped fluid mode. The panels were orificed to provide an
eauel flow split in the wvapor compression mode and some flow skew was ex—
pected. The test was conducted to determine what the actual distribution
was so the acceptability could be determined. To accomplish this a flow-
meter was installed on the inlet side between panels 1L snd 2, 2 and 3, 3
and b (see Figure'3). Total flow was read from FM2 in the flow module.

It was impossible to install a flowmeter to measure each panel flow due to
the manifold and panel design. The flow to panel 1 was calculated by sub-
tracting the flov between panels 1 and 2 from the total flow, the flow to
panel 2 by subtracting the flow between panels 3 and 4 from the flow between
-1 and 2, ete. 'The result was:

Panel 1 - 920
Panel 2 - 520
Panel 3 - 365
Panel k - 215

2020 1lbm/hr - Total Flow Reading 2060
These resulted in laminar flow through panel 4 which would not result
in acceptance fluid to tube heat transfer. Analysis indiceted the presence
of the flowvmeters in the line could have significantly affected the distri-
buiion. The test was subsequently run with all the flow meters removed ex-
cept the two which measured total flow and flow through panel 4. The result
was:
Panel 4 ~ 310 lbm/hr
Total - 2120 lbm/hr
This would give a turbulent Reynold's No. in panel b4 and with the final flow-
meter removed for the test configuration, it would further equelize the flow.
For these reasong the flow split was accepted for test. The exact flow split
was not known since this was impossible ‘o measure and thus can only be esti-
meted from the test data. No further action was taken on this problem.
2. In the Dallas checkout of the fluid pump a flowrate of 2689 1lbm/hr
was obtained at a pressure drop of about 35 psi. During this checkout the
pump wes installed in the filow module, however, there was a small heat exchanger
in place of the radistor panels since the radiastor panels were in Houston. This

flow was somewhat below the 3000 lbm/hr which had been planned. With the radia-
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tor panels installed in the thermal vacuum test configuration in Chamber A

the flow delivered was only 2080 1lbm/hr. The indicated pressure rise ves

36 psi. Since this flow was lower than expected, an investigation was under-
taken to determine if the pump was operating properly. All the power inputs
t0 the pump were confirmed to be proper. The pressure taps on the pump inlet
end outlet were connected to a pressure differential transducer and as much

of a flow vs AY curve was defined as was possible without removing the pump
from the system. More flow could be obtained by bypassing sbout half the flow
around the panels through menual operstion of the radiator control wvalve,

This was done and the subsequent date compared to & pump performance curve
furnished by Sunstrand. The pump performence was close to predicted, indi-
ceting that the cause of the low flow was higher flow resistance in the fluid
Joop. It is a characteristic of centrifugal pumps for the AP - flowrate curve
to be non-linear and even to have a positive relationship between AP and flow-
rate over & part of the curve thus explaining the lower flow at & low pressure
drop. As flow resistance is decreased flowrate increases with little change
or even an increase in pressure drop. Ways to decrease the flow resistance
were investigated. Flow meter U was removed with no significant effect and
was subsequently re-instslled. The decision was made to accept the lower flow-
rate. No further action wes taken.

3. During the pre-test activities a proof pressure test was con-
ducted at 375 psig, 1-1/2 times the max operating pressure of 250 psig. The
pressure was held for five minutes. The system remained intaet, however, leak-
age was observed from the expansion valves, The valve bodies were tightened
and the leskage stopped at 250 psig. A review of the design indicated that the
full proof pressure was placed against the regulator diaphram during the test
and could have possibly damaged it. A check with Refrigerating Specislities,
the valve menufacturers, indicated the diaphram would probably be good to
250 psig. The valve bodies are tested to 1500 psig. An operational check of
the valve indicated the diaphrams had bheen damaged. Replacement diaphrams
were ordered and received the next day. The wvalves were repsaired and proofed
to 250 psig. They were adjusted to the proper pressure settings again (32
psig for 35°F evaporator and 4.5 psig for -10°F eveporator). A pressure limit
of 250 psig was placed on test conditions to prevent further demege. No

further action was required during the remeining testing.
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h.1.2 Week 1 Test Hardware Problems
| During the first week of testing the following problems were
noted:

1. Iloosening of shear pansls on empty lst frame.

2. Apparent low performance of contact heat
exchangers.

3. Failure of drive sprocket on variable fre-
quency 1l variable voltage power source.

Ly, Failure of SVk position switch, apparent
failure of SVk to respond and indication of
internal leakage.

5. Teilure of liquid pump to start.

6. Leskage on panel 1 manifold.

1. A visual inspection of the test hardware early in the thermal
vacuum test revealed an object apparently hanging from the first frame of the
ATM mechanism. A subsequent investigation revealed the object to he a coat-
ing from a dummy solar panel which had been left on this frame to provide shear
strength during shipment and manipulation. It was at first feared, however,
that it was the panel itself and might fall on the IR simulator lamps which are
directly below when the lamps are in the deployed position. If the panel had
fallen on the lamps it could have broken one and possibly caused an electrical
short. During the period which it was thought the hanging object was & panel
the IR lamps were kept in their retracted position, out of possible harm.

This resulted in changes in the test sequences to run the test points first
vnich did not require lamp deployment. The coating fell to the chamber floor
during this period and the nature of the hanging object wag discovered. The
test was continued with the only impact being the change in test sequence.

2. During the first radiator test points it wes noted the R-21 re-
turn temperature was higher than expected. 43 + 5°F was expected and 61.4°F
was experienced. This temperature represented the coolant return to the pay-
load thermal control system and temperatures around 43°F could be required
for condensing dehumidifiers in life support systems. It had been planned to
operate the R-12 system at a baselire of 100°F inlet ‘4o the radistors control-
ling the R-12 return to the contact heat exchanger to 38 + 5°F which was
thought to be the correct temperature to return the R-21 at 43 + 5°F. Other
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parameters affect this, however, other than the contact heat exchanger per-
formance, such as the R-12, flowrate which was low. In order to achieve

the necessery heat rejection to return 43°F at 105°F in on the R-21 side of
the heat exchanger with R-21 flow of 2440 1bm/hr requires a heat rejection
of (24Lh0 1bm/hr)(.25 BTU/1bm-°F)(105 - 43°F) = 37,820 BTU/hr. At an R-12
inlet to the radiators of 101.5°F and a return of 36°F, the heet rejection
was only (2050 lbm/hr)(.23 BTU/1bm-°F)(101.5 - 36.0)°F = 30,883 BTU/hr. )
The return could only be S54°F if the heat exchanger were 100% effective.

The lower heat rejection resulted in part from the lower R-12 flow discussed
previously. Analysis of the heat exchanger performance, however, did indi-
cate a low effectiveness (.845 compared to design of .87) and a low contact
conduction heat transfer coefficient. The following actions were taken to
alleviate the problems during the first week's testing:

1. The R-12 control temperature was lowered to 25°F to attempt
to lower the R-21 return to 4Q°F at the baseline 105°F R-21
inlet. This did not work, however, since it served only to
lower the heat rejection Trom the radiastors which was al-
ready too low to return 40°F at the R-21 flow of 2LL0O lbm/hr.

2. The R-21 flow was lowered to 2000 lbm/hr to equalize the
heat capacities on both sides (mCp). This effectively low-
ered the R-21 outlet but not to the LO°F.

3. For the remainder of the week 1 testing the R-21 flow was
left at 2440 1bm/hr and testing was concentrated on
establishing the desired R-12 temperature. The R-21 tem-
peratures were adjusted to give the desired R-12 inlet tem-
perature to the radiastors.

After the first week of testing the following actions were teken with regard
to the contact heat exchanger:

1. TFor the second week's testing the R-21 flowrate was set
to equalize the heat capacities (@MCP). This set B-21 flow
to approximately 0.92 of the R-12 flcwrate. Egqual mCp
was assumed in the heat exchanger design.

2. An investigation wes conducted into the heat exchanger
design which revesled the design R-12 to R-21 temperature

difference to be 10°F rather thaen the 5°F which was assumed
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during the week 1 testing. The investigation also

revealed the Uc (contect heat conduction) was an order

of magnitude lower during week 1 testing than the design

value (69.7 BTU/hr-f£-°F compared to design 800 BTU/hr-

Ft-°F). As a result of these analyses the contact heat

exchanger was disassembled, the Dow corning 380 thermally

conductive grease removed, and General Eleckric 641 in-

sulgrease applied. The GE 641 grease indicated better

performance in Vought element tests. The DC 380 had been

installed at the manufacturer.
During subsequent testing the heat exchanger performed at the design temperature
differences {10°F) and at overall efficiencies of 0.89 compared to design velue
of 0.87. Preliminary analysis indicates the contact conductance was improved
to 11k.h BTU/hr-ft-°F which is still considerably below the design value of 800.
This, however, did not affect the overall performance of the heat exchangers.

3. The variable frequency/variasble voltape compressor power source
is controlled by the speed of a vari-drive electric motor. 4 small electrie
motor was connected to a chain drive which was in turn connected to the wvari-
drive speed control. The small motor was remotely operated from the SHRM con-
troller console thus providing regulation of power frequency and subsequently
compressor speed during the refrigeration testing. During TP-16 (a variation
in heat load test requiring compressor speed control) a failure of the drive
sprocket on the vari-drive speed control occurred. The unit was repaired;
however, there was approximately a 2 hour deley before TP-16 could be restarted.
No futher problems with speed control were observed during the remainder of
+the testing.
4. As was shown in Figure b, SVL4 is used to isolate the system from

the metel bellows accumulator. As discussed earlier, this accumilator is
sized to provide system pressure when opersting in the pumped liquid mode and
is isolated during the refrigeration mode. SVL, as discussed previously, is
a solenoid, letching valve which was given to Vought on consignment from
Cerleton Controls for use in this test. In the third day of testing the valve
indicator failed to indicate the true valve position., This indieation is
used as an input to the controller and produces an error signal if indicating

closed while the system is in the pumped fluid mode. This error signal prevents
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the liquid pump from starting. In a subsequent mode switch the valve failed
to respond to a command to open, but finally opened upon repeated cycling.
When in the pumped liquid mode the valve position is easily determined by
monitoring the system pressure. If the system pressure rises ﬁith GNo
pressure on the accumulator the valve is open. The cycling of the velve
caused a reduction of power to the controller and set erronous valve posi-
tions in some.of the other valves. When the valve was closed for refrigera-
tion operation, leakage through the valve was evidenced by changes in the
amount of liquid present in the accumulator. The following actions were
taken regafding Svh:

1. The controller logic which prevented pump operation
with SVh indicating closed was bypassed electrically
to ensble pumped liquid operation with a failed in-
dicator.

2. The timeline was modified such that the pumped liguid
test points were to be run first so the system would
not be operated in the refrigeration mode with & leak-
ing velve which could vary the Freon charge.

3. Later, when other considerations forced a return to
the refrigeration mode, SV4 was left open and the
charge kept constant by mainteining the liquid level
in the accumulator through variation of the GNo pres-
sure on the accumulator. SVk control was not operated
for the remainder of the first week's test to prevent
further controller difficulties.

4, Between week 1 and week 2 tests SVL4 was replaced with
a pneunatically cperated Nupro valve similar to the
rest of the remotely opersted valves described pre-
viously, and this new valve operated normally for
the whole second week's testing. No further di:i{icul-
ties with the controller were experienced.

5. During & switch in R-l2 control points to set up TPLE the Pump's
5 amp breaker switch tripped. The switch could be reset and the pump started
but either the breaker tripped immediately or the pump ran nominally for shout
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15 seconds then the breaker tripped. An ampmeter indicated a sudden rise
to T amps at the time of the breeker trip. The pump vendor, Sunstrand, was
contacted and could provide no solution. The test sequence was changed to
return to the refrigeration mode and run those test points while the pump
problem was being studied. Upon completion of the refrigeration test points
the pump wag tried again and found to be operating properly as before the
failure. No further problem was experienced with the pump for the remeinder
of the lst week's testing. The following action was fteken between week 1
and week 2 tests:
1. An auxiliary gear pump was installed outside the
chanber snd plumbed in parallel to the in-chamber
pump to insure operation in the pumped fluid mode
in case the pump failed again.
2. In the period between the two weeks testing the
pump was examined and hack flushed to remove any
possible contamination, none was found and the
pump appeared to be good.
3. An examination indicated the wiring terminals on
the flow module were blackened indicating possible
areing at these points. The terminals were re-
moved and the pump wired directly to the power
source.
4, fTowsrd the end of the week between the two weeks
testing the breaker trip phenomona appeered agein
and the cause was isolated to be a short in the
wiring on the flow module where a wire leading to
pump had been demeged. The wire wes repaired and
no further trouble was experienced during ‘the second
week's testing.

6. Upon return to pumped fluid operstion after the pump had been
reatarted following the failure a decreese in liquid gquantity in the accumule-~
tor was noted indicating leakage from the system. The test was continued with
no impact and the leakage mede up by periodically refilling the metal bellows
accumiletor from the auxiliary accumulator exteraal to the chamber. Between

the two weeks testing the following action was taken with respect to the leak:
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1. The leak was found to be from panel 1 inlet
menifold at the point where the frame attach-
ment bracket was welded on. It was concluded
from a subseguent investigation and examina-
tion that the damage was caused by differen-
tial thermal expansiocn between the panel and
the frame.

2. The leak was repaired by rewelding the bracket
on the manifold. The attachment brackets bolt
holes were enlarged and the attachment bolts
loosened on all the attachment points to pre-
vent any damage during the éecond week testing.
No further differential thermal expansion damage

was experienced.

L.1.3 Period Between Week 1 and Week 2 Test Hardware Problems

The weeks period between the two weeks testing wes used to tzke action
on the problems discovered during the lst weeks testing as was discussed in
the previous paragraphs., In addition, the following new hardware problems
were incurred during this period:

1. The flex lines connecting the flow module and
the radistor panels were observed to be demaged
although not leasking.

2. The refrigeration system Heli-rotor compressor
failed. .

3. The helt on the vari-drive motor which powered
the compressor power generasior broke.

h. A welded T-joint used to splice in the auxiliary
pump indicated pin hole leakege.

1. During the refurbishment operations it was noted that the Teflbn
lining of the 1-1/8 in. flex hose which connected the flow module and the radia-
tor panels was badly deformed on the inside. The damage appeared to have been
caused by evacuation of these lines in servicing the system with R-12. Although
no leakage was observed it was feared thet further vacuwm inside these lines

would result in leaksge. New hoses of 1-in. diameter were obtained and exposed
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to vacuum on the ineide. BSince they suffered no apparent damsge they were
installed in place of the 1-1/8 in. diameter hoses previously used. No
leakage was experienced from these hoses in subgequent operstions or in
the second week of testing.

2. After refurbishment of “he system was completed, ambient
operation was being conducted as a checkout and to readjust one of the ex-
pansion valves to a new, +10°F, evaporator temperature setting. While this
adjustment was being made the refrigeraticon system, including the compressor,
was operating normally. The compressor was shut-down for switeh %o the
35°F evaporator expension valve operation. At this time the compressor would
not restart. The amperage and voltage readings indicated a locked rotor con-
difion. The compressor was removed and partially disassembled and the failure
was found to be due to a broken bearing race, the picces from vhich had been
ingested into the rotors and resulted in a locked condition. The compressor
menufacturer was contacted and reported thet the unit could not be repaired
in time to support the second weeks testing. An identical unit was available
and was obtained. The replacement compressor was received 3 November 1975 in-
stead of the expected 1 November and a subsequent slip in pumpdown preops
from 12 AM - 3 November +to 12 noon wes necessary to accommodate the instella-
tion of the compressor. The nevw compressor was installed and opereted normally
for the remainder of the testing.

3. During the checkout of the new compressor the belt on the vari-
drive which drives the compressor power generator broke. This plece of
hardware is external to the chamber and it was decided to support pumpdown
with the then current level of checkout. A new belt was located at Voﬁght -
Dallas and shipped by plane to Houston where it was received by 10 PM and sub-
sequently installed prior to pumpdown. Pumpdown had been delayed due to a
R~12 leak discussed later. The vari-drive operated nominelly for the remain-
der of the test.

Y. During Tinal inspection prior to pumpdovn & pin hole leak was
observed in e weld Joint on the flow module. The leek was in & T-fitting
used to connect the auxiliary pgear pump discussed previously. Vought recom-
mended acceptance of the slight leek since it was apparently due to a porous
weld and not likely to worsen. The decision was made by NASA/JSC to fix the
leak since it would still be possible to accomplish the entire planned testing
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in the remaining time aveilable. Pumpdown was slipped to 12 AM 4 November
3

and the leak repaired. The system was evacuated and recharged end pumpdown

began at 12 AM.

4.1.h Week 2 Thermal Vacuum Test Hardware Problems

The only two hardware problems which occurred during the second
week of testing were:

1. Flow stoppage to panel 4 during low load testing.

2. Leakage from flex line which connected panel 3
outlet manifold line to the fluid swivel between
panel 2 and 3.

1. During the first low load test point (pumped liguid mode) flow
was decreased by the radiator control valve to the radiator panels to lower
the heat rejection as inlet temperature was decreased. The flow is bypessed
around the radiator in order to return 35°F R-12 at the mixed outlet
of the control wvalve. The test plan was to decrease inlet temperature until
the coldest temperatures on the panels are close to -210°F, the freezing
point of R-21l. At a relatively high load the flow apparently stopped at
panel 4 and it soaked to below -210°F very quickly. Inlet temperature was
increased to 105°F and flow to panel U4 re-esteblished. When the inlet was
decreased to T5%, however, panels 1, 2 and 3 appeared to stabilize but panel L
temperatures continued to decrease indicating flow had stopped to this panel.
The decision was made to run the low load test based on panel 3 temperatures
and let panel b soak out at no flow. This was done and test points 114 and
115 taken based on this criteria. It is felt that the panel U4 flow anomaly
was not caused by a new system malfunction, but was the natural behavior of
the system which had lower flow in panel 4 at higher load, as discussed pre-
viously in this section. No fix could be made to this problem during the test,
however, the problem will be considered in future design of parallel panel
systems.

2. After test point 115 was completed the plan called for retraction
of the panels to a 50% deployed position for another set of low load points.
Prior to the retraction, panel 4 was warmed to above the R-12 freezing point
of -252°F by turning on the IR lamps. During the retraction a severe leak

developed which was visible in the chamber between panels 2 and 3 in the area
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of the outlet line Bwivel. When the penels were returned to the deployed
position the leak stopped or at least decreased to where 1t wes not detect-
able visually or by changes in the level of liquid in the accumiletor {less
than 1 1b/hr). Each time the deployment device was retracted the leak occurred
and worsened upon full retraction. The panels were deployed and the leek
stopped. Since all the remeining testing was to be conducted at partially
deployed positions and leakage into the chamber at these rates was not
acceptable to JSC, the test was terminated at that time,

Examination of the test article after repressurization revealed that
the lesk was Trom the 5/8" flex hose which comnects the outlet menifold of
panel 3 to the swivel between panels 2 and 3. The nature of the damage to
this flex 1line was & crease indentetion appearing to be caused by twisting of
the flex line. There was no leakage Trom the swivel and it turned freely et
ambient temperature after repressurization. The characteristics of the flex
line failure indicated that when the mechanism was retracted the swivel did
not rotete thus putting the rotationsl torque on the flex line causing it to
twist and rupture. There were four possible ceuses considered in a failure
investigetion after the test:

1. TFrozen R-12 prevented the swivel from turning.
2. A differential thermal expansion problem caused
by temperatures below -200°F at which the swivel
was acceptence tested caused seizing.
3. 4 side load force caused binding.
k. Frozen refrigerant oil outside the seal bhetween
the shaft and body prevented the swivel from
rotating.
A detalled examination of the swivel temperature test data indicated it was
~2259F gt the time of retraction which is well sbove the ~252°F freezing
point of R-12. An analysis of the swivel clearances and the metal coefficient
of thermal expansion indicated a temperature difference of over 100°F between
the shaft and body would be necessary to cause a locked condition. This was
Judged to be very unlikely. The swivel attachment was deliberately designed
using flex hoses to prevent any side load from cccurring since the swivel wes
not designed to maintain no leakage with 2 side load. Any side load force on

the shaft would have to be transmitted through the flex 1line and it is unlikely
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that enough forre could be transmitted to cause a locked swivel., The R-12
used in the test conteined about 4% Sunisco 3GS refrigerant oil to provide

for compressor lubrication when the system operates in the refrigeration

mode. This c¢il is infinitely soclusble in liquid R-12 at any temperature and
since a hard liquid system wes maintained during the pumped liguid portion of
the testing no residual pockets of o0il would be expected in the pressurized
portion of the swivel. If there had been leaskage across the seal asg there
would have been had a side load been inadvertently placed on the swivel during
test preparation then liguid R-12 containing the oil could pass into the close
tolerance area between the shaft and body. The R-12 would eveporate leaving

a residue of oil in this area. The freezing point of the 0il was found to

be -45°F indicating any residue present would have been frozen at the time of
retraction. An examination of one of the returned swivels (not the one which
failed) revealed the presen~e of some oil on vthe shaft outside the seal. The
swivel in question, S/N 2, was installed in the acceptance test fixture in

the as removed condition and the rotational torque measured as temperabure was
reduced to attempt to simulate the failure conditions. The swivel turned
freely at 5 in/lb of torgue until a temperature of -50°F was reached. At

this temperature the swivel would not rotate with up to 150 in/1b torque.
When the temperature was graduslly increased agzin the swivel again began to
rotate at -k0°F. The swivel was then disassembled and found to indeed have a
thick film of oil on the shaf% outside the seal. To confirm these results
the swivel was cleaned, new seals installed and retested. The results showed
a freely turning swivel at 8 in/lb torque at temperatures as low as -200°F.

It was concluded from these tests that the frozen oil outside the seal caused

the swivel seizure and subseguent line rupture.
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k.o SYSTEM TEST RESULTS

h.2.1 Steady State Performance

b.2.1.1 Maximum Performance Meps

System performance of the SHRM included mapping of the steady
state meximum performance of the system in Lith the radiator and refrigera-
tion modes over a range of envirommentel fluv for different coolant return
temperatures. In additlon, system tests were conducted to determine the
characteristics of the heat rejection system during s mode change precipi-
tated by either changes in hest load or environmental flux.

The maximum system heat relection at R-12 return temperatures
of epproximately 35° and 15°F is shown in Figure 13 gs a function of en-
vironmentel flux. The radiator operation line defines the wmaximum hest
rejection which can be achieved over the environment renge by the system
operating in the radiator mode and continuously returning 35°F R-12 to
the contact heat exchenger. At e given point on the line, should the heat
load {R-12 delivery tempersture) or the envirommental flux be increased
this would cause the R-12 return temperature to exceed the desired 35°F
return. Obviously, should a higher return temperature be allowed, higher
heat rejections could be obtained. Thus, the system capacity described in
this Figure represents the maximum heat rejectlon only for the given re-
turn temperature (35°F). The refrigeration operational line of similar
neture is also shown in Figure 13. As can be seen in the figure the re-
frigeration heat rejection changes less with increases in heat flux than
does the radiator. This is due to the characteristiecs of the closed cycle
vapor compression system. As the envirommentel flux increases there is a
subsequent increase in the condensing temperature in the radiator panels.
The higher radiastor panel temperature results in higler emissive power
(GTh) which offsets, in part, the increase in sbsorbed heat flux as en-
vironmental flux is increased. The constant return temperature is achieved
by evaporating ithe liquid at a 35°F saturation pressure for R-12 by means
of the constant pressure expansion valve. The increase in panel tempera-
ture with environmental flux does not occur in radietor operation and heat
rejJection falls off more rapidly. The intersection of the two operation
lines form ranges of operation for the system. Below and to the left of

the rediator operation line rediator operastion can meet the heat rejection
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and return Lemperature requirements. Al though the refriperation nynlem
could be used in this renge for heat loads belovw the refrigeration
operation line it would logically not be used because of the much higher
power consumption. The region on the plot above and to the right of the
radiator operation line but below the refrigeration line defines the
region of operation in which the refrigeration system would logically be
used. In this region the desired return tempereture of 35°F can only be
achieved by use of vapor compression. Heat rejections above both of the
lines cannot be achieved with this system size and a 35°F return. The
15°F return temperature was evalusted during the second week. The resulis
of this testing are also shown in Tigure 13. Renges of operation in poth
modes were well defined and the system operated satisfactorily in both modes.
Also shown in Figure 13 is the low load date teken in the fully deployed
position. It should be noted that these points are based on the first
three panels only since the flov stopped in panel 4 at the outset of the
low losd test points. These were the only two low load points taken due to
the ruptured flex hose terminating the test. The R-21 simuletion test was
based on no temperature falling below -210°F, the freezing point of R-21.
The R-12 test was based on -252°F, the freezing point of R-12. As can be
seen there is considerable heat load range even with the panels deployed.
More heat load range could be obtained by retracting the panels until only
one surface of panel L is exposed.

Figure 1% shows data from ~10°F R-12 return temperature tests
of the Tirst week similar to that given in Figure 13 for 35° end 15°T.
While the radiator operation curve was defined sufficiently, only one point
on the refrigeration curve was obtained. At environments ebove 80 BTU/hr—ft2
the compressor discharge overheated (> 300°F) and testing at these conditions
was terminated. Since refrigeration system operation in the radiator
operation range is not logical, no further refrigeration testing was con-
ducted at the -5°F return tempersture. With this system and compressor
there is no refrigeration operation range for the -~10°F return temperature.
As a result of these tests the 15°TF return was selected for evaluating in

the second week.
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h.2.2 Mode Switching

As discussed in Bection 2.0 of this report, it is necessary
to remove liquid R-12 ir an amount equal to about 2/3 the system volume
from the flow system in order to switch from pumped liquid to vapor
compression mode operation and return it teo switceh back. During the
time this transfer is being accomplished neither the pump or compressor
is operating and therefore the only source of cooling is the thermal
capacitance of the payload thermal control system, It is obviously
desirable to minimize the switehing time to the grestest extent possible,
The mode switching tests were designed to evaliuate the feasibility of
mode switching and to evaluate the techniques developed for accomplish-
ing the switching. No attempt was made to simulate the thermal capaci~
tance of a pasyload thermsl control loop in these tests.

Three mode change test points were taken. All of these were
at a 2°C (35°F) return temperature. The first mode change test point
was & mode change initiated Ly en inerease in heet load. Referring sgain
to Figure 13 at the ecireled 1, the heat load was increased at a constant
312 W/m? (100 BTU/hr-£t2) environment to move into the refrigeration
operation mode. The electronic controller is designed to initiate &
mode switch from radiator to refrigeration operation when the return
temperature of the R-21 side of the contact heet exchanger reaches 6°C
(43°F), indicating loss of return temperature control due to the in-
creased heat load (inlet temperature). The automatic mode change was
initiated by the controller as planned and was successfully accomplish-
ed. The results are shown in Figure 15 . During the period where no
hest rejection was being effected the R-21 to the payload thermel con-
trol system increased to 8T7°F. The loss of control, however, encompassed
a pericd of only 6 minutes and this wac judged to be satisfactory for
payload thermal control. The period and extent of control loss could
have been improved with & more efflecient accumulator such as a larger
metal bellows device and with simulation of the thermal cepacitance of
a payload thermal control system.

The second mode switch was the opposite of the first, a syitch
from refrigeration to radistor. The heat load starting at the cirecled

2 on Figure 13 was reduced and a switchover was initiated at the previous
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puitehover polnt hent, Jond. The prerulby ol Lhin Lepd nree sl nhown
in Figure 1%. Ag cen be peen, the swilchover was succesafully
achieved with a maximum R~21 return of 101°F. PReturn temperature con-
trol was lost for a period of 12-1/2 minutes. Again this was judged
to be adequate bul improvable.

The third switchover was a rediator-to-refrigerator
initiated by an increase in enviromment. This ie shown on Figure 13
starting at the cireled 3. As can be seen, operation was well within
the refrigeration operation range before the switchover occurred. The
reason for this was a lag in the time for the increase in the environ-
ment to cause an increase in return temperature due to the thermal
capacity of the radiator panels. The automatic controller initiated
switchover at the proper temperature and the results were almost iden-
tical to the previous rediator-to-refrigeration switeh shown in Figure 15
with loss of control to T5°F meximum for a 6 minute period.
h.2.1.2 Steady State Radiator System Performance

The pumped liguid radiator system effected heat rejection from
the array of radiator punels as expected during the testing. There was
some problem with flow distribution, as discussed previously, due to the
complex manifolding system necessary to obtain parallel flow to the
ﬁanels and to operate in the vapor compression mode. Steady state term-
perature maps of the panels for the steady state radiator test points are
included in Figures Al - Al15 of Appendix A. An examination of these maps
serve to lllustrate the flow distributlion. Lower panel itemperatures are
observed in the outer panels (panels 2, 3, end L) indiceting lower flow
rates. Bgual flow rates would have resulied in near equal temperature
losses through each panel except for some slight differences due to lower
inlet temperatures resulting from heat losses from the menifolds. The
panel maps indicate increases in temperature loss moving outward from
panel 1 to panel 4. However, since the total emmissive power of the
radiotors is approximstely wroportional to the fourth power of the averape
absolule temperature of the panel array which varics much less than the
outlet temperature of each panel with differences in flow distribution,
the system hent rejeclion is affected 1little by the flow distribution.

Previous radiator testing of parallel and series banks of eight radiator
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panels (Reference 7 ) have shown 1ittle dependence in totel heat rejec-
tion with panel flow distribution. An examinetion of the tube outlet
tempersture distribution indicates normal flow distribution between the
panel tubes. The distortion on the tube cutlet temperatures at the edge
of the panels is due to manifolds which are stitached to the panels at
these locations.

TFigures AlL and A15 illustrate the panel temperatures at the
two low load points discussed previously. These tenmperstures illustrate
the flow stoppage in panel L4 since “he temperatures ere below the -252°F
freezing T nt of R-12. The other three panels, however, indicete flow
by teuwperatures sbove the freeze point and high temperature losses. across
the panel. The low load data taken, therefore, is indicated to be wvalid
for a three panel fully deployed system. Note that for test point 11k
illustreted in Figure All the lowest temperature on panels 1-3 are
approximately -210°F, the freezing point of R-21 and similarly for test

point 113 the lowest panel tenperatures are as near to the -252°F freezing

point of R-12 as possible. Thus the low load with both fluids was simulated

using R-12.
L.2.1.3 Steady State Refrigeration System Performance

The array of radistor panels acted as condensers when the
system was operating in the radiator mode. The panels effectively rejected
heat during this phase of operation and no severe anomolies were noted.
Panel temperature maps for the condensing radiators during steady state
refrigeration operation are excluded in Appendix A, Figures Al6 - A32.
Characteristic operation of & condensing radiator panel is indicated by
a high temperature at the inlet as the superheated vapor from the com-
pressor enters which quickly cools to the saturation temperature at the
condenser pressure as evidenced by a rigid temperature decrease at the
panel inlet. A large portion of the radiator just downstream of the inlet
remains at approximately a constant temperature as the vapor condenses.
The panel iemperatures here are slipghtly below saturation temperature at
the condenser pressure due to the fluid to tube temperature loss. Near
the outlet side of the panel the temperstures begin to decrease again as
the liquid bggins to subeccol after condensation. The trend of the actual

data was an described except that little or no subeooling was observed
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from Panels 1 end 2 und considerable from Panels 2 and L4 indicating the

first two panels may have been receiving more flow than the outer two,

The data, however, also indicates the R-12 had lost most of its superheat

by heat rejection from the menifolds which were attached to the panel edges
prior to reaching Panel 3 and 4 inlets. This contributed to *he greater
amount of subcooling in Penels 3 and 4. The return from the four panel
system indicated 1itile or no subcooling during the first week of testing.
One reason for this was thought to be that the inlet and outlet flex hoses
which connected the panels to the flow module were bundled together inside
the same insulation package which could heve résulted in some regeneration
between the hot condenser inlet and the outlet thus resulting in less
subcooling. During the second week the lines were sepsrated and approximately
5°F of subcooling was obtained at the 35°F eveporator and 10-15° at the 15°F
eveporator temperature. Test point 107 was conducted et conditions identical
to test point 18 to evaluate this change and indicated a 5°F subcooling

from the panels compared to no subcooling for test point 18.

The refrigeration system steady stete cycle performance wes
plotted on R-12 pressure enthalpy disgrams for iliustr&tion and evaluation.
These plots are included in Appendix A, Figures A33 through AW8. Approxi-
mate evaporator temperature and measured flowrate, enviromnment and power
are also given on each Tigure. The net cooling {heat rejection) of the
system was calculated by two methods and both are included for comparison.
The cocling was obtained from the change in temperature of the R-21 flow
through the conftact heat exchanger which simulated the payload thermal
control system. A second velue for cooling was obtained from the change
in enthalpy of the R-12 flow through the contact heat exchanger (evaporator).
The measurements indicated fair agreement with the cooling indicated by
the R~21 generally lower than thet indicated by the R-12 for the first
week of testing and generally higher for the second week. Since the cool-
ing calculations from the R-21 used fewer measurements (3) than the R-12
caleulation (5) and were more consistant these were accepled as the system
heat rejection. Tn addition it was felt the R-21 flow measurements were
more accurate and the fluid wus all R-21 where the E-12 contained et least

4% refrigerant oil which could affect the calculations somewhat.

58



s (G

i

7 e}

s
i

The efficiency of refrigeration cycles is usually measured by

the coefficient of performance (COP) which is defined as the cooling effect

- divided by the input power. The COP for the refrigeration steady state

points was also calculated by two methods and both end included on the
figures. The first method divided the cooling calculated from the R-21
temperature loss through the heat exchanger by the measured power input

to the compressor. The second methed ratioed the enthalpy changes of the
R-12 across the evaporator and compressor illustrated in the P-h diagrams
as obtained by pressure and temperature messurements. The COP for the
nominal 35°F return temperature varied from 1.6 at the highest environment
(155 BTU/nr-£t2) to 2.8 at the lowest enviromment tested (42 BIU/hr-ft?).
As discussed previously the condensing pressure increases with the environ-
ment and as a result the theoretical vapor cyele COP also decreases with
environment. T-.e test results followed this expected trend. The cooling
effect reported did not consider the waste heat from the electrical power
source. If, for instance, Shuttle “uel cells were used to provide pover

to the compressor additional heat rejection 1s necesgsary for fuel cell

cooling. This should not be directly subtracted from the cooling, however,
since fuel cell waste heat is at a much higher temperature {aspproximately
175°F) than either the 35 or 15°F return temperatures and could use a
pumped liquid system under nearly all coenditions. Disregarding this dif-
ference in cooling temperature, however, and applying the Shuttle fuel

cell thermal efficiency of 0.568 a COF greater than 0.7 can be shown

1o be necessary to obtain a net cooling effect considering fuel cell waste
heat. BSince all the COP values measured are at least double this value a
significant net cooling effect was demonstrated even under the worst case

condition of cooling the fuel cells at the low return temperatures.

h.2.3 Transient Performance

In actual operation a heat rejection device such as the
SHRM is subjected to trensient conditions during most of its operation
1ife. Payloed cooling requirements vary with the activity of the

varicus equipment and experiments in the payload end the heat sink to




which the heat iz rejection is a function of the orhital position for
most orbits. TFor these reasons it is necessary to provide control
techniques to insure the desired return temperature is maintained un-
der heat load and environment transients.

In order to provide a test of the heat load control tech-
nigues employed in the SHRM operation in both modes five transient
test points were conducted. Tour of these were in the radiator mede
and one in the refrigeration mode. As discussed earlier, contrel of
the return temperature to the simulated peyload thermal control R-21
loop was provided by control of the R-12 return to the contact heat
exchanger. A flow control valve developed for use in the Shuttle
‘radiator flow control assembly was employed for this purpose. In the
refrigeration mode compressor speed was varied manually to adjust
system capacity to the heat load.

Transient results of the four pumped liquid radiator tran-
sient points are given in Appendix A, Figures Ab9 through A59. The
results at test point L are given in Figures A4Q through AS0. Test
point 4 was a heat load ramp {R-21 inlet temperature) at a constant
83 BTU/hr-Tt2 environment with a 35°F return temperature. Figure A9
presents computer plots of the test data illustrating the total heat
rejection, panel heat relection, temperature changes across the con-
tact heat exchanger, and enviromment. A flux adjustment was made near
the end of the test point to lncrease the environment to the desired
value. Continuous reviews of the flux were made and the levels adjusted
as necessary. Figure AS50 illustrates the inlet and outlet temperatures
of the contact heat exchanger for both the R-21 and R-12 systems and
the radiator panel inlet and outlet temperatures. The top curve illus-~
trates the decrease in heat load and the control of the R-12 return
temperature. The R-12 return was held constant throughout the transient
by the flow control valve. The R-21 return wvaried somevwhat, however,
this was due to the contact heat exchanger performaence which will be
discussed later. Successfiul control was demonstrated during the transient.

Pigures AS51 - A52.show the return increasing heé% load trensient of test
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point 5 conducted at the same flux. Agein temperature control wab
demonstrated throughout the transiert. Figures A53 and A5k present the
same data for test point 6 which was a cyclic variable enviromment at a
constant heat load and a 35°F return temperature. The environment was
cycled between 10 and 100 BTU/hr-ft? as shown in the lower'plots on
Figure A53. Figure ASY illusirates that the R-12 return temperature

was maintained at a constant 33°F throughout the cycles again demonstrat-—
ing successful control. Figures A55 and AS56 present the results of

test peint 11, a cyelie environment at a constant heat load with a ~5°F
return temperature. This test point was included to demonstrate control
at a second set point in addition to the 35°F. The environment was
eycled between 10 and 40 BTU/hr-ft2 as shown on Figure A55. TFigure A56
shows that control was successiully demonstrated at the lower control
temperature. The R-12 return to the contact heat exchanger was main-
tained at -5°F throughout the cycles. Figures AST - A59 show the results
of test point 16, the final transient test. This test was conducted in
the refrigeration mode at a constant environment of 85 BTU/hr—-'.F‘t2 under
a variable heat load which began at about 10,000 BTU/hr, decreased to
20,000 and returned to 40,000 in a two hour period. This was accomplished
by ramping the R-21 inlet temperature to the contact heat exchanger from
105°F 4o 60°F in one hour and returning to 10597 in one hour. Figure
A57 illustrates the resuliing cycle in heat rejection as the heat load
was reduced and the compressor speed reduced to adjust the system capa~
city. The results deménstrated a 2:1 heat load control range using this
technique. Figure A58 illustrates the temperature remp and the R-12
return to the heat exchanger which was held at a constant 33°F by the
constant pressure expansion valve. The range of control of the R-21
return to the simulated payload thermal control system is also shown on
this Pigure. The lower figure shows the wide range of compressor outlet
(panel inlet) temperatures over the range of compressor speed operation.
Figure AS59 illustrates the compressor powar, discharge and suction pres-
sure variations during the transient. The power was reduced from 1910

watts to 660 watts over the range of control, thus maintaining high cyecle
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efficiency over the entlre ranpe. The 2 to 1 ranpge demonstrated should
be quité adequate Tor vapor compression system operation for payload
thermal control.

k.3 Component Evaluation

An evaluation of several of the components can be made based
on the test results. Epecific components which were individually
evaluated are the accumuletor, contact heat exchanger, liquid pump, com-
pressor and fluid swivels.

The metal bellows eccumulator performed as expected during
the entire test. The design was evaluated to be adequate for future use,
however, the size was too small to service the system completely and an
auxilisry tank external to the chamber wes used. An accumulator design
which does not have strict limits on AP across the bellows (100 psi ex-
pended end 15 psi collapsed) would allow the use as a receiver also and
remove the requirement for this component. Using the present accumulator
design of adequate size should improve the mode change transition times
significantly, especially the refrigeration to radiator change which took
12 minutes.

The contact heat exchanger performance is illustrated in
Figure 16. The contact heat exchanger was designed for an effi-
ciency of 0.865 and 800 BTU/hr-ft-°F as was discussed in Section 2.0. The
results shown here illustrate the improvement between weeks 1 and 2 after
the repacking of the device with nev thermal grease as previously discussed.
As is shown in Figure 11, with the proper flowrates to belance the mCp's
on both sldes of the heat exchanger not only are good efficlencies obtained
but also return temperatures of the R-21 are within the desired 40 + 5°F,
There is one posgible area of improvement, contact conductance, which was
caleulated as 69.7 BTU/hr-ft-°F the first week and 11kh.l BTU/hr-ft-°F the
second week. Bringing this conductance up should provide even better
performance. The results of the second week's testing indicated the con-
cept of the heat exchanger is valid and suitable for use in the SHRM or
other devices where a similar »equirement exists.

Some redesign of the heat exchanger was indicated, however,

to improve the ease with which the mechanical coupling of the two halves
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can be performed. The experience between the twe weeks of testing and
a post test disassembly for inspection revealed that this particular
design is difficult to mechanically disconnect and connect. Some sug-
gestions for improvement are to inecrease the distance from the manifold
vhich connects the plates to the mating surfaces and increase the gep
simes,. This should allow the halves to mate more freely. 1In addition,
improving the thermal grease to serve as a lubricant as well as & heat
conduction path would greatly assist the assenbly process. Both the
Dow Corning 350 and the GE 641 were quite sticky and tacky when first
applied to the surfaces and contributed to the friction in sliding the
halves together and taking them apsart.

Post-test examination of the GE 6k1 after the one week
vacuum exposure and six months of armbient storage indicated no change
in the spreading properties. The appearance and feel of the grease
was similar to when it was first instslled. WNo drying or flaking was
present. This substance zppeared to Le acceptable for use in vacuum
exposed devices if the assembly problem can be solved through changes
in mechanical design.

The low flowrate from the ligu’d pump was discussed pre-
vioui ly as well as the anomoly. Figure 17 illustrates the three data
points which were obtained during the testing compared to the vendor
supplied pump characterigstic. This deta indicates close to nominal per-
formance for the pump. In order te achieve the higher flowrates which
were desired it would be necessary to reduce the system flow resistance
or secure & more powerful pump. The pump, however, was Jjudged to have
operated satisfactorily during the test and the design is suitable for
future applications.

An indication of compressor performance is illustrated in

Figure 18. Capacity and input power taken during both weeks of the

(=2

test is compared to curves supplied by the compressor vendor. Also shown
is the capacity of the compressor measured during the Phase I laboratory
prototype test. Thecweek 1 and week 2 data points represent two different

mits of the same design since, as discussed previously, the compressor
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was replaced between the two weeks of testing. As can be seen, the
capacity was somewhat below the expected values, however, so was the
input power at these conditions. The compressor did deliver about
35,000 BTU/hr net heat rejection and defined a refrigeration operation
range in which the radiator system could not provide the desired
conditions.

The fluid swivels performed nominally, with the exception
of the cold retraction at the end of the test, throughout the test
with no leakage detected. The failure of the swivel to turn was due
to the frozen oil es discussed previously and is not Judged to be a
reflection on the swivel design. A possible fix to prevent a recur-
rence would be to move the seal as close to the Freon plenum as possible
and to redesign the seal so that no leakage occurs due to side force or
at low pressures. The swivel is Judged to be completely acceptable for
use with a pumped liquid system where no compressor oil is required.
A compressor lubriecant which freezes at a lower temperature is another
possibility, however, none has been identified at this writing. Bwivels
for future deploysble radistor systems should be designed to withstand
both side and axial loads with no leakage and reasonable turning torque.
Suech a design would alleviate the necessity of flex lines or close

tolerance aligmment of {the deployment fixtures.
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5.0 CONCLUSTIONS AND RECOMMENDATIONS

The test results demonstrated the feasibility of a full scale
deployable radiator system and secured important technology for future
deployable radiator systems. Inraddition a dual mode radistor/vapor
compressicn feature was demonstrated for the first time. It was con-
cluded that the scissor type ATM deployment mechanism is applicable
to deployable radistors and that the vapor compression with & conven-
tionel aircraft compressor has sufficient eff%ciency to effect a net
heat rejection effect st high envirorments while returning low tempera-
ture (10°F and 35°F) conditioned fluid to the payload thermael control
system. The net heat rejection was significant even when considering
waste heat of fuel cell power generation.

It is recommended that future dual mode designs contain an
accumyiator which will hold the necessary quantity of liquid for mode
syitehing and can be used aé a fluid receiver in vapor compression
operation. It is further recormmended that series flow connections of
the ﬁanels be considered for the system to alleviate problems associated
with obtaining the desired flow split between panels. Fluic swivels
for future deployable radistors should be designed to withstand, with
no leskage. both side and axial loads. If the swivels are to be used
in a system containing refrigerant oil, the swivels must be designed to
insure no oll deposits can oceur in close tolerance areas where freezing
of the oil will inhibit the proper operation 6f the swivel. Additionally
care should be taken in future design to insure thermal expansion of
radiator penels with respect to the deployment frame can be accomnodated.
The rapid transients in temperature during radiator panel operation,
especielly in the refrigeration mode in a dual mode system, can result in
severe thermal expansion differences between the panel and the frame
before sufficient heat is transferred to the frame to equalize the temw
perature.

The contact heat exchanger irdicated good thermel performence,
howvever, in future designs consideration should be given to ease of

assembly recognizing that the characteristics of thermal conductive grease

INg,
op Pogp ng%? T? 69
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provide no lubrication but rether contribute to the friction of
large flat mating surfaces.

The results of the fabrication and testing of the prototype
Jelf Contained Heat Rejection Module concluded that the state~of-the-
art of a pumped liquid deployable radiator system is sufficiently.
edvanced to proceed to design and fabrication of flight qualified
systems with no further significent development effort. Some develop-
ment will be required, however, for flight dual mode systems, in the
problem areas discussed in this report and also ;n & high capacity.

zero gravity compatible compressor and refrigeration system.
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TEST POINT 16A
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TEST POINT 21
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