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Motivation

Develop an Loop Heat Pipe with Thermal
Control Valve to provide a Variable Thermal
Link that passively adapts to changing power
and sink conditions

The lunar environment presents a number of
challenges to the design and operation of
radiator panels

— During the day, the heat rejection sink can be
330K

— At night or in dark craters it can drop down to
50K. Need to conserve heat to keep the
electronics and battery warm during the lunar
night

— Instruments and equipment need to be
maintained within -20°C to 40°C throughout the
large diurnal temperature swings.
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Design Targets: ILN Anchor Node

Minimum Electronics Temperature

-10°C (263 K)

Maximum Electronics Temperature

30°C (303 K)

Power During Lunar Day/Night — Stirling

52 W/52 W

Power During Lunar Day/Night — Solar

60 W/20 W

Power During Transit

Assume Full Power

Trip Length

5 Days, or Several Months

Duration

~ 6 years

Warm Electronics Box Geometry
Will be Larger for Solar Option

21.5” x 13” x 15” height

Radiator Dimensions

217 (tall) x 25” (wide)

Maximum Tilt

20° (10° slope, 10° hole)

Solar power controls, Maximum Day and Minimum Night

« Minimizing power usage at night is extremely important
« 1 W power =5 kg Batteries and solar cells! (more for propulsion)
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Loop Heat Pipe (LHP) Operation

LHPs are high thermal
conductance devices that are

self-contained and passive Evaporator Wick |
(Cut-Away) Compensation

Heat enters the evaporator and Vapor Fiow Heat Input / Chamber

vaporizes the working fluid at | 7

2 Liquid Flow

' r‘*/ Liquid
Return Line

Condenser

the wick outer surface

The vapor is collected by a
system of grooves and headers

The vapor flows down the vapor
line to the condenser where it
condenses as heat is removed
by the cold plate Heat out from Condenser

To Cold Plate
— Most of the condenser is filled
with a two-phase mixture

Cold Plate
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Loop Heat Pipe (LHP) Operation

Heart of the LHP is the evaporator and compensation chamber

— These contain the primary and secondary wicks
Compensation chamber (CC) is located adjacent to the evaporator and
operates at a lower temperature

— Creates a lower pressure of the saturated fluid in the CC

— Lower pressure allows the condensate to flow from the condenser through
the liquid return line to the CC

— Fluid then flows into a central bayonet where it feeds the wick

Compensation
Chamber

Liquid Return

Vapor Line Vapor Plenum __Line

Vapor Primary Evaporator Secondary Evaporator
Grooves Wick Wick

A 4
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LHP Shut-Down

Need to shut down LHP during the Lunar night
— Minimize Heat Losses from the WEB

Standard method uses a heater on the compensation chamber
— During normal operation, the Compensation Chamber runs at a lower

temperature than the LHP evaporator
* Required to maintain lower pressure in CC
— Activate heater to shut down

— Increase saturation temperature and pressure of LHP
— Cancels the pressure difference required to circulate the sub-cooled

liquid from the condenser to the evaporator

Standard method validated in spacecratft
— 1 W =5Kkg batteries for a Lunar application

Eliminate shutdown power with thermal control valve

Advanced Cooling Technologies, Inc.
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TCV Integration into LHP

 Thermal Control Valve (TCV) first proposed by Goncharov et al. for
precise temperature control

Previous Valves:

¢ 2-Way — Goncharov ¢ Mishkinis et al |
¢ Passive, pressure-controlled ¢ Prfls?urel-controlled single
outlet valve
¢ Sealed bellows surrounded by
Ar ¢ Gradually shut off flow

Pressure
control Gas
Volume

Bellows

stem
| From
Evaporator

V=2 em’

to Bypass Line

- from Evaporator
N N | e '
==

L1 ) To
to Radiator

- - —-—

Condenser
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LHP with TCV — Lunar Day Operation

EVAPORATOR WICK - WARM ELECTRONICS ©®
COMPENSATION BOX
CHAMBER ™
LIQUID RETURN = VAPOR FLOW
LINE ~
/1 T 1 1t 1t ~ VAPOR LINE
LIQUID HEAT INPUT
FLOW |~ THERMAL
CONTROL VALVE
5% OF vmnﬂ °
FLOW

95% OF VAPOR
FLOW

CONDENSER

HEAT OUTPUT

During Lunar day operation the
LHP must remove the waste heat
from the WEB and transport it to the
radiator

Vapor will exit the evaporator and
enter the TCV

Ratio of two outlet vapor streams
from valve will change in response
to inlet temperature and adjust
valve spool accordingly resulting in
more flow directed to the radiator as
temperature increases
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!‘ LHP with TCV — Lunar Night Operation

e During Lunar night operation the LHP
must provide a thermal link as ineffective

EVAPORATOR WICK *~I~~WARM ELECTRONICS as possible
BOX

— WPORFLOW — Prevent heat fro_m leaving the_ WEB to
ensure electronics and batteries are kept
warm with minimal power

e — As sink decreases, ratio of the two outlet
mgfgwmﬂl vapor streams from TCV will change in
response to inlet temperature
5% OF VAPOR

FLOW — TCV will adjust valve spooling resulting in
more flow directed away from radiator
and through bypass line

» Hot vapor will flow through the bypass
line
— Increase in temperature and associated

saturation pressure will stop LHP
circulation

— Small portion of vapor could enter the
radiator, but vapor will sub-cool or
possibly freeze in the lines

COMPENSATION
CHAMBER ™

LIQUID RETURN
LINE

L O

HEAT INPUT

I~ VAPOR LINE

LIQUID
FLOW

e
=

CONDENSER

RADIATOR
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TCV Design and Manufacturing

 The Thermal Control Valve was designed and manufactured by Pacific
Design Technologies, Inc. for ACT
— Currently used in the pumped thermal loop for the Mars Science Laboratory

 Wetted materials in the TCV are all stainless steel
* Working fluid pressure has minimal effect on valve opening

Indet Fhud Port

Wakre Body

Iliang Charaber
' Valve/Vapor Inlet Outlet A to Outlet B Bypass
Temperature (°C) | Condenser (%) | Condenser (%)

<0°C Minimize Maximize

Increase in Flow | Decrease in Flow
to Condenser to Bypass with

Back Shiras Front Shirs

5 0°C to +20°C . . .
R pring with Increasing Increasing
hgtuanr Temperature Temperature
By-pass CF Onutlet >+20°C Maximize Minimize

outlet
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.,‘ Comparison with previous LHPs with TCV

« Two changes were made from previous designs
— May eliminate oscillations seen in previous systems
1. TCV is not dependent on system pressure
— Easier to set up oscillations with pressurized bellows
2. Bypass vapor can go directly into the Compensation Chamber

—  Eliminates large vapor volume introduced into liquid return line,
interfering with low liquid volumes  Control Pressure

Inlet Fluid Port

Wahve Bodsy

Ilidng Chatnher 3
U -' a i V=2 cm?
F to Bypass Line ’
: & Front Shime b /;,,,,,,‘ from Evaporator
Back Shirms . R\\m oy ‘
J
o & etuator rod :

Ll

i
|
1
L.
# to Radiator
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Thermal Control Valve

e TCV pre-weld and post-weld
performance was tested by PDT prior
to delivery using gaseous nitrogen

* Results from pre-weld and post-weld
performance testing are as expected
— Temperature drops from 20°C to

0° C, the ratio of flow switches so the
flow transfers from outlet A to outlet B.

Flow %

100.0%
90.0%
80.0%
70.0%
60.0%
50.0%
40.0%
30.0%
20.0%
10.0%

0.0%

5711 SNO0O1
Post-Weld Performance Testing, 05-21-10

— This continues until approximately

20° C where outlet A now has nearly

100% of the flow and outlet B has

\ P

nearly 0% of the flow

TN

\\// ——Outlet A flow, %
/ ~== Qutlet B flow, %

/1N

-10 -5 0 5 10 15 20

Valve Temperature, °C

Advanced Cooling Technologies, Inc.
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Ammonia Freeze/Thaw

Sink temperature on Moon and Mars low enough at night for
ammonia to freeze in condenser
— Ammonia contracts when it freezes, expands when it thaws
* Opposite of water

— If completely full of ammonia ice, condenser could be damaged by
expansion during thaw

Previous LHPs in space have heaters to prevent the ammonia from
freezing in the condenser

— Not satisfactory for Moon or Mars, due to longer shut-off times
JPL believed that a vertical LHP condenser could be successfully
frozen and rethawed

— Possible for small amount of liquid to drain in an inactive, vertical
condenser
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JPL LHP and Freeze/Thaw Testing

 JPL developed a LHP for Mars, and did all of the Earth-based
testing necessary to qualify it.

— Ammonia working fluid, aluminum evaporator, 1.3 cm (0.5 inch)
diameter primary wick, stainless steel lines and condensers

— 1 W to shut down
e Tests included
— Thermal Performance
— Shock and Vibration, including Martian landing
— Proof-pressure
— Liquid and vapor line flexibility
 Freeze/Thaw tests
— Vertical evaporator
— Thick walled stainless steel tubes to withstand ammonia expansion
— Successfully underwent 100 freeze/thaw cycles
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Stresses During Thaw

Calculated Stresses are extremely high during thawing
— Assume entire tube filled with ammonia ice

— Since deformation not observed during JPL freeze/thaw tests,
condenser must have some voids

A

T10+1

6501

590+

530+

4701

410+

3501

290+

230+

Maximum Tangential Stress (MPa)

170+

110+

Vield Grraos N

0.125 (in) ID

0.5 (in) ID

1.0 (in) ID

50

" } ' } ' } ' } ' } ' 4 " 4 " ' } ' | '
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 045 0.5 055 0.6 0.65 0.7 0.75 0.8 0.85 0.9 095 1

Advanced Cooling Technologies, Inc.
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Condenser Drainage Testing

JPL tests indicated that there
was some vapor in the frozen
condenser

Fabricated LHP with TCV with a
radiator designed to determine
the amount of ammonia in an
Inactive condenser, just before
freezing

Tubing angled at 32° so that will
drain in a 14° tilted environment

To determine ammonia mass in
condenser, close valve to trap
ammonia

Drive ammonia into a bottle and
weigh

Ammonia Collection

System Bottle to Collect and
; Weigh Trapped Liquid
Ammonia

Condenser Tubing
(58304)

Vertical Condenser
(cover not shown)

Valves

Phase | LHP with TCV
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Condenser Drainage Testing

o QOperate at 110W with a
condenser set point of -
60° C. until steady state

1 - Evaporator

« Decrease powerto OW, 2-TcCV
operate for 2.5 hours e
4 - Condenser
. Isola_lte the condenser by 5 - NH, Capture
closing the valves Bottle
6 - Liquid
« Transfer the trapped Outle‘;:I Isolation

ammonia in the condenser to |Valve
. 7 - Bypass Line
the ammonia capture bottle | g_ coolant

Inlet

* Weigh the bottle to determine |g_ coorant
the amount of ammonia in Outlet
the condenser.
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)‘ Condenser Drainage Testing Results

 Roughly 4% vapor volume in the inactive condenser

« Small amount of drainage appears to provide sufficient voids to
prevent damage during thawing, discussed below

Percentage of
Sl C%nlflenser Poxverlilggut Cooling Method Condenser
PP Full of NH,
Level 110W to OW ggf‘g'e”e in cond top - 95.89%
Level 110Wto 0 W | Dynalene in cond top - 95.50%
60°C
Level 110Wto 0w | Dynalenein cond top - 95.89%
60°C
Level 110W to 0 W ?gf‘g'e”e In cond top - 92.18%
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!‘ Ammonia Freeze/Thaw LHP Test Assembl

 Fabricated freeze/thaw LHP
with TCV test assembly Vertical Vapor

« Condenser has 304 condenscr Line
Stainless Steel tubing

— Allows more deformation
before bursting than Al

— 0.25in (0.64cm) O.D. Liguid

Line
— 4 Of 0.035in (0.089cm) o
— Standard for LHP | ./ £
condenser tubing y | _
r Feed LiCIUid Nitl‘Ogen into Evaporator
condenser cold plate )
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!‘Ammonia Freeze/Thaw LHP Test ;NSSA

e Start LHP at a condenser temperature of 20° C and 100W of
power input provided to evaporator.

« Cool the condenser in steps to -65° C while maintaining a constant
100W power input to the evaporator.

o Allow the LHP to operate at 100W for 1 hour to achieve steady
state. Condenser at-70° C.

o Shut down the LHP by reducing power in 25W intervals (achieving
steady state each interval) to OW.

o Allow LHP to reach steady state at OW.

* Freeze the condenser by reducing the LN controller temperature
e Allow 1 hour at-120° C to assure complete freeze.

 Warm up the condenser

 Warm-up was performed without additional heat input.
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Conducted 9 freeze/thaw cycles

Measure geometry of condenser before testing, and after every cycle at
67 locations.

Minimal distortion observed

Change of 0.007 inches (0.018cm) in three locations, other locations
less than 0.005 inch (0.013cm)

Cﬁ\/lgle Cooling Direction Freezing Procedure Warming Procedure

1 LN top to bottom Rapid freeze to -120°C, -120° 1hr Power off, Insulation loosened

2 LN top to bottom Rapid freeze to -120C, -120°C 1hr Power off insulation in place
Power off insulation in place,

3 LN top to bottom Rapid freeze to -120°C, -120°C 2 hr Restart LHP at 50 W when
condenser warms to -60C

4 LN top to bottom Rapid freeze to -120°C, -120°C 2 hr Power off insulation in place

5 LN top to bottom Rapid cool to -120°C, -120°C 2 hr Power off insulation in place

6 LN top to bottom Slow freeze A Power off insulation in place

7 LN bottom to top Slow freeze A Power off insulation in place

8 LN bottom to top Slow freeze B Power off insulation in place

9 LN bottom to top Slow freeze B Power off insulation in place

Advanced Cooling Technologies, Inc.  1SO9001-2008 & AS9100-2009 Certified
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Ammonia LHP with TCV

e Valves around TCV so that it can be bypassed
* Flexible lines allow testing with vertical or horizontal radiator

1 - EVAPORATOR |
2 - DPTs

3-TCV

4 - FLEXIBLE
VAPOR LINE

5 - CONDENSER
6 - FLEXIBLE
LIQUID LINE

7 - BYPASS LINE
8 -CC
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TC1 — Heater Block
TC2—-Evap Top 1
TC3—-Evap Top 2
TC4—Evap Top 3
TC5—Evap Side 1
TC6 — Evap Side 2
TC7 —Evap Side 3
TC8 — Evap Out

TC9 — Evap Before Spilit
TC10-TCV Out Cond
TC11-CondIn
TC12—-Cond 1
TC13-Cond 2
TC14—-Cond 3
TC15-Cond 4
TC16—Cond 5
TC17-Cond 6

TC18 — Cond Out
TC19 - Liquid Line 1
TC20 - Liquid Line 2
TC21 - Liquid Return
TC22-CC Top1
TC23-CCTop2
TC24—-CCTop3
TC25-CC Side
TC26 — Evap bimetallic
TC27 - TCV Out Bypass

TC28 — Bypass 1
TC29-Bypass 2
TC30 - Bypass Return
TC31-TCV Body
TC32-TCV Inlet
TC33-TCV Cond Outlet
(Intrusive)

TC34- TCV Bypass
Outlet (Intrusive)
DPT1-DPT Cond
DPT2- DPT Bypass

Advanced Cooling Technologies, Inc.
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Ammonia LHP with TCV testing

Tested in a vacuum chamber
— No cold walls

Instrumented with 2 Differential Pressure Transducers across the
TCV Iinlet/outlets

Electrically heated with 4 cartridge heaters

Condenser assembly mounted to test stand, allowing vertical and
horizontal operation

— Minimal radiation heat transfer to condenser

Cooling for the condenser was provided using embedded copper
tubing in the condenser assembly that is fed liquid nitrogen (LN).

— LN excites oscillations as it cycles on and off
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Hs; LHP with TCV — Stepped Power Decreas Qg

Ammonia LHP with TCV Prototype No. 1
Power decrease from 200W to OW with a -60°C sink in vacuum conditions, horizontal
condenser - March 4 2013
——Evap Out ——TCV Inlet TCV Cond Qutlet ——TCV Bypass Outlet —— Cond In
——Cond (AVG) ——Cond OQut ——Liguid Line 1 ——Liquid Line 2 ——Liquid Return
—CC (AVG) ——Bypass (AVG) ~———Bypass Return ——Power Input
35 T 225
B F"{-_—Jﬁﬁf = S
25 e il e i TN " 200
i |Liquid Line 2 |
€ 5.
g : - 150
= -5 =
e 125 E
8 15 - s
E 100 %
.95 LAY AL o
v 75
-35 -
45 I %0
P
-55 - 25
NNt
-65 0
S b o 0 o L L O o O o
PEESFESES VIS &
Time (min)
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NH; LHP without TCV — Long Duration

Ammonia LHP with TCV Prototype No. 1

Long duration OW operation with a -60°C sink in vacuum conditions, standard LHP
operation, vertical radiator - March 27%, 2013

Temperature (°C)

Time (hrs)

——Evap Out ——2Cond (AVG) ——2Cond Out ——Liquid Line 1
—Liquid Line 2 —— Liquid Return —CC (AVG) —Power Input

20 110
19 100
10 -

5 - 90

0 '_wer

5 — - 80
10 - 70
15
220 ; - 60
25 T Liquid Lin _1 Liquid Return i - 50
30 | Liquid Line 2
.35 [ - 40
- =k | cave)| | | | cond (ave) |

i " A} I ' - 30
-45 7 e g 2NN
50 | e &? \ - - 20
55 -—-—Qf} \ __L-ﬁ;! -
65 F —— 0
S ~

Advanced Cooling Technologies, Inc.
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NH; LHP with TCV — Long Duration

Ammonia LHP with TCV Prototype No. 1

Long duration OW power input with a -60°C sink in vacuum conditions, horizontal

radiator - March 81, 2013

—Evap Out ——TCV Inlet TCV Cond Outlet ——TCV Bypass Outlet Cond In
——Cond (AVG) ——Cond Out ——Liquid Line 1 ——Liquid Line 2 —— Liquid Return
—CC (AVG) —— Bypass (AVG) Bypass Retum ——Power Input
35 - : : 11
o — =
15 - : - £_1\%0
5 [
T 3 ' | TCV Cond
= Outlet
g [ e 1] et |1 10\ o
5 - 60
g -15 |
o [Conain ¢
T | 40
-35 i AN APPPRAA IR 30
" [cons vl 20
-55 ! 10
-65 0
© 4 w» o ® © ¥ ¥ O ® & & & &
Time (hr)

Temperature (°C)

22

215

L S —— e ——t—

20.5
& (o e
19.5
19 /
18.5
18 Outlet
17.5
17
fad g ° L & = 2 &
Time (hr)

Bypass Return

<

<q

<5
<6
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Propylene LHP with TCV

 Valves around TCV so that it can be bypassed
» Flexible lines allow testing with vertical or horizontal radiator

1 - EVAPORATOR

2 - VAPOR OUTLET

3 - TCV BYPASS
4-TCV

5 - FLEXIBLE VAPOR
LINE

6 - CONDENSER

7 - FLEXIBLE LIQUID
LINE

8 - BYPASS LINE

9 - LIQUID RETURN
10 - COMPENSATION
CHAMBER
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3

C25

C26

Cb

c7

f@

T

G aS,

s

©
©

)
©

@ &

TC1 —Heater Block
TC2—Evap Top 1
TC3 —Evap Top 2
TC4 —Evap Side 1
TC5 - Evap Side 2
TCB — Evap Out
TC7-TCV Inlet
(Intrusive)
TC8-TCV Inlet
TCO9-TCV Body

TC10-TCV Cond Outlet

TC11—-TCV Bypass
Qutlet

TC12-Cond In
TC13—-Cond 1
TC14—-Cond 2
TC15-Cond 3
TC16—-Cond 4
TC17-Cond 5
TC18—-Cond 6
TC19- Cond Out
TC20- Liquid Line 1
TC21 - Liquid Line 2
TC22 — Liquid Return
TC23-CCTop1
TC24-CCTop2

TC25- CC Side
TC26 - Bimetallic
Transition

TC27 — Bypass 1
TC28 - Bypass2
TC29 - Bypass Return
TC30 - Vapor LHP Only

Advanced Cooling Technologies, Inc.
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Propylene LHP with TCV #1 Prototype No. 2

Power decrease from 125W to 25W with a -60°C sink in vacuum conditions,

horizontal radiator - May 28", 2013

Temperature (°C)

—Evap (AVG) —Evap Out ——TCV Inlet —TCV Body
TCV Out Cond ——TCV Qut Bypass —— Bypass 1 Bypass 2
-Bypass Return Cond In —Cond (AVG) ——Cond Out
——Liquid Line 1 ——Liquid Line 2 —CC (AVG) —Power
i I I I | | 130
P Evap Out
N TCV Out
o : AN Cond || TCV Body || + = 120
—t —INTNCINCININT yp
i e i u".a\.""t\-"""-.n"’n\.'.A N | .'[ / 110
A *v — \\%N | /
\\‘h\_l_\- ¥ if 100
[Power |-+ —Loypass ! AN 55
A —
*/f | ] *_ TN \_\ _____.._.\‘\ TCV Inlet 80
ffl CondIn | e 70
| i 60
| - . . | |
\\ [ Liquid Line 2| | L'q“'dll"“e 4 = ILI 50
f Cond (AVG
W/ L AK A A LEond (AVS) | = 40
\ =] znt| [ A— =
J-LL" A L"_\\ ,:l.. vl P
il ot a S P S S
\. |~ - W A ~— ‘IO
0

Time (min)
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!‘ Propylene LHP with TCV — Long Duration

 Briefly dropped below goal of 10° C when power was shut off

Propylene LHP with TCV #1 Prototype No. 2
Long duration LHP shut down with a -60°C sink in vacuum conditions,
horizontal radiator - May 23, 2013
——Evap (AVG) ——Evap Out —TCV Body ——TCV Inlet
TCV Out Cond ——TCV Out Bypass ——Bypass 1 Bypass 2
-Bypass Return Cond In —Cond (AVG) —— Cond Qut
—— L iquid Line 1 = Liquid Line 2 —CC (AVG) — Power
40 + I \ 220
gg E \ TCV Bypass [ TCV Inlet | 200
’;'b:\a\ Outlet -
25 + \
20 ¢ \\_\ J JI TCV Body! / p— = 180
15 F — e — e
o 12 \ i e a— - 180
o E ‘ e
— E | | e "'_——",-.ﬂ"""
o 0 :"'2 A 140
2 o o o . 2
© 15 1Y) ~| Liquid Line 2 | - 120 =
8 20 A« - S
E 25 l / ‘\{Liquid Line 1 | - 100 o
g 230 - A : 4—A——‘{Cond In| o
35 A y— ' - 80
g i ower | :
22 : Wl 4 \ | Cond (AVG) |7 60
g W SN VN m [
-50 T~ 7 Mg
_55 S ‘b" A VA A A A A A {‘V‘V AVA VAV_A‘,AVAV“— 40
—60 ; / Amﬁ% AN l\’rvw A ’E"{{ AAAAA vlt AAAAAILAA AvAw’
B85 T~ | | - 20
-70 + Cond Out
-75 -+ \ i = =i L 0
I I T ST N S N O GO
Time (s)
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Conclusions

 Loop Heat Pipe with Thermal Control Valves were developed to
provide a variable thermal link over a wide range of environmental
thermal conditions for future lunar missions

— Above the 20°C maximum temperature set point, a majority of the vapor
was routed to the condenser

— Between 0°C and 20°C, a portion of the flow was bypassed to the
compensation chamber

— Below 0°C, a majority of the flow is bypassed.
 Developed for Lunar and Martian Landers and Rovers
— Shut off passively, without electrical power
— 1W =5 kg batteries
 Examined LHPs with ammonia and propylene working fluids
— Ammonia is a better working fluid, but freezes at -77°C
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Conclusions

Examined freeze/thaw behavior in ammonia LHPs with vertical
condensers
Condenser drainage tests were conducted with a vertical condenser
— Tubing angled so that will drain in a tilted environment
— Roughly 4% vapor volume in the inactive condenser

— Small amount of drainage appears to provide sufficient voids to prevent
damage during thawing

Freeze/thaw tests were conducted on an ammonia LHP with TCV
— Stainless steel condenser tubing
— Vertical Radiator, liquid nitrogen cooled cold plate
— 9 freeze/thaw cycles
— Minimal distortion observed

— Change of 0.007 inches (0.018cm) in three locations, other locations
less than 0.005 inch (0.013cm)
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Conclusions

» Developed LHPs with ammonia and propylene working fluids
e Target power of 100 W, maximum power of 200 W
» With constant power, the LHP with TCV can maintain the evaporator
temperature as the condenser sink temperature drops
— Simulates behavior during eclipse for satellite application
* Both systems demonstrated that an LHP with TCV is capable of

maintaining an elevated evaporator temperature under cold sink and
low power operation

— Thermal vacuum chamber, liquid nitrogen chilled cold plate
— Ammonia LHP was more stable

— Evaporator temperatures in the propylene LHP with TCV dropped below
the operating temperature design requirements for an extended period
of time.

* Next Step: Additional thermal vacuum chamber testing of the
ammonia LHP with TCV at NASA Marshall
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