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ABSTRACT _

The ESA Two-Phase eXperiment TPX was successfully flown aboard STS60,
February 1994, to demonstrate two-phase heat transport technology in-

orbit. Based on TPX conclusions and lessons learned, a TPX Il is being
developed to usefully fill the time between TPX and future full-scale

Capillary Pumped Loop flights. TPX II, planned to fly early 1998, is
discussed: changes of configuration/components, updates of
objlectlll/es/scenarlo, current status, results of components testing and
outlook.
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SUMMARY

The ESA Two-Phag eXperime TPX was successfuit flown
aboad STS6Q Februay 1994 to demonstratwo-phag heat
transpot technology in-orbit.

Basa on TPX conclusios and lessors learned a TPX |1 is
being developd to usefully fil | the time betwea TPX ard fu-
ture full-scale Capillaty Pumpel Loop flights.

TPX 1, plannel to fly early 199§ is discussedchangs of
configuration/componentsupdates of objectives/scenario,
currert status resuls of componerd testirg ard outlook.

BACKGROUND

Mechanicaly pumpel two-phag hea transpot systens are
currently developé to med the high powe and long transport
distane requiremerg of therma managemensystens for
future large spacecraftCapillary Pumpel Loops (CPL) are
developé for applicatiors with specid requiremerg on
micrograviy disturbane level, temperatuge stability and
controllability.

As two-phae flow and hea transfe in low-g and 1-g is
expectd to consideraht differ, two-phag hea transport
technoloy mug be demonstrate in orbit.

The Dutch-Belgim Two-Phas eXperimen (TPX), a
Capillary Pumpel ammona Loop downscald to med Get
Away Specia restrictions incorporatd componerg for
mechanicalf pumpeal two-phag loops TPX has flown
successfull as Ga Away Specia G557, aboad STS6Q Febr.
199% (Ref. 1). TPX schematis is shown in figure 1.

TPX has shown to be a goad balane betweea the limited
amourn of flight opportunities ard the aim to realise as many
objectives as possible.

Othe two phain-orbit demonstratin experimentsalready
carried out and currenty envisaged are the US Capillary
Pumpel Loop experimers CAPL 1 to 3 (Refs 2 to 5), IN-
STEP Two-Phas Flow Experimen (Ref 6), Two-Phase
Extendel Evaluation (TEEM) (Ref. 7), the Loop Hea Pipe
Flight eXperimen LHPFX (Ref. 8).

To usefuly and economical} fill the time ggp between

TPX ard future full-scale Capillaly Pumpel Loop and Loop

Hea Pipe flights, TPX |l - an updatel TPX - isforesea to be

launchel as Get Away Specid G467 on STS early 1998 (Ref.

9). TPX Il will use mary TPX(l) parts replacirg or

refurbishirg componerg tha functionad improperl or non-

optimally, replacirg componerd by advanced ones developed
since the stat of TPX | (evaporators three-wg valve),

doubling the numbe of temperatue sensorsand accounting
for the lessors learnel in TPX 1.

The updatel scenam will include the completion of

experimerdg not completel in TPX | and will allow testirg of

earh observatio spacecrdf(ATLI D type) applicatiors (Ref.

10), withthermall imbalance paralld condensersimulating
spacecrdf radiatos tha are expose to differently phased
radiation environments.

OBJECTIVES

The generd objective of TPX Il is in-orbit demonstratin of

the working principle and assessmerof the performane of

a Capillary Pumpel Loop (CPL) with:

« Advancel evaporatorsa cylindricd (CE), aflat (FE).

* A Vapou Quality Senso (VQS).

* Two balance or imbalance condensexin parallel.

* A contrd reservoir.

Anothe objective is to compae experimentadat of low-g

CPL behaviow with 1-g performane dat and predictions

resultirg from thermad modelling/scalig excerciss (Refs 11,

12).
Specifc objectives for the in-orbit experimeh are to

demonstra tha the loop is capable:

¢ To operaé unde differert hed loads imposa on two
evaporatos in parallel.

¢ To shae hed load betwea thes evaporators.

« To prime evaporatas by a controlled managemetnof the
reservoi fluid content.

» To stat from low temperatue conditions.

« To adjus and maintan a temperatue setpoirt while
operatirg unde differert hed load and sink conditions also
for two condensey simulatel to be exposeé to different
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therma environments.
» To use the contrd systen at different accurag levels.
Additiond objectives are:
» Low-g calibration of the vapou quality sensor.
» To carly out quality contrd exerciss to demonstrat the
usefulnes of a VQS for systen control.
» To asses of performane limits of CPL & evaporators.

EXPERIMEN T DESIGN

The TPX |l baselire is schematicajl shown in figure 2.

Asalread mentioned TPX Il is an improved versia of TPX

I, tha hes to med Get Away Speci4 restrictions limited

mass volume (5 cubic fee) and limited hed rejection

capability due to an uncontrollabé hed sink.

The main changs are:

* A new evaporatos design with a sinteral nickd wick
yielding high pumpirg power.

* A more accuratel controllabe bypas valve and tuned
vapou bypas line flow resistance.

» An updat@ position of the reservoir-logp connection.

» Condensey in parallel insteal in series to simulate
imbalance condensesink temperaturesbeirg typicd for
earh observatio spacecrafapplicatiors (Ref. 9).

» Enhancd and/a refurbishe Liquid Flow Meters and
Differentid Pressug Sensor.

* A large numbe of temperatue sensors.

* An updatel flight scenario.

To redue cost and to med time constraints the TPX |l

design manufactue and assemby is entirely basel on the

TPX | approachdescribé in the reference 2 ard 3.

Structure & Loop
The TPX Il configuration (Figs 3 to 5), consiss of a

structue of four columrs with four paralld main plates:

» At the erd of the columrs the DAC Plate with the battery
ard electronis hardwae at eithe side.

» The Loop Plate at the othe erd of the columns attached
in a well-conductive manne to the Experimet Mounting
Plate accommodatig hed dissipatirg loop components.

» Betwea the two others the Evaporato Plate 40 mm from
the Loop Plate thermally decoupld from the others and
accommodatig the evaporators.

* Reservai Plate also a 40 mm from the Loop Plate,
accommodatig the reservoir.

Materiak usel are Al 7075 for the structurd components

(excep reservoi ard evaporato plates mace of reinforced

plastig and the Al 6061 loop components Pressure

sensors/flav metes are mack of stainles steel.

Powe & Data Handling

The Data Acquisition & Contrd (DAC) systen includes all
electric/electrord hardwae ard the softwase for testirg and
operatirg TPX II, storig measurd datg including retrieval
of the experimenthdata The DAC flight-hardwae includes
of Battely Pack Cabk Harnessand Payloa Measurements
ard Contrd Unit (PMCU).

The battery providing experimem powe during flight, isa

AgZn battey pack at leag 1800 Wh @ 285 V DC.

The PMCU is the on-boad contrd box for experiment
execution safe-guarding senso measurements actuator
control dat storagg and communicatio with Electrical
Grourd Suppot Equipmen (EGSE) The PMCU housing
contairs the Systen ProcessoUnit, Senso Data Acquisition
Board ard Actuata Contrd Board being interconnectd by
a standad VME bus DC-DC convertes provide internally
required suppy voltages for analoge and digital circuitry, as
well as for the sensos ard actuators Fuses are preseh at
appropria¢ locatiors to ensue the safey of the electrical
subsystem.

To receiw all relevan information abou the performance
of the loop ard its componentse.g location of condensation
front, degre of subcooling loop se& point evaporator
temperature distribution and pressure drop, reservoir
temperatue and sink (baseplatetemperatue distribution the
following quantitieswill be measuredtemperaturg(76), flow
rates (2), vapou quality, absolue vapou pressurepressure
drop acros the evaporatorsvalve position and the evaporator
heates (2), start-ip heates (2), condenseimbalane heater
ard peltier currents.

Safety

Becaus of containmeh of some ammona coexistirg as
vapou ard liquid (and due to the exponentih temperature
dependeneof ammonavapou pressure)the two-phag loop
has to be protectel again$ an overheatig leadirg to an
unacceptald loop pressureAll pressurisé componerg have
bee designé for Maximum Designel Pressue (MDP) 45
bar, correspondig to the ammona saturatio pressue at 80
°C. Eath componen will be prod pressue testal with a
factar of 2 againg MDP (burd ted factar 4). The assembled
loop will be prodf pressue testal also.

During the whole operatiom of the experimemn the PMCU
will measue the temperatue sensors switching off a heat
dissipatirg unit, when the predefinel maximum allowable
temperatue of this unit is reached In addition ther are
thermd switches on the vapou line and on heatirg devices
tha wil interrug the powe to the evaporato heater
assembliegdeprimirg heates ard Peltie elementwhen MDP
is reached Also housekeepip dal (6 voltages PMCU
currert and more than 10 temperaturéswil| be measuredThe
measuring/contiointervd is sd to 8 s, as mod parameters
follow slowly changirg temperatures.

The DAC softwae consiss of on-boad (embeddej and
EGSE software As operationh behaviow ard experiment
parametedetaik depem on tes sequene (basel on actua in-
orbit conditions) the embeddd softwae is split into afixed
progran ard a s& experimeh definad tables without
compromisitg the softwae reliability. Major functiors of this
softwae are experimen planning dat acquisition of all
sensorsexecutio of specifie contrd algorithms actuators
control dafa recordirg ard safeguarding.

Loop Components
The differert TPX 11 loop componerg will be revieweal in
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detal focusirg mainly on their differences with respetto the
correspondig TPX | components.

The Flat Evaporator, FE (Fig. 6), consiss of a heated
baseplat with micro-channed for the vapour a 2 um sintered
nickd wick (void fraction 0.71 and permeabiliy 5+10°14 m2)
with an inlet hole for liquid and a box shell electron-beam
weldal to the baseplate with a liquid inlet tube teflon
insulato ard outlet vapou tube The characteristis of the FE
are similar to the TPX | FE: the difference is the sintered
nickd wick in TPX |1 (instea of 30 um porous polyethylene)
ard astart-p heater discussd later. Nomind powe 200 W
a 250 mm tilt, while capillaly pumpirg pressue up to
3800 Pa Overal mass 0.7 kg.

The Cylindrical Evaporator, CE (Fig. 7), consiss of a
aluminium I-shapel body (20 mm width), a liquid inlet tube
with teflon insulation an outlet vapou tube and acylindrical
sinteral nickd wick having vapou collection grooves ard an
inlet hole for the liquid. The CE characteristis measurd are:
nomind hed load 250 W for 250 mm tilt, mas 0.3 kg.
Compard to the TPX | design the TPX Il changs are the
wick and a start-ip heater.

The Control Reservor (Fig. 8) consiss of a cylindrical
vessé with an inlet/outle (liquid) tube a vapour/liquid
separato mack of 2 um sinteral nickel, an inner acquisition
(folded) wick to get similar fluid distribution in 1-g and 0-g
ard a cove weldal on the vessel equippel with two Peltier
elemens and a coppe braid connectd to the vapou line via
an aluminium block Due to the presene of this block in the
TPX I configuration the electricd powe needd for the
Peltier contrd isconsideraly increasedTPX |1 contrd power
is estimatd 8 W at maximum (TPX |: 4.7 W). The other
reservoi characteristis stay similar to TPX I: liquid content
0.2 liter, mass 0.9 kg and temperatue contrd accurag *
0.1 °C within the range 263 K to 323 K.

Anothe innovative aspet of TPX |l is the two Parallel
Condenses Configuration (Fig. 9). One condense is
equippe with an electricd heate (powe up to 30 W) to
creae imbalancé controllabk hea sink conditions The
condensexr are aluminium rectangula grooved hed pipe
profiles (15 mm * 15 mm * 235 mm), with welded end caps.
The erd cep at the outlet of a condensehas been designe to
restria the vapou flow exiting the condenser.

The condensey are designe to dissipaé a leag 100 W
(unde nomind conditiong for an overal thermd resistance
of 0.29 W/K. In orde to achiewe a constamh conductane of
750 W/mPK, a PTFE gap filler (thicknes 0.03 mm) is
betwea the condenserard the hed sink.

The Vapour Quality Senso (VQS) consiss of a glass tube
with glass coveral capacite electrods on the internd wall,
surroundd by a stainles ste¢ envelog for strengh reasons,
with on top of it the senso electronis (Fig. 10). The TPX |l
VQS is arefurbished/re-calibrateTPX | VQS. T o
perform vapou contrd exerciss with the VQS, a Three-Way
Control Valve (Bradford Engineeringisin the TPX Il loop,
allowing to by-pas (partially or fully) the condenses and
therefoe to adjug and contrd the vapou quality of the flow

enterirg the VQS. The contrd valve desiq is base on a
spindke actuation (allowabk stroke 4 mm) mace via a DC-
mota (Fig. 11). Comparé to TPX I, the TPX |l valve has
bette functiond propertiessmallg dimensiors (100 mm * 40
mm * 70 mm), smalle mas (0.5 kg), tunal electronics,
increasd lea& tightnes (108 std cck He) and reduced
pressue drop (< 250 Pa).

Like in TPX I, a Differential Pressure Senso (DP9 is
arrangé in paralld to the evaporatorsThe TPX || DPS (NE
Technology allows differentid pressue measuremestfrom
0 up to 100®M PA with an accurag of £ 1 % FS for a
temperatue range from 253 to 353 K. Allowed delta pressure
acros the membrane0.35 bar.

The loop pressue is measurd by the ENTRAN Absolute
Pressure Senso (APS):0 ba max, accurag + 0.25% FS.
78 PT10®M Temperature Sensos are used in TPX 1.

Asin TPX I, two Liquid Flow Meters (LFM) are in the
loop to measue the overal loop mas flow rate (redundant
during experimeng with closed by-pas line) and to determine
the flow rate through the by-pas line (by subtractiig the LFM
flow rates) necessar to obtan the vapou quality at the
mixing point for VQS calibratiors and contrd exercisesThe
LFM useal are the LFM of TPX | (Rheoterm INTEK Inc.),
able to measue from 0.0@ g/s to 0.2 g/s ammona with an
accurag of £ 1.5 % FS.

PRE-LAUNCH TESTING

The pre-laun® testirg consiss of the different tess to be
performel on the loop or on the loop componerg prior to
delively to NASA. Thee tests performel at differert stages
of assemblyinclude:

* Functiond Tess on components evaporators VQS,
reservoir condensers contrd valve etc These tests
demonstra the reliable behaviou of the TPX I
componerg with respecs to their specifications.

» Acceptane Tess at loop levd (prior to loop closure after
the environmenthtesting) which will give full confidence
on the TPX 1l loop to fulfil the teg objectives.

» Performane Test on the fully assembld experiment,
consistig of the Mission Scenam teg sequence and
finalising the Mission Scenarm tes parameters/figures.

Loop componerg are currenty undergoig functiond tests.

Due to NASA maja safey requiremerg updatesthe second

step of the pre-launt testirg has not been dore yet.

Figure 12 presers the VQS resuls obtainel in TPX |. The
left hard side of the figure pertairs to slug flow, the right
hard side to annula flow. A contrd exerci® could not be
realisel in TPX 1, as the chosa quality setpoirt (0.5) turned
out to be in the non-uniquey defined (unstablg chum flow
regime The TPX Il VQS electronis has been tuned sud that
calibratiors can be dore in the slug and annula regimes Two
quality contrd exercise will be done one arourd a setpoint
in the annula regime (0.9), the othe arourd a setpoirt in the
slug regime (0.1).

Function& test are the missin scenar tests plus extra



-7-
TP 97502

&

=

tess to prove the reliable behaviow of components.

For the evaporatorsthes test consis of:

 Start-ip at 40 W (reservoi 35 °C, condensey 15 °C).

» Hea load changs at 20, 40 and 60 °C (100 W - 25-,100
-10-100 W).

» Reservai temperatug variation for a constam hea load of
50 W (40 °C-42-46-40-38-35-34-40°C),
condenseat 20 °C.

» Decreae of the subcooliry levd by varying the vapour
temperatue with a constam hed load of 50 W (40- 35—
30-25-24-,23-22-21-20 °C), condenseat 20 °C.

* Increag of the hed load in ste of 10 W from 50 W
(reservai at 40 °C, condenseat 20 °C).

» Hed load decreas from 50— 15-10-5-2 W.

* Increag of the loop pressue drops by mears of a valve
(reservai at 40 °C, condenseat 20 °C).

« Variation of start-yp heate powe for various conditions:
- A subcoolirg levd of 2, 5and 10 °C.

- A hed load of 20, 50 and 100 W.

- A start-ip heate powe of 0, 1, 2, 3, 5, 8and 10 W.
The functiond test are performel using a simplified two-
phag breadboat loop, consistig of one evaporatar one
reservoi ard one condenserThe loop is equippel with 12
thermocouplesfixed on the loop componentsard with a
DPS similar to the TPX |l ong placeal in paralld to the
evaporator Heatirg is dore on the evaporato ard on the
reservoi by manualy switching on electricd heates bolted
on the componentsCooling is by awate hea exchangerTo
tes a specifc flight component the breadboat loop
componetwill be replacel by the TPX Il flight model.

Start-ip tess hawe frequenty shown evaporato dry-out,
inducal by the sinterel nickd wick, as the smal wick pore
size yielding high pumpirg pressurehas an impad on vapour
generatio inside the wick. The high flow resistane nickel
wick requires higha overheatig than the TPX | polyethylene
wick, before a vapou bubbk is produced The generatio of
a vapou bubbk in the nickd wick evaporato need an
overheatig of more than 5 K. When evaporatio takes place,
this is accompanié by a high pressue spike (more than 0.5
ba highe than the capillaty pumpirg pressure)leadirg to the
deprimirg of the evaporato wick (vapou presen at the
evaporatoinlet), yielding evaporatodry-out The CE proved
to be more sensitive than the FE. Dry-out is prevente by
creatirg nucleation points to avoid the need of liquid
overheatig to genera¢ vapour Therefoe a start-p heater
can be used creatirg an initial bubble inside the vapour core.
The heate has to be activatel only shortly. If the start-up
heate is activatel a vapou bubbk is alread presen at the
evaporatooutlet when switching on the evaporatopower. A
temperatue pe&k does nat occu and the pressue spike has
been drasticaly dampenegyielding acorre¢ evaporatostart-
up.

Two start-ip heate locatiors hawe been tested one on the
vapou exit line and one inside the evaporato vapou core.
The first one gawe reliable resuls for the FE only. For the CE
the resuls were unreliabk for non-graviy assi$ conditions,

which suggest imprope behaviow in low-g. The second
location is the betteg one having the advantag that the hot

spd generator creatirg the initial bubble is a the best
location (unde the hea source just at the liquid/vapour
interface) Anothe advantag is the minimum powe needed
for start-up as there is no hed loss all powe is usal for

vapou generation A drawbak of the secoml location is the
complexiy to place a heate inside the evaporator But it

turned out to be possibe usig aTHERMOCOAX heate with

qualified insertirg device Tests with a start-yp heate with a
diamete of 1 mm, proved prope start-ip behaviou for the
CE ard FE, als in horizontd orientation This is illustrated
by the figures 13 to 16, which confirm that the in-core start-
up heates are essentibfor TPX II.

CONCLUDIN G REMARKS

The statis of TPX Il has been describedincluding resuls of
componerg testing Ted resuls indicae tha the start-up
heate configuration need further investigation.

A completey new NASA safey philosoply has led to
delays in particula with respetto the loop assemblywhich
will stat after solving the safey problems Thereafte loop
assembt ard loop testing completel by the acceptance
testing will precee the delivety of TPX 1l to NASA for STS-
90 flight, April 1998.
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Fig. 5 Experiment Overall Layout

heated vapour
baseplate micro-channel

vapour outlet

heated vapour
teflon baseplate micre-channel

T{r

¥

//l/l///////%/ ///

shell

vapour collecting grooves

vapour collecting grooves liquid inlet

inlet
liquid inlet - shell liquid hole wick

teflon
insulation tube

[1
start-up heater

Fig. 6 Flat Evaporator (FE)

Fig. 7 Cylindrical Evaporator (CE)



-11-

= TP 97502

copper braid

Peltier [ |
element

|~fine pore wick

folded wire
gauze wick

target cover ﬁ
(" - E

end stop ‘ % i motor
sensor housing 7 B J
a5

' A

housing | > \llange
ST spindle
‘@ [E bellows
to VQS Zﬁmﬁ» @
" APS
housing Il

& to condenser

sectionB - B .
Fig. 11 TPX II Controllable Valve
Fig. 8 Control Reservoir section A- A
|
/_,___'. -=—out —-—in _4’_'-__\.
' \
\ |4—A /Y
N\ T A
e - T—Out—-r—-in - -—-
-— A

Fig. ¢ Condensers

E-box cover connector

PCB

locknut

Lsea\ls L-sensor Lthermocouples

Fig. 10 TPXII Vapour Quality Sensor

VQS - Vgut (V)

= VQ31 flight data

© VQS?2 flight data

1 1 1 i l 1 L 1 1
6 0102 0304 0506 07 0.8 09 1.0
Quality

Fig. 12 VQS, plus Theoretical Response and Test Data



-12-

red TP 97502
NLR
= 100 s
a 3 Power and Pregsure Distributions 1 5 Temperature Distributions
o 80r E < 50k J
- - 4 =
- ~~ Power Evaporator 2 SR
g 60: —a— Diff. Pressure ] _§ 40 St
@ — g 1 5 ~o— Qut Condenser
g a0k Start-up Heater ] Z 4 -o- In Condenser ||
a 5 o E (=} e ?Iagour
oF L ’ 4 @ —=— |In Evaporator
= 20_ i 2 20 ~+- Res. H
] 0 —= - o —4— Evaporator
z g —_—
— F E g 10 1
o 0 0.2 0.4 0.6 0.8 1.0 1.2 Q 0.2 0.4 0.6 0.8 1.0 1.2
Time, s (thousands) Time, s (thousands)
Fig. 13 Flat Evaporator Start-up Test with Heater Off
w 00— 80—
a S Power and Pressure Distributions 4 %) Temperature Distributions
o sof 7 = 50
P - ~~ Power Evaporator | 5
2 80F —o— Diff. Pressure 1 5 aoF
5 ]
@ i —m Start-up Heater 1 e
o 40F . ]
a L J b Wpeee=—"
% ol ; ] o ~o~Qut Condenser
= | i} 2  2pH o In Condenser
g — 7 | S — o | | = Vapour
£ o § M= evaporamT
- L ‘[ 1 g€ 10[|-+-Res.
E -201 B ’2 == Evgporato
o v 02 0.4 0.6 0.8 1.0 1.2 1.4 0 0.2 04 06 0.8 1.0 1.2 1.4
Time, s {thousands) Time, s (thousands)
Fig. 14 Flat Evaporator Start-up Test with Heater On
2 p P
E 200 T T T T T T T T v [ y T T T T T T T T T
= 180r Power and Pressure Distributions 1 O Temperature Distributions
— 160 E = sol i
- S
o 140t - Power Evaporator b =
% 120 —o— Diff. Pressure : 2 4ok e M e
L 100 - Start-up Heater x10 b 7 —o— Qut Condenser
; aol a -0~ |n Condenser
= 60 g X —— Vapour 1
E 5 —%— In Evaporator
g 40} 5 e R@s.
Z Lol » o 20 —— Evaporator 7
] [~ = E
z 0 7 8
DCE -20 . . . . . . . . . 1% L 2 L L L L L " " L
6.2 6.4 6.6 6.8 7.0 7.2 2 6.4 6.6 6.8 7.0 7.2
Time, s (thousands) Time, s (thousands)
Fig. 15 Cylindrical Evaporator Start-up Test with Heater Off
200 T T T T T 60 T T T T T
1801 Power and Pressure Distributions h Temperature Distributions
1601+ b 50+ E
140+ 1
120 - Power Evaporator ]
100k —o— Diff. Pressure ] 40

Power (Watt) & Pressure / 10 {Pa)

—o— Start-up Heater x10

Temparature Distribution {°C)

30 Olt Condenser
—o— I Condenser
—— \apour
20F In Evaporator H
: et Fae 3
I —&— Evaporator
.20 . . . . 1 10 . . ) n n
36 3.7 38 3.9 4.0 4.1 4.2 36 37 38 3.9 4.0 41 4.2
Time, s (thousands} Time, s {thousands)

Fig. 16 Cylindrical Evaporator Start-up Test with Heater On



