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ABSTRACT

The paper focusses on heat and mass transfer research issues pertaining
to the current development of, spacecraft active thermal control systems,
i.e. the development of two-phase heat transport system technology.
Topics (of paramount interest) discussed ar: the development and the in-
orbit demonstration of Capillary Pumped Loop and Loop Heat Pipe
technology, the thermal/gravitational scaling of two-phase heat transport
systems, including the aspects of two-phase flow pattern mapping, and the
prediction of gravity level dependent condensation, plus the development
of the various two-phase heat transport system components like vapour
quality sensors, high efficiency low pressure drop condensers, and
rotatable thermal joints.
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AEROSPACE HEAT AND MASS TRANSFER RESEARCH
FOR SPACECRAFT THERMAL CONTROL SYSTEMS DEVELOPMENT

A.AM. Delil
Spae Division

Nationd Aerospae Laboratoy NLR

P.O Box 153

8300 AD Emmeloord

ABSTRACT

The pape focuses on hea ard mas transfe researh issues
pertainirg to the current developmen of, spacecrdf active
therma contrd systemsi.e. the developmenhof two-phag heat
transpot systen technology Topics (of paramout interest)
discussd are the developmetand the in-orbit demonstratin of
Capillaty Pumpel Loop and Loop Hea Pipe technology the
thermal/gravitationla scalig of two-phag hed transport
systems including the aspect of two-phag flow pattern
mapping ard the prediction of gravity levd dependent
condensationplus the developmenh of the various two-phase
hed transpot systen componert like vapou quality sensors,
high efficiengy low pressue drop condensersand rotatable
thermd joints.

INTRODUCTION
Space-orient® hea and mas transfe problens originate

particulary from:

- Absene of gravity induced behaviou differing from the
normd behaviow on earth e.g boiling, condensationtwo-
pha® flow ard hea transpor (flow patten maps) capillary
electrophoresismelting and solidification, crystd growth,
critical point phenomena.

- Passie or active therma contrd of a variety of spacecraft:
earh orbiting satellites sola and deg spa probes satellites
travelling to ard possiby landing on moon plang or comet.

- Hostile environments being vibratiors during the launch,
aerodynant heatirg during ascem and descent meteoroids
impingement vacuum atomi oxygen incidert (UV, X-ray,
particleg radiation.

Therefoe researh has been is ard will be carried out on:

- Passie therma control including the thermophysical
propertis of new thermd or structurh materiab or
componentsanisotropt (sheel materials metd and carbon
fibre honeycorb sandwid panels multilayer insulation

Netherlands

blankets thermd joints and interface fillers, phag change
materiaé for therma storage systemshed pipes and thermo-
opticd coatings for radiata subsystems.

Active therma contrd using Variable Conductane Hed Pipes
(VCHP), novd hea pipes (e.g the Electo Hydro Heat
Dynamic Pipe, EHDHP), Loop Heat Pipes (LHP),
Mechanicaly Pumpel and Capillaly Pumpel two-phag Loops
(MPL&CPL) and their componerg (Vapou Quality Sensors,
evaporatorondenseryvalves contrd reservoif accumulator,
ard contrd algorithms) electrochront radiata coatings,
louvres flexible therma links and rotating therma joints for
deployabé and steeral# radiators.
Thermal/gravitationlamodelling ard scalirg of two-pha® heat
transpot systens to be usal to desiqn orbitd systemsusing
terrestrid testirg outcomes.

Experimens during low-gravity experimerg in drop towers,
Keplerian trajectoy aircrat flights, in soundimg rockes ard in
space Experimens dealirg with pod boiling and Marangoni
Convectia (e.g ontheInternationdMicro-gravity Laboratory,
the US Micro-gravity Payloal and the EUropea REtrievable
CArrier flights) and to demonstrat two-phag flow and heat
transfe technoloy in orbit (e.g the ESA two-phase
experimerg TPX 1&IlI, the NASA capillay pumpeal loop
experimers CAPL 1&2& 3 ard the Two-Phag Flow Thermal
Contrd Experimen TPF, the all-American loop hed pipe
experimen ALPHA, the loop hed pipe flight experiment
LHPFX, the Cryogenc¢ Capillay Pumpel Loop Flight
Experimen CCHL ard the Russia experimeng Mars 94&96,
Valentira ard Tatyana).

The differert topics describé on the following pages will
concentrat on the developmenand the in-orbit demonstration
of two-phag hea transpot systens amd their components,
including the desigh supportiry theoretica activities being the
therma gravitationd modelling and scalirg of sudh two-phase
systems.
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TWO-PHASE HEAT TRANSPORT TECHNOLOGY

Thermd managemersystens for future large spacecrafmust
be able to transpot large amouns of dissipatel powea (up to
200 kW) over large distancs (up to 100 metres) Conventional
single-phas hea transpot systens (basel on the hea capacity
of the working fluid) are simple well understoodeay to test,
relatively inexpensie and low risk. But to reali®e a proper
thermd contrd tak with smal temperatue drops from
equipmen to radiato (to limit radiato size ard mass) they
require noisy, heavy high powa pumps ard hene large solar
arrays.

Mechanicall y Pumpe d Systems

As an alternatie for thes single-phas systens one currently
consides mechanicall pumpel two-phag systems being
pumpel loops which accep hed by evaporatio of the working
fluid at hea dissipatiry statiors (cold plates hed exchangers)
ard releag hea by condensatin at hea demandig statiors (hot
plates hea exchangensard at radiators for rejectian into space.
Sud asysten relies on hea of vaporisation it operats nearly
isothermaly and the pumpirg powe is reducel by orders of
magnitude thus minimising the sizes of radiatos ard solar
arrays.

The statiors can be arrangé in a pure series a pure parallel
or a hybrid configuration The series configuration is the
simplest it offers the possibility of hed load sharirg between
the differert stationswith somre restrictiors with respetto their
sequenein the loop. However the series configuration has very
limited growth potentid ard the highe flow resistance.

In the low resistane modula paralld concept the stations
operaeé relatively independently thus offering full growth
capability However the paralld configuratiom is more
complicated especial}y when redundang and hed load sharing
(some cold plates operatirg in reverg modg is foreseen In
addition a parallé configuration requires a contrd system
consistirg of various sensorsmonitoring the loop performance
a differert locations contrd logic ard actuatos to adjug e.g.
punyp speedfluid reservoi contert ard throughpus of valves.
Sensos necessar for contrd are pressue gaugesflow meters,
temperatue gauge and vapou quality sensorsmeasurig the
relative vapou mas contert of the flowing mixture An
importart applicatian for vapou quality sensos (VQS) is at the
cold plate exits as apatt of acontrd (sub-)systemadjustirg the
liquid fed into the cold plate to preven the dry-ou of the
evaporator or maintainirg a prescribe quality value at
evaporato exits independenfrom transiem hea source and
hed sink conditiors (Delil, 1988).

ESA’s mechanicall pumpeal two-phag loop activities have
led to the definition of a Two-Phag Hea Transpot System,
TPHTS (Siepmam et al., 1992 ard to the identification and
developmenof various componerd considerd to be critical for
two-phag applications The critical components extensively
ard successfull testal in aR114 technoloy developmenhtwo-
phae ted bed (Dunba et al., 1990) include amongs others A
newly developée multichanné condenseand a VQS, designed
as axid field capacitane meters measurig the differences in
dielectrc permittivity of vapou ard liquid (Siepmam et al.,
1992 Delil, 1998).

Capillar y Pumped Systems
An alternative for a mechanicalf pumpel systen is the

capillary pumpea systemusing surfae tensia inducead pumping
action of capillary-type evaporatorsSuc capillaly two-phase
systens can be applied for instan@ in spacecrafnat allowing
vibratiors (induced by mechanichpumping) Ammonia is the
mog promisirg candidag working fluid for capillaly two-phase
thermad contrd loops.

Two differert systens cen be distinguishe (Cullimore &
Nikitkin, 1998) the western-heritag Capillaty Pumpel Loop
(Stenger1966 Cullimore, 1993 and the Russian-heritaglLoop
Hea Pipe (Bienert 1995 Maidank et al.,, 1991&1995).

Although initially perceivel by mary as alternatives to heat
pipes at high transpot powes (>500W, up to 24kW), in recent
yeass the intrinsic advantagsof a small-diametepiping system
without distributed wick structurs havwe been exploited at low
powess (20 to 100W). Many of the advantageof CPL ard LHP
are only truly exploited when thes devices are considerd early
in the design rathe than treatal as replacemerst for existing
hed pipe base designs.

Advantags of CPL ard LHP are:

- The tolerane of large adverg tilts (meaniry ahed sour@ up
to 4 m abowe a hea sink, facilitating grourd testirg and even
enablirg mary terrestrid applications).

- Tolerane of complicatel layouss & tortuols transpot paths.

- Eay accommodatio of flexible sections make/brek joints,
and vibration isolation.

- Fag and strorg diode action.

- Straightforwad application in eithe fixed conductane or
variabk conductane modes.

- Separatia of hed acquisition ard rejecticn componerg for
independenoptimisation of hed transfe footprints and even
integrd independenbondirg of sud componerg in larger
structures.

- Accommodatio of mechanichpumps.

- An apparen tolerane of large amouns of noncondensible
gases which mears extended lif e time.

Becaue of their performane advantagesunique operational

characteristicsand recen successfuflight experiments CPL

ard LHP technologis are currenty gaining acceptane in the
aerospae community They are baselin@ for severd missions
including NASA’s EOS-AM, JPL’'s MSP ("Mars '98"), ESA’s

ATLID, CNES’s STENTOR RKA’'s OBZOR ard MARS 96

mission a retrofit missimn for the Hubble spae telescope,

COMET, the Hughes 702 satellites and various other

commercid geosynchronaaicommunicatio satellites.

IN-ORBIT TECHNOLOGY DEMONSTRATION

Astwo-phag flow characteristisard hed transfe differ when
subjectd to al-g or alow-gravity environmentthe technology
of suth two-phag hed transpot systens including their
componerg has to be demonstratg in orbit. Therefoe several
in-orbit experimerg were recenty carried out TPX |, CAPL
1&2 (Butler et al,, 1996 Ku et al., 1995 LHPFX, ALPHA
(Haught & Cullimore 1998 and TPF (Ottensten & Nienberg,
1998 Antoniuk & Nienberg 1998) Othess are plannel for near-
future spaceflightsTPX II, CAPL 3 (Ku et al., 1998 Kim et al,
1997) STENTCR (Amadieu et al., 1997) CCLP (Hagood,
1998) TEEM (Miller-Hurlbert, 1997) and Grand (Orlov et al.,
1997).
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In the following a detailal discussia will be given on TXP
I&I| and the LHPFX (experimendg with NLR involvement).

ESA’s In-Orbit Two-Phas e Experimen t TPX |

The developmenof a two-phag experimen TPX | (Delil et
al., 1995) startel in 1990 within the ESA In-orbit Technology
Demonstratia Programme has been carried out by: The
Nationd Aerospae Laboratoy NLR (NL, prime contractor),
Sociég Anonyme Belge de Constructios Aéronautiques-okker
Spae Systems Bradford Engineerig and Stok Products
Engineering Thisflight experimenhwas a scaled-dow capillary
pumpel two-phag ammona systen togethe with scaled-down
componerg of a mechanicall pumpel loop: multichannel
condensersvapou quality sensos ard acontrollabk three-way
valve The complet experiment inside a Get Away Special
(GAS) caniste (135 litres, gaseos Nitrogen filled), has run
autonomously using own powe supply, dat handlirg and
experimencontrol after a switch-an commaul from the Shuttle
crew.

TPX | has flown as G55/ aboad the US Spae Shuttle
STS-® launchel 3 Februay 1994.

TPX | Baseline, Objective s and Philosophy. The
experimen schemat (Delil et al., 1995 is shown in Fig. 1a.
Heat supplial to two parallé capillaly pumpel evaporatas (a
flat one ard a cylindricd one) cause evaporatio of the
working fluid, ses the mas flow rate ard generate the
pumpirg pressue to maintan the working fluid circulation in
the system The heat extractel from the fluid in the condenser
sectiors and the subcoolery is radiatal to spa@ via the GAS
caniste lid. The contrd of the temperatue set-poin of the loop
is dore by a Peltia elemet controlling a therma accumulator
(reservoir) which contairs liquid and vapou in equilibrium In
addition the loop contairs two vapou quality sensors a
controllabk three-wg valve with a vapou bypas line, and
deprimirg heates for the two evaporators The complete
experimen had to fulfil the GAS requiremerd and restrictions:
allowabk volume (135 litres) ard mas (90 k maximum) no
powea ard dat communicatio connectios to STS (hence
limited battey enery ard internd data storage) Shutte attitude
dependentherma sink conditiors and limited crew actian (only
on/off commands).

The TPX | baselire had to med the mary objectives for the
different experimen constituentscapillaly pumpel loop (CPL),
vapou quality sensos (VQS) and multichannécondensersach
of them being a scaled-dow versian of the concep originally
developé for powe systens up to 10 kW. The downscaling
shoul nat to affed the goak of the in-orbit demonstratio of
thes concepts.

CPL relatel objectives were to demonstrat in low-gravity:

- Its capabiliy to transpot hed in a smooth continuows way.

- Prope CPL operatio for differert hea loads applied to two
evaporatas in parallel.

- The capabiliy of a CPL to shae hea load (from one
evaporatoto anotherto maintan aconstamand homogeneous
temperature).

- The capabiliy of a loop to prime an evaporato by a
controlled managemenof the reservoi fluid content.

- The capabiliy to start-yp from low temperatures.

- The capabiliy to adjust/maintai a set-poi temperature
(while operatirg unde different, varying hed load and sink

conditiony by prope contrd of the fluid conten in the
accumulator.

Within the CPL two differernt evaporatorsa cylindricd and
aflat one were presemto determire in low-g:

- Transpot capabilities and maximun pumpirg pressures.

- Depriming behaviour and repriming capabilities, by
controllabk reservoi actions.

- Evaporato hed transfe coefficients.

- The interactio of evaporatas in paralle] also with respetto
hed load sharing.

An additiona for future CPL desig very important objective

was to assesard compae the (limits of the) CPL hea transport

capabiliy unde low gravity and terrestria conditiors and to
compae theg with predictiors resultirg from thermd modelling
using the ESA develope generd thermd analyze program

ESATAN.

Incorporatiaon of two VQS had severé objectives:

- To prove the feasibility of the concep in space.

- To demonstra prope VQS performane for ammonia the
mog promisirg working fluid for space-orient systems.

- To compae the performane of the two sensos in orde to
asses the influence of the location within the loop and of
smal constructio differences.

- To perfom calibratiors ard to asses differences in low-g and
terrestrid senso performance (very importart for the design
of future space-orient quality sensors).

- To carly out vapou quality contrd exerciss to prove the
usefulnes of VQS for systen contrd ard to demonstrat the
prope performane of the controllabk three-wg valve.

The multichannel condenser design objectives can be

summarisd by: demonstration/verificatio of the working

principle and determinatio of the performane limitsin alow-

gravity environmenh (aspecs of powe transported pressure
drop, distribution of the fluid over the differert channed and
preventim of channé blockag included).

An extra objective was the use of low-g and oneg TPX | test
dat and the outcome of testirg in two-phag ted loops to
verify the NLR approab for the thermal-gravitationlascalirg of
two-phae flow ard hea transfe (Delil, 1991 & 1992 & 1998).
The latter will be discussd later in this paper.

To fulfil the abow objectives an extendd experimental
programne was carried out, until battely exhaustThis in-flight
testirg included the following experiments:

- Balancel power sane powe fed to both evaporators.

- Unbalancd powe profile: differert powe levels applied to
the two evaporatorsto stud/ mutud interaction.

- Hed load sharing hed load applied only to one evaporator,
the secoml one acting as condenser.

- Depriming/repriming a specid deprimirg heater shortly
poweral to induee an evaporato dry-out followed by a
repriming action using the accumulator.

- Transie behaviour a step chang in the applied powe to one
evaporato in asteady-stat systen situation.

- Start-ip behaviour.

- Loop temperatue control maintenane of the loop setpoint
ard controlled chang of setpoin to othe temperatue levels.

- Vapou quality setpoirn controt contrd of bypas valve setting
to maintan sd vapou qualities in the VQS.

- Systen controtl maintan (by accumulato and bypas valve
contro) the setpoint values of the loop saturatio temperature
ard vapou quality at the mixing point, unde changirg heat
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loads or sink temperatures.

- Extreme conditions to asses limits of performance.

The beg ted sequene of the abowe experimers had been
predefined base on extensie grourd testirg and modelling
activities In general low powe tests to be carried out when the
battey temperatug is too low for high powe supply, could be
useal to increag the battey temperatue to a levd tha allows
the battey to supply more powe to the experimentHigh power
tess were preferaby to be dore in the first pat of the
experimen duration as this allows the addition of sone extra
low powe experimenthcycles.

Structur e & Loop. The configuration is shown in Fig. 2.
It consiss of a structue of four columrs and three parallel
plates:

- One at ore end of the columns accommodatig the battery
and the electronis hardwae at eithe side.

- One the loop plate at the othe end of the columns attached
in a well conductie manne to the caniste lid and
accommodatig mog CPL components.

- Ong betwea the othe two, 40 mm from the bas plate,
thermall decouplé from the others and accommodatig the
evaporators.

Materiak used Al 7075 for the structue componers (excefpt the

evaporato plate polycarbonate Al 6061 for the tubing and

componentsexceft the flow metes which are stainles steel.

The flat_evaporatorconsiss of a (heategl bas plate with
microchanned for vapou flow, a 30 ym porows polyethylene
wick with an inlet hole for the liquid, and abox shel which has
bea electrm bean welded to the ba® plate having an inlet
liquid tube teflon insulata and outlet vapou tube.

Measure performance and characteristis are Maximum heat

load 155 W, Minimum hea load 8.8 W, Capillay static

pressue (ammonia) 2933 Pg Pumpirg pressue at 155 W:

2200 Pg Burg pressure260 Bar, Mass 0.6 kg.

The cylindricd evaporatorconsiss of a cylindricd (heated)
shel with inner circular grooves for the vapou flow, a liquid
inlet tube with teflon insulation an outlet vapou tube ard a
30 pm porots polyethylere rod with vapou collecting grooves
ard an inlet hole for the liquid. Measuré performance and
characteristics Maximum hed load 400 W, Minimum heat
load 7.7 W, Capillaly statc pressue (ammonia) 2707 Pa,
Pumpirg pressue at 150 W: 1800 Pa Burg pressuremore than
200 Bar, Mass 0.28 kg.

The contrd reservoirconsiss of a cylindricd vessé with an
inlet/outle (liquid) tube aliquid/vapou separatowick mace of
30 pum polyethylene an acquisition (flower shapg wick ard a
cove weldea on the vessel equippa with two Peltie elements
ard a coppe braid connectd to the condenseinlet.

Measure performanceard characteristicd_iquid content 0.17

litre, Electric powe for Peltie controt 4.7 W maximum Mass:

0.92 kg, Burd pressure275 Bar, Temperatug contrd accuracy:

0.1 K within the range 263 to 323 K.

Two INTEK Liquid Flow Meters(LFM) were in the loop:

- To measue the loop mas flow rate (redundant during
experimers with closel condensebypass.

- To determire the flow rate through the bypas line (by
subtractig the LFM flow rates) necessar to obtan the
vapou quality at the mixture point for VQS calibratiors and
contrd exercises.

Two VQS were presenin the loop. A VQS consis$ of a glass

tube with the glass coveral capacito electrods on the internal
wall, surroundd by a stainles steé envelog for strength
reasonswith on top of it the senso electronics.

The Data Acquisition and Control (DAC) systen included all
electric/electrord hardwae and the softwae for testirg and
operatirg the TPX 1, for storing measurd datg and for retrieval
of the experimenthdata The DAC flight-hardwae included a
Battey Pack Cabk Harnessand Payloal Measuremerstand
Contrd Unit (PMCU). The battery selectd to provide the
powe for the experimen during the flight, was a modified
MAUS battey padk specifiel to offer at leas 1800 Wh @
285V DC. The PMCU was the on-boad contrd box for
experimen execution and safe-guardingsenso measurements,
actuato control data storage anrd communicatio with Electrical
Grourd Suppot Equipment In orde to receiwe all relevant
information abou the performane of the loop and its
components e.g location of condensatin front, degre of
subcooling loop s& point, evaporato temperatue distribution
ard pressue drop, reservoi temperatug and sink (baseplate)
temperatue distribution the following parametes hawe been
measured:
temperature (38), flow rates (2), vapou qualities (2), the
absolue vapou pressurg the pressue drop acros the
evaporatorsthe valve position evaporato heate currens (2),
deprimirg heate currens (2) and the Peltig current.

The DAC software consisté of on-boad (embedded)
softwae and EGE software As operationa behaviou and
detaik abou parametes of the experimeh were teg sequence
(resultig from actud in-orbit condition§ dependent the
embeddd softwase has been split into a fixed progran and aset
of experimente defined tables without compromisilg the
reliability of the software Major functiors of the embedded
softwae pertaingl to plannig of the experiment data
acquisition from all sensors executim of specified control
algorithms actuatos control dat recordirg & safeguarding.

Flight Data. 1.9 Megabyt dai@ was storael befor battery
exhaust The totd experimen time was more than 40 hours.

Baseplag temperatue dai indicated tha TPX | has run far
hotte than forese@ due to the fact tha the actua in-orbit
thermd environmenconsideraby} differed from theunobstructed
(idea) therma radiation environmentbeirg the baselire of the
design The presene of the large (enery dissipatig and free
view obstructing Hitchhiker experimen ard the fact tha the
TPX | position on the GAS bridge had beean extremey close to
the bulk of the Shuttke bay aft (lessthan 0.5 m) are responsible
for the actua sink temperatue e.g for the lag patt of the
experiment.

The consequenceof the abow are:
- The long lasting experimentbconstituers (VQS survey VQS
control, maximum performance, temperature control,
balanced/unbalandened load) could nat be fully completed
(within the timefrane defined becaue of the continuously
increasiy experimemn temperature.
The (quasi) equilibrium, reachd after the first 14 hours was
mudh warme than expecte and the remainirg 26 hours
consisté of switching-an experimersg tha were shut-down
after alimited running time, due to apre-sé temperatue limit
being reached Thoudh these experimers (essentialf being
transien on-off experiments could neve be completed they
are considerd usefu as they yield valuabk information on
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transiem behaviou of two-phag loops.

- Asthe pre-launt ted data pertairs to therma sink conditions
far below the in-orbit sink conditions they were nat very
adequa to be usal for dired comparisa with the flight data
in orde to identify the difference betwee low-g and one-g
two-phae flow and hed transfer For a corred identification,
the datato be compare had to pertan to -as close as possible-
identicd conditions This mears tha TPX | was re-teste after
flight, for the powe and thermad sink conditiors recorded
during the flight. This activity also provided additional
calibration da@ for the liquid flow mete tha had to be
repairal shortly before launch.

The gener& conclusim was tha TPX | (the loop and all
componentsexcef the differentid pressue sensoy functioned
properly, without ammona leakag or failures.

From the flight data it was conclude tha the CPL proved:
- Prope start-ip at various powe levels.

- The capabiliy to transpot hea smoothly/continuously.

- Prope operatiom of two evaporatos in parallel.

- Prope hed load sharirg betwee the two evaporatorswith the
ability of the loop to maintan a smooh operation.

- The ability to adjust/maintai a se point temperatug with an
accurag of bette than £ 0.3 K, unde differert hed loads and
sink temperatures.

- Prope priming, by mears of the reservoir.

Concernirg the evaporatas it can be remarka that:

- Their desigh has been successfull demonstrated.

- A transpot capability of up to 2 x 95 W has been tested.

- 0-g ard 1-g hea transfe coefficiens hawe been derived.

- The use ard the interactian of two evaporatcs in paralld have
bea successfull tested.

With respet to the contrd reservoi it cen be sad that:

- The use of atherma reservoi for the contrd of the CPL has
bea successfull demonstrated.

- The capabiliy of the reservoi to prime and reprime the
evaporatos has been proven.

- The contrd of the set-poit by managiy the loop fluid
conten throuch the use of the Peltie cells has correctly
operaté during the 0-g testing.

Not achieve objectives are:

- Due to the high temperatue of the hea sink, the start-up
capabiliy at low temperature has naot been tested.

- Due to the breakdown of the differentid pressue sensoythe
maximun pumpirg pressue acros the evaporatos has not
bee assessed

Concernirg the multichanné condensezit can be sad that:

- Experimenth resuls were compare with the predictions
obtainel with the ESATAN model The measurd flight
temperature of the first condensematd the predicta ones
within 1 K. But the predictal temperature of the second
condenseshow large deviatiors from the flight values.

- The heda transfe coefficiert values derived from the
experimenthdat turned out to be reasonalyl constamn also,
howeve 2000 W/Km? highe than predicta (obvious as the
predictiors suppog annula flow alorg the entire condenser,
while in reality pat of the condense trajed is slug flow,
characterise by highea hed transfe values).

Vapour Quality Sensors. Before evaluatiig the VQS-
relatal datg LFM2 calibration curves were to be produced,

proving tha the LFM repar was succesful.

Fig. 3 depics the theoretich response for 0-g ard 1-g
annula flow, stratified flow ard slug flow, flight data and the
calibration curve for 1-g verticd downflow.

The figure shows that:

- In the low-quality range (slug flow) ard in the high-quality
range (annula flow) calibration points have been found.

For typicd flight conditiors (Re < 100Q microgravity) the
flow patten turns out to be slug in the quality range O0to 0.4.
Betwea 0.7 ard 0.95 the patten turns out to be annular For
the range 0.4 to 0.7 the flow patten is nat clearly defined It
mug be chum flow. This shows clearly that the flow pattern
transitian (from slug to annulaj occus TPX | conditiors at
qualities far abowe the only value 0.13 found in literature
(Kesho& & Sadeghipoyr1983).

Ther is significart difference betwea 1-g ard low-g VQS
responsesA terrestrihannula verticd downflow pattern does
note accuratef representhe actua 0-g annula flow.

As the contrd algorithm defined a se point in the quality
range 0.4 to 0.75 contrd exercise could not be executed.

Concludin g Remarks. TPX | has successfujl flown:
mary objectives have been met The desig has proven to be a
godd balane betwea the consequenceof vety limited flight
opportunities and two conflicting requirementsbeing:

- At onre side the requiremen to med the unknown thermal
environment leadirg to a desig tha had to be preferably
simpé ard flexible with respet to environmen (location in
the payloal bay and STS missian scenario).

- At the othe side to aim for as mary objectives as possible,
which leads towards acomplex more risky design.

Theoretich modek for two-phag flow & hed transfe have

bee partly confirmed othess are to be revised ard low gravity

flow patten mayps are to be createl (basel on additiona flight
data).

The viability of 0-g two-phag hed transfe technoloy has
bee proven But more in-orbit investigatios are to be done.

A reflight of TPX | is currenty being prepared The new
configuration TPX Il (discussd later in this papej ard flight
scenam will be basel on the lessors learnal ard on new
applicatiors expectede.g parallé condenseconfigurations.

Loop Heat Pipe Flight Experimen t (LHPFX)

To demonstrag LHP technolog in orbit, the LHPFX (Bienert
& Wolf, 1995 has bean developd by a tean consistirg of the
US industries Dynathem (prime investigatoy and Hughes,
Cente of Spae Power/Texa A&M University, government
laboratoris NASA GSFGC BMDO, USAF Phillips Lab &
Wright Lab, Navd Researa Lab, ard the only non-US
participant the Dutch Nationd Aerospae Laboratoy NLR.

The LHPFX (Fig. 4) was flight tested as a Hitchhiker
experimeh aboad the spae shutte (STS-87) from 19
Novembe to 5 Decembe 1997 (Bienert 1998) The flight was
vety successful213 operatig hours were accumulatd during
the mission Tess consistel of numeros start-ups stgp power
changs from 15 to 400 W, 18 hours low powe (20 W) steady
stae operation 49 hours high powe (200 W) steay state
operation and temperatug contrd test using a built-in
thermostat Loop operatig temperature rangel from -27 to
+66°C The lowed sink temperatue was -34 °C. All objectives
of the flight were me or exceeded the LHP functioned
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flawlessl throughot the entire teg programme.

The specific LHP tha was testel in this experimemnis adirect
derivative of the desigq tha will be usal with a deployable
radiato in acommunicatio satellite Pertinen parametes of the
LHP are:

- Evaporator  : Stainles steé tube (300 mm by 25 mm
diamete) with aluminium saddeé Sintered
nickd wick with 2.2 micron pores.

- Transpot lines : Stainles stee] 45 mlong, .45 mm ID.

- Condenser : Flangal aluminium extrusion 3.7 m long,
4.0 mm ID bondel to aradiata plate.
- Fluid : Ammonia.

The LHP is capabé to transpot more than 800 W in the range -
40 to +65 °C. But the availabk experimen powe limited
operatiam in spae to abou 400 W. Its overal conductane is
approx 50 W/K when the condense is fully active The
experimeh was locatel in a standargd 135 litres NASA
Hitchhiker canister In orde to padk the devicee inside the
compat canisterthe 4.5 m long vapa and liquid transpot lines
were coiled The flanged condensewas bondel to the uppe lid
of the caniste which servel as the thermd radiator To
maximise the hea rejectian capability, the bast radiata was
augmentd by a "visor". Radiate and visor were coveral with
silver-teflon tape all othe externd surface were insulated The
Hitchhiker caniste was sidewal mountel (starboad side in Bay
6 of the shuttke carg bay).

The experimehwas instrumentd with 36 temperatue sensors.
Kaptan tape heates on the evaporato allowed the input power
to be varied in steps of 125 W from zero to 388 W. A small
auxiliary heate amd a thermostd were locatel on the
compensatio chamber Theirr purpog was to evaluae the
temperatue contrd capabiliyy of the LHP at a fixed setpoint.
Anothe auxiliary heate was mountel on the radiato plate to
adjug the initial temperatue of the radiata prior to stat the
LHP. Standad Hitchhiker services for power da@ and
commau of the experimenwere used Commarm ard telemetry
interface betwee experimem and Hitchhiker electronis were
via a Data Acquisition ard Contrd Unit (DACU) which is an
electronis box mountal on the mid-plae betwea caniste and
a 125 cm extension cylinder. Red time monitoring and
commaul of the experimenwas accomplishd throudh ground
suppot equipmerm from the Hitchhiker contrd cente at NASA
Goddard.

General Flight Results . The origind ted plan called for
approx 60 hours experimen operation The different tests
planneal were:

- Start-ypp and step powea changs at low (-50 to -40°C),
medium (-15 to 0°C), ard high temperatue (+20 to +35°C).

- Quasi-steayl stae runs with constai high powe (200 W).

- Quasi-steayl stae runs with constam low powe (25W).

- Sd point contrd for varying input powe & sink conditions.

All objectives of the origind ted plan were met In addition
to the plannel tests mary extra tess were conductedthe LHP
accumulatd a totd of 213 hours of operatig time in
microgravity, which mears tha (as it also follows from the next
section} the flight was very succesful.

Start-Up Tests Results . A large numbe of start-ip tests
were conductedMost start-us consiste of applying powe to

the evaporato without any pre-conditioning A few start-ups
were performel after the temperatue of the compensation
chambe had been raisal by a few degres abowe the initial
evaporato temperatureThe purpo® of this preheatig was to
ensue tha the device had stoppel operating It turned out that
this precautim was not necessar becaus monitoring the
temperatursof the vapou line provided aclea indication when
fluid circulatin ceased Nevertheless the two start-up
techniqus provided valuabk insight into the start-yp mechanism
of a loop hed pipe All start-u were successful.

The origind teg plan did naot include start-ups or operatiam of
the loop hed pipe with an input powe of only 125 W. It was
believed that the device would not operae reliably with such
low power. Becaue of the ea® with which the device could be
startel with 25 W, the 125 W levd was adde during the
auxiliary tests The sane applies for a start-yp with 3875 W
(nomina) also addel during the mission

Power Cycle Results . Powe stefs from low-to-high and
from high-to-lov powea are important During power-down
stepsliquid mug rapidly mowve from the compensatio chamber
into the condenserThis mug be accomplishd by the secondary
wick betwea the evaporato and the compensatin chamber.
Power-dom steps are therefoe an importart teg of the
capabiliy of the secondar wick. All powea cycle tess were
completey successful Additiond powe cycle tess were
conducte during which the evaporato powe was held constant
for two hours at ead level.

Steady State Tests Results. Two types of steay state
tess were conductedone at high powe (200 W) ard one at low
powe (25 W). The highe powe was selectd as the maximum
powe tha can be rejectel by the availabk radiata without
exceedig sak operatirg temperatue limits. The lower power
was believel to be the lowed value with which the device can
reliable operate.

In the bay-to-wale attitude of the orbiter the radiato is
exposd to sunlight during patt of the orbit: the radiato sees
deg spae during the red of the orbit. Therefoe the effective
sink temperatue varies periodically in the 90 minutes orbit. The
evaporato temperatue does not copy thes variatiors because
the LHP functiors as avariablke conductane device.

Temperatur e Contro | Results. The LHP functiors as a
variabke conductane device as long as full utilisation of the
condenseis nat required to rejed the applied hed load In this
regime the active condenselengh is self-adjustilg in suc a
manne tha the evaporatotemperatug remairs nearly constant.
This behaviow was cleary observe during low power
operation An exampe of this passie temperatue contrd is the
low powe stead stae ted describe before.

Activetemperatug contrd can be maintainirg thetemperature
of the compensatin chambe constah (and with it the vapour
pressure)A 25 W heate ard a thermostawere attache to the
compensatio chambe for this purpose The thermosta had a
setpoirt of 35 to 38°C. After activatirg the evaporato heater,
the loop did nat stat until the evaporato temperatue exceeded
the sd point The evaporatotemperatug then cycled in tandem
with the compensatin chamber When the evaporato power
was raisal to 100 W, its temperatue rose slightly, but the
vapou temperatug continuel to follow the oscillatiors of the
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compensatio chamber.

Close temperatue contrd could be achievel with a"smarter”
controller, eg by using a compute algorithm to contrd the
compensatio chambe temperature An attemp was mack to
simulae a "smartel controller by controlling the temperature
manually This approab reducel the contrd bard on the
evaporato from approx 6°C to less than 2°C. Thes dat need
further analyss becaus this ted was interruptel severa times
by loss of telemety and commandsBoth temperatug control
tess aloo showel the expecte loss of temperatue control
capabiliy at highe powes (>200 W) becaus the entire
condenseis then needéd to rejed the heat.

ESA’s In-Orbit Two-Phas e Experimen t TPX I
To usefuly and economicay fill the time gap betwea TPX

ard future full-scale CPL ard LHP flights, TPX |l (an updated

TPX 1) is manifeste to fly as Get Away Specid G467 on STS-

95, Octobe 1998 TPX Il (Delil et al., 1997 will use many

TPX | parts replacig or refurbishiy componerg that

functiona improperl or non-optimally replacirg components

by advancd ones developé sine the stat of TPX |

(evaporators three-wy valve) doubling the numbe of

temperatue sensorsand accountiig for the lessors learna in

TPX I.

The updatel scenam will include the completion of
experimersg nat completal in TPX | and will allow testirg of
earh observatio spacecraf(ATLI D type) applicatiors (Dunbar,
1996) with thermally imbalance paralld condensersimulating
spacecrdf radiatos that are expose to differenty phased
radiation environments.

The TPX Il baselire is schematicajl shown in Fig. 1b.

The main changs with respetto TPX | are:

- New evaporatos desigrs (with sinteral nickd wicks to yield
high pumpirg power) connectd to the reservoi by capillary
links (to guarante prope startups).

- A more accurate} controllabk bypas valve and tuned vapour
bypas line flow resistance.

- An update position of the reservoir-logp connection.

- Condensey in parallel insteal in series to simulate
imbalancel condense sink temperaturesbeing typicd for
eart observatio spacecrafapplicatiors (Dunbar 1996).

- Refurbishé Liquid Flow Meters ard new Differentid and
Absolute Pressue Sensors.

- A large numbe of temperatue sensos (78).

- An update flight scenario.

To redu@ cosk and to med time constraints the TPX |l
design manufactue and assemby is entirely basel on the TPX
| approab describedThe TPX Il configuration is more or less
comparal# with the TPX | configuration.

The DAC systemis the TPX | system the batteryis a battery
like usal in TPX |. The evaporatorscontan 2 pym sintered
nickd wicks (void fraction 0.71 and permeabiliy 51014 m?).
Nomind powe is200 W at 250 mm tilt. The capillaly pumping
pressueis up to 380 Pa The contrd reservairis like the TPX
| contrd reservoir but with capillary links to the evaporatos to
guarante their prope startup.

Anothe innovative aspet of TPX Il is the two parallel
condenses configuration One condenseis equipp@ with an
electrica heate (powea up to 30 W) to creat imbalanced
controllabk hed sink conditions The condenserare aluminium

rectangula grooved hed pipe profiles (15 mm * 15 mm * 235
mm), with welded erd caps The erd cgp at the outlet of a
condensehas bean designe to restrid the vapou flow leaving
the condenserThe condensesare designd to dissipaé at least
100 W (unde nomind conditiong for an overal thermal
resistane of 0.20 W/K. To achiee aconstah conductane of
7500 W/mPK, aPTFE gap filler (thicknes 0.03 mm) is between
the condensesard the hed sink The VQS is one usel in TPX
| (refurbishel ard recalibrated)Vapou contrd exerciss can be
dore using the VQS and a novd contrd valve of Bradford
Engineering Like in TPX I, a Differentid Pressug Sensor
(DPS)is arrangd in parallé to the evaporatorsThe TPX I
DPS (NE Technology allowsdifferentid pressuemeasurements
from O to 100 Pa with an accurag of + 1 % FS within a
temperatue range from 253 to 353 K. The loop pressue is
measurd by an ENTRAN Absolue Pressue Sensor 70 Bar
max, accurag + 0.25% FS Asin TPX I, two INTEK Liquid
Flow Meters are in the loop.

Finally it is remarkel that a completey nev NASA safety
philosoply has led to delays in particula with respet to the
loop assemblyAfter solving the safey problens loop assembly
ard acceptane testirg will precee the delively to NASA for
the STS-% flight in Octobe 1998.

TWO-PHASE SYSTEM COMPONENTS
In the nex otha componerg developé for two-phase
systens (with NLR involvemen} will be discussd in detail.

Rotatabl e Radial Thermal Joint

Recallirg earlie discussion (Delil, 1987) it is remarkel that
dedicatel hed pipe radiatos will be useal to rejed (spacecraft)
wase hed into space Sudc a radiator stowed during launch,
will be deployel in orbit. The radiata may even be chosa to
be steeral# to achieve maximum performancehene@ minimum
radiata size/massIn sud radiata systemsthe coupling to the
centrd (two-phasg loop or hea pipe has to incorporaé a
rotatablé flexible therma joint. Drivers for the desig of such
joints are low thermd resistancghene limited temperatue drop
acros the joint, and smal deployment/retractio or steering
torque A quantitatie discussio on movabk joint concepts
identified the rotatabé radid hea pipe as a promisirg solution
for steerab# radiatos (Delil, 1987) Fig. 5 shows aschemat of
arotatabeé radid hed pipe An essentihcomponenhis the wick
to provide the capillaly heal to retum the condensat from
condense to evaporato ard to distribuie the liquid properly
over the evaporato surface Therefoe the fine gauz wick
structue shoutl be uniformly fixed to the evaporato surface
(inner tube oute surface) In this way burn-out cause by
blockage due to vapou bubbles generatedis prevented Since
the oute tube mug be rotatabé with respet to the inner tube
there mug be aclearane betwe@ porous structue and tube
wall. This clearane is locatel at the condenserthe less critical
side of the hed pipe where the condensat has to be collected
only (relatively easy especialy for a slightly overfilled heat
pipe). An accurag desigr combines prope condensatcollection
ard transport hene goad hea pipe performance and low
rotation torque hene long lifetime for a steeral# radiator It is
obvious that the end caps of a rotatabk radid hed pipe mud be
leak-tight This problem mug be solved using appropria¢ seals.
The therma performane of aradid hea pipeis har to predict.
A rouch estimae follows from flat plate vapou chambe data:
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hed transfe coefficiert = 4000 W/mZ. K, for methant as
working fluid, betwea 250 ard 305 K. For a radid joint with
an extern& diamete of 40 mm, this mears a conductane of 500
WI/K per mete joint length.

To prove the feasibility of the concept a simple 10 cm long
teg specima (Fig. 68 has been manufacturd (Delil et al.,
1997) It simulates the realistc configuration shown in Fig. 6b,
and consiss of: A 10/12 mm inner tube coolel by liquid flow,
simulatirg the hed pipe A 13/15 mm oute tube heatel by a
heate (simulatirg the hea source a condensig two-phase
mixture). A rotatabé section (bal valve) allowing the oute and
inner tube to rotake with respet to ead other The 0.5 mm
clearane betwea the tubes contairs a wick simulatirg metal
gauz ard working fluid R114.

Fig. 7 shows the resuls of a teg to determire the optimum
working fluid content Startirg with pure liquid, the temperature
drop acros the joint is= 13 K. By stepwi® blow-off R114 this
temperatue drop is reducel to 7 K at the optimum mixture
quality. Continuirg blow-off increase the temperatue drop up
to 26 K (pure vapou conduction/soll conductia of the gauze).
The optimum joint conductaneis 3W/K for this0.1 m long, 13
mm OD R114 joint, or 600 W/K for the mention& 4 cm
diameter 1 m long methandfilled joint. Thisis= 1500 W/K if
ammona is the working fluid.

Fig. 8 preserd the (optimally filled) joint performane during
rotation (at 17 revolutiors pe houf) ard in non rotating
periods for differernt powea values (45, 35 and 20 W). The
figure confirms the aforementione joint conductane value both
for the rotating armd non-rotatig case This conductance,
showirg the more stabk values in the non-rotatig case,
increass slightly with powe (temperaturglevel.

Summarizingthe concep is feasibk as the joint did not leak
and the performane figures are promising Sed improvements
ard the use of a buffer volume (also filled with the working
fluid at approximatef the same hed pipe temperaturk are
expectd to lead to the realisatimn of a matue long lifetime
rotatabé radid hea pipe joint.

Condensers

High Efficiency Low Pressue Drop condensers/radiatoare
crucid for two-phag systems Two radiata solutiors can be
distinguished A dired condensig radiator condenseattached
to the radiator radiatirg condensatio hed to space ard a
hybrid condense radiator where the condense is not an
integratel radiato pat (condensatio hed is transportd from
condense via centrd hed pipe to hea pipes distributing the
hed over the radiator).

Direct Condensin g Radiator. Two dired¢ condensing
radiatos hawe bee designe and manufacturd for the ATLID
Lase Head Therma Contrd Breadboad (Fig. 9), developé for
ESA by MSS-WK (prime) NLR amd Bradfod Engineering
(Dunbar 1996) They are configural to representhe allowable
area for the ATLID instrumen on the Pola Platform One
radiator 1.05 m high by 1.0 mwide (radiata A), is fixed to the
instrumen baseplat and supporte by struts The othe radiator
(B), 0.8 m high and 1.45 m wide, is deployabé and fixed only
alorg its edge by cantileve suppot beams The strus for
radiata A are constructd from filament wound carbm fibre
tubes with aluminiun erd fittings. The cantileve beans of
radiatag B are 100 mm dee to provide adequat stiffness The

radiatos are too smal to rejed the hed load in steag state
conditions They are only just capabé of meetirg the heat
rejectian requiremerg when a full orbitd cycle is considered.
The radiatos B deployab¢ desigy incorporats a unique tor-
sion/helica bendirg configuration to minimise pipe strain and
allow multiple repetition of the deployment Although the
instrumen requires deploymen only for grourd access the
desiq is equaly suitabk for flight deployment The radiator
surface would for flight be coverel with advance glass optical
sola reflectos to give low beginnirg and erd of life solar
absorptivities For the breadboat test sunlight has been
simulatel by altering hea sink temperaturesand the radiators
are simply bladk painted The radiatos are constructd from
extrudel aluminium profiles rivetted togethe to form a
continuows surface Ead profile section contairs one 2 mm
internd diamete condensig pipe clampeal into goad thermal
contad¢ with achanngin the extrusion Isolatos in ead liquid
line ard one at the liquid heade outle ensue even vapour
distribution and preven differentid dryout The rivetted
constructia provides stiffness in two axes The remainirg axis
is stiffened by the addition of a bean crossimg all profiles.
The ATLI D ted programne conclusiors (Dunba 1996 can be
summarisd by:

- The two-phag systen is treatal as just anothe therma tool
able confom to installation accommodatin and structural
requiremerg imposel by the overal instrument.

The systen has successfull completel sevee sine and
randam vibration tess to qualification levels.

The deployabé radiato concep has been demonstrated.
The tess demonstrate that the ATLID breadboat mees or
exceed neary all performane requirementslin particula the
principd requiremehto maintan the laserdio@ interface to
within 1 °C of nomind temperatue during simulatel low earth
orbits was met with a significart margin Due to restrictions
on radiato areathe end of lif e hed rejectian performane only
just meet the requirements Some extra margn is
recommended.

Modifications will be necessar if the 125 Hz first radiator
frequeng is to be met for the actud flight units but these
hawe been identified and are not considerd critical.

Hybrid Condenser. For ESA, a high efficiency, low
pressue drop condense (Fig. 10) for a hybrid (hed pipe)
radiata has been successfull developé ard brougtt up to pre-
qualification level, by NLR (prime), Bradford and DASA RI
(Delil et al., 1996) This condensehas bee subjecte to tests
in the teg rig unde conditiors reflecting realistc in-orbit
conditions vapou temperatue betwea 263 and 313 K, for a
condenséd powea up to 300 W. The testal hybrid condenser
desig consiss of a concentrt tube arourd aliquid cooled inner
tube simulatirg the hea pipe Vapou enterirg the condenseis
uniformly distributed by a cone The condensig pat is an
annulws with ID 25 mm and OD 28 mm, hene a gap width 1.5
mm. Six wires with adiamete of 1.5 mm subdivice the annulus
into six parts The wires are coiled arourd the centrad tube,
leadirg to helicd condensatin channelsproviding aswirling to
improve performanceThe tess proved the quality of the design,
beig a good compromig betwea high-efficiert thermal
performane and low pressue drop (Fig. 11). for 300 W a
temperatue drop belonv 7.5 K at a pressue drop belowv 400 Pa
(the latter can be consideraly reducel by increasig the number
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of condenseoutle vapou stops) The tess proveal tha there is
no significart differene in performane for verticd and
horizontd orientation Furthermoe the condense design
satisfied all othe requirementsThree of the® condenses in
series equippe with 25 mm OD centrad hed pipes are pat of
ESA's Capillary-Pumpd Loop Engineeriy Modd CLEM
currenty developd by MMS-UK (prime) MMS-F, Bradford
Engineerig and NLR.

DESIGN SUPPORTING THEORETICAL ANALYSIS
Supportirg theoretich work, the modelling and scalirg of

two-phag hea transpot systens (Delil, 1991 & 1998) is

usualy done:

- For abette understandig of two-phag flow ard hea transfer
phenomena.

- To provide mears to compae ard generalie data.

- To develp a usefd tod for the design of two-phag flow
systens and systen componentsin orde to save mone/ and
to redue costs.

Examples of the scalirg of two-phae flow and hed transfe can

be found in the powe ard in the proces industry. The scaling

of the physicd dimensios is of majar intereg in the process
industry. large scak industrid systens are studial using reduced
scak laboratoy systems Scalirg of the working fluid is of
principd interes in the powe industry. large industrid systems,
characterisg by high hed fluxes temperaturesard pressures,
are translate in full size systens operatig at more attractive
lower temperaturghea flux and pressue levels (scalirg a high
pressue water-stemn systen by a low pressue refrigerant
systen of the sarme geometry).

The main objective of scalirg space-orientdtwo-phag heat
transpot systens and systen componergis the developmetof
reliable spacecrafsystemsof which the prope reducel gravity
performane can be predictel using resuls of experimens with
scak modek on earth.

Scalirg spacecrdfsystens can be usefu also:

For in-orbit technoloy demonstratiope.g the performane of

spacecrafhed transpot systens can be predictel basel on

the outcome of in-orbit experimers on modd systens with
reduce geomety or differert working fluid.

To define in-orbit experimend intendel to isolae typical

phenomea to be investigated e.g the excludirg of gravity-

inducal disturbirg buoyany effecs on alloy melting,
diffusion ard crystd growth, for a bette understandig of the
physicd phenomena.

The magnitué of the gravitationd scalirg varies with the

objectives:

- From 1 g to 10® g (randan directior) for the terrestrial

scalirg of orbiting spacecraft.

From 1 gto 0.16 g for Moon bas ard to 0.4 g for Mars base

systems.

From 102 or 10% g to 1 g for isolating gravity-induced

disturbance on physica phenomea unde investigation.

From low g to anothe or the sare low-g levd for in orbit

technoloy demonstratin (e.g in a Keplerian aircraft

trajectory or soundiry rockets.

Oneqg is nat the uppe limit in gravitation& scaling highe g-

values can be obtainel during speci aircrat trajectoriesor by

rotation e.g the centrifuga scalirg of isotherma separate gas-
liquid flow in atube fag rotating a verticd tube arourd an ex-
ternd verticd axis (Geraets1986).

Unfortunately even in single-phas systens scalirg is an all
excepp simple problem sine flow and hea transfe are
equivalertin the modé and the origind (prototypg systen only
if the correspondig velocity, temperatue and pressue fields are
identical Dimensionles numbes can be derived eithe from the
conservatia equatiors for mass momentun ard energ or from
similarity considerations basel on dimensio analysis The
aforementiond identity of velocity, temperatue and pressure
fields is obtainel if all dimensionles numbes are identicd in
modd and prototype.

Scalirng two-phag systens is far more complicatel because:
- In addition to the aforementioné fields, the spatid density

distribution (void fraction, flow patterr) mug be considered.

- Geometrich scalirg often makes no seng sinee some
characteristt dimensions e.g bubbk diamete and surface
roughnessare almog independenof systen dimensions.

- Of the proportian problem arising from high powea density
levels typicd for two-pha flow ard (boiling) hed transfer.

Similarit y Considerations/Dimensio n Analysis
Similarity considerationsdiscussd in detal in Delil, 1991 &

1998 led to the identification of 18 dimensionles numbes (&

number$ which are relevar for therma gravitationa scalirg of

two-phae loops The® t-numbe are listed in Table 1:

Relevane of Tenumbes in the various loop sections.

As sai before perfed¢ similitude betwee modé and proto-
type is obtainal if all dimensionles numbes are identicd in
prototype and model There is perfed similitude and only then
the scalirg is perfect It is evident tha perfed scalirg is not
possibé in the cae of two-phag flow and hed transfer the
phenomea are too complex the numbe of important
parametes or Tenumbes is too large.

Fortunatey also imperfed (distorted scalirg can give useful
results Therefoe acarefd estimatio of the relative magnitudes
of the differert effect is required Effects tha can be identified
to be of minor importan@ make the identity of sone Tenumbers
to a practicaly superfluos condition for the problem involved.
Examples for a two-phag systens are the Mach numbe is not
of importane for theincompressitd flow in the liquid lines the
Frouce numbe (gravity) is nat importart in pure vapou flow.

Finally it is remarkel tha in scalig a two-phag heat
transpot system:

- Geometrt distortion is not permitted to study bounday layer
effecs and boiling hea transfer as identity of surface
roughnes in prototype ard modé is to be guaranteed.

- Geometrichdistortion is amug when the lengh scalirg leads
to impracticaly smal (capillary) conduis in the model in
which the flow phenomea basicaly differ from flow in the
full size prototype.

Sometima it is more conveniento replae the quality X by the

volumetric vapou fraction (void fraction) a, accordirg to

1-a)a= S(pV/pﬂ)(l - X)IX Q)

It is obviows tha the sd& of T-numbes presentd is a rather
arbitrayy one e.g severd numbes contan only liquid
propertiesThes can be easiy transferre into vapour properties
containirg numbes using T, T, and 1. Similarly 1 cen be
usel to interchang characteristi lengh (e.g dud length bend
curvatue radiug and a characterist diamete (e.g duct
diametey hydraulc diameter but if desirel alo surface
roughnes or bubbk diameter) Sometims it will even be
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conveniemto simultaneouyl conside two geomety T -numbers:
one for the overal channé (channé diamete versis lengh or
berd curvatue radius) the othe pertainirg to othe parameters
as the ratio of surfae@ roughnes ard bubbk diamete for
investigatig boiling hed transfer or the ratio of surface
roughnes ard channé diamete for studyirg frictional pressure
drop.

Generaly speaking combinatios of Tenumbes are chosen
such that they optimally suit the problen unde investigation.
Typicd example are:

- The Morton number
— — ped 3_ 3 4
Mg = MOE =Re ﬂFrE/We = pﬂo /pﬂ g 2)
which is especia}y usefu for scalig two-phag flow with
respet to gravity (since it contains apat from gravity, only
liquid properties ard surfae tension).
- The Mach number
Ty = Ma = v/(dp/ap)*/2 (3)
when compressibiliy effecs are importart (e.g choking
strongly depend on the vapou quality of a homogeneous
two-phag mixture).
- The boiling numbe (an alternative form of 1)
Ty, = Bo = Q/m hﬂV = AH/hﬂV (4)
Q being the powe fed to the boiling liquid. This number
appeas in the analyticd expressia for the dimensionless
enthalpy at any axid location z in a circular flow line heated
from outside
= + [
AH(z)/hW AHin/hﬂv Tqu/th (5)
g being the hed flux. For subcoole or heatel liquid this
becomes
Ty, = QfinCp, AT ©)
AT being the pressue drop.
The abow implies that if the dimensionles entrance
enthalpis are equd for differert fluids flowing in similar
geometriesthe equaliy of the boiling numbe ensurs equal
dimensionles enthalpis at all similar axid locations For
thermodynarmd equilibrium conditiors this mears equal
qualities at similar locatiors ard similar subcoolilg and
boiling lengths.

- The condensatio or E6tvés number

M7 = (WK )(H, %9 p )M @)
- The verticd wall condensatio number
Tyg = L3p02 g hy k(T -T ) (8)

T0 being the locd sink, T the locd saturatio temperature.

A first step in a practicd approab to scak two-phag heat
transpot systens is the identification of the importart physical

phenomenain orde to obtan the Tenumbes for which identity

in prototype and modé mud be required to realie perfect
scalirg accordirg to Buckinghams theorem Distortion will be

permitted for Tenumbes pertainirg to phenomea considered
less important Tha the importart phenomea and the relevant
m-numbes will be differert in different parts of a systen is

obvious.

Table 1 shows the relevane of the T=numbes in the various
loop sections For refrigerans like ammona and R114 forced
convectim hea transfe overrules conductim completely.
Consequeml T, 17, and 1, are nat critical in gravitational
scaling 1 can be neglecte alsg since the systen maximum
powe leve ard line diametes correspod with flow velocities
far below the sonic velocity in all parss of the systens including
the two-phag sections.

Considerig Ty/Tt;, it can be remarkel tha inertia overrules
buoang nat only in pure vapou flow or in a low gravity
environmentbut also for horizontd liquid sectiors on earh (v
- T72). This implies tha there is T=numbe identity for these
sectiors in low-g prototype and terrestrih mode| for a
horizontd arrangemehof thes sections.

Also it can be remarkel that, in the porous (liquid) pat of a
capillay evaporator surfag@ tensim forces (20/D,) are
dominarn over inertia (g — 0). Consequenyl the evaporator
exit quality will approat 1 (pure vapour) This mears that
gravity is not importart for the vapou pat of the evaporator
ard for the vapou line connectilg evaporato ard condenser.

Importart conclusiors can be drawn now:

- The condensexand in the mechanicall pumpel systen also
the two-phag lines are crucid in scalirg with respet to
gravity. They determire the conditiors for the evaporatos and
single-phas sections The latter cen be scalel in the classical
way presentd in text books.

In the adiabatt two-phag lines (in the mechanicalf pumped
mode unde low-gravity conditiors only shea forces are
expectd to cau® the separatio of the phass in the high-
quality (abowe say 0.8) mixture, leadirg to pure annula flow
(a faz moving vapou in the core ard a by frictional drag
inducal slowly moving liquid annuls at the inner line wall)
for the lower flow rates For increasig power, hene flow
rate the slip facta will increag introducirg waves on liquid-
vapou interfae ard entrainmen of liquid droples in the
vapour so-callel waw annulaf mist flow. A similar flow
patten behaviou can be predictel for verticd downwad flow
on earth asit easily can be derived from the flow patten map
for downwad two-phag flow (Fig. 12), taken from Oshinowo
& Charles 1974) in which wate properties at 20 °C mug be
usel to determire the scak of the abcissa.

The Frouce numbe for two-phag flow usel in this figure is
definad as:

Frtp = (16 M 2/r?D5g)[x2/pf/+(1-X)2/p 02] (9)
However compariry low-g and verticd downwad terrestrial
flow one has to corred¢ the latter for the reduction of the
slipfacta by the gravity forces assistirg the downflowing liquid
layer. Anyhow, verticd downflow is the preferrel two-phase
line orientation in the terrestrid modeé becaus of the axial-
symmetrc flow pattern A similar conclusio can be drawn for
the straigtt tube condenserRecallirg Fig. 13, it isremarkel that
in the condensexthe flow will chang from wawy annula mist
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to pure liquid flow passiy severaflow patterns dependig on
the trajed of the condensation.

Quantitativ e Examples. Consequenceof scalirg are
elucidate by the Figs 13 ard 14, depictirg the temperatue de-
pendene of the groups g.Mo_ or p oo/u* ard (o/pt)”, a
constituet of (We/Fr)”. ¢ et
Scalirg at the sane gravity level. First, it can be see in Fig.
13 tha the value p oo/l * = 2*10'2 m/$ can be realisel by
seven systems 115"6 an%monia 115°C methanaol 35°C water,
180°C propano) 235C propano} 250°C thermex ard 350°C
thermex Requiring in addition to Morton Numbe identity, also
the identity in (We/Fr)%, in othe words D/(a/p )*, the length
scales of the seven systens derived from the corresponding
(alp )1/2 values in Fig. 14, turn out to be proportion4 to each
othg with ratios 2.5 :45:84:42:3.0:50: 3.6 Hene the
maximum scalirg ratio obtainabé equas 8.4/25 = 3, indicating
that geomety scalirg at the same gravity leve can cove only
a limited range.

Second the scalirg of high pressue (say 110 °C) ammonia

systen part by low pressue (say -50 °C) ammona systen parts

might be attractiwe for safey reasos or to redue the impad of
earh gravity in verticd two-phag sections Similarly to the
above ore can derive from Fig. 14 tha the lengh scak ratio
betwea the high-pressu prototype and low-pressue model
(both characterisg by p o¥/p* = 2102 m/&) is L /L =
1204 0 pm

[(O’/pﬂ) /(o/pﬂ)m] 0.4.

For &mmonasuc ascalirg can be attractive only for sections
without hed transfer since otherwig it will certainly lead to
unacceptal@ high powe levelsin the modé systen evaporators
ard condensers.

Scalirg with respet to gravity. Fig. 13 shows tha the scaling

with respet to gravity is restrictal to say two decadesif the

fluid in prototype and modd is the same For exampé a 102 g,

80 °C thermex prototype can be scalel by a 300 °C thermex

model on earth. 1/The Il/ength 1s/caling becomes

L /L =D /D =(g /g ) olp,) “(clp ) 7=14.

PP mdle imeregfird)isfluioptg fluid %égling e.g alkali metal
terrestrid prototypes can be scalel by various modé systensin
spacee.g a400°C mercuy prototype:

- At 102 g, by a 35°C ammona mode (L_/L = 11) or 80°C
wate modd (L /L = 14). m p

- At10* g, by afettiandmodé at 35°C (L /L =95),a130°C
thermex (L_/L =100) a or 30°C R114 (L"/LP=45).

Itis obviows thet gpace-orientdzmercuy sys[pensomua be scaled

on by othe fluid systens in centrifuges on earth.

Finally it can be sai tha a 25°C R114 prototype at 102 g
can be scala by a 25°C 1 gammonamode (L /L __=5). The
latter, being importart for the earli@ mentionel ESA
developmentsis discussd in the following.

Usefu experiments To suppot ESA two-phag activities (TPX

| and TPHTS) experimend had to be carried out using the NLR

two-phae ted rig. This ammona rig, having approx the same

line diamete as the TPX | loop, has been usal for:

- The development testig and calibratin of TPX 1&II
components.

- The scalirg of low-gravity adiabatt and condensig flow as
discussd in the following sectionsterrestrid low temperature
verticd downflow minimises the impad of gravity, hence
simulates low-gravity conditiors the best.

In addition it is recallel tha the the full size low-gravity (< 10°

2 g) mechanically-pumpeR114 ESA TPHTS can be adequately

scal@l by the abowe ammona ted rig, since:

- The sa 102-10°g, R114 prototype and the terrestrial
ammona modd hawe approximatel identicd Morton
numbers.

- This fluid to fluid scalirg leads Lowards a 1(/:orresporl}ding

H - 2 2, 2
lengh scallrg_ D /D_ = (g /g )_ * (olpﬂ) /(olpﬂ) =
45 to 6.5, which Rs |WagreeW1eWW|th the rafib of the Fttual
diametersbeing 21 mm for the R114 space-orienprototype
ard 4.93 mm for the terrestrid ammona model.

Concludin g Remarks. The scalirg of two-phag heat
transpot systens is very complicated Only distortal scaling
offers sone possibilities especialy when nat the entire loop but
only loop sectiors are involved.

Scalig with respet to gravity is hardly discussd in
literature Sone possibilities can be identified for typicd and
velry limited conditiors only.

The mechanicall pumpel NLR two-phag ammona ted rig
offers Some opportunities for to scak a TPX | ammona loop
ard a very promisirg application the terrestrid scaling of a
ESA mechanicall pumpal TPHTS (R114 flight unit.

Prediction s Versus Experimenta | Results

As statal beforg an importart quantity to be measurd during
two-phag flow experimers is the pressue drop in adiabatic
sectiors and in condenserssectiors considerd crucid for two-
phag systan modelling ard scaling Therefoe we will
concentrat in the following on pressue drops in condensing
ard adabatt flow and restrid the discussio to straigh tubes.

Modellin g equations. The totd locd (z-dependent)
pressue gradien for annula two-phag flow is the sum of
friction, momentun and gravity gradients:

dp(z)/dz) = (dp(z)/dz) + (dp(z)/dz), + (dp(z)/dzb (10)
Following Delil, 1991 & 199 & 1998 basel on Soliman et al.,
1968 (an elabora¢ publicatian on the subject) one can write for
the contributian of friction (deletirg the z-dependenreto shorten
the notation):

(dp/dz) = - (32nfim®p, D%)(0.045/Rg%H[X 18 +

+ 5-7%/|J\/)0.052:t1_x)0.47x1.33(pvlpﬂ)0.261 +

+ 8'1%/“\/)0.10%1_x)0.94>(0.86(pvlp0)0.52% (11)
X isthe locd quality X(z), Re, is the Reynold number
Re, = 4mmDy, (12)

The fluid properties |, 1, p, and p, are assumd to be
independen of z, sinee they deper only on the mixture
temperaturewhich usuall is almog constam in adiabatt and
condensig sections.

The momentun constituen can be written as

(dp/dz),= - (16n%ImeDH{[2X(1-a)/p,a? - B(1-X)/p,a+

+ (1-B)(1-X)/py(1-0)+(1-X)/p,(1-a)](dX/dz)+
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- [X2(1-0()/pV0(3+(1-X)2/pﬂ(1-a)2](da/dz)} (13)
a is the z-dependenlocd void fraction a(z). B = 2 for laminar
liquid flow, B = 1.25 for turbulent flow.
The gravity constituet is

(dp/dz), = (1-0)(Pg-py)9 COV (14)
g — 0 for micrograviy conditiors and g co equak 9.8 m/s?
for verticd downflow on Earth 3.74 m/<? for verticd downflow
on Mars and 1.62 m/s? on the Moon.
a is eliminated in eq (13) ard eq (14) by insertirg eq (1).
The slipfacta S is to be specified The principle of minimum
entrogy productia (Zivi, 1964 leads to the Zivi-correlation,

S =[(1+1.52)p,/p,)1*? (15)

for annula flow, in which the constah Z (accordilg to
experimentpis abowe 1and below 2.

S ={(p/PIL+Z'(p,/p)(L-X)XIL+Z(1-X)/X]} 13 (16)

for red annular-mis flow, tha is annula flow with a mass
fraction Z' of liquid droples entrainel in the vapou core Z’ is
betwea 0 for zew entrainmehand 1 for complee entrainment.
For the limiting cass Z -~ 0 ard Z' - 0, egs (15) and (16)
become:

S =(pdp,)"? (17)
The latter relation representig ided annula flow, will be used
here for reasos of simplicity and since it allows acomparison
with the resuls of calculatiors found in literature The influence
of Z# 0 ad Z' # 0 is an interestiy subje¢ for future
investigations.

Insertirg eqg (17) into eq (1) and eqgs (11, 13, 14), yields

(dp/dz),, = - (32iIm?p, D%)(D/2)(dX/d2) *
* [2(1-X)(p, /P2 +2(2X-3+1/X) (o, /p) ¥ +
+ (2X-1-BX)(p,/py) M3 +(2B-BX-BIX)(p,/p)>" +

+ 2(1-X-B+BX)(py/Py)] (18)

(dp/dz), = (3212, DO 1-[1+(p,/py) 2" (1-X)/X] Y} *

* [1?D°g cony(p,-p,)p,/32M] (19)

To solvwe eqgs (11, 18, 19) an extra relation is necessary,

defining the z-dependereof X. A relation often used

dX/dz = -Xentranch-c (20)
(L beirg the condensatio length) mears uniform hed removal
(henealinear decreas of vapou quality along the duct), which
may be unrealistic It is bette to use

in hy,(dX/d2) = - hrD[T(2)-TJ (21)

relating locd quality and hed transfer h represerd the local
hed transfe coefficiert h(z), for which one can write

h = 0.018k,0,/%/,)Pr269-(dp/dz) 2 D2 (22)
The latter equation has been derived (Soliman et al. 1968 under
the assumptia tha the maja thermd resistane exiss in a
lamina sublaye of the turbulent condensat film.

As alrea¢ mentionel the two-phag flow trajed is almost
isothermal which implies constan temperatug drop T(z) - Ty
(for constamsink temperatug Ty), constamfluid properties and
constah Prandt number defined by

Pro=Cp by K (23)
The totd condensatip pressue drop is
LC
Ap, = [ (dp/dz)dz (24)
0

Egs (10, 11, 18 19, 21) ard eqg (22) can be combined,
yielding an implicit non-linea differentid equatia in the
variabke X(z), which can be rewritten into a solvabk standard
form for differential algebra¢ equations

F(dX/dz X) =0 (25)
Ten Dam & Van den Berg 1992 discus in detal the

mathematickdetaik on the abo\e differential/algebrai equation
ard its numericé solution methods.

Adiabati ¢ Flow. Calculatiors for adiabatt annula flow
pressue gradiens (Delil, 1991) accordig to the equations
presentd above confirm (Fig. 15) the pressue drops over an
adiabatt section determiné experimentait during low-gravity
aircrat flights with aR114 systen (Chen et al., 1991).

Condensatio n Lengths . The modelling ard calculations
hawe bee extende from adiabatt towards condensig flow in
a straight condensedud (Delil, 1992 to investigae the impact
of gravity levd on the dud length required to achieve complete
condensationThis impact which has been reportel to lead to
dud lengths up to more than one orde of magnituc large for
zem gravity as compare to horizontd orientation in Earth
gravity (DaRiva & Sanz 1991) has been assess®(Delil, 1992)
for varioss mas flow rates dud diametes ard thermal
(loading conditions for two working fluids i.e. ammonia
(working fluid for the Spae Station for capillaly pumpel two-
phag systens ard for TPX) and R114 (working fluid of the
ESA TPHTS) A summay of resuls of calculatiors carried out
for ammonia the mog promisirg working fluid for future two-
pha® systemsis presentd next.

In orde to make it possibé to compae the resuls of the
calculatiors with data from literature the condensedefined by
Da Riva & Sanz 1991, was chose as the baselire (main
characteristis are powa Q = 1000 W, line diamete D = 16.1
mm, ammonéa temperatue T = 300 K and a temperatue drop
to sink AT = 10 K. The otha parametevalues are:

T K
hy — (/kg)

300
1.16*1¢f

243
1.36*1¢F

333
1.00*1¢P
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M (kgls) 8.64*10%  7.36*10% 9.98*10%

Hy (Pa.s)  1.40*10%  2.47*10* 0.94*10%

MY, () 12.30 30.66 8.54

p,  (kg/m® 600 678 545

pdpy () 72.46 652.4 26.6

k,  (W/mK) 0.465 0.582 0.394

Pr () 1.42 1.90 1.25

Gravity levels considerd are zero gravity g=0, Earh gravity (1-
) g=98 m/s%, Mars gravity g=3.74 m/°, Moon gravity g=1.62
m/s, and 2-g macrograviy level 196 m/s. lllustrative results
of calculatiors are discussd next.
Fig. 16 shows the vapou quality X along the condensation
trajed (as a function of non-dimensionacondensatio length
z/D) for all gravity levels mentioned including the curves of
Da Riva & Sanz 1991, for zerog and horizontd condensation
on earth The curves stat a entrane quality 0.96 for which
annula flow, assumd in the modelling is expectd to be
established.
From this figure it can be concludel that:
- The lengh requira for full condensatio strongly increases
with decreasig gravity. zero-graviy condensatio lengh is
roughly 10 times the terrestria condensatio length.
The dat@ presentd by Da Riva & Sanz 1991 can be
considerd as extremes a horizontd condensatio lengh of
say 50% of the terrestrid downflow lengh (induceal by the
stratified flow patten tha enhancethe transfe area and heat
transfe coefficien) ard highe zerog predictiors (inducel by
the equation for the hed transfe coefficiert used being
differert from the modéd presentd here).
To asses the impad of the fluid saturation temperatug on
condensatin performancesimilar curves hawe been calculated
for two othe temperature243 K ard 333 K ard the parameter
values given aboe (Delil, 1992).
The calculatiors show tha the full condensatinlengh increases
with the temperatue for zero gravity conditions but decreases
with temperatue for the otha gravity levels This implies that
the differences betwea Earh gravity outcome and micro-g
outcome decreas with decreasig temperaturgconfirming the
statemehalreagy made the effed of gravity is reducel under
lower temperatue verticd downflow conditions.

Calculatiors of the vapou quality distribution along the 16.1
mm referene dua for condensig ammona (at 300 K) under
Eart gravity and 0-g conditions for powe levels rangirg from
0.5 kW up to 25 kW, yielded (Delil, 1992):

- A facta 50 in power, 25 kW down to 500 W, correspondin
a zelo gravity environmen to arelatively minor reduction in
full condensatio length i.e. from say 600 D to 400 D (from
9510 6.5 m).

- Unde Earh gravity conditions powe ard full condensation
lengh are strongy interrelatedfrom L, = 554 D at 25 kW to
only 19 D at 500 W.

- The gravity dependee of the full condensatin length
decreasgwith increasiig power, until the differences vanish
at roughly 1 MW condense choking conditions The latter
value is an uppe limit, calculat@ (following Zivi, 1964 for
ided annula flow. Choking may occu at consideraly lower
powe valuesin the ca® of actud annular-wavy-misflow, but
the value exceed anyhav the homogeneas flow choking
limit, being roughly 170 kW.

Calculation of the vapou quality alorg the dua for three gravity
levels (0, Earh and 2-g) ard three dud diametes (8.05 16.1
ard 24.15 mm) at 300 K, yielded the ratio of the absolué duct
lengtts L (m) neede for full condensatio unde zerog and
oneg respectivel (Delil, 1992) It has been concludd that the
ratio betwee full condensatio lengtls in zerog and on Earth
ranges from roughly 1.5 for the 8.06 mm duct, via 11 for the
16.1 mm duct up to more than 30 for the 24.15 mm duct In

othe words smalle line diamete systens are less sensitie for

differences in gravity levels as comparé with large diameter
systems The abow is confirmed by TPX | flight da& (Delil,

1995).

Since the modd developé is valid for pure annula flow
only, it is worthwhile to investigae the impad of othe flow
patterrs presehinside the condensedud (mist flow at the high
quality side slug ard bubbly flow at the low quality side and
wavy-annular-misin between) in otha words to investigate
whethe the pure annula flow assumptionleads towards slightly
or substantialf overestimatd full condensatio lengths A
further complication is the lower bounday of the annular-wavy-
mist flow pattern In addition flow patten transitiors occu at
vapou quality values tha strongl depemr on working fluid
(temperaturgard line diameter.

Concludin g Remarks . Theinformation presentd confirms
the resuls of othe modek i.e. when designig condenses for
spae applications one shoutl carefuly use and interpre data
obtainel from terrestrid condensetests even when the latter
pertan to verticd downwad flow situatiors (characterisé by
the same flow pattern).

The modd equatios given are usefu for a better
understandig of the problens that can be expected problems
relatal to flow amd hea transfe (necessar lengtts of
condensex for spae applications).

The equatiors and the resuls of the calculatiors suggesthat
hybrid scalirg exerciseswhich combire geometricaand fluid-
to-fluid scaling can beneficeny suppot the desiq of space-
oriental two-phag hed transpot systens ard their components.

With respetto the locd hea transfe equatio used eq (22),
it can be remarkel tha it has a wrong lower limit h— 0 for
(dp/dz}- 0, which disappeas by incorporatirg conduction
throudh the liquid layer. Preliminay calculatiors indicate that
the incorporation of pure conduction will lead to somewhat
shorte full condensatin lengths both for zerog ard for non-
zerog conditions This implies quantitatie changs only, in
othe words the conclusiors presentd abowe reman valid.

Flow Pattern Aspects

Accurae knowledg of the gravity levd dependentwo-phase
flow regimes is crucid for modelling and designirg two-phase
hed transpot systens for space becaus flow patterrs directly
affed the therma hydraulc characteristis of two-phag flow
and hea transfer Therefoe flow patten maps are two be
created preferaby in the non-dimensionlaforma as shown in
Fig. 12.

Hamme & Best 1997 created bas& on mary low-gravity
aircrat flight datg three dimensiona flow patten mags as
shown in the Figs 17 ard 18 Fig. 19 shows the 0-g map,
derived from TPX | VQS flight dai (Fig. 3). The latter map
contradics the mags in Figs 17 & 18 (Delil, 1998) This can be
attributad eithe to differert working fluids (ammonia resp.
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R12) or the differert in line diamete (5.3 mm, resp 105 mm).
It is clea tha a lot of work has to be dore before sudy maps
are mature preferaby in the format of Fig. 12.

NOMENCLATURE

A area m?
Bo boiling number -
C constam in resistane number -
C* Chishom constant -
Cp specifc hea at constah pressure J/kgK
D diameter m
Dn Dean number -
d diamete of curvature m
E enhancemerfactor -
Eu Euler number -
F. acceleratia constant m/kg
Fr Froude number -
g gravitationd acceleration m/s?
H enthalpy J/kg
h hed transfe coefficient W/m?K
hﬂv latert hed of vaporisation J/kg
j superficid velocity m/s
k thermd conductivity W/mK
L length m
M molecula weight kg/mol
Ma Mach number -
Mo Morton number -
m’ mass kg
m coefficiert in resistane number -
m mas flow rate kagls
Nu Nussel number -
p pressure N/m?
Pr Prandt number -
Q power W
q hed flux W/m?
Re Reynolds number -
S slip factor -
S* suppressin factor -
T temperature K
t time s
v velocity m/s
We Webe number -
X vapou quality (mas content) -
z axid or verticd coordinate m
a vapou fraction (volumetric) -
o) surfa@ roughness m
A difference drop -
m viscosity Ns/n?
o surfa@ tension N/m
T dimensionles number -
p density kg/m3
\Y angk (with respetto gravity) rad
U] resistane number -
(0} pha® multiplier -
X Martinelli parameter -
Subscripts

a acceleration p pore prototype

¢ condenser s entropy

f  friction t total

g gravitation tp two-phase
¢ liquid vV vapour

m momentum model w water

o referene condition
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Table 1 Liquid Parts Evaporators Non-liquid
Relevance of m-numbers for thermal gravitational swirl & Lines Condensers
scaling of two-phase loops. adiabatic | heating cooling | capillary vapour/2-phase

n, = D/L = geometry . . . . .
n, = Ree = (va/u)e = inertia/viscous . . . . .
n, = Fr = (v¥/gD) , = inertia/gravity . . . /o .
n, = Eu ¢ = (Ap/pv?) ¢ = pressure head/inertia . . . . .
Ts = COS v = orientation with respect to g . . . /e .
ng = S = slipfactor = Vv/vt’ . . .
n, = density ratio = pV/p . . .
Tty = viscosity ratio = p /u . . .
n, = We = (pv’D/o) = inertia/surface tension . /o .
m0= Pr, = (uCp/k), : . y
n,;= Nu = (hD/k) = convective/conductive . . .
= kv/k 0= thermal conductivity ratio . .
= CpV/Cp 0" specific heat ratio . .
= AH/h o enthalpy number = X = quality . . . .
T s= Moe = (pec3/y,i‘el/g) = capillarity/buoyancy . /e .
me=Ma = v/(i;’;z/i?p)s2 . . .
mo= (k) e) . .
= L’Qf g hlv/kt’pf(T-To) . .

[ CL Capillary Link

CLH CL Header

QcoNp  Condenser Imbalancing Power

a) TPX1I
heat-in burst  thermal
APS disc  switch
evaporators flat E¢ T <
v m-=> three ways swalve
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