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Abstract

An experimental investigation of the supercritical
startup of a nitrogen/stainless steel eryogenic heat
pipe is presented. The experiments were conducted at
the Satellite Thermal Control Laboratory of the Fed-
cral University of Santa Catarina — Brazil, during the
vear of 2002, as part of a program funded by the Bra-
#ilian Space Agency and the Brazilian Council for
Rescarch and Development. A detailed deseription of
the experimental setup used is presented. and several
data sets for the transient axial temperature distribu-
tion of the heat pipe are shown, A previously devel-
oped transient, one-dimensional mode! developed for
microgravity 1s used to predict theoretically the inter-
nal vapor pressure and the working fluid mass distri-
bution, The results showed that eryogenic hea pipes
are very sensitive to external heat convection, even at
rarefied external atmospheres, and the parasitic heat
loads can change significantly the operational tem-
perature of the cryogenic heat pipe. The cffects of
parasitic heat loads must be accurately considered
during the design stages of this device. Also, the Auid
charge plays an important role in the determination of
the mitial thermodynamic state of the ervogenic heat
pipe.

Introduction

Heat papes are highly reliable and efficiemt heat
transfer devices emploved in many terrestrial and
space applications'. This device uses the Tatent heat of
vaporization {condensation and cvaporation) of a
working fuid o transior relatively laree amounts of
cnergy over a long distance with a small temperature
drop. During normal operation, the working uid
remains in i saturation condition, with hiquid con-
tained in a wick structure and vapor n the core sec-
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tion. The saturated higuid evaporates in the evaporator
section due to a heat input. and vapor flows towards
the condenser section where it condenses, The differ-
ence in capillary pressure developed between the
evaporator and condenser in the wick structure pumps
the working fluid back to the evaporator section,
Cryogenic heat pipes are one of the many different
existing types of heat pipes. Usually they operate at
temperatures below 200 K and their operational tem-
perature range from the triple point temperature o the
critical temperature, which is relatively narrow for
eryogenic fluids’. Different from low and medium
temperature heat pipes, cryogenic heat pipes must
start from a supereritical condition. The entire heat
pipe must be cooled below the eritical temperature of
the working fluid for the proper operation. A liquid
column develops in the wick structure duc to the
condensation process. As the temperature of the con-
denser deercases, the liquid column advances towards
the evaporator end. The cooling effeet of the liquid
vaporization at the liquid column leading edge cools
the dry length of the heat pipe. priming the wick
structure until steady state operation is achieved”.
Cryogenic working fluids usually exhibits very
low values of surface tension and latent heat of va-
porization, resulting in heat pipes with low heat trans-
port capacity., which are very sensitive o parasitic
heat loads®, fluid charge™ and acceleration ficlds.”®
The parasitic heat loads can change significantly the
operational temperature of the cryogenic heat pipe,
and may add loads 1o the heat pipe on the order of the
maximum transport capability. In addition to impos-
ing additional heat load, the parasitic heat leaks can
adversely affeet the transient start-up behavior for the
system, The objeetive of the present paper i 1o inves-
tigate experimentally the startup process of a cryo-
genic heat pipe accounting for the effects of parasitic
heat loads and Auid charge. To achieve the objective
of this work an experimental setup was built at the
Satellite Thermal Control Laboratory (NCTS) of the
Federal University of Santa Cataring (UFSC). Brazil.
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The experimental and theoretical data provided a

good insight of the supercritical startup of crvogenic
heat pipes and some conclusions are listed below:
. Cryogenic heat pipes are very sensitive to parasitic
heat loads. The rewetting process is controlled by
the conducted heat flux from the dry region of the
heat pipe. The parasitic heat loads increase the
temperature gradient in the dry region, increasing
the heat conduction to the hiquid column. Also,
parasitic heat loads vaporize the fluid along the
liquid column edge, decreasing the average liguid
velocity. These two effects combined deercase the
liguid column momentum, and the rewetting proe-
css may stagnatc before the heat pipe is fully
primed for relatively small parasitic heat loads.
Additionally, parasitic heat loads may add loads to
the heat pipe on the order of the maximum heat
transport capability.
An excess of fluid charge will cause an increase of
the vapor pressure of the heat pipe. Depending on
the combination of parasitic heat loads and excess
of Muid charge, the vapor pressure may never de-
crease below the critical pressure of the working
fMuid, even if the condenser is at a temperature be-
low the critical point. A deficiency of working
luid will decrease the vapor pressure during
startup, but total amount of working fluid may not
be enough to prime completely the heat pipe.

3. A fast cooling rate of the condenser will cause a
large temperature gradient on the dry region of the
heat pipe. As the heat pipe continues o cool
down, the subcooled ligquid will turn into saturated
fluid at a temperature far below the eritical point,
which will produce a liquid column with a consid-
crably large momentum, facilitating the priming of
the heat pipe. A fast cooling rate may be consid-
ered for ground tests when a successful startup is
required for heat transport tests of eryogenic heat
pipes.

[

Acknowledgements
The authors would like to acknowledge the Bra-
#zilian Space Agency — AEB, CAPES Foundation,
Brazilian Couneail of Rescarch and Development
CNPg. Clemson University and the Federal Univer-
sity of Santa Catarina for supporting this project. The

authors alse would like to acknowledge the help of

Flavio Reis, Guilherme Kratka and Fabricio Arsevedo
during the development of this work,

References
" Peterson, G, P.. An Introduction to Hear Pipes
Meodeling, Testing and Applications, John Wilev and
Sons, Inc., New York, NY, 1991,

: Faghri, A.. Hear Pipe Seience and Technology,
Tavlor and Francis, Washington DC, 1995,

*Yan, Y. H. And Ochterbeck, J. M., “Analysis of
Supercritical Start-Up Behavior for Cryogenic Heat
Pipes™. AIAA Journal of Thermophysics and Heal
Transfer, Vol 13, No. 1, pp. 140 — 145, Jan./Mar.
1999,

* Couto, P., Ochterbeck, J. M., Mantelli. M. B. H.,
“Analysis of Supercntical Start-up Limitations  for
Crvogenic Heat Pipes with Parasitic Heat Loads™,
ALAA Paper No. 2002-3093, June, 2002.

* Rster, S., Groll, M., Supper, W., and Konev, §..
“Analysis and Experimental Investigation of a Cryo-
genie Methane Heat Pipe”, Proc. of the 16™ Interso-
cicty Conference on Environmental Systems, pp. 352

155, San Diego, CA, July, 1986.

* Ochterbeck, J. M., Peterson, G. P, and Ungar, E.
K.. "Depriming/Rewetting of Arternial Heat Pipes:
Comparison with Share-11 Flight Experiment™, AIAA
Journal of Thermophysics and Heat Transter, Vol. 9,
pp. 101 — 108, Mo. 1, Jan/Mar., 1995,

" Joy, P, “Optimum Cryogenic Heat Pipe Design™,
ASME PAPER 70-HT/SpT-7. June, 1970,

*Peng. X.. F., and Peterson, G. P., “Acceleration
Induced Depriming of External Artery Heat Pipes™,
ALAA Journal of Thermophysics and Heat Transfer,
Vol. 6, No. 3, pp. 546 — 548, 1992,

* Couto. P.. and Mantelli, M. B. H.. “Cryogenic
Heat Pipe -~ A Review of the State-of-the-Art”, Proc.
of the Brazilian Congress of Thermal Engineering and
Sciences, Vol CD-ROM, Porto Alegre, RS, Bravil,
Ocet,, 2000,

" Brarilian Space Agency. PNAE — Brazilian Pol-
ey for Space Acrivities {original in Portuguese), Pub-
lished by AEBR, Brasilia DF, Brazil, 1996,

" Colwell. G. T.. “Prediction of Cryogenic Heat
Pipe Performance”. NASA Final Report NSG-2054,
Mar. 1977,

'* Brennan, P. J.. Thienen. L., Swanson, T.. and
Morgan, M., “Flight Data for the Cryogenic Heat
Pipes (CRYOHP) Experniment™. AIAA Paper No. 93-
2735, Jul. 1993,

" Rosenfeld. ). H.. Buchko, M. T.. and Brennan,
P, A Supercritical Start-Up Limiat to Cryogemic
Heat Pipes in Microgravity”, Proc. of the 9" Interna-
tional Heat Pipe Conference, Vol 2, pp. 742 = 753,
Albuguergue, 19495,

" Couto, P., Theoretical and Experimental Analy-
siv of Supercritical Startup of Cryosenic Hear Pipes.
Ph.12. Thesis, Mechanical Engineering Dept.. Federal.
University of Santa Catarina. Flonianopohs, Brasl.
Mar, 2003,

'* Jacobsen, R. T.. Penoncello, S. G. and Lemmon,
E.. “Thermodvnamic Properties of Cryogemic Flunds™,
1" Edition, New York, NY: Plenum Press, 1997,

American Institute of Acronautics and Astronautics



saturation level provides a saturated liquid with

small latent heat and very low surface tension,

which makes it very sensitive Lo parasitic heat
loads;

With inereased vacuum level, contact resistance
effects between the brass sleeves and the calorimeter
provided less cooling capacity of the experimental
apparatus, This can be verified as follows: the pres-
sure inside the vacuum chamber during this super-
critical startup experiment was 2 = 107 mbar, or 100
limes lower than the pressure of the first cxperiments.
In this rarefied atmosphere any effeet of canvection
over the heat pipe startup can be neglected. With Tow
vacuum level on the first tests, the atmosphere inside
the vacuum chamber was cooled by the calorimeter,
which has a large thermal mass, improving the heat
transfer from the calorimeter to the sleeve, and to the
heat pipe condenser.

To cheek this explanation, the rotary pump of the
vacuum chamber was turned off afier the non-opera-
tional condition was achieved. The pressure in the
vacuum chamber inereased quickly 10 6 = 107 mbar
in less than one minute, to 2 = 10 mbar in five min-
utes, and to 1 mbar after 15 minutes remaining stable
around this value for one hour, The temperature pro-
files of the heat pipe for this test are shown in Fig. 14,
[t can be observed that the local temperatures of the
heat pipe deercased after the shut down of the rotary
pump due to improved convection inside the vacuum
chamber, At cryogenie levels of temperature, the heat
pipe is very sensitive to small heat loads, even those
provided by a rarefied atmosphere.

A 5" test (test V) followed test 1V, on the October
4™ 2002, with the same setup. The same startup fail-
ure was observed showing that the calorimeler was
not able to provide enough cooling to the condenser
regions of the heat pipe. The experiment presented
good repeatability. After test 'V, the experimental
setup was disassembled. The heat pipe was vented
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Figure 14, Temperature profiles after rotary pump
shut down (1est 1V,

and a new calonimeter was designed. The new calo-
rimeter allowed the liguid nitrogen to be in dircel
contacl with the condenser wall of the crvogenic heat
pipe. thus providing a larger cooling capacity.

A last experiment (test V1) was performed using a
new  calorimeter. The new  calorimeter  provided
cnough cooling to the heat pipe and an “almost™ suc-
cesstul startup was obtained. with 97% of the total
length primed by the liguid column. The heat pipe did
not prime completely because there was sull a para-
sitic heat load incoming from the filling valve. How-
ever, the calorimeter imposed an abrupt cooling of the
condenser, producing a fast transient: according to the
experiment the heat pipe was primed in less than 15
minutes (i means a variation of 14 K per second in
the condenser section, and 2 0.2 K per second in the
evaporator end). The numerical solution of the model
was not able to reproduce the fast transient due to the
large temperature gradient at the leading edge of the
liquid column caused by the abrupt cooling of the
condenscr region. As the temperature of the condenser
decreased quickly, the theoretical average liquid col-
umn velocity increased quickly, which in wmn, pro-
vided a long liquid column length. The long length
obtained produced a large temperature gradient at the
liquid column interface, which pushed back the liquid
column, causing the iterative process to diverge. Sev-
cral time steps as small as 0.1 sce. were tricd, but the
model took almost 1 minute to solve this small time
step before the divergence to occur. Therefore, no
comparison between theoretical and experimental data
was possible for this experiment. Figure 15 shows the
transient cool-down experimental data, The condenser
region was cooled to the eritical temperature of the
nitrogen in less than 3 minutes, and the cooling effect
spread over the heat pipe in less than 15 minutes. The
heat pipe reached a steady state afier 45 minutes of
testing. with the condenser region at a temperature
around 80 K, and the remaining length at 108 K. The
fll valve was at 125 K.
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Figure 11, Temperature profiles (test 1.

test. As the filling valve was not covered with MLI,
there was a “leak™ of parasitic heat load from the
vilve to the experiment. To account Tor this parasitic
heat load, experimental data of the temperature of the
filling valve and of the evaporator end were used 10
cstimate the conductive heat load coming from the
valve, This conductive parasitic heat load (heat flux)
was used in the model as the boundary condition at x
= L, instead of the isolation boundary condition, As
the variation of the evaporator end lemperature and
filling valve temperature were not linear, the conduc-
tive parasitic heat load incoming from the valve was
obtained as a function of time.
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The condenser temperature reached the critical
temperature of the nitrogen afler 1,33 h of testing, but
the pressure model indicates that the vapor pressure
decrcased below the entical pressure only afier 2
hours, when the condenser temperature was at 118 K.
The theoretical model indicates that the heat pipe
would prime quickly (in 25 minutes) below 118 K,
but on the other hand, the experimental data indicates
that there was no priming and the heat pipe was
cooled only by conduction (sec Fig. 13). Some possi-
ble reasons for the heat pipe startup failure are listed
below:

* The vapor pressure never decrcased below the
eritical pressure of the nitrogen due to inaccuracy
of the working fluid mass weight and temperature
measurement;

= The lowest temperature reached by the condenser
was 116 K afler 3 hours of testing. This small
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Figure 9. Liquid fill rate (1est 1.

load (2.46 W). Again, a non-operational steady-state
condition was observed after 1 hour, but the liquid
column primed 78% of the length of the heat pipe
(0.62 m). Although the heat pipe was not fully
primed, the improved insulation decreased the effects
of the parasitic heat load. allowing the liquid column
to advance inside the heat pipe. With increased insula-
tion, the effect of the deficiency of fluid charge seems
to be more evident as the heat pipe could not prime
completely. The model overestimated the tempera-
wres during transient operation, but the model was
able to reproduce the steady state conditions with a
good accuracy.

A third test (test 1) was performed with similar
conditions to those of the test 11. The objective of this
test was to verify the repeatability of experimental
results. The vacuum chamber pressure was greater
than that of the second test {10 mbar), but the experi-
ment showed a good repeatability of results,

8

Specitic volume [nikg]

Figure 10. Pressurc-specific volume diagram (test 1)

New tests were performed in October 3™, 2002
{(test 1V). During the charging process, the heat pipe
was immersed in a liquid nitrogen bath to decrease the
wall temperature, because the pressure of the nitrogen
gas evlinder was lower than that required for the
charging process at room temperature, The heat pipe
was charged with an excess of 27% of working Nuid.
The charged heat pipe was instrumented with 16 T-
type thermocouples, and mounted at the calorimeter.
The transport and evaporator scetions of the heat pipe
were covered with MLL but the filling valve was not,
A thermocouple was installed on the filling valve. The
vacuum chamber was closed, evacuated to a pressure
of 2 x 10" mbar, and the acquisition system was acti-
vated. Then, the calorimeter was flooded with liquid
nitrogen, and no change at the vacuum chamber pres-
sure was observed. Figure 12 shows the experimental
temperature at different axial positions along the heat
pipe length as a function of time obtamned during this
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With the estimations of the heat conducted from
the dry region, ¢..... and the total heat load. Q.. the
parasitic heat load, ¢,.. can be obtained from Eq. (7).

It can be obscrved that the calorimeter was able to
cool the condenser region below the nitrogen critical
temperature in less than 1 hour, and after 1.5 hours
the condenser achieved a steady-state average iem-
perature of B2 K. Also, afier 1.5 hours, the hea pipe
achieved a non-operational  steadv-state  condition,
where only 58% of the entire length ((b47m) was
primed. Two possible reasons for this non-operational
condition can be histed:

e The parasitic heat loads from the environment
increased the temperature gradient of the heat pipe
during the startup. which was large enough 1o va-
porize all the incoming working fluid at the liquid
column leading edge in steady state conditions
(v = 0.47 m). Also, liquid was vaporized along the
primed length of the heat pipe due to the parasitic
heat load, reducing de liguid column momentum.
The combination of these two effects decreased
the rewetting velocity to zero after 1.5 hours of
testing:

o The fluid charge (~70% of the required Muid
charge) was not sufficient to provide enough Muid
for the liquid column to overcome the cffects of
the parasitic heat load.

In fact, the working fluid mass of a heat pipe can
be written in terms of the saturated liquid and vapor
densities and of the liguid and vapor volumes:

nm=p V,+p V.= p A, L+ pAL (9

Eq. (9) provides the working fluid mass. my. to
prime completely a heat pipe with a defined geometry
(L. 4., A,) where the densities vary with the tempera-
ture. On the other hand, Eg. (9) can provide the
maximum length L primed by a given working fluid
mass as a function of the saturation temperature,
which is shown in Fig. 7. The total length of the heat
pipe being tested is shown in dashed line. For this
caleulation, the working Auid mass in the dry region
and the effeets of the parasitic heat load were ne-
glected for simplification. It can be observed that a
heat pipe with a deficiency of working fluid charge
would never prime completely. Also, an excess of
15% in the designed working fluid mass is required
for the heat pipe to prime completely below 120 K,

Figure 8 shows the axial temperature profile dur-
ing the startup for different times. The model was able
to predict the steady state length of the liquid column
as well as the steady state axial temperature profile of
the first experiment, but in general, it overestimated
the transient tlemperatures during the startup process
of the heat pipe. This is because the model considers
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that any excess of condensed liquid is accumulated in
the condenser as a liquid slug (microgravity environ-
ment). In ground tests, the capillary forces cannot
support a liquid slug across the vapor diameter and
the excess of liquid spreads as a puddle and Facilitates
the priming of the heat pipe'”.

The excess working fluid during the startup s
shown in Fig. 9, which presents the liquid fill rate for
the test I The ligquid fill is defined as the ratio be-
tween the condensed liquid mass m, and the mass that
the wick structure can hold m,:

, oy, (l=—x)dsiv
N eoe—m— . “‘}]

m., Asiv,
where x is the quality of the saturated fluid in the
wetted region, 4, is the cross sectional area of the
condenser (liquid + vapor), ¥ is the position of the
liguid column for a given time, A4, is the cross see-
tional arca of the grooves, and v. and v, are the spe-
cific volumes of the saturated fluid in the wetted re-
gion and saturated liquid, respectively. If & = 1, the
mass of liquid is cnough to fill the grooves with no
excess liquid. For & = | there is excess liquid. The
theoretical pressure-specific diagram for test 1. is
shown in Fig, 10,

Two tests (tests 1 and 1D followed the first one
with the same fluid charge in the heat pipe. These
tests were performed 1o evaluate vacuum leak prob-
lems at the experimental setup and thermocouple
connections to the heat pipe. However, the transport
and evaporator sections of the heat pipe were covered
with MLIL Figure 11 shows the comparison between
the experimental and the theoretical temperature pro-
files for different times for test 1. The parasitic heat
load cstimated for this test was g, = 2.95 W + (.49 W,
For cach thermocouple position, two curves were
plotted: Tor the maximum parasitic heat load csti-
mated (344 W)y and for the minimum parasitic heat
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nitrogen gas. The relief valve 15 ¢losed and the needle
valve is opened. The pressure control valve was set to
a pressure higher than that required for the heat pipe
charging. The pressure control valve was closed and
the ncedle valve was closed. The relief valve was
opened to vent the gas from the piping and the heat
pipe is disconnected. The heat pipe was weighted
again, and compared to the empty weight. The differ-
cnce gives the working fluid charge. Any excess of
fluid was then vented.

flear pipe testing: The heat pipe testing consists of
cooling the heat pipe condenser 1o a temperature be-
low the eritical temperature of the nitrogen in a vac-
uum environment. Initially, the heat pipe is at room
temperature. The preparation for the test begins with
the evacuation of the vacuum chamber using the ro-
tary pump. When the pressure was below 2 x 107
mbar, the data acquisition system was activated and
the calorimeter was flooded with liquid nitrogen,
cooling the brass sleeve and the condenser region.
The temperature of the calorimeter was constantly
monitored to avoid a dry-out, which would Icad to a
temperature inerease of the condenser. The test was
finished when the largest temperature variation ob-
served is less than | K/ (i.e., stcady-state condition).

Results and Discussion

The first test (test 1) of the nitrogen/stainless steel
hcat pipe constructed at the LABSOLAR/ NCTS was
performed on the April 18", 2002. After the heat pipe
charging process, it was observed that there was a
Nuid charge deficiency of almost 30% due 1o leaks on
the pipefittings of the charging apparatus (fixed later),
added to inaceuracy of the pressure control valve.

6

After the heat pipe assembling in the calorimeter,
the vacuum chamber was closed and cvacuated to a
pressure of 4 x 107 mbar. Leakage on the experi-
mental apparatus prevented a lower level of vacuum.,
Mo MLI was used on the transport and cvaporator
section of the heat pipe. After the flooding of the
calorimeter, the pressure of the vacuum chamber
increased 1o 0.1 mbar due to differential expansion of
the LN, feedthrough at very low temperatures.

Figure 6 shows the experimental data oblained for
the test | of the cryogenic heat pipe. The transieni
temperatures during the startup for different axial
positions are presented. The heat pipe achieved a non-
operational steady state afler 1.5 hours of testing, with
the liquid column stagnating at v = 0.47 m.

According to the measurement uncertainty  dis-
cussed before, the parasitic heat load for this experi-
ment was estimated to be g, = 390 W + 055 W, The
estimation of the parasitic heat loads was performed
based on the steady state temperature measurements
and based on a network thermal resistances model
presented by Faghri®. It was considered that the
primed length of the device was working as a heat
pipe transporting the heat conducted from the dry
region and the radiative parasitic heat load as well:

O = Geond + Gy (7

The total heat load, {J., can be estimated by using
the network thermal resistance model and the tem-
perature difference measured between the liquid col-
umn edge (Y, g7 ) and the condenser seetion (¥],-).
The heat conducted from the dry region, .. was
cstimated based on the first two temperatures meas-
urement in the dry region (¥, gq7 and Y]ns wk:

Couto efal. (2002)  Test |- 04/18/2002
g, = 3.90 W+ 0.55 W) O Condenser (x
va=03Tm
0.55 W) @ Y7 (L3Tm
A Evaporator end (x = £

o LAY
= Fvaporator

]

(e, 3.90 W

200F

Hl’.]':‘ r=03Tm
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Figure 6. Transicnt cool-down (first test).
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Figure 4. Thermocouple positions,

sion thermometer and saturation temperature of liquid
nitrogen at atmospherie pressure (77.4 K). At the ice
point temperature, the T-type thermocouples pre-
sented a random error of £0.1 K and a systematic
crror of 0.2 K. while at nitrogen saturation tempera-
ture the readings were 73.8 K + (L3 K. showing a
systematic error of -3.5 K. The variation of the sys-
tematic error and random error between 273,15 K and
77.4 K was considered lincar:

0.2-35
£ =| ————eee (¥ =T77.4)4+ 3.5
‘ [2?3,I5—??.4J{ } i
{ 0.1-03
"I — MY 10 (2)
L 273.15-774

where ¥ is the measured temperature recorded by the
data acquisition system. The corrected value of the
measured temperature is given by
=Y+ tg (3
where & and & are the systematic and random crrors,
The measurement of temperature at cryogenic
levels is very difficult to be performed. At such low
level of temperature, the heat conduction by the ther-
mocouple wires can affect the measured data, The
duta acquisition system is al room temperature, and to
avond the heat conduction from the data acquisition
system, the  thermocouple  wires  arc  thermally
grounded al the calorimeter. The heat conduction
through the grounded thermocouple wires can be
calculated by:

M—”{A ; +"~'r..]

Qg =0 (4)

where nois the number of thermocouples, o, is the
wire diameter. AT is the difference between the local
heat pipe temperature and the calorimeter tempera-
wre, £ is the wire length and &, and ke, are the con-
ductivity ol the copper and the constantan wires. For a
temperamture difference of 23 K between the calo-
rimeter and the heat pipe. the heat transferred through
the thermoeouple wires is 1 x 107 W, while at 100 K

-

the heat transport capacity of the heat pipe is 2 W,
Therefore. the heat lost by conduction through the
thermocouple wires is less than 0.05% of the heat
pipe transport capacity, thus being negligible.

rimental Procedure:
Before being tested. the heat pipes is cleaned, as-
sembled and charged. End-caps were machined and
welded to the heat pipe container, The inner surface of
the end-caps have a hemispherical shape to avoid
sharp corners, which are sensitive to cracking due to
the high internal pressure of the heat pipe at room
temperature. A filling tube (1/8" & external diameter,
50 mm long) was also machined.
Heat pipe cleanings The heat pipe container, metal
sereen, end-caps and filling tube were cleaned in an
ultrasonic cleaning cquipment using trichloroethane
for degreasing and solid particle removal. After clean-
Ing, a passivation process was performed. This proc-
€ss consists in immersing the parts in a solution of

% mitric acid and deionized water for 2 howrs, After
the passivation, the parts were wrapped in plastic to
prevent contamination prior to assembly.
Heat pipe assembling: A metal screen wick mesh 160
was wrapped inside the heat pipe container in order to
obtain a wick structure with 8 lavers, The material of
the metal screen is AISI 316 stainless steel. The end-
caps and filling tube were welded to the container by
a TIG process. The heat pipe was filled with argon
gas to prevent oxidation during the welding process.
After welding, the heat pipe was cleaned again as
described before. A Swagelok™ valve was connected
to the Tilling tube to scal the heat pipe after charging,
Hear pipe charging: The heat pipe was charged with
99,99%, pure nitrogen. The process was performed at
room temperature, where Fig. 5 shows a schematic for
the charging process. The heat pipe was connected to
an Edwards™ RVS rotary vacuum pump for evacua-
tion to a pressure of 2 x 107 mbar. The valve was
closed and the pump was disconnected. The heat pipe
was weighted empty, prior (o the charging process.
After werghting, the heat pipe was connected to a
high-pressure cylinder containing pure mitrogen gas,
pressure control valve, a pressure transducer (Ed-
wards® APG-M) and a pressure relief valve. With the
needle valve closed, the relief valve and the pressure
control valve are opened to flood the piping with

x
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As the temperature of the condenser continues to
deerease (line 5a - 5b - 5¢), more liquid is condensed
where the liguid eventually advances towards the
cvaporator, The process continues until the hea pape
1s completely primed and the thermodynamic state at
the wick structure and vapor region is given by points
G and 6b, respectivel y,

The startup model presented by Couto er al.* com-
pared favarably with the microgravity data presented
by Brennan er al'* (1993). This model was used to
perform an analysis of the effeet of parasitic heat
loads on the supereritical startup. From the results it
was found that an excessive parasitic heat load could
cause a partial startup of the heat pipe.

For additional validation of the propesed startup
process and of the theoretical model, ground tesis of a
nitrogenfstainless steel eryogenic heat pipe were per-
formed. Although the model did nol consider the
cffeets of the gravitational ficld. the comparison pro-
vides a good insight to the supercritical startup of
cryogenic heat pipes.

Experimental Analysis

The experimental analysis was performed at the
NOTS facilivies, at the Federal University of Santa
Cataring, Brazil. The experiment consists of testing a
nitrogensstainless steel cryogenic heat pipe in a vac-
uum chamber using a calorimeter filled with liquid
nitrogen 1o cool the condenser region. The experi-
mental setup allows horizontal and tilted tests of heat
pipes under a high vacuum environment (P, = 1 =
107 mbar).

Experimental Facilitv:

The experimental setup used for the tests of the
stwinless steel/nitrogen cryogenic heat pipe consists of
a horizontal vacuum chamber (1200 mm long, @200
mm D) and a calorimeter (2.2 liters) through which
flows liquid nitrogen. Figure 3 shows the vacuum
chamber schematic. To accommodate different heat
pipe geometries, the calorimeter has an internal cavity
with a diameter larger than the external diameter of
the heat pipes. A brass sleeve hills the gap between the
calorimeter and the heat pipe, to provide a prescribed
lemperature boundary condition at the condenser
region, Latter, a new calorimeter (2.4 liters) was de-
veloped to allow direet contact between the liquid
nitrogen and the heat pipe condenser section, provid-
g more cooling capacity to the experimental sctup.

The vacuum chamber was connecled o an Ed-
wards® RVE rotary vacuum pump. The pressure in
the vacuum chamber was monitored using an active
pressure gauge Edwards® APG-M connected to an
Edwards® AGD display. At one side of the vacuum
chamber, there is a feedthrough Tor 36 T-1ype thermo-
couples and two pairs of clectrical connections. At the
other side of the vacuum chamber, there is a pair of
feedthroughs where the liguid nitrogen (LN2) flows to
the calorimeters. Two brass sleeves surround the
condenser region of the heal pipe. 1o Mt inside the
calorimeter,

rass

1N calormmeler

Crvogenic

hat pipe slecwve

Thermareouplhe
fewdthrong v

i
§ Electrical
comngel ii i1 k3

\\’uuumn

chamber

—— Vacuum pump
COnmeCiing

Figure 3. Vacuum chamber schematic,

Heat Pipe Desien Summary and Instrumentation:

The nitrogendstainless steel eryogenic heat pipe
(CryoNHP) design, and summarized at Table 1. The
condenser region of the heat pipe was placed in the
calorimeter, while the remaining length was covered
with a multi-laver insulation (MLI) composed of 10
lavers to avoid radiative parasitic heat loads, A Hew-
lew-Packard”™ 34970A Data Acquisition Unit was used
to monitor the temperature of 16 Omega” T-type
AWGA0 thermocouples that were stalled at the
external wall of the heat pipe (see Figure 4). Also, the
temperature of the following items was monitored for
future parameter estimation:

«  Filling valve of the heat pipe:

*  Vacuum chamber inner wall;

e Outer and inner layver of the heat pipe’s ML
s Drass sleeves:

Calonmeter.

Table 1. CryoNHP design summary (Couto').

_Tube material: — AlSI 304 Stainless Steel
Tube dimensions:
Outer diameter

~19.05 mm (34%)_

Wall thickness 1.3 mm
Lengths: .
Evaporator 0.30 m
_ Condenser 0.30m
Transport seclion 0.20m
Nitrogen charge: ,'ng“__
~Maximum heat 22 W.m
transport capacity: {at 82 K}
Wick structure: hetal screen
Mesh 160
Number of Liyers 8
Thickncss 1.676 mm

Uncertainty Analysis:

The thermocouples were calibrated at two refor-
chee temperatures: ice poinl lemperature al almos-
pheric pressure (27315 K = "ﬂ“{?) using an Hg preci-
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load. This parasitic heat load is provided by the radia-
tiom heat transfer between the heat pipe and the space-
craft structure or heat loads from the space environ-
ment. According to Couto ef al.’, depending on the
nitial condition of the heat pipe, the working fluid at
the condenser region may achieve a subcooled condi-
tion first than a satwrated condition. The current in-
vestigation consider two cases for the initial condi-
tion: the mitial specific volume of the hem pipe (void
volume of the heat pipesworking fluid mass) is much
larger than the eritical specific volume of the working
Muid (vyep == w,). or the specific volume is less or
near the critical specific volume (vygp < v, or v ~
Vet )

Case 1 - vyp == vyt The lirst case can be understood
by observing the pressure-specific volume diagram
shown in Figure 1. At the beginning of the process the
heat pipe is considered to be isothermal at 7. where
the initial condition of the heat pipe is represented by
point | in the supercritical region, As the start-up
proceeds, a horizontal ling represents the thermody-
namic statc of the heat pipe, where the pressure is
assumed essentially uniform in the heat pipe at any
point in time. This line lowers as the internal pressure
decreases. In Fig. 1. point 2a represents the specific
volume at the condenser end. and point 2b represents
the specific volume at the evaporator end. It is im-
portant to observe, at the thermodynamie state 2, that
the vapor pressure is lower than the critical pressure,
but the temperature of the condenser remains above
the critical temperature. As the temperature of the
condenser continues 1o decrcase, the condenser will

enter the superhcated region when the temperature of

the condenser decreases below the eritical tempera-
ture, or T, < T... The condensation process will start
when the temperature of the condenser equals the
saturation temperature (point 3b) at the vapor pressure
at that point in time [T, = TodP) = P = P(T)). At
this moment. liquid condenses at the wick structure

Pressure

Saturation
sone

Vo Vegps

Specilic volume

Figure 1. Pressure-specific volume diagram

fosr Vi =2 Verin

(point 3a), and saturated vapor fills the vapor space at
the condenser region (point 3b). The remaining lenath
of the heat pipe remains dry in a superheated condi-
tion (linc 3b - 3c). As the temperature of the con-
denser continues to decrease (line da — 4b — 4¢). more
liquid condenses on the wick structure, which eventu-
ally advances towards the cvaporator via the wick
structure, The process continues until the heat pipe is
completely primed. and the thermodynamic state al
the wick structure and vapor space is given by points
5a and 5b, respectively.

Case 2 = Wyp < Vi OF Vygp~ Vot The second case can
be figure out by observing the pressure-specific vol-
ume diagram shown in Fig. 2. In this case. as the
startup progresses, the condenser will reach the criti-
cal emperature before the vapor pressure decreases
below the critical pressure. at point 2a. At this point,
the vapor inside the condenser region changes from
supercritical fluid to subcooled liquid because 1ls tem-
perature is below the ceritical temperature, but the
vapor pressure is still greater than the eritical pressure
(T, = T.pand P, = _.). The subcooled liguid fills the
wick structure and the vapor space in the condenser
region forming a liquid slug. As the temperature of
the condenser decreases, the subcooled liquid slug
extends into the transport scetion until the vapor pres-
sure equals the eritical pressure at point 3c. At this
point, the leading edge of the subcooled slug will be
at a eritical condition onee the local temperature and
vapor pressure are equal to the critical temperature
and pressure (Tl oo = T and P, = Poy). From this
point on, the length of the subcooled liguid slug de-
creases until the condenser temperature reaches the
saturation pressure at that point in time [T, = T,4)]
al point 4a. At this point. the condenser region is
filled with saturaled working fluid: saturated liquid a
the wick structure (point 4a) and saturated vapor at
the vapor space (point 4b). The remaining length of
the heat pipe remains dry, in a superheated condition,

Pressure

Suturation
Paone 7

Vidrr Mg

Specilic volume

Figure 2, Pressure-specific volume diagram
for Vg =

Vivir-

k]
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for the ground test of eryogenic heat pipes. A nitro-
gendstainless steel eryogenic heat pipe (CryoNHP)
wis designed and the results of the ground 1ests are
presented. The technology of ervogenic heat pipes is
under investigation at NCTS” in order to develop a
passive crvogenic thermal control device for the pay-
load of the Brazilian satellites. This project is funded
by the Brazilian Space Agency (AEBR) and Brazilian
Couneil for Research and Development (CNPq) in the
frame of the University Program for Space Develop-
ment (UNIESPACO)Y".

Literature Review

Unlike low and medium temperature heat pipes, a
cryogenic heal pipe typically starts from a supereriti-
cal state. The entire heat pipe must be cooled below
the saturation temperature of the working fluid for
nominal operation, Previously, Colwell'', Brennan er
al.”, Rosenfeld ef al™, Yan and Ochterbeek' and
Couto" have discussed the start-up process of cryo-
wenic heat pipes.

Colwell" (1977) presented a numerical analysis of
the transient behavior of a nitrogen/stainless steel
cryvogenic heat pipe with circumferential sereen wick
structure and composite central slab. The three-di-
mensional model assumed constant propertics, but did
not account for the fluid dynamics of the working
fluid. Although provisions for simulating a supereriti-
cal start-up were included. the author only presented
results for the start-up of the heat pipe with an initial
lemperature already below the working Nuid eritical
temperature.,

A microgravity experiment for two different alu-
minum‘oxygen axially grooved heat pipes was con-
ducted by Brennan er @l (1993). The experiment
was flown aboard the STS-33 spacce shuttle mission in
December 1992, Reliable start-ups in flight of the two
heat pipes were performed. but the starl-up process in
microgravily was slower than that obtained in ground
tests. This is because in a microgravily environment
the condensation of the working fluid develops a
liguid slug in the condenser region, In ground tests the
excess hiquid forms a puddle along the wick structure
due to the effects of the gravitational forces.

Rosenfeld et al.™ (1995) presented a study of the
supereritical start-up of a titaniuménitrogen heat pipe.
The test was performed  during mission STS-62
(March, 1994). This heat pipe achicved a non-opera-
tional steady state thermal condition during micro-
gravity tests. Only 3 %% of the heat pipe length cooled
below the nitrogen critical point. but the vapor pres-
sure was still above the eritical pressure. However,
Rosenfeld ef al."' observed that in ground tests, the
titamiumy/nitrogen heal pipe underwent start-up suc-
cessfullv. The authors concluded that, with the addi-
ton of parasitic heat loads, the thermal conduction of
the titamumynitrogen heat pipe was insufficient to
allow for the internal pressure 1o deercase below the
critical pressure of nitrogen when in microgravity,
The successful start-up during ground tests was duce to

2

enhanced thermal transport of the gravity-assisted
priming cffeets. These tests highlighted the signifi-
cance of the parasitic heat loads, as the heat pipe start-
up failure probably would not oceur in microgravity il
the heat leaks had been significantly reduced.

Yan and Ochterbeck® (1999) presented a one-di-
mensional transient model Tor the supereritical start-
up of cryogenic heat pipes. The start-up process was
divided into two stages. In the first stage, the heat
pipe is cooled by pure heat conduction, and the vapor
temperature at the condenser is greater than the eriti-
cal temperature (7. = T.,;). The cooling effeet result-
ing from the condenser heat rejection is not immedi-
alely propagated through the heat pipe, but it is con-
fined to a region extending from the condenser to
some penetration depth & Bevond & the temperature
gradient is zero, When the penctration depth cquals
the heat pipe length. the cooling effect of the con-
denser has propagated over the entire heat pipe.

In the second stage, the vapor temperature is lower
than the eritical temperature (7, < T..). When the
condenser temperature 15 lower than the ertical tem-
perature and the internal pressure is Tower than the
eritical point, the vapor begins to condense in the
condenser section, The advancing liquid layver is sub-

jected to a capillary driving force that is induced by

surface tension and opposed by the wall shear stress,
as it advances with an average velocity that will vary
with respect to the length of the hquid layer. With
increasing time, the liquid average velocity in the
condenser inercases. The liguid front will advance,
until the heat pipe achieves its operational steady
state, assuming sufficiently low heat leaks. This
model compared favorably with the microgravity
experimental data presented by Brennan ef af.", but it
did not include cffects of the parasitic heat load over
the heat pipe working fluid. Also, this model did not
account Tor the working Muid mass distribution and,
therefore, it was not possible to estimate the liquid
slug length observed by Brennan ef al. (1993).

Cowmto er al*"* presented a one-dimensional
model, which included the effects of the parasitic heat
load over the eryogenic heat pipe supercritical startup.
Also the vapor pressure and density gradient of the
working fluid were determined based on the tem-
perature gradient and the total working fluid mass.
The supereritical startup process deseribed by Couto
er al.t is very similar to that described by Yan and
Ochterbeck”, but it was shown that a subcooled condi-
tion ¢an exist in the condenser prior to the condensa-
tion process start, depending on the vapor pressure.
The mtial wemperature of the heat pipe considered 15
above the eritical temperature, and the boundary con-
dition at the condenser region is a specihied time-
variable temperature. This condition 1s consistent with
most experiments in the literature, which use cryvo-
coolers 1o provide the required heat rejection at the
condenser regron. The remaining length of the heat
pipe (adiabatic and cvaporator regions) is considered
to be under the influence of o radiative parasitic heat
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