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ABSTRACT

This paper describes the results of an
experimental study designed to investigate the
fabrication and operation of gravity-assise
cryogenic heat pipes. Two heat pipes were built,
the first having no forma) wick but a roughened
interral surface, the second having spiral
grooves machined with a specially developed
tool. The wall matarial of the heat pipes was
brass and hydrogen was used as the working
fluid. The wicked heat pipe became operatione]
over the entire tesperature range from the
triple-point to the critical point. The per-
formance limitation depended on the operating
temperature and che t)1t pngle. Axial heat flux
dersities of up to 50W/ce were obtained.

NOMENC L ATURE
Ae evaporator heat transfer ared
Ay vapor flow cross-sectiona) area
E¢ dimensionless entrainment parameter
htg latent heat of vaporization
K ratio groove width to thread width
L heat pipe length
Py vapor pressure
Q heat pipe power
O dimensionless power
q axfal heat flux deniity
Ry radius of vapor flow channel
Ro radius of vapor flow channel plus wick
depth (Ry + ¢)
/] 11quid volume of fluid inventory
Yo 1{quid volume of poo!
Vi tota) volume of heat pipe intarior
Yy volume of vapor flow ares
Vo volume of grooves in wich structure
& wick depth

0 surface tension

by vapor density
*\l 11Qquid density

1. INTRODUCTION

There has been a considerable number of
fnvestigations of high and ambient temparature
heat pipes in the last years and accordingly, the
design technique and operating characteristics of
these heat pipes are now reasonably wel)l under-
stood. By compariion, the gravity assisted, cry-
ogenic heat pipe has not yet been extensively
studied. A theorast:ca) lnpysi; of cryogenic
heat pipes s Jiven vy Chi'. The first exper-
{menta)l study with a cryogenic heat pipe using
nltrogsn 4 a working *luid was carried out by
Haskinc. In his experiments, large temperature
drops of up to 20K were nbserved which were par-
tially attributed to the low therma) conductance
of 1iquid nitrogen {n the wick.

In subsequent experimenitd with a nitrogen
heat pipe of tota)l length 25¢m and one cm dia-
meter at a power of 5 watts a temperature drop of
17K over the entire length yas found, which con-
fires the ~esults of Haskin¢. Using an elab-
orate wick structure consisting of a wa?ped core
for axfal liquid transport, r’din flow legs ang
sacondary wicking at the wl11%, & reasonably
good iscthermal omrating condition was ob-
tatned. Brennan et. al.>, investigated an ar-
tari{al and grooved nitroyen heat plpe cg close to
horizontal orientation. Alario et. a1.°,
daveloped a re-entrant groov> hydrogen .aat pipe
using extrusion technology. An excess vapor
reservoir was provided at the evaporator to
winimize the pressure fn the containment du;ing
ambicnt storage. Testing of this heat pipe
showed that t'e heat pipe became opsrational at



temperatures between 20 JOK. Axial heat flux
densities in the vapor passage of up to 9.3

W/ were cbtained. The heat pir design and
the wick structures ware relatively elaborate.

The main objective of the prasent study i3 to
simplify thy design for small cryogenic heat
pipes, especially the wick structure, so that
fabrication cost can be reduced and heat pipe
utilization increased. For this study, two heat
Eipﬂ were built, the first having no forma) wick
ut a roughened internal surface or 'orm?e peel”
and the second having spiral grgovcs machined
with a specially developed t001°. Hydrogen was
used as @ working fluid. The heat pipes were
tested in the gravity-assisted mode varying both
the tilt angle and operating temperature to in-
vestigate their performance characteristics. A
dascription of the heat pipes, the davelopment of
the wick structure, the experimental techniques,
and the results are presented.

2. HEAT PIPE DESIGNS

Copper, which has baen used as the wall mate
rial for cryogenic heat pipe sxperiments. ex-
hibits extremely high thermal conductivity in the
tomperature range 1nvosti?attd in uhis study.
Therefore, since the axial thermal conduction
would contribute significantly to the axial heat
vrangfer and make it difficult to study the heat
transfer dus to the two-phase nﬁ:r transport,
brass was used for fabricating the heat pipes in
this investigation. It has u very small thermal
conductivity at 1iquid hydrogen temperatures and
1s also caompatible with hydrogen. The two heat
pipes were fabricatad using oversized brass
tubhing that was drawn to the reyuired diameter.

Fig. 1. View of the !ntarnal Surface of the
Wirklesa Heat Pipe after Drawing.

2.1 Heat Pipe #1 (“Qrange Peel"”)

A simple heac pipe coen be made by using a
tube with an microd or roughened irner surface
(wickless heat pipe). This was tried as a first
approach in this investigation. The ove-sized
brass tubing with a smooth inner wall surface
having an o0.d. of 4.76am and 2 w11 thickness of
0.8'mm wat drawn to the desired size of 3.29mm
0.d. which left an 1.d. of 1.65mm. The compara-
tively large wail thickness einiaized the pres-
wre containme.t hazard during ambient storage.
After drawing, the originally smooth surface on
the inner diameter exhibited a wrinkled appear-
ance which resembled an “"orange peel” as shown in
Fig. 1. The heat pipe was provided with & small
pinch-off tube for evacuation and filling of the
working fluid. The filling procedure s de-
scribed in a later section. The overall length
of the heat pipe was 160mm.

2.2 Heat Pipe #2 /Spiral Grooves)

Recently a new method of wicking nrn dia-
meter heat pipes was developed at LANLY, The

tool used for intarnal threading is three pointed
and {s shaped 80 83 to produce spiral grooves in
the 1.d. of the tube wall, The tool (see Fig. 2)

Fig. 2. Tool for Intarnal Threading.

1s fed through the tube. Figure ) shows a sample
of the three-pitch threads in s brass tube with
an 1.d. of 3. 14mm. Generally wicking of smal)
ciameter heat pipes is difficult. However, this
method showed exce)lent results with fairly large
upsets of the tube wall, Tnis wick 13 similar to
one obJunod by using the invention of Runyan and
Grover?. A groove depth of 0.18mm was obtained
with a groove spescing of 0.18am. There were 32
prooves per centiseter, Additional tests have
thown that groove depths of ug to 0.28mm 1th a
:ﬁoc!ng of only O.10mm could be obtained with
13 tool.



Sample of the 3.14em 1.d. Tubing after
Threading.

Fig. 3.

After wicking the oversized tube was drawn to
the desired diameter, following the same proce-
dure for the wickless heat pipe (orange peel) de-
scribed above. The geometry changed slightly due
to the drawing pr .cess. The wick deptn essen.
tially remained the same while the groove spacing
increased to 0.25wm due to the elongation of the
tube .

2.3 Filling

For cnnvenience the heat pipes were filled
with hydrogen above i%s critical point rather
than with the 11quid phase. This method re-
qQuired special cara to achieve the desired fluid
inventnry because of the large temperature and
pressure changes involved.

A. Fluid Inventory. In most appiications,
the amount of TIuTd Tnventory 1s chosen so that
the wick structure of the heat pipe 13 saturated
and some excess fluid, which wil) form a pool in
the evaporator section during operation, 15 fn-
cluded. This technique was used in this study.
The totay volume of the heat pipe intarior {3

Ve o Vy o+ Y, (1)

where YV, {3 the volume of the vapor channe) and
Yy the volume of the wick, which cannot be ne-
gYoctod in these smal) diametsr pipes with com
paratively deep grooves. The volume of the wick
i

vy = n(R - R 2
w " MRy - RO KL (2)

whare K {g the ratfo of the jroove width to the
groove pitch, The liquid volume 13

Y, =Vt ¥y (3)

Any closed cycle heat pipe operation s basically
an isochoric process {.e., the mman density of
the fluid remains constant in the enclosure.
Using conservation of mass a mean density of the
fluid can be ¢<_.tarmined

T = (Y, Neley - og) + g (4)

Secause the operating temperature .ange of a
hydrogen heat pipe 1s small (i3-33K), 1t can be
shawn that the 1iquid volume ratio Vp /¥y
doesn't change appreciabtly, therefore the liquid
volume remains nearly constant during heat pipe
mraﬁon. Because of the limited pressure of
hydrogen source available, the heat pipe was
cooled to liquid nitrojen temperatures at ambient
pressure during filling. Using (4) and the idecal
gas relation the pressure of hydrogen at liquid
nitrogen temperature can be determined.

B. Procedure. Before filling, the hoat ,'pe was
CTeaned with & solvent and evacuated at ambient
tearerature for several hours at a pressure of
10~ Torr using a diffusion vacuum pump. Then
tie headt pipe was mmersed in liquid nitrogen and
pressurized with hydrogen to the desired value.
Heat Pipe &) (orange peel) was fill2d with two
diff~rent quantities of working fluid. For Heat
Pipe #2 the fluid inventory was sufficient to
siturate the wick, leaving only a smal) amount of
excess liquid for the pool,

3. EXPERIMENTS

3.1 Test Set Up and Instrumentation

It was intanded to operate the heat pipes in
the gravity-assisted mode and to vary the tilt
angle and oporuting temparature. Figure 4 shows
the vasic set-up of the heat pipe test appara-
tus. The heat pipe was heated with a direct con-
tact electrical heatar (Heater #1). The con-
denser section of the heat pipe was s0ldered into
a copper cylind~r by means of a cold soider
eutectic ~* Gallium and Indium which 1s 11quid at
rooa tnearn.urv and solidifies at temperature,
below 16°C thus insuring uniform thermal contact
between the heat pipe condenser and the copper
cylinger. Thw copper cylinder was attached and
thermilly Londed to the cryotip of a helium gas
cycle rafrigerator which provided tempercturer as
Tow a3 10K. The cooling rapacity of the refrig-
erator and thz tempereii:e of its Cryotip de-
pended on the heat load and could not directly be
controlled. The method used to control the heat
pipe tamperature was via an auxiliary heater
(Heater #2) mounted onto the :opper cylinder.
This heater cupplied a parasitic heat load to the
host refrigerator thus fudircctly controlling its
cold side temperature. Exta~al thersocouples
wre uted W msasure temperature differences
along the haat pipe wall. A carbon-glass re-
sistor was used for the reference tamperature.
Chrome) /G014 wire combination was used for the
thermocouples because of 1ts suparior sensitivity
with mespect to other material combinations over
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Fig. 4. Heat Pipe Test Apparatus and
Instrumentation

the temperature rarge of 10 to 30K, However,
tpecial care was taken in the fabrication of

ete therwmocouple junctions. The oxidized sur-
face Yayers on the wires of the t.hwlocouple
Junction could cause a "tunneling®'V of free
electrons from one leg to another at the therwo-
couple junction and would, therefore, lead to an
erroneously h1'hor voltage. The veading wou.d
show a higher "apparent temperature” than the
true value. This effect 1s usually not notice-
able at mmbient tmmperatures because of the domi .
nance of Brownian movement. Howsve , 4t the tem
perature range investigated in this study this
effect can lead to vo)tages that deviate con-
sideradbly fram the Seebeck voltage. The
following method was used to fabricate nearly
oxide-free solder joints, In order to break up
the oxfde layer at the Chromel wire a high tem
perature acid flux and Indium solder was used to
carefully tin thir leg. To avoid smalgsmation of
the Gold wire a Ton temperature solder was used
for its tinning. Both leg: were then soldered
togethar to form the thermocouple junction using

the low temperature solder without melting the
higher temperature solder on tne Chromel leg.
Using the referenze carbon-glass resistor cali-
bration of the thermocouples showed good
results. The test apparatus was insulated with
sultilayer insulation and installed 1n 8 vacuum
chamber.

3.2 Tests

Heat Pipe #1 was initially testad with a
fairly small liquid pool. In subsequent tests, a
large pool covering almost the entire length of
the evaporator section was used. The fluid in-
ventory of Heat Pipe #2 was sufficient to satu-
rate the wicks during operation leaving a fairly
smal) pool. Heat pipe operating tesparature was
controlled by heat input to the auxiliary Heater
#2 at the copper cylinder. Heat pipe power was
controlled via Heater #1 and increased in smal)
incraments. The temperature along the heat pipe,
the reference “emperature, and the respective
heat loads to the heaters were recorded in inter-
vals of 30 seconds.

The performance limit of the heat pipe was
obtained when an uncontrollable temperature ex-
cursion occurred {.e., the temperatures at the
beginning of the evaporator and subsequently the
temperatures in the adiabatic section would rap-
1dly and continuously increase., This resulted
from complete dry-out of the evaporator. Thc op-
erating temperature was varied to find the tem-
perature range in which the heat pipe could func-
tion and to "map" the performance characteristics
fn this range. Several operating regimes were
observed and are discussed in the next section.

4. FESULTS AND DISCUSSION

4.1 Heat Pipe #1 (Orange Peel)

The wickless heat pipe was difricult to op-
erate and would carry only very small bgat loads
1.e., in the 10wW 7ange, which cen be attributed
to axial conduction in the enclosure wall. ¢Even
at these small powers a slow, but uncontroliable
excursion would occur indfcating a performance
1imit. An explanation could be that vapor bub-
bles are generatad in the 1iquid pool of the
evaporator section, which increase in size and
causc & twc-phase slug flow. The upand'.n? vapor
bubbles in the small ) 6mm 1.4 tuping swuld push
the liquid toward:s the condenser and the conden-
sate would accumulate thers. This procass would
be repeated until the evaporator 13 driid out and
a tampe~ature excursion would set in lesding to a
fallure in the heat pipe operation. The exper-
iments were repeated several times srd aleuyt
showed the tame results.

4.2 Heat Pipe #2 (Spiral Grooves)

Heat Pipe #2, was tasted with one fili
charge, at differint operating temeratures, and
at different tilt angles. Figure 5 thows tha
performance characteristic of the heat pipc 'or @
tilt angle of 15° measured from the horitonts!,
At an opornﬁng temperature close to the tripla.
point, the parforsance {3 limited to approx-
imately Xim. With increasing temperature the



1iait increases with ¢ fairly gradual slope to
temperatures of approximately 27K, A maximum
performance occurs at v temperature of 29%K. At
this tilt angle and at relativcly small heat pipe
powers accurate data was difficult to obtain, es
pecially at temperatures greater than K. At
these temperatures the heat pipe weuld operate
under nonisotherwal conditions, 1.e., the tesper-
alure at the beginning of the evaporator would be
elevated with respect to the tecperature in the
adiabatic section. This has been studied in more
detail at larger tilt angles »viere higher per-
formance 13 expected.
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Versus Uperating Teaparrture at 15° T{it,

At a tilt angle of 30° (Fig., 6) the per.
formance 1imits cre generally twice as high as at
15°. Basically, the perfcrmance limit increases
with 1ncrn|in20cth-poruuru And reaches a max-
imum close b Y at temperatures around
26-29%. The data indicate that the heat pipe be-
comes ope-ational over the entire temperature
range, from the triple point (T.P.) to the crit-
fcal point (C.P.). This 14 remarkable since In
other investigations’, the hoat pipe becomer
operctional over a temperature intarval of only
20-30xk. At temperatures close to the triple
poiit the perforwmance 1imit increases repidly
with temperature. At temperatures above 14 4K
the increase is very small, This seems to indi-
cate that two different parformance limits exist
which have a transition point close to 14 4K,

At operating temperatures between 27 and 28K
s wrprising operation mode was observed. Even
wel! below the performance limit the temperatu e
at the baginniny of the evaporator would incroase
to o value seversl degrees above the saturation
temperature in thy adiabatic section. However,
1t was found that this nonisotharmal operation
would not necessarily lead to a complets dry-o.t

[V,

o

HEAT PIPE POMER

snd subsequent limitations ‘n performance.
Instaad temperature at the veginning of the evap-
orator would drop close to the saturation temper-
ature and then increase again, indicating a re-
watting and & subsequent dry-out, respectively.
The amplitude of the temperature fuctuation 1n-
credsed with increasing heat pipe power until the
performance 1iait was roachad where the tsmper-
ature in the evaporator increaced steadily in-
dicating a permanent dry-out. In Fig. 6, Jdata
between approximately 22 to 28K and 100wk, in-
dicate the separation between isothermal oper-
ation which 1ie below the data and the non-
1sothermal operation which 1ie abcve 1t. At
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Heat Pipe Power and Axial Heat Flux
Versus Operating Temcerature at 30°
Titt. Areas of lsothermal and
Nonisothermal Heat Pipe Operation are
Indicated,

Fig. 6.

o?ornin temperatures above 28K the temperature
fluctuations decreased markedly and were hardly
noticeable. At operating temperatures below 22K,
no teaperature fluctuation was observed and the
heat pipe operated fsothermally urtil the per-
formance limit was reached. This kind of pe-
havior probably existed also at the 15° tilt
angle, but due to the very mmall heat pipe ?onr
and sma)) temperature fluctuations this could not
be observed.

Figure 7 ihows the performance 1imit and
various 1sotherma) and nonfsnthermal areas of
heat pipe operation at a ti{it of 60°. As in the
previous dircussion o7 the data at 30° tilt it
can be noted that the heat pipe becomes opera-
tional at temperatures close to the triple-pcint
and that the performance limit increases steep'y
at fairly low temperatures. At approximately
14.8K the performanc: 11wl s almost JOCwW. At
ircreasing temperatures the gradient decreases
slightly, but {s sti)) fairly high. At temper-
atures of around 4 to 25K a maximum 'n



perfcrmance is gbtained which is approximately
900my or 50M/ At still higher operating
temperatures the performance 1imit drops sharply
towards zero near the critical point. Also, in
this test isothermal and nonisothermal operation
characteristics were observed. At temperatures
below 20K the heat pipe operated isothermally
until the 1imit was reached. At higher
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Versus Operating Temperature for 60°
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Indicated.

temperatures the fgotherms) operation arsa lie
under a curve that starts at around 300w and 20K
and ends Ut approximately 180mW and 27K, Above
this curve the heat pipe operates noniso-
thermally with tesperature fluctustions in the
evaporator section that can exceed 10K. At stil)
larger heat pipe powers, it was observed that the
heat pipe could fall back to an fsothermal oper-
ation which {s called, "Recovery fram Won
fsothermal Operation.” The hoat pipe operated
tsothermally until the performance 1imit wis
reached. Four areas of oparation w.re dis-
tinguished, three boing fsotherwmal, and one Deing
nonisothermal.

Figure 8 shows the performance characteristic
of the heat pipe operated in the vertical posi-
tion. The same behavicr can be found as in the
previous discussions;, a steep increase in per-
formance with increasing temperatures, & saximum
of approrimately 600mi at 23K and a dscrease in
performance as the critical point {s approached.
The saximm power obtained ir approximately 301
smaller than at 60° tilt. Also in this case,
four different areas of operation were found
which correspond in temperature range to the data
at 60° tilt.
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Figure 9 13 a summary of the data at 30°,
60°, and 90" (vertical) tilt, In a)) three
cases, the performance inci-easas steeply with
increasing temperatures closc to the triple
point. In this region the thraze curves lie
practically together, This is an indication that
the limitations are {ndependent of tilt angle.

It is possible due to the very small vapor pres-
sure in this temperature range that the sonic



limit is encountered. This limit is described by

Q = 0.474 AMgg(aypy)0-5 (5)

and 1s proportional to the square root of the
vapor density. In the figure the curve repre-
senting the sonic limit is almost a vertical line
which corresponds well with the experimental
data. At increasing temperatures the three
curves separate and a decrease in gradient oc
curs, which 1s espacially pronounced at the 30°
tilt operation indicating a different type of
limit., At temperatures of about 29K the three
curves unite again and the performance 11imit
drops tc zero at close to the critical point.
Again, in this temperature range, the performance
limit is independent of ti1t angle, A decreasing
limit with temperature is characteristic of a
boiling Vimit. A critical raiia) heat flux is
calculated b{ using a correlation by Rohsenhow
and Griffithll,

g Py 0
Q=0.012 h, o A (____)
f )
gve 5 (6)

Thi boiling limit prediction 1s shown in Fi?.

9. This correlation provides only an upper limit
to the test data and does not include any geo-
metric effects.

Between the temperature range of approxi-
mately 14.5¢ to 29K a different type of limi
tation may exist. Since the hedat pipe per-
formance 1imit depends on the tiit angle, it 13
presumed that the limitation predominantly is a
11quid return limit. This can be induced hy the
vapor/liquid intaraction of the counter flowing
vapor which could ledd to entrainment or flooding
in the condenser of the heat pipe. An entrain-
ment or flooding 1imit correlation for vertical
heat Hpes based on an interface subﬂit.‘T3

wodel and verified by experimental data
is given by

Qe * CEt“z (7)
and

€= 33.7¢ (8)

and ¢ 1s the characteristic depth of the surface
taxturing in cm. Th2 disensionless variables are

v fg (9)

and

Qe'_QTT

Pheg A (10)

However, this correlation over-predicts the data
for Heat Pipe #2. Flooding limits can be higher
for non-vartical operation due to the existence
of puddle flow which decreases the interfacial

area.
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In addition to the possibility for en-
trainment or flooding in the h"t pipe a liquid
1imit has also been postulated'®™ and has been
observed in 1iquid metal heat pipes'S. This
mechanism {3 based on & liquid flow impaedence
within the wick structure. Preiiminary analysts
of the data for Heat Pipe #2 indicates exper-
{mental verification of the liquid lieit wodel as
shown in Fig. 9.

CONCLUSINNMS

A new method to wick small bore diameter
tubings with circumferentia) grooves has been



introduced. Fabrication costs can be reduced and
heat pipe utilization increased using this
method. Two 1.6mm 1.d. heat pipes with hydrogen
as working fluid were built, the first bein? 2
wickless heat pipe, the second having spira
grooves. The wickless heat was difficult to
operate and would carry only small heat loads,
i.e. in the 10w range. The heat pipe with
spiral grooves became operational practically
over the entire temperature range from the
triple-peint to the critical point, 1.e. from

13.8K to 32.9X. Generally, the performance limit

increased with increasing temperature and reached
a maxinum at temperatures between 24-29K de-
panding on the tiit angle. At a smal] tilt angle
of 15° the highest limit was approximately

150mW. With an increase in tilt angle the per-
formanc2 1imit increased and & maxi was found
at 60° ti1t which was 900mw or 50w/ axial

heat flux. In the vertical position the per-
formance 1imits were approximately 301 smaller
than at 60° tilt. At very small operating tem
peratures and at temperatures close to the
critical point the performance 1imit was inde
pendent of inclination. An analysis of the ex-
perimental data indicates that at very ssall op
erating temperatures a sonic limit exists. At
temperatures close to the critical point a
boiling 1imitation might occur. 1In the medium
temperature range the performance limit depends
strongly on the tilt angle which indicates a
1imitation due to liquid flow impedance within
the wick structure. A recently postulated liquid
1imit model agrees well with the experimental
data obtained in the vertical position,
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