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ABSTRACT

The obj‘éctive of this program has been to evaluate the
current heat pipe system on the OAO spacecraft and to increase
its capability for future missions. A detailed analysis was made
of the requirements, and approaches for the design of optimized
heat pipes to meet futgre needs were identified. The experimental
‘effort led to the development of a new, composite wick heat pipe
which has significantly higher transport capability than those of

current, conventional wick design.
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FOREWORD

 This technical report describes the work done under |
Contract NAS5-11271, The program was administered by the
‘Goddard Space Fligilt Center, Greenbelt, Maryland. Mr.
Stan Ollendoff was the NASA technical.oificer. Portions of

the effort were monitored by Mr. Sam Willis of GSFC.

The work was completed by Dynatherm Corporation '

in Cockeysvilie,, Maryland, under the direction of Dr. Walter

- Bienert. Mr. Pati'ick J. Brennan and Mr. Edward J. Kroliczek

contributed to the experimental investigation.
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I. INTRODUCTION

The Orbiting Astronomical Laboratory (OAQ) employs heat pipes for isother-
. malization of part of its structure. Three of the six levels of the spacecfaft Aepend
on circular heat éipes for equalizing the heat loads of their equipment bays. The heat |
pipes are being developed by Grumman Aircraft Corporation who is also the primé
contractor for the spacecraft system.

.Dynatherm Corporation has completed an evaluation of the OAO heat pipes
and has»developedA alternate heaj; pipe configurations for future OAO missions. The
prografn,has confirmed the adequacy of the current heat pipe system. Advanced
sbacécraﬁ may encounter heat loads, however, which are beyond the capability of

conventional heat pipe technology. Part of the program, therefore, was aimed at

. PR R SR IR, M 4+ 41a 24
ucveluping neav pipes walch will mect theoe future requirements, Acg o result, the

composite wick concept has evolved which has a far higher heat transport capability
than éurrently available heat pipes.

‘The prdgram comprised the following tasks:

| 1. Evaluate the Heat Pipe Isothermalization System for OAO.

2.  Design, fabricate, and test six (6) heat pipes of the type which

are applicable to the OAC requirements.

3. Perform an analysis of the stability of operation of composite

wick heat pipes.

4. - Provide a theoretical model for the separation of working medium

" and non~-condensing gas.
This report documents the work done under this contract during the period from

January 8, 1970 through July 31, 1970. Following this introduction the results and
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accomplishmelllts of the program are reported. Technical details such as calculations
are presented in the Appendicés.

The organization of the report combines technically related subjects, ' rather
than following the. Statement o.f Work. However, reference to the Statement of Work

is made frequently in order to verify compliance with its requirements.



JI. RESULTS AND ACCOMPLISHMENTS

The work.under this bl‘ogram can be logically divided into four (4) different
categories:
| A. }élvaluation. of the cufrent OAQ isothermalization system
B. Theoretical analysis of composite wi‘ck heat pipes, in particular
those em@oying arteries
C. Development of a mathematical model t.”or the interface between
condensing and non-—cpndensing vapors in a heat pipe
D. Development, fabrication and test of prototype heat pipes
| In this section the results and accomplishments are presented, details of test and
.analysis are given in the appendices.

s em A e )

A, Evaluation of Current OAQ Isovlleriuliser Sysiein

The OAO spacecraft is designed for one-year life in a 400-nautical mile earth
~orbit and is scheduled to be launched in 1970. The heat pipes are being flown primarily
as anﬂexperiment to obtain design and integration experiénce and to isothermalize the
"spacecraft. Three heat pipes are incorporated in the B spacecraft and are mounted

on its cylindriéal structure. The pipes are made of 1/2-inch O.D. 606} aluminum
tubing and conform to the 48-inch I.D..‘ spacecraft structure. A grooved wick structure
was selectedi for these pipes. There are 30 longitudinal grooves, each approximately

. 030 inches wide and . 035 inches deep. The working fluid is Freon 2I. A detailed

discussion of the OAO heat pipes is given in Reference II-1.

Ref. II-1: "Orbiting Astronomical Observatory Heat Pipes - Design, Analysis, and
Testing, " by Jonas A. Bilenas and William Harwell. ASME Paper No.
. 70-HT/SpT-9 '

1
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L Our evaluation of thev OAO heat pipes consisted of a critical review of the
applicable documents and an in-depth analysis of several key questions which could
vitally affect their operation and/or have an influenc s (. the temperature distribution
of the spacecraft. |

The analytical methods used for designing the OAO heat pipes and for evaluating
the test results were found to be in agreement with current heat pipe technology (A-1)*.
Particular questions such as the determinatign of dry-out conditions (A-3) aﬁd the
~ possibility of blockage of a single saddle because of dry-out and/or 6vercharge (A-2)
were adequately covered in the reviewed documenté. |

Our analysis therefore concentrated on the following specific problems:

1. Capillary pumping requirements in the presence of distributed heat
sources and sinks

In Appendix A a "Heal Transpori Faraimsies '’ is delined wiich is a-
usefui tool for evaluating the capillary pumping _requirement of a heat pfpe
with distributed heat sources ahd sinks. This parameter "Z" is defined as

Z=S -S_.. ' 1I-1
where S . .. and § min 2Y€ the extreme values of the function..

X - :
s=f Qe ax | ez
The parameter Z has the dimension of "Watt-inches'" and describes the
capability of a heat pipe to transpbrt a quantity of heat "Q'" over a distance
- "L". It can be shown that "Z' is proportional to the maximum capillary

_pumping requirement. |

* The numbers in parenthesis refer to specific paragraphs of the Statement of Work
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In the case of a heat pipe which is characterized by an evaporator at
one end and a condenser at the other and where the radial heat fluxes at
evaporator and condenser are uniform the parameter "Z'" becomes

= 1 '
z Qmax(—z- LE"" Ly + _21. LC) II-3

is the total heat transported and L, L A» and L, are the lengths of

Qmax c

| ~evaporator, adiabatic section and condenser, respectively.

In the case of a heat pipe with distributed loads "Z'" must be evaluated
using equations II-1 and II-2. This is done by computing the two exfreme
valugs of "S'" from plotting the S (x) curve for the particular distribution of
sources and sinks.

Typical load distribufions for the # 4 spacecraft are given in GAC Memo
PM~-3/4-9-210 Tor ieveis 4. 5. and 6. A delalled auulysis of ihe heat trapsport
requirements of level ‘leas made since it represents the highest load. The
distribution of axial heat flow for this case is shown in Figure II-1, and the
distribution of S (x) in Figure II-2. .The maximum pumping requirement
~ occurs between points A and B on the curve. The corresponding "Heat
Traﬁsport Parameter" Z is

Z=8 S

max

min = 531'. 4 Btu-in/hr = 44. 2 Btu;ft/hr.

) e

This requirement is higher than the 34.11 Btu-ft/hr. computed by Grumman.
———ll

‘The approach used by Grumman was to calculate the area under each segment

a through d of the Q, versus x curve, and then to select the largest of these

areas as the maximum dex This method is wrong and leads to an underesti-

mation of the heat transport requirements. It implies that each of the sections
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a, b, c-, and d is indepéndent of each other and has its own pressure distribution.
In reality the heat pipe is one single vapor chamber. The pressure in the liquid
can never exceed that of the vapor. At one point (A) the liquid pressure is equal
. to that of the vapor, corresponding to an infinite raaius of curvature of the menis-
cus. The lowest liquid pressure exists at point B, where the meniscus has the
smalieét radius ‘of curvature and maximum capillary pumping occurs. The
maximum heﬁt transport requirfement exists between these two extreme poini:

and the heat pipe must be designed to handle these requirements.

2. Capillary Pumping of Grooves in a Gravity Field
In zero gravity, each individual groove of a grooved heat pipe contributes
equally to the heat transport capability., In a gravity field, however, the pumping

rnaTilitor Af tha rvmrmAan avnAaasran 34 AAvaavohatd vAadinnanaAd A v alharvirm v Asvmrmaw dicer T A
Mrssaavy “a VAN SApSfsN D pmd WM SR AR MIVALL AT LAMAL L M 4AKD LIV VY AL Aax LAPSPINssLadS sy

groové which is inclined by an angle &{ with respect to the vertical has a capillary
pumping capability equal' to
AP

Cap = 26" () g d cosd . 1I-4

W
(¢ is the surface tension of the liquid, w and d are the width and depth ofnthe
groove, respectively, Q the liqui.c‘l.density, and g - the gravitetional constant).
~ The first term in equation II-4 represents the pumping withogt gravity,
the secbnd one the reduction in a gravity field. The performance of the -entire
“heat pipe must be evaluated by analyzing each groove separately and then adding

the contributions of all grooves.



A g“roox./ed heat pipe has an important advantage over those with other
capillary structures. The liquid in one groove does not communicate with the.
liquild in the others. Consequently, when co s lering the influence of gravity,
'each groove may be treated separately. In other words, thg characterisﬁc
height which determines the static head in a gravity field is not the tube diameter
but the depth of the groove. There is some experimental evidence* that the
I-liquid from the upper grooves in the OAO pipe has a tendency to drain. This
is a characteristic of the curreﬂt groove design which permits some "leakage,"

‘ S i
probably near the ends of the pipe. Attention should be paid to this effect in

e e
—— e

future groove designs because its elimination would enhance the capillary

———— . e ~'_‘"/
pumping capability.

R —

. 3. Nucleate Boiling Within Grooves (A-4)

A model for the heat transfer in the évaporator of a grooved heat pipe
" has recently been published. (Ref. 1I-2) Because of the large difference in
the thermal conductivity between the fin and the liquid essentially all the heat
is conducted along the fins and from the fin—tipl to the surféce of the liquid.
At the bottom of the groove the liquid is slightly superheated, the
amount of superheat being determined by the AT through the fin. This swuper-
heat is accompanied by an increased vapor pressure which coqld lead to nucleate
boiling. Nucleate boiliﬁg is 'synonymous with the formation of .vapor bubbles.

It is harmless if the bubbles collapse immediately after formation, but it leads

* Private communication by W, Harwell of Grumiman Aircraft Corporation

Ref. II-2 "Optimum Cryogenic Heat Pipe Design'" by Patrick Joy, RCA, Camden, N. J..
ASME Paper No. 70-HT/SPT-1 A
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to vapor blockage and dry—odt of the grooves if the bubbles persist. The
criterion for bubbles to collapse is that the vapor pressure inside the bubble
(which is determined by the amount of superlicai) is less than the capiilairy

pressure of the bubble, i.e.

AP < 27 -5
Superheat T -

| According to II-5 small bubbles will always collapse. If the bubble size
exceeds' a certain radius rc the bubbles will no longer collapse but will
grow. In a groove, the maximum bubble radius is equal to w/2, where w is
the width of the groove. 'If the superheat is such that bubbles will collapse even
if they reach theii‘ maximum possible size, then dry-out and existence of stable
- vanor hibhleg is imbnsgihle: The maximum permissible superheat is thus
~given by

( & Pgyperheat) Max = 29 . ' 1I-6

o w/2

The superheat is related to the heat flux through the conductién along the fin
aﬁd _the Clausius—Clapéyroh relgtion.

Tor the OAO heat pipes the maximum heat input per saddle is 11. 88
~ Btu/hr (Level 6 Saddle F OAO-C), and the corresponding superheat at the
_bottom of a groove is 2.0 x IO'ZOF. The superheat which will lead to a stable

bubble with a diame g equal to the width of the groove is calculated to be

. ’ o
2.9 x 1072 F_/ Thus the actual heat fluxes experienced on the OAO spacecraft




will not lead to nucleate boiling. It should be pointed out, however, that the
R :—w‘__-——_w g

above model is extremely conservative. Tests with many heat pipes have
shown that much higher heat fluxes can be applicd before nucleate boiling

occurs.

B. Theoretical Analysis of Composite Wicks (A-5) (A-T)

Qomposite wicks have a high theoretical heat transport capability. Typically,
they consist bf structures in which the capiliary pores are optimized indépenden’cly of
the dimensions of the liquid flow channels. In a conventional wick, such as a homo-
geneous wiré mesh, the pores serve a dual function: they provide the capillary pumping
. and are the.ﬂow passages with the accompanying viscous pressure drop. In a typical |

composite wick, such as an artery, the capillary pumping is provided by the of)enings

e e T

of the sereen forming the arterv.while the artery itself constitutes the flow passage.

e

Héfe, in contrast to the convenfional wick, the diameter of the flow channels may exceed
the capillary pore size by orders of magnitude.

An éxample of the potentiai of composite wicks is shown in Figure II-3 for the
case of an arterial wick. The lower cux;ve gives the maximum heat transport capability
of a single artery as a function of its diameter. The artery is assumed to be not quite
filled; i.e., the pumping is done by the artery itself and it acts like a conventior;al wick.
.The upper curve shows t_he hea_t transport capability of the same artery, but now the
artery is completely filled and the 200 mesh screen forming the aftery is responsible
for the capiilary pumping.

Although they have high theoretical heat transport.capability composite wicks

are difficult to use in practical heat pipes. The full pumping capacity is only available

II-7
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when the wick is completely filled. -In intermediate situations (partial fill) the capillary
. miniscus is defermined by the dimensions of the flow channel resulting in greatly reduced

performance. Partial fill of the composite wick cou.d ve the result of:

a. ‘ incomplete filling during startup

b. Formation of bui)bles during operation because of excessive
-heat load

c. . TIormation of bubbles and draining due to shock and vibration

A detai}.ed ihvestigation of the .start-up (priming) and stabiljty problems associated
with composite wicks was completed. Several glas.s heat pipeé cop’caining various artery
designs were built and used for stu‘dying the phenémena.

During hﬁtial charging of the heat pipe the liquid gradually wets the entire wick.
In the race of an arterial wick the tendgncy nrevails for the liquid to at ﬁrst.wet the
walls of the artery beforé the interior éf the artery is filled. Any vapor or gas frapped
within the artery has no way to escape once the liquid membrane surrounding the artery
has been formed. As a result, bﬁbbles occur within the artery which may range in size
from less than one artery diameter to long '"sausage' like bubbles which extend over long
sections of the heat pipe. The bubbles were found to be very stable, although eventually
they do almost always collapse. . The rate of the collapsing of a typical elongate;i bubble
was"measured to be in the range of 1074 cm/sec.

Bubbles of the kind described are not only generated during initial filling of the
heat pipe but every time the artery is drainéd and refilling is attempted.

The éxistence of bubblés prevents the artery (or any other composite wick) from

properly operating. This may be explained as follows: At maximum heat load the



capillary pumping isA determincd by tlﬂo, pore size of the screen forming the artery. If
a bubble exists within the artery the radius of the bubble controls the pumping.* In tﬁe
extreme caée of a bubble filling an entire section of .ae artery the pumping capability
is reduced‘ to that of an open(artery.

In ofder to' realize the full capability of an arterial wick bubbles must be

avoided at any rate. One method to avoid bubbles is to prevent their formation in

the first place. The use of an open ended artery or its construction of a single layer

of séreen are possible techniques. The other method is to assure that bubbles will
rapidly collapse once the& have formed. |

The described techniques for avoiding the formation of bubbles have been
dembnstrated experimentally. The open ended artery can be filled free of Bﬁbbles
by letting tbé gag Or VANOT escane thfough the open end. The benefit of an artery
made fx:om a single layer of screen has been shown in laboratory experiments with
a glas‘s heat pipe.

The mechanism under whiéh bubbles collapse rapidly once they have been
formed requires an investigation of their stability. This aﬁalysis has been perférmed
and the details are presented in Appendix C. The results are as follows:

1. In the absence of temperature gradients and non-condensible gas

-all bubbles will 'collapse. The rate of collapse is of thg order of
fractions of a second. |

2. Temperature gradients of the order of . 01°K can create stable bubbles.

Fluids with high vapor pressure are much more sensitive to temperature

*The radius of a stable bubble is always larger than the pore size, otherwise it would
escape.

II-9



g'radients than those with low vapor pressure. However, a temperature
gradient can hafdly explain the observed slow collapse of thé bhubbles.

- Temperatures should equalize much faster and should result in more
random growth. and collapse of bubbles.

3. The presénce of non-condensing gases are the only plausible explanation
for the observed stability of bubbles. The slow }collapse is due to the
gradual dissolving of the gas in the liquid. Only ve'ry small amounts of

: non—condensing gas are required to create relatively stable bubbles. As

an example, with methalnol as a working fluid, a partial pressure of non-

!
!

condensing gas of less than 1 Torr suffices to create stable bubbles.
Based on this analysis it was concluded that composite wicks can be employed
successfullv if either non-condensing gases are completely eliminated or if proper

means for venting"che artery are found. Construction of the artery from a single layer
. .m‘—-—_———”‘_/f——___-

of screen (which prevents the formation of a liquid membrane) appears to be the most
D N e !

practical approach at the present time. A single layer of screen is not self-wetting.

Theirefore, the liquid membrane which can trap gas bubbles within the artery does not
easily form. | During fillirig of.the artery the gas can escape until the filling is complete. |
If a gas bubble. is generated during Operétion the liquid‘ membrane "will normall_y persist
and thus preVent the artery from refilling. However, the membrane can e'asily. be des-

troyed by locally over heating a section of the artery and refilling occurs gpontaneously.

This teéhnique has been demonstrated repeatedly ih the laboratory.

C. _ Mathematical Model of Gas Interface (A-6)
In a heat pipe containing a non-condensing gas in addition to the working fluid,

separation of the two media occurs. An analysis has been conducted to examine the

II-10



profile of the interface, i.e., the distribution of concentration and temperature along
the pipe. The' problem may be expressed analytically by a set of twelve (12) equations
along with the applicable boundary conditions. The derivdtion of the equations is given
in Appen'dix D. Numerical solutions could easily be obtained with standard compu_ter

* routines. Such results would contribute greatly to the understanding of the behavior

of variable conductance heat pipes.

D. Development, Fabrication and Test of Prototype Heat Pipes

Six aluminum heat pipes were fabricated, tested and delivered. A_ summary
" of the heat pipe designs is given in Table I_I—l and the test set-up is described in
Appendix E. The first four pipés (Serial No. -1, -2, -4, and -5) represent heat pipes
with conventional wicks, the last two (Serial No. -6 and -7A) have composite wicks.
Regulfe nf nerfarmance checks are given in Fignres -4, TT-5, and IT-6.

The pipe with plain grooves as a wick performed best among the three Freon
- heat pipes. Heat pipe No. -2 was expected to give a much higher heat transport
capability since the screeh'covereld grooves should function as a composite wick.
The fact that the addition of the screen dié not enhance the heat transport capability
indicates that capillary pufnping due to the screen was not present. ’I;he slight reduction
of the performance compared to the plain grooved pipe was attributed to a drain;ng of
the upper grooves. By adding the screen, all grooves are referenced to the bottom of
the pipe. In the case of a ﬁuid with low éurface tension, such as Freon 21, the upper
grooves will not be able to maintain the capillary head of the 1/2" diameter tube and
will dronut.

Heat pipe No. -5 has a considerable higher heat transport capability than the

-1
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FIGURLE II-4
RESULTS OF PERFORMANCE CHECK
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Figure -6
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three I'reon pipes. This improvement is due to the shorter transbort length and to

the different working fluid. Ammonia has a higher liquid transport factor than Freon 21.
However, the measured improvement is not consiétént with the better fluid properties.
The meésured "Heat Transport Param!'eter" Z for‘pipe» No. -5 was only 2800 w-inches
compared tq 2250 w-inches for pipe No. -l. By comparison, the liquid transport

factor of NH, is more than twice that of Ffeon 2l. This discrepancy will be further

3

investigated by refilling heat pipe No. -1 with-NH_ and comparing the two fluids within

3
the same pipe.

The two methanol heat pipes (No. -6 and -7A) have arterial wicks which are
represéntative of composite wicks. Methanol was chosen as the working fluid on the
basis of preliminary experiments With five different flqids:

© Fyeon VI

Ammonia

Methanol

Acetone

Dow therm-E
The first two fluids have a relatively high vapor pressure at room temperature, and
it was difficult to fill the artery. The.‘l-ast three fluids have low vapor pressure's and
filling was readily achieved. Methanol wz;s selected because it has the highest liquid
transp-ort factor among the three low pressure fluids. Heat pipe No. -6 was a . 090"
diameter artery which is open at the condenser end. Filling of the artery is achieved
by lowering the evaporator end thus letting any gas bubbles eséape through the open
end of the artery. Heat pipe Nb. -’fA Las a .062" diameter artery which is closed

i
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on both ends. The smaller artery diameter was chosen in order to facilitate self-
filling in a gravity field. This pipe was tested in a horizontal orientation as well as
with the evaporator elevated. The artery filled itself corisiste_ntly without tilting the
pipe from the horizéntal.

The heat transport capability of the two pipes with composite wicks is signifi-.
cantly highér than those with conventional wicks. | The improvement becomes particularly -
evident when operating the heat pipe wiith the evaporator elevated. The theoretical -
potential of the arterial heat bipes is even higher tb.an currently achieved in the

laboratory. Additional development effort is therefore desirable to realize the full

potential. .. . o !
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APPLENDIX A

HEAT TRANSPORT PARAMETER OF A HEAT PIPE .

This Appendix defines and discusses a "Heat Transport Parameter" which is
a useful measure of the capability of any given heat pipe. This parameter "Z'" has

the dimension "Watt-inches' and describes the capability of a heat pipe to transport

. a quantity of heat "Q" over a distance '"L'".

Consider a tubular heat pipe with a given distribution of heat sources and
heat sinks along its length. The axial heat flow "Q (x)'" will, in genefai, vary along
the pipe. In the laminar flow regime the viscous pressure loss per .unit length will
be proportional to the heat flow. Hence, the pressure difference between any two

points A and B of the heat pipe will be given by
B
= 4 ' : A-1

(AP

Viscous

The proportionality constant "C'* is determined by the geometry of pipe and wick
" and by the properties of the working fluid. An expression for C is derived, for
example, in Reference A-l for the case where the viscou‘s pressure loss in the
liquid is dominating.

In a heat pipe, the pressure ioéses in the liquid are balanced by capillary
pumping: The capillary pumping requirement between any two points, A and B,
is therefore also given by equation A-l. In order to design a heat pipe for a specified
heat load the maximum pumping requirement must be‘known. According to equation
A-1 the méximum pumping requirement is deter.mined by selecting the two end points,

i !
A and B, cf the integration such that the integral reaches its highest possible value.

"~ Ref. A-l: "Heat Pipe Design Manual", MND-3288, Martin-Marietta Nuclear Division,
February 1967
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For the purpose of evaluating the maximum pumping requirement the following auxiliary

‘parameter "S" is defmed

S x) = S Q (x) dx : A-2
The integration is carried out from one end of the heat pipe (x = 0). The variation of
S along the heat pipe is proportional to the changes of pressure within the liquid phase
of the working fluid,
We are now in the posi.’cion to define the '"Heat Transport Parameter' as follows:

7 = - ' -3
SMax SMin : , _ A

Z is evaluated by selecting the maximum ar_xd mim‘mu‘m values of the S (x) distribution,
The technique of computing Z will be demonstrated shortly in two representative examples.

" The correlation betweén Z and the required capillary pumping follows from |
'equ'atioﬁ A-l:

APCap = CZ _ A-4

The Heat Transport Parameter Z is a useful tool for thermal modeling of a heat pipe.
Z determines the transport requirements uniquely. Once its value has been computed,

the capillary pumping AP and the geometry of wick and pipe can be selected.

Cap
Conversely, for a given heat pipe the invariance of Z can be met by various lengths
and distribution of heat loads.

*-Two typical examples follow:

a. Heat Pipe With Evaporator and Condenser at Extreme Ends

The radial heat distribution for this example is shown in Figure A-l.
- Heat is uniformly applied over the length (Le) of the evaporator and rejected
uniformly over the length (Lc) of the condenser. Part of the heat pipe (La)

comprises an adiabatic section with no radial heat transfer. The axial



FIGURE A-1

HEAT FLOW DISTRIBUTION IN A HEAT PIPE WITH )
EVAPORATOR AND CONDENSER AT EXTREME ENDS
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heat flow Q (x) is also shown in Figure A-1. It is obtained by integrating

the radial heat ﬂows along the length of the pipe, viz

Q= Squ R A

The axial heat flow increases at first linearly along the e§apora’cor, then
remains constant at the adiabatic section,- ahci‘ finally decreases liﬁeafly
to zero at the condenser.

From equation A-2 it follows that S (xj rises at first paraboliéaliy, |
then linearly and again parabolically at the condenser. The maximufn and
minimum values of S occur at the two ends of the heat pip.e. Hence, the
maximum capillary pressure difference also occurs between these two'
extreme points. Ac‘cording to equations A-2, 3, aﬁd 4 the capillary pumping

anm s e Nenn ~unde

LY UiL viIv LY is. 51. VoL UJ

Peap = © S Q (x) dx o | A-6

i.e., by extending the intégration from one end of the heat pipe to the other.
For the present example the parametér Z may be expressed in terms

of an effective flow length L It is defined by the equation

Eff’

. L '
Q e L. =( Qdx AT
0 ' ~

It can easily be shown that I . is related to the geometry of the sample

Eff
heat pipe through

1 1 . '
e =2 et lats B¢ o A8

This simple relationship between L and the length of various heat pi‘pe

Eff

sections holds only if the radial heat fluxes at evaporator and condenser



are uniform

| b.  Heat Pipe With Distributed Heat Input and Qutput Zones

In this example (E"igure A-2) several evaporator and condenser zones
are distributed élong the length of the heat pipe. (The radial heat flux within
‘each zone does not necessarily have to be uniform.) The axial heat flux is
- obtained from equation A-5. Inthe most general case Q will vary along the
length of the pipe and may even change direction. By integrating Q along the
pipe the parameter S is obtained as a func’gion of axial pési’cion x, .In this
example S no longer rises monotonously but may have several maxima and
minima. The capillar& pumping requirement is again defined by equation
A-4, viz:‘

T =CZ=C{E <

Yan ~ AT A
\scips A¥LLLO

»
¥

nrin
However, in the present example the pumping requirement can no longer
be calculated by integrating between the two end points of the heat pipe
(equation A-6). The proper brocedure is to select the difference between
two extreme values SMax and SMin' In the example given in Figure A-2

the value of the integral between the two end points is actually zero although

the Heat Transport Parameter '"Z'f is definitely finite.



FIGURE A-2

HEAT FLOW DISTRIBUTION IN A HEAT PIPE WITH
'DISTRIBUTED HEAT INPUT AND OUTPUT ZONES
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APPENDIX B

.CAPILLARY PUMPING OF GROOVES IN A GRAVITY FIELD

This discussion deals with the capillary pumping in a grooved heat pipe which
is oriented horizontally. Typically, the grooves are evenly spaced, are an integral
part of the tube wall, and separated from each other by "lands.'  Figure B-1 shows

the groove geometry of the OAO heat heat pipes.

. FIGURE B-1
GROOVE GEOMETRY OF OAO HEAT PIPES

First we observe that each groove represents an individual capillary. The
liquid in one groove does not communicate with the liquid in the next one. Consequently,
the pressure 6f the liquia in each groove is independent and is not related to any refer-
ence éuch as a pool at the bottom of the heat pipe. When considering the influence of
gravify each groove méy be treated separately. By contrast, in a conventional screen

type wick structure, the pressure within the liquid at the top of the pipe is related to



the pressure at the bottom by the féllowing equation

Prop = Ppot = £ 87D B-1

where D is the tube diameter. In many heat pipes,‘ thé static head associatea with its
diameter is comparabie to the capillary pumping capability and, as a resﬁlt, the upper
portions Qf the wick contribute to the heat transport only in a greatly reduced manner. '
To say it differently, most of the availa‘ble capillary pumping vis u;sed up to hold the
liquid in the wick and is not availé.ble for liquid tvransport.

A grooved heat pipe is not subject to this 1imitatioﬁ. The individual grooves
communicate with each other only by ?ondensation and evaporation, i.e., through the
vapor. Because of the low vapor density, the static head corresponding to one tube |

“diameter ié negligible.

Having estaplished that eacn groove acts as an individual capiiiary. we will now
proceed terxaminé the effect of gravity on the capillary pumping. Consider. the single
groove shown in Figure B-2, Its orientation with respect to gravity is defined by the

angle &« , its width is w and its depth d.

Bottom

Top

FIGURE B-2
EFFECT OF GRAVITY ON SINGLE GROOVE

B-2



The liquid-vapor interface will have a miniscus with a radius r which is defined by the
inequality

5 << oo o B-2
Since the liquid is assumed to be in equilibrium with its vapor the hydrostatic pressure

in the liquid may be written as

£

Py =P, - T (at bottom of groove) - B-3
6
PP =P, " + P gdcos (at top of groove) B-4

¢ is the surface tension of the liquid, () its density and P, the equilibrium vapor pressure.
The liquid is held in the groove by a balance of pressures across the interface between
liquid and vapor, i.e., it is held if

. . | _
Pzp:p‘;—+()gdcos B-5

v(The term p, on the left side of B-5 represents the pressure of the Vépor phase of the
working ﬂuid which, by definition, ié equal to the equilibrium vapor pressure). Equili.b—
rium B~5 can bé rewritten to yield |

o >

- P g d cos & ' -B-6
The last equation defines the maximum radius of curvature which the miniscus may
have while still supporting the liguid.
The capillary pumping is determined by the maximum difference of the hydro-
static pressure between condenser and evaporator. The averége liquid pressuré in a
groove at the condenser is ,
—_ -6
p,=p, =~ T+

v r
c

-%-{)gdcos;d ' B-7



and at the evaporator

— 6
P, =P - T

1
- ' B-8
. v + > ()gdcos

]

e
Thus, the capillary pumping becomes

AP -

_ 1 .
cap—pc_pe*-:o/(re— c> B-9

The two radii of curvature can be determined from equations B-2 and B~6. The minimum

evaporator radius is (B-2)

- W , B-10-
re 2 . ' ' '
and the maximum condenser radius

&

= B-11
e Q gdcos K
We therefore obtain for the capillary pumping capacity of the groove
' 26 - _ o
A D = Tt - g8 dCcCosS X . - B-1Z
- —“cap w v : .

The {irst term‘in B-12 represents the pumping without gravity; the second term represents'
the reduction due to gravity.

The above andlysis applies only for an orientation of the groove less than & = 90°,
i.c., for the upper half of the grooves. Applying equation B-12 to the bottom grooves
(A > 900) would require a convex miniscus which is impossible for a wetting fluid. The
performance of the entire heat pipe c:;n be evaluated by analyzing eéch groove separately

(different < 's) and then adding the contributions of all grooves.



APPENDIX C

STABILITY O BUBBLES IN A COMPOSITE WICK

The existence of vapor or gas bubbles within a composite wick has been observed
frequently. In this appendix several mechanisms are studied which could account for

their stability and their eventual collapse.‘ The following cases are considered.

a. No non-condensing gas is present and the temperature is uniform everywhere.

Consider a bubble submerged in a liquid as shown in Figure C-1.

Surface of Liquid
Vapor (Pressure pVO)

A
hy
Capillary Pressure Within Bubble = pC

Depth Z
‘Bubble (Radius r)

\ Pressure of the Liquid in the
- Vicinity of Bubble = P,

FIGURE C-1
SCHEMATIC OF BUBBLE

The pi‘essure in the liquid in the vicinity of the bubble is

P, = Pyo £ pPr 8% | | C-1

\

where () L is the density of the liquid. The positive sign applies if the bubble is

C-1



submerged in a liquid below a free surface; the negative one applies if the bubble exists
in a capillary above the free surface.

The capillary pressure within the bubble is determined by the surface tension

pL + _?_f; c-2

The capillary pressure p C is not necessarily equal Ito the pressure pB within the bubble.

In the absence of non;condensing gas the pressure in the bubble is given by:

- 26
Pp = Pyg &P (r()LRT)

C-3

' Equation C-3 correlates the vapor pressure Pyvo over a flat surface to that over a curved
surface (Ref. C-1). The équilibrium vapor pressure in a bubble is lower than that over a
flat surface at the same fempera’cure.

Combining C-1 and C-2 we obtain for the capillary bressure within the bubble

9 &

The bubble will collapse. or grow depending on whether the capillary pressure exceeds
or is less than the pressure in the bubble, i.e.,
s collapse _
pC < pB { stable : C-5
grow

Thus the requirement for a bubble to collapse is

26 )
rgLRT

2 6 |
Pyo £ P 8% * > Pyo &P (- C-6

It can easily b’e shown that for the size of bubbles observed in a composite wick the
‘exponential term on the right-hand side of C-6 is very close to unity. It will therefore
be neglected in the following. Equation C-6 reduces to

2 ¢
— * ()ng>0 , Cc-7

Ref, C-1: "Thermodynamics'" by J. F. Lee and F. W. Sears, Second Edition, Addison-
Wesley Publ. Co.

C-2



Equation C-7 states that éll bubbles below a free liquid surface will always collapse
(positive sign). Bubbles above a free surface (e.g. in a capillary) will only collapse
as long as their radius does not exceed the static wick.ag height.

The rate of collapse can be estimated from t_he magnitude of the inequality in
C-5. The differénce between the two pressures give ‘rise to a net rate of condensation.
This rate is gi\'/en by

P =D | :
G = €L 1 . ' _ C-8
(2 4+ RT)%

~ where G is _mea.sured'in grams/sec cmz, R is the gas constant and T the absolute
temperature. _ _ }

Using this rate equation an estimate was made Qf the velocity with which long,
"'sausage" like bubbles within an ar’_cery should collapse. The rate was found to be

a
hd / . L Y S SR IR i Lo IR
4 Uiallicitl alilclry auu willl lic Lliauvl dad uWig

2x10 cm/sec for Lubbles withiin a . 650"
working fluid. Experimentally, a rate of 10—-4 cm/sec was measured indicating‘that
the above simple mechanism cannot account for the stability of bubbles.

‘Actually, the discrepancy between the model and the observéd rate is not as
drastic as the seven orders of Amagnitude seem to indicate. During condensation the

latent heat is dissipated resulting in a temperature rise at the surface of the bubble.

This temperature rise, in turn

) results in an increase in vapor pressure thus slowing

down the theoretical rate of collapse. Calculations showed, however. that the slow-

down is not sufficient to account for the extremely slow experimental rate.

b. No non-condensing gas is present, but a temperature non-uniformity exists
within the system.

Assume that the temperature (T) in the vicinity of a bubble is slightly higher

Ref. C-2: "Kinetic Theory of Gases" by E. H. Kennard McGraw-Hill 1938 . .
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* than in the rest of the system (T O). According to equation C-5 the requirement for

a stable bubble becomes

= ‘ ’ . C-9
Pyo (TO) L Pvo (T)

(gravity effects and the small exponentialvterm have been neglected). The required
temperature gradient (T" - T O) can be estimated using the Clausius-Clapeyron relation -

T-T = 2% T | C-10

O r hlpy-gy)

(h is the heat of evaporation, and g L and y are the densities of liquid and vapor,

respectively.) For a .'090‘; diameter artery and With methanol as the fluid, the above
temperafure gradient was 'cal‘culated to be . 04°K. For amrﬁonia the required tempera-
ture gradient is an order of magnitude smaller.

Hence, small temperature non-uniformities within the system could explain
the observed stability of bub_bles. In fact, existing bubbles can be made to grow' or
shrink in laboratory tests, depending on whether local heating or cooling is applied.
However, the law of statistics rules out temperature gradients for being responsible
for the observed stability of bubbles. Random temperattﬁ‘e fluctuations should cause
bubbles to grow or collapse with the same probabilify, -in contrast to the experimentally

observed long-term stability.

C. A small amount of non-condensing gas is present, but the temperature is uniform,.

Accofding to the preceding discussion a bubble is stable if the capillary pressure

-p c is equal to the pressure within the bubble. In the presence of a non-condensing gas

the pressure in the bubble is equal to the sum of the partial pressures of vapor ’ITV

and gas Il G’ i.e.,

= T _+ N C-11

C-4



The partial pressure of the vapor is the same anywhere in the system and equal to the

equilibrium vapor pressure p The capillary pressure p | is still given by equation

VO’ C

C-4, modified, however by an additional term whiih .epresents the partial pressure of

the gas in the systein.

26 :
- - 12 .
Pc =Pyt 7t Teo - c-12.

(Gravity has been neglected.) We therefore have the following requirement for a stable

bubble

~

‘ . 2 6 S .
%,+ /)f’G = % + - + GO C-13
Ina st‘able bubble the non%on_densing gas is slightly compressed by the amount:

26

Ap = ’/T’G— /”’GO = C"14:

Numerically, th;s compression is small and, using the previous example, amounts to
0.3 mm Hg. A bubble, once it has been formed, will thérefore collapse up to thé point
where sufficient compression has been achieved to satisfy the above equation. If the
partial pressure of the gas within the system is of the same order of magnitude as the
required compression the bubble will collapse approximately 50% until equilibrium is
reached. After the bubble becomes stable the gas can escape only by dissolving in the
liquid, a process which is inherently s_l'o_w. The-above process appears to be the only

logical explanation for the observed stability of bubbles in composite wicks.



APPENDIX D

MATHEMATICAL MODEL OF THE INTERFACE BETWEEN
THE VAPOR AND A NON-CONDIENSING GAS IN A HEAT PIPE

- In a heat pipe containing a non-condensing gas, in addition to the working fluid,
separation of the two media occurs. The location of the interface is determined by the
balance of pressu1~és in the vapor region and within the non-condensing gas. The
analysis presented here describes the axial variation of concentration of the two
media in the vicinity of the interface. The ’temperature distribution along the wall

“is closely related to the concentration and is included in the ainalysis.

Schematically fhe distfibution of concentration is illustrated in Figure D-1.

On the vapor side, the concentration of vapor approaches 100% and that of the gés
approaches zero. The converse is true on the gas side. In the vicinity of the
interface both components are present at a finite concentration, The wall tempera-
ture is constant- in the vapor region and decreases along the interface t.oward the
(lowér) gas temperature.,

A mathematical model describing the variation of concentrations and tem-
perature near the interface has been developed. It is based on the following sim-
plifying assumptions:

") The vapor and the gas follow the ideal gas law.

(2) Only one~dimensional (axial) gradients are considered. There

| ;s no radial gradient of either concentration or temperature.

(3) The partial pressure of the vapor. is uniquely determined by

the equilibrium vapor pressure at the given wall temperature.

(4) Temperature gradients through wick and wall are neglected.
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FIGURE D~1 .

SCHEMATIC OF THE DISTRIBUTION OF CONCENTRATION
AND TEMPERATURE IN THE VICINITY OF THE INTERFACL



(5) ‘Steady state exists.

(6) The geometry of the pipe (diameter, wall, wick, etc.) does not
change in axial direction. ‘The heat transfer coefficient for external
heat removal from the pipe is also constant.

(7) The totai pressure (sum of the partial pressures of vapor and gas)
is constant along the pipe.

The following equations describe the gradients in the intérface region.

The sum of the partial pressures of vapor‘and gas is constant everywhere

and equal.to the totél pressure Withil'l the heat pipe:
pV + pg = pO = cons'tant D-1
(pV = partial pressure of the vapor; p_ = partial pressure of the gas; p = total

g (0]
nraccnra in tha haat ninol
TEITDUDS R Tt 223 RpARS,.

Both components, i.e., the vapor and the gas, follow the equation of state

of an ideal gas:
=n k : -9
Pv nv T . D-2
p =n kT D-3
g g .
' (nV and n_are the particle densities of vapor and gas, respectively; k = Boltzmann
Constant, and T is the common temberature of vapor and gas).

The equilibrium between vapor and gas is determined by the relative diffusion

of vapbr and gas. The diffusion equation for each component can be written as:-

dN, ' 'dnv ,

& S AR W-Dy A T D-4
dN in

—L - An w-p_ A “Tg D-5
dt 5 & ax 4 :



d N, . d N
Y and —£ are the particle fluxes per unit area

In the preceding equations, i &

and unit time (e. g., diffusing particles/cm2 sec). The first terms on the righthand
- side of equations D-4 and D-5 represent the partic.e .iows due to mass flow of the
mixture (velocity W in cm/sec_:). The last terms represent the diffusion. Dv and Dg

are the diffusion constants of both constituents, A the cross-sectional area of the -

» dn d n, ' :
- heat pipe, and dXV and F}_{l the axial particle density gradients.

During steady state, there can be no net motion of the non-condensing gas,
the particle flux of the gas must therefore be zero.

dN_

—Et—&’-: 0 for all axial location X ‘ D-6

The partial pressure of the vapor is determined by the local temperature since we
assumed that equilibrium exists at all points between vapor and liguid within the
wick,

P, = P, (T) . D-7

The rate of change of vapor flow in axial direction can be equated to the condensation

rate on the wall.

d d Ny

ax Tat

)= RS | : | . D-8
R is the rate of particles condensing"on the wall (measured, e.g., in cm“2 sec-l),
S ié the circumference of the tube. |
' The condensation rate R is related to the internal heat flux q; on the wall‘ by
4 =RA | : D-9
where A is the heat of condensation per molecule. A is, } of course, related to the

conventional heat of condensation h through h =A —g— » Where ¢ is the mass density



of the vapor and n the pax"ticle density.
Finally, we have to consider the heat flowing by conduction along the walls of

the heat pipe. This heat flow Q is given by the familiar conduction equation, viz:

Q:-SSK%;‘— . . D-10

(S = circumference of heat pipe, cf = wall thickness, and K = thermal conductivity
of wall material).

The heat balance for the wall is given by the following equation:

4aQ _ '
&= % S-q, S DAl

The first term in the last equation represents the rate of change of the heat flow by
conduction. The second term is the .heat gain by condensation from the vapor and

i . 5 - m 11 S A T PR N PR,
the third one the heat losg to the cnvirenment, Typically, thiz heat lsoos term is

. represented by:

q,=h(@T-T) - '. . D-l12
where h is the heat fejection coefficient and TO the sink temperature. In the case
of radiative heat rejection to the enviornment equation D-12 would be replaced by the
appropriate equation for radiation.
The preceéing 12 equations déAS.cribe the stated problem completely. There

are 12 unknows, viz:

pv p g T
n n ' w
v g 4
N N R
v g
9
qe
Q



' Each one of these parameters is a function of X, the axial location on the heat pipe.
. The difﬁision constants Dv and Dg are functions of the concentrations n and ng, and,
thérefore, also vary along the heat pipe.

A solution of the set of equations can be obtained by numerical methods. The
boundary conditions for both sides of the interface are well defined and the differential
equations can be solved.

The numerical solution will yield the following information regarding the
) .in‘.cgi'face bet\véen a condenéing and a nop—condensing gas in é heat pipe:'

(1) Temperature distribution along the wall, |

(2)  Concentration and partial pressures of both constituents within

. the heat pipe. |

2y The dis‘;rib-uticéz of tho roicoted haot 2lona the heat pipe,

Numerical solutions fhay ecasily be obtained with the help of standard computer routines.

Such results would contribute greatly to the understanding of the behaviour' of variable

conductance heat pipes.



APPENDIX E

TESTING OF HEAT PIPE PROTOTYPES

After fabrication each heat pipe was vapor degreased with trichlorethane, flushed
with methanol, evacuated and hélium leak checked. Prior to charging with Freon 21,
the pipes were outgassed at 220°F for 45 minutes under high vacuum.

The heat pipes were performance checked prior to delivery. The test set-up

is shown in Figure E-I.

FIGURE E-1
TEST SETUP FOR PERFORMANCE CHECK
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Leveling of the pipes was done by nieans of a Theodolite (Wild T2) with an accuracy
‘of +,005 inches. During the tests, the operating temperature (as measured on.the
adiabatic section) ranged from 1706 to 45°C. Since (e temperature of the wa.ter bath
was approximately constant at 10-15°C the vapor temperature was controlled by fhe |

~condenser AT. This AT is a function of heat flow and of the wick geometry.



