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SCOPE AND CONTENTS

) A sfreamlined crossA;apiion.ﬁeat pipe manufact-

ured from 4130 steéel, usini‘ther as thc workirg fluid and
layers of 200 mesh stainless-stecl screcen for a wick was
designed and thtcd. The experimcntnl.gffo;t was directed
toward two main objectives. The f{rst objective was to

- determine the operational dctalls of bu11d1n£ a stream-
‘lined heat pipe system for. exporimental ust. The sccond
,ohjcctiﬁe was to. test the hoat pipé. at d1fferent 1nc11na—

4

tions to dctermine the effect of grav1tv on heat pipe.

%

]

1
performance. '

The axial tomperaiuré distributions, performgncg |
data and p1f1mete}5 gz} ‘the streamllned hcat p:pe, ag varipus
power 'input and angles of 1nc11nat10n, were presented,
analysed and compared with existing theories and previous

investigations. T

.\ The heat pipe transferred-a maximum power of
- L

250 watts whiYe 1n?ta11ed horizontally. As {he evaporator

was raised/above 'the condenser Jevel, the maximum heat

* (1ii)
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decrcased, and at the vertical orientation, no thermal
* ! ’ - ' - -

equilibrium was attained, at a power igput of 25 watts..

-

‘The performance of the heat pipe wag, also cbmpnrcd'

with that of a solid.conguctdf having the same shape.
. \ )

The equivalent thermal conductivity and specific output ”

—calculated, were found to be approximdtcly four and thirteen”.

§ . “ : . .
) times respectively greater, than that of a similar solid |
. * :

“""v

' pure!copper‘rod) o R
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NOMENCLATURE

Eyﬁbols ' ':~ Descriptions o | ;' | Unigs
A Area . | 4 ' fFr? or in’ N
.D o Rod diametor - - ' " in
g ) Gravitational acceleratibn | ft/scci
g :_ Gravitational constant (32.174) h b £t/1b, sec>
X - | Thormal cbnductivity o '-B%U/hr ft °F
' - Wick permeability =+ o ge?
L , Lengtﬁ _ ‘I - | - ftlor iﬁ
ﬁ - . " Mass floﬁ rate  1b /sec
M? ” Mach nunmber | . ' . _

R .Number:of solid rods distributed

circumferentially at & certain
axial plane ,

-

N . “Number of dxial TOWS . ' _ P

P L Pressure ’ . " inches of_Hg
' -oT lbf/in2

Q'lr . Axial heat condUCtianl . 7 Watts

Q . Heat rate : ‘ ‘Watts.

T Radius L ' ’ ft or in

R . ﬁod thermal resistancé | . ' fﬁz ﬁrr°F/BTU

T _Temperature - . °F or °C

X h . Distance £ ‘ ft or in

o Heat pipe inclination with . degree
horizontal '

.B ' Heat pipe inclination with ) degreg

' ~vertical : -

A Incremenf , . ' | o -

. ! \J

(xi)



Symbols : Dusdripfion Units

3 r Radius of curvature of the pores ft
in the wick

) : Apparent contact angle degree -
) S Latent heat of vaporization . .'5BTU/1bm
u Viscosity oo . ' lbf hr/ftz_
T & ‘  Constant (3.1416) . o -
0 | " Density | | - 1bm7ft3
o Surface tension ' ‘ lbf/ét
¢ ' Wick porosity o ‘ -
_ Subscripts Description
a Adiabatic
c _ Condenser, cold
e E;aforgtor
oq ‘Equivalent
h Hot
i Input, inlet and inner
¥} ~ Liquid
max . ) Maximum
o o Qutput, outlet and outer
t Total
v Vapor ". ’
W C Wick
(xii)



CHAPTER 1

"INTRODUCTION

,

A heat plpe is a_self-acting.acvicc, whichjin its -
;implcst form consists aof a ciosed container which is.linec
w{ch 5 liquiﬁ saturated wick. Heat added at one end trans-
forms the liauid into vapor, which flows to the coolér end
where it condenses and releases theilatent ﬁeat of evaporation,
The ‘liquid returns to the heated end through the wick by
cap1llarv action.

Nue to eace of manufacturing and assemh11ng, the
circular crOSS-Séctiqn heat pipe has found several investiga-

4

tions and appllcat1ons. Jhe purpose ‘of this work was to

' -

examine the performance of a new shape of heat pipe: a stream-

-~

lined cross-section heat pipe.

+

~The main idea behind this particular shape was a

result of a d1scuss1on regard1ng a heat transfer problem of
»

current interest to United Aircraft of Canada Ltd. The problem

jnvolved an air-to-air héat exchanger design of high integrity:

A conduction approach to the problem was done through an opti-
'mizacion study presented in Appendix A. The aim of the study
. was to determine the minimum number of solid conductors, with

different llmutatlons on dimension and conductance, chpable of
A

transfer ing the heat load from the hot to the cold stream.

The required <conductance was found to be excessively h1gh a -
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* property not normally found in any s0l1id- conductors. A solu-
tion to the pfoblcm however, may pé found by substituting for
the solid conductor a heat pipe.

A streamlined cross-gccxipn,hoat pipe was chosen
as it providca two main advantag?s over the éirculér oné,
eSpec1ally for a typ1ca1 acrodynamlc conf1gur1t10n The stream-,
lined cross-section pipe has a 1ower drag coefflcxcnt‘when
compared to that of a right circular cvlinder of the same cross
sectional area. This is eschiﬁ]ly important if the heat pipcs
werc to be installed in external flows, for éxample the by-pass
duct of a turbo-jet engine. Secondly, the overall heat transfer
.cocfficieﬁf from a streamlincﬁ shapg is highe;_ihan thaf-of a
circu;ar,;hape.

The firsf objective of the work done'was‘go determine
the operational det;ils of manufacturing a streamlined heat
pipe system for experimental use. Examples ofughe'operaiional
details sought were: manufacturing of the heat sourge and
sink, tcmpernture measurements 1nstrumcﬂtatbon, d1ff1cu1tlc< '
encountcred in wrapping and installing the caplllary structure,
asscmbly procedure (cleaning, sea11ng, load1 g, etc.). The.
second objoctive was to test the performance of the streamllned
heat pipe installed at di fferent orientations ‘with the horizontal
(evaporator up), in order to determine what effect gravity has
on the heat pipe performance. Performance tests consisted
mainly of determining the axial temperaturc-distTibution$~alqng
the heat pipe and ﬁower outputs, at different power inputs u; .

to the maximum allowable heat transfer. Other measu;cd and
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calculated parameters have also been pr¢sented, analysed and
. . A LA
compared with existing theories and previous 1nvestigations.

The experiments demonstrated the highly desirable

[ s

)charactcrigtics of the heat pipe operation, mainly high heat

transfer rates with ldg’tcmperaturc gradients, and high heat

-~
LY

trans¥er per unit weight. ¢ -

v



CHAPTER 11

@ ' THE HEAT PIPE: PHENOMENOLOGY
AND LITERATURE SURVEY

2.1, Description and Types of lleat. Pipes

The heat pipc was first discovered 'in 1964 by

. , 8 :
> Grover and Cotter (1, 2) , and it is simply defined as a self-

ntained heat- transfer device.utilizing a vaporization- .
~ — -
conddnsation cvcle to achieve extremely high effective thermal

c tivities. One possible configuration for this device
is a'lopg closed Iuhc th1ng a liquid saturated wick llnlng
its inner walls. 1f onc end of the pipe is heatcd and thc
other cooled, as shown in Figure 1, the ?iqu;d in the wick

vaporizes at the hcated end and flows to the cooled end where

it condenses. Capillary 5ctiqn in the wick returns the con-
*densecd vapor to the heated end. Thus, the latent heat of vapor-
ization of the fluid is transferred in the. vaporization- condcnqa—
_tion_;ycle, and an extremely 1ow témperature drop along the pipe
ensues. |
The heat pipe definition cnt#il#d io'geometric con-

straints in regard-to its'strugturc; and in fact, a large

numhet of heat pipes of many different shapes have been built

and tes;cd. Host heat pipes héve consiéted of a cylindrical

- container offering a large length to diameter ratio.  However

"

¥ Numbers in brackets designate refercnces.
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several iPuestigators'have probosed and designed radial and
flexible heat pipes. A new type of heat pipe that fo%atcd .
about its longitudinal centerline and utilized centrifugal
acceleration instead of capillavries for Teturn-pumping of
~condensate was presented in 1969 by Gray (3). 1In 1972, a

heat pipe of new dcsiin, using an électrode structure to orient
and guide the dieleﬁ;ric liquid phase flow was proposed (4).

. ™

2.2. Heat Pipe Applications :

~Theoretically the heat pipe may be applied to almost o
a limitless number of thermal transporf problems, which in
general, can ﬁe sﬁbdividqd into four'broﬁd topical categories
depending on the particular feature of a heat pipe which is to

>

be exploited (5).

The.tcmperature'equalizing feature of"tﬁc heat pipe™
have prompted numerous suggestions and actual uses for the
maintenance of a desired copstant temperature environment. As
an- example, when a spacecraft is subjected to solar radia-
tion the sunny sigé of the craft approached temperatures
" of 400°K while the shaded side dropped to about 150°K. A
tremendous improvement in uniformit} of vehicle temperature was
aohicVed by hénding a series of heat pipes at regular intefvals
along the vehicle (6).

Heat pip&gnmay also be used to flatten flux variations
supplied by an unsteady heatlgﬁurce. Researchers at RCA (7)

“have developed a heat pipe which maintains a constant thermal

output flux independent of variatioms in thermal input flux

~



up to a factor of cight or more,

Anothor‘use:of the heat pipeo would allow secparation
Pf the heat source from ihc-heat sink. Again, poqsiﬁlc space-
rcraft applications of heat pipes h;vé reccivcd‘considcruhlc
attention since thchhcat source, fOf instance electfoni; com-
ponents, have often heen locgtcd in the iﬁferior of the craft
and the waste h;at must often bc.transférrcd over some distance
for ulgimate rejection to outer space.

Another fcature of the heat pjpe, which has.generated
muéh enthusiasm,-i; its ability fdr thermal flux tran;formatidn.
Heat additioﬁ to nnd heat removal from a heat pipe were feasible.

across heat flow areas -of different size. This potential-for

heat flux transformation has stimulatcd thermionic specialists

to consider the conversion of low heat fluxes generated by

radioactive isotopes for instance, into a sufficiently high

“heat flux which is required for the operation of a thermionic

Ty

converter. -

2.3. Material Tests

A very cxtensive research effort has be@n dcvothd to
heat pipes since 1964, wheﬁ Grover and his co-workers tl) at
the #os Alamos Scientific Lahoratory, first reportcd the
successipf operation of'u heat pipe. A water heat pipe (30
dentimetcrs long) and two 11qu1d sodium h¢at pipes (30 ccnt1—
meters and 90 centimeters long, respect1ve1y) were subJected

to tests to determino the maximum heat input. Wicking material

used was either stainless-steel screen Or porous Alundum tubes,



er méximtm heat input rate recached was 30 watts per square
centimeters of the hea%ed section. It was concluded that
this maximum rate was restricted by the deformation or.drying
of the wick. . |

Normally the success of obera;don of a;y—heatlpipe
depends on the working f1uid used, the wicking'mate;ial and'
the compatibility of componeﬁts.

* ¢ The choice of a working fluid is dictated to a large

~degree by several physical prOpcrfies of the fluid and by the

\
-

chemical compatibility of the fluid with the container and

the wick. Deverall -an§ Kemme (8) werTe the first investigators
tofformhléte the redﬂirem§nfs fof guitable heat pipe fluids:
[1] high latent heat 6f vaporization; [2] high thermal conduct-
ivity, [3] 1low viscosit}, [4] .high surface tension, [5] high
wetting ability, and [6] a suitable‘boiling point. Parker

and Hanson (9) showed that the vapor pressure curve dictated
the temperature range of applicahili't" fo;' a given fluid. The
relative merit of various working fluids within a particular
temperature range is usually estahiished‘by comparing the
‘values of a dimensional fluid property group fPr each fluid.
The property group-has the diﬁensions of a heat flux and 1S
defined as the ﬁroduct of the latent heat of vapori:é&ion and
the surface tension divided by the kinematic viscosity of the
fluid(pko/u). Numerous authors hﬁve presented plots of the
fluid proﬂ%rty groups for various fluids as a function of
temperature (10, 11, 12, i$). Frank (12) for example has

PRV

published extensive property group plots for water, sodiunm,



and cosiﬁm, while reference (13) Yiolds'vafues of the property
group for liquid metals for possible heat pipe application,
Langston and Kunz (14) prcqcntcd a table compnr1ng the valuo

of the f1u1d property group for several low temperature f1u1ds
1nc1ud1ny the freonq alcoho]s, and glycols., Usually 11qu1d
metals have been employed in high temperature studieé}}and

g0mm§n l;quids, such as water or the alcohols for low and
moderate temperatures., In the intormediﬁpe témpcraturc range
from 200 to 300°¢ Peverall (15) has suggested the use of mercury.
to which a sm%ﬁl amount of titanium and manganegse hés been added

)
/
to 1mprove the wetting chnructcryst1c€ Reccntlv Tien (16, 17)

(

and Feldman (18) have predicted the thcory and operation °

characteristics of a two componcnt heat pipec using water combined

"with different percentages of ethanol (or methanol);
Tho p'rimary requisite for a heat pipe wick is that .

it acts as an effective capillary pump, that is, the surface

—

tension forces developed between the fluid and.the wick structure

3

must be sufficient to overcome all viscous and gravitational
forces, and still maintain the required fluid circulation, The
property data on wicking materials which have been accumylated

to date, briginate primarily from wicking height and permeability

L}

measurements.

A wick pgoperty of major importance is the maximum
hcight to which 5 wick lifts a giﬁcn working fluid. Ferrell
and his co workers. (19} measured the equ111br1um height of
“water in packed beds cons1st1ng of stainless- stccl particles

e —

(40 and 100 mcsh) and’'glass bcads (80 and 100 mesh). Phillips
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1 e

and ﬁindbrmn; (20) mecasured the maximum capillary pressure

.for a 200 mesh screen}df staiﬂiess—étcel; bronéc, and nickel-
using water, methanol .and bcn:ené, rcspecgivelyz_ Reference
(gl) presented measuremonts of capillary cqui]ibrium,levcis
as func;ions ;f particle dinmetéi fdr packed beds of ﬁonel
heads, .KQtZOff (22)-medsu?ed the  1ift capability of six screens
and found the values of the‘minipum cffective mcniscus radius
ranging between 0,75 and 0,90 times the spacing of the wires
in the screen, McKinnéy (23) presented a plof between the
capillary rise and screen meslt for stainless-steel screen,
| The second property of great importance when selecting
a wick is its permcability which is defined as ; proportionality
constant between the flow ratc and the pressﬁrc drop in a
porous body: chfcrcnce fZI).pre;cntcd'permcability measurements
as a function of particlc.diameter for packed bcﬂs/of monel
beads. Wick permeahillity forlSO, 'IOO.and 200 mesh vgtainl'ess ‘
steel and 100 mesh copper were determined by Roberts and
Feldman (24), McKinney (23) presented an experimental determina-
tion of permeahility for 100 and.250 mesh sFainlesg—stecl
screens; the results were approximately constant irrcspecfive
of flow rate. Langston and Kunz (14) experimentally determined
‘the éermeabilities for a number of sin;cred metallic materials
fabricated from felted fibers, powdcfs, and screens, The-

/ . c
permeability was found to be independent of the nature of the

\ 4
fluid, time, flow rﬁte and fluid tcmpérgtuye. ,
A wide variety of wicks have becn successfully

emploved in hecat pipes. The most widely used to date, consisted -
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of several layers of fine mesh screen. Various methods have
- - »

been used to guaranfcc‘mcchapicnl contact between the screen

and the container. Neal (11) rolled the screcen on a mandrel

and upon insertion into the pipe removed the mandfel. .The
screen ﬂas held against the heat pipc}wall by its own resilience,
but Neal found that_,the resilience varied from screen to ﬁcrcen

and hence the performance of the pipe .was nof Tcproducible;'

Dc&crall and Kewmé (8) forced a.stcel bgll thfbugh a heat pipe,
after the ?crecn layefs have been inserted, and appafently
achieved pood contact between the wick and the wall. McKinney
(33) emploved a coiled spring to hold a Screen wick firmly
against the heat pipe wall. In addipion to using screens as
wicks, several inVQstiéators have employed screeﬂsfonly as

a retaining structurec. Ho;t pipes constructed a£ North
Carolina State Alniversity (19, 21) have utilized wicks ﬁonsist—
ing of various typss of beads packed iﬁﬁfn annulus between a
retaining screen and the heat pipe wall. With thé exception of
screen wicks, the wicking structures)wh%ch have received the
most attention are the $o¥FH1led low resistance and composite
wicks. Bohdansky (25) first suggested the possibility of
using channels, cut into the interior surface, running axially
along the length of the tube. Xemme (26) a&vocated the use of
:;omposite‘wicks with a fine pore size at the liquid-vapor inter-
face to‘provide good capillary\pumpiﬁg and a larger pore size
undérqcath_for ‘the return flow of the liquid. Xatzoff 622) and

Johnson (27) constructed a low resistance wick by forming a
Y

single cylindrical, passage OT artery out of the same sheet Jf .



J | | A
screen material which covered the interior of the pipe.
Ranken and Kemme (28) emploved a slotted corrugated stainless-
stecel sheet which was formed into a cylinder and inserted into

a heat pipe. The triangular passages formed between successive

corrugations served as low resistance fluid return paths.

2.4, Operating Characteristics of Heat Pipcs

J In addition to the experiments concerned with basic

4 . " = 3 * . . a
investigations of potential heat pipe materials, many investl-

gators performed experiments to determine the operating and
limiting characteristics of heat pipes.
The heat transport in heat pipes is limited by a

number of effects, which can he divided into two groups. The

first onc stems from liquid fl&w limitations which is mani-

fested by an interruption of the circulation of the working

fluid due ‘to insuffidient return flow of liqujd, which can o

be caused by insufficient capillary pressure '

icking timit",

or hv the formation of bubbles in the wick "boillng limit™.

These liquid flow limitations can be overcome by 5 itable design
of the wick. The second group stems from vapor flow limitations

and presents an ultimate limit of the heat flux in the sense

that it cannot be exceceded regardless of wick construction. For

£Y * :
these vapor flow limitations,"two regimes can be distinguished

depending on the relative magnitude of inertia and viscous .

forces in the.vapor. In the inertia flow regime the heat flux
is limited by the choking phenomenon or “sonic limit", while

in the viscous flow regime the heht flux limitation stems from

+
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tho fﬁét fhat the vapor prcsSure cannot beISmaIL?r thaﬁ‘zero,
i.e., the "viscous limit", '

Neal (11} rcportcd the results of a number of hoat
. pipe experiments using various wick structures. The inveséi-
gation included an anglysis of the heat piﬁe which resulted in
design cquations.fbrléalculating the maximum heat iransfcrrcd
by the heat pipe at wicking and boiling limit rcspectiéely, The
analysis also gave a criterion by which working flu%ds;and_ N
capillary materials may be chosén. The experimental effort
was directed toward two general arcas of heat pipe technology.
The first one considered factor$ which determined good éapillary
structureg. Thrée typos J}'capillary mate?ials, mainlé
refrasil, stainless-steel screen~and sintered copper fiber yefe'
‘'used in heat pipe operation. The second area considered the
hujléing and operation of two heat pipe designs to determine
their capacities and bhe mechanism'by which they may fail.
One pipe was frozen ;nd subjected fo a start-up test at a low
power level to in§estigate thq_bossibiiity of bringing a heaf
pipe back to life. The ﬁpa; pipes were operated usiﬁg both water
“and ethyl dlcohol as quking fiuids. Conglusions from this
report were as follows: '[1} The thermal conductivity of nonmetal
witks was too low for their use in heat pipes designed to
transfer large heat loads. [2] The .power 1ilit#tions of heat
pipes studied were due to a;cgp?klary pumping limitation which
pnd permeabiiity most

Y .

makes knowledge of the wick pore sizp
important for an accurate design of a heat pipe. [3] Start-up

of a frozen heat pipe, even at very low power levels, may lead

AW
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to n burnout,

L]

Cosgrove (21) prescnted an annlytical model basod

on the assumption that capillary circulation was the controllfng

factor in heat pipe operation. The model related the maximum

hent input to tho fluid and wick charactoristics, and to the
inclination of the pipe with respect to gravity., It indicatod
that the critica) paramcters were the capillary forces In the
wick, the pressure drop through the wick, aﬂd,tho oporating -~
temperature of the hoeat pipe. He also investigated two water
brass heat pipes in which the wick structures consisted of -
pnékod mdnol.bcnds which were held in an nﬁnulus betwoon a
retaining screen and the wall. For a particular wick stru;furo
und_pipc orientation, the maximum heat transfer wus:cunsidcrcd
roached when a hot spot bogan to form in tho ovaporator ué
detected hy thermocouplos installed in the packed hen&s. It
wis concluded that for a given particle dinmctc},.fho maximum
heat trnhsfnr decreased with incroasing olovution{'nnd for a
sclcc{od heat pipe inclination the maximum heat transfor increased
with decreasing particle diamoter, This cffect was cnus;d by
the increased capillary pressure rosulting from the smaller pore
size, | .
Roherts and Feldman (24) argued that hoat pipe thoory,
nsﬁuming a fully saturated yick; has been found to inaccurately
prodid} the heat transfer rate of heat pipes operating at
conditions near the burnout heat trnnsfcr limit. At conﬂitions

near bturnout, it has heen ohserved that the liauid level becomes

thinner and was. supported by the smaller porc‘rudii down in _the
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wick. This recession of liquid into the wick caused éhe wick

to be only partially sntdraged and thcrcforelthe CTOSS

‘secfional arca of wick available for liguid flow was significantly
reduced. A_theorcticgl design model has been developed to

predict the heat transfer rate for hecat pipes 0porafing‘with

partially saturated wicks, This theoretical model was genc{ul

and could be applied'to any. type of capillary wick heat piﬁe

~

once the partipulnr.recessioﬁ distribut{pn was specified. In
order to evaluate this recession theory, it was'épplied to the
case of two and thiree layofs screen mesh wicks. . Heat transfer
Tgtes in water heat éipes with 50, 100 aﬁd 200 mesh stainlcss-
steel wicks and 100 mesh copper W1ck were experimentally measured
and werc found to agree well wlth thc values predicted by the

recession theory.

Marto and Mostefﬁér (29) studied the problém of wick.

boiling using a so-called everted heat pipe, in which the normal
construction of the heat pipe was turned inside out. The.uniaue

feature of this pipe was a vapor space enclosed in an annulus

-

betweén an interior tube and a confining envelope. The wick
consisted of four lavers of 100 mesh stainless-steel screen
attached to the outside of the inner pipe. The outer envelope

was made of glass to facilitate visual observation of wick
L]

boiling. As the radial heat flux was increased, dryout of theg

wick occured at the same flux value whether or not boiling

was ohservcd. The authors concluded that wick boiling could

[ —

exist in a heat pipe w1thout hav1ng detr1menta1 effect on its -
J

~

operation.
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Moss and Kelly (30) employed a neutron radiographic .

. !

technique to measure the liquid thickness in the wic!% the
¢y evaporator in-a coplanar heat pipe./ The wick was made of siﬂtered

stainless-stecl -screen and the working fluid was water. Measure-

ments proved that only under conditions of zero heat.transfer

-

did the wick in the cvaporater remain completely saturated. As
soon as heat was supplied- to the evaporator, the liquid interface

receded into the wick reducing the extent of saturation in the
. .

~wick. In addition, the data demonstrated that under normal

~

operating conditions the degree of saturation of the wick in

~the evaporator was 1nversely proport1onal to the heat flux.
'h
Tho authors concluded that a vapor blanket was formed at the
base of the wick and that the existqnce of this blanket

manifested itself in the reduced saturation of the wick, Two

hY

analytical models were formulated in an attempt to dcséﬁabc
the heat transfer characteristiles of the partially saturated
wi;k{ In a conventional model it was-;ssume& that thorization
takes plage at the liquid-vapor interface. In the othor model,
however, the formation of a vapor blanket at the base of the
wick was assumﬁd. For heat fluxes smaller than 15000 BTU/hr-ft2
the second méde} more closely predicted the measured values
than the more conventional first model. : .

In a study'of the vapor velocity 11m1t in heat pipe
oécration, Dzakowic (31) employed a sodium-stainless-steel heat"f
pipe with five layers of 60 mesh screen servfhg.as wick. Axial

temperature profiles were Teported with different rates of heat

transport through the pipe._ Good correlation was obtajned



-

betwecen the measured and predicted heat transfer limits. A
constant ratio of static pressures across the evaporator section
was deduced from surface temperatufc measurements to sub-

. . o \
stantiate the occurrence of sonic velocity.

. Busse (32) presented an analysis of the uyltimate
1imit of heat transfer of. cylindrical hoat pipes with' laminar
vapor flow, for the two limiting cases of ecither predominant

inertia or viscous forces, taking into consideration both the

axial and radial variation of the vapor velocity. The radial

i —

variation of tho.axié&'vélocity was decisiveé in the viscous
flow regime, while in the inertia flow reéime its influence
turned oﬁt to be limited to a'S percent decrease of the ulti-
matclliﬁit’of he;t transfer. The vapor was'descriﬁéd as an
isothermal porfcct gas. The analysis showed that for every
heat pipc helow a certain temperature the ultimate limit of
heat transfer was of the viscous type. This limit could be
much below the sonic limit. When-comparqd.with experimcnfal
: , :
data, pood agreement was found.
Tien (16, 17) measured the axial temporature dis-

-\ .
tribution along the outside of a water-ethanol heat pipe. He
determined the pressure inside the pipe and cogparcd this with
the pressure which .had to prevail if pure ethanol occupied the

condenser and pure water ogcupied the evaporator. He concluded

-~

a

that separation into pure components in a heat pipe was
extremely difficult, if not impossible, to achieve. Instead
he found that if the initial composition was rich in ethanol,
- _ O .

the data attested to the existence of a water-ethanol mixture

. . w



*

5

-

in the cvaporator while- nearly pure ethanol occupied the

condenser section, : ' .
1 . ’ i ; -
‘
) ~ P
- "\
-
- ! .
r i . .
1Y




CHAPTER IT11

EXPERIMENTAL EQUIPMENT
AND PROCEDURES

3.1. General Outline of the Experiments

The apparatus wés designed to test the peéformnnce
of a streamlined c;oss—scctio; heat pipe. The pipe used was
4130 steel with a wall thickness of.0.029 inch. The cross
section qf the pipe had.a major and a minor axis of 1.35 inches
and 0.47 inch respectiJcly' The length of the evaporator,
adiabatic and condenser section was respectively 6.0, 0,875 °
and 2.5 inches. Figure 2 shows the cross-section of the pipc.
Also shown, are the thermocouple locations on a schematic plan
of tho pipe. ' "&‘

’ ,ﬂisgilled water was used as a working fluid, and the
wick consisted of 16 1aycrs‘of 200 mesh stainless-steel screeﬁ
lining the interior wall of the pipe.

The heat pipe cvaporator section was heated by four
.caﬁtridge heaters embedded in a brass blbck, and the condenser
section cooled by a water jacket calorimeterT.

Fiéures 3 and 4 show the heat pipe performance t&st
'sfstcm.consisting mainly of the heat pipe apparatus and the
threc measurement circuits. The input power rate to the hecaters
was mcasured by a wattmeter, and the 6utput powér rate consisted
of measurements of water flow rate by means of a’ rotameter

and temperature difference between the water outlet and inlet

-~ 19
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CAPTYONS FOR FIGURE 4

Wattmeter

Heater Terminal Box
Variac

Evaporator Section
Condenser Section
Condenser Ceramocouples
Vacuum-Fili System
Tﬁermomcfer Wells
Hot-Junction Terminal Strips
Ice Baths | |
Knife;Switch_ Board.
Potentiometer

Recorder

Rdtameter

G
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Experimental Apparatus (Top View)

4a

Fig-

,
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{

to the calorimeter. For axial temporatqfc profile measurements, -

a number of thermocouples were welded at different locations to

) A
.the outer surface. The temperatures were scquentially recorded

\

by a twelve point recorder. A compound scale pressure gauge

" (30 inches Hg vacuum to 150 p.s.i.g.) was used to monitor the

i

¥ . - .-
pressure inside the pipe.
R

The heat pipe was tested in the horizontal direction,

o o)

and at an inclination of 150, 307, 45 and 90° to the hori-

“zontal: the condenser scction being down. At each orientation

tho hcaters' power was increased by adjusting the variac, up

to the maximum héat that could be transferred by the heat pipe
‘(hurn-out condition). For each‘pqwer level, measurements
consisted of the temperatur; distrihution along the heat pipe,'
the vapor core temperature, the input powér; the water mass flow
rate, the temperature of the inlet and outlet water to the
calorimeter and the pressure inside the heat pipe,

3,2. The Heat Source and Sink

The‘heat source consisted of four electrical resist-
ance heat@rs‘(Chromalox Cartridge Heaters), having eaéh a
maximum power of 250 wat;s, a diameter of 0.375 inch, and a .
length of 6 inches. The heaters werTe émbedded in a hrass
anular heater block, 2:5 inches diameter, which - was split along
its axis aﬁd clamped to the-outerﬁsurface of the heat‘piﬁe to
provide a good thermal interface and to facilitate gssembly

and disassembly. The streamlined shape of the heater block's

annulus was ohtained by means of the Electro-Discharge Machine ' -
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’ :
(EDM)* using as an electrode a section of the streamlined

pipe under consideration, As the stroke of the EDM was less
tﬁan 6 inches, the hcater block was made out of two identical
three inch length blocks. Several 0,0625 inch holes were
drilled through the top part of the heater block to provide

a passage for the thcrmocouplc wires from the hedat pipe top
surface to the hot junct10n_term1nal strips. lleat losses to
the atmosphere were minimized hy‘surrounding the heater block\
with two inches thick fibrcglaﬁs insulation, eccentric by
0.12S_inch with the heater block to é;ovidc sp;pe for the
thermncouble wires., An insulated cover was holted toﬁthc side
of tﬁq insulation to reddke the axiallhzat losses. Thelheat

input rate was controlled Hy a Variac and measured by a watt-

meter. . 7 : >

r

The heat sink-consisted of a water jacket calori-
'.mcter 2.5 inches long and 2.75 inches diameter, which was
fitted on the- condenqer sectlon of thc heat plpe. Four holes
for Sh gclock f1£;1ngs were provided at the calor1meter top
for temperature measurements at the heat pipe surface. The

calorimeter was surrounded by 1.25 inches thick fibreglass

insulation, and an insulated side. cover was %olted to the

el

calorimeter end. Heat transfer rates through the heat pipe
were determined by measuring the temperature rise and mass
flow rate thTough the water bath.\ Thc températures entering

and leaving ‘the. water bath heat 51nk were measured by mercury-

- -

+ ELOX Type TQH 31 _ .
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‘in-glassﬁthcrmometcrs with a range of -1%¢ to 51°% h#viﬁé a

division of 0.1°C. They were installed in two wells at the

‘entry and the exit of the calorimeter fespectiv;iy.~ Tﬁc

thermometer wells ana connegting hoses from the célorimetcr

yto the wells were covered with fibrcglnss insulation:' The
: , .

water rate of flow was measured by a rotameter* placed in the

outlet line of the calorimeter.

3.3. Temperature Mcasurements e

n

7 - o '
Temperature measurements werc made with two thermo-

couple systems. The first consisted of 30 gauge fibreglass

insulated chromel- constantan thermocouples. Twclvc thermo-

Eoupleq were spot welded at dlfferent axlal locations (Figure 2)

-

along the upper heat pipe surface on the cvapqrator and
adiahatic section, . After the spot-welding operation the hot

yunct1ons were covered with epoxy for protectlon. The

thcrmocouplc wires were then pnsscd through thelr rcspectxvc

0.0625 inch-holes in the,hcater~hlock to the 0.25 1nch gap
between the heater block and the insulation, and finally to the

hot junction terminal strips.

The sccond system consisted of six iron-constantan,

grounded junction, metallic sheaghéd therm0couﬁleq,_marketed

under the trade name "CeramOcouples". Four ceramocouples with
. a sheath diameter of D. 125 inch and a length of 4.0 inches. were

" used for ~recordjng tho axial temperature d15tr1but10n in the

calorimeter (condenser section). Small indentations at the

“

* Brooks Roiameter, Type 8-1307 f~ .

- -



locations of these ceramocouples werc made on the heat pipe

surface to ensure a-botter surface temperature readings.
Finally two éernmocouplos 0.0625 inch diameter and 6.0 1nchc§
long were inserted into the container, one at each end, to

a depth of 2.6 inches in the ovaporator and 1,5 inches in the
condenser. fhese ccramocouplés wore designed to measure the
;npor core temperature and sérv;d two important functions,

Of primary importance was the indication of the heat pipe

“
N 1

performance status as ‘could be socﬁ by the small vapor tempora-
ture difference between both ends of the pipe. The ceramocouple
on the condenscr side also served along with the pressure

paupe reading to compare the experimental vapor pressure with
the thoorctical onc at the corresponding saturation temﬁcratu}e

“as given by the steam tables.

’

The cold reference junction consisted of three’

insulated flasks filled with crushed ice and distilled water,
Thelthcrmocouples were connected, through the hot junction

terminal strips and the flasks, to a twelve knife-switches

board (Figures 3 and 4). These switches allowed recording

I -~

24 temppraturc measurcements, twelve at a time, on a twelve-

point recorder*. The function of the recorder was mainly

Lol

during the transient period. Whon steady state wgslreachoq
the rcadingsfwere“takgn'by a pre?ision potentiometer**. with a

division of 0.01'm311iv01t.' Before cach test the recorder and

’

the potentiometer were calibrated and readings were made on al}

<

Honevwell Type 15303836, _ :
** Honcywell Tvpe 2745 . , !

¢



thermocouples to ensure proper operation. ' ‘

3.4. Selection and Preparation of .
+ the Fluid and the Wick

The choice of a working fluid for a heat pipe
application'is,dictated to a°large degree by the physical
propertics of the fluid and by the chemicél compatibility of
the fluid Jith the container and the wick. Probably the firét
rcquirement is that the fluid ;ets the wick m;;¢r1a1 and the
pipe. 'Thisﬁiq ngcessér* because oniy wetting fluids arc
‘pumped by capillary action. Other properties that must be
cdnsidered also are surfacé tcnSion, latent heatlof vaporiza-
tion, ;iSCOSity, etc. ‘ @

NDue tﬁ the availability of distilled waten and also
‘for the tempef;}ure range dictated by the hot.and.cold-air
stream temperatures,‘(Appendix A), water was used as the working
fluid. Water possesses a hiéh latent heat of vaporization,
a hikh'surface tension an& a weEting ability.

The prepafatjon of Qatgr consisted essentially of
'bdiling‘distilled.wpter for scveraljhours-to deoxidize it,

Crystals of sodium dichromate weTe added to the water to reduce

the possibility of. corrosion of the pipe. L -

The primary fequisite for a heat pipe wick is that ét
acts as an effective capillary pump. That is, the surface
tension "forces. developed between the fluid and the wick structure

must be sufficient to overcome all viscous and other pressure

drops in the pipe and still maintain the required fluid

R ]
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The type of wick used in these experiments consisted\

circulation. -.

of several layers of fine mesh screen, which is the most widely
used to dates For selccting the mesh type, the capillary

risé capabiiity_of the wicking material “must be determined. For
thesq experiments the capillary rise was 9.5 inches. By -
obse¥vation of Figure 5 taken from*reference 23, to obtain a
capﬁllary rise of 9.5 inches, the screen should be about 180
mesh. Thaerefore a 200 mesh stainless-séeel‘scr;en*‘with a w}re
diamoter of 0.0021 inch was chosen as the wicking material,

Appendix B outlines the procedure followed for esti-
mating the wfck thicknéss to be used. +he screen was'cut to
the chosen size: 42.25 by 9.375 inches, and then washed with
water and acetone. . }‘

The rolling of the Screcn'was-done by means of a
circular wood mandrel 12.0 inches long ;WP 0.75 inch diameter.
The diameter of the mgndrﬁl‘was chosen so that the.mandrelLs
perimeter was‘nearly equal to the inside pe?imcter,of the
streamlined pipe after allowing for the wick to line the inner
walls of the pipec. The wéod mandrel was tapperea-alongjits
length to fdci1i£ate removing it after wrapping the screen.

By trial and error, the per1meter of the wood mandrel was

reduced so “that after wrapp1ng the screen it fltted -very closely

to the inner wall af the pipe. ’

* Type 304 Greening Donald Ltd.
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In order to determine the amount of distillgd
water required to saturate the wick, the screen'was wrapped
around the mandrel, held in sgnpe with tapé¢ and the mandrel
withdrawn. A simple experiment was then performed by
immersing the screen in a measured amount of-distillcd
water and lcaving it for a period of time,. When the scrcen

was removed, 18,0 c. of water was retained by it. . This

~ procedure was T peated three times and the .same result was
obtained. It was decided to load the heat pipe with
24.0 c.c. of whter allowing for a 6.0 c.c. extra to ensure
proper saturation of the wick. The screen was then unwrap-
ped and driéd. [

Finallv:-the wood mandrel was installed on the
lathe and the screen wrapped around it by turning on the
lathe at a low specd and stretching the screen. After remov-
ing the mandrel, the screen was spot welded at different
axial locations to prevent ﬁnwrnpping and facil{égte-iﬁstal-
ling it in the pipe. The number of lavers were cognted

(16 lavers) and the thickness of the wick measured (0.055

inch). ’

3.5. Preparation and Assembling of
the Heat Pipe Svsten

Previous experiments (11, 19, 21, 23) indicated
that one of fhe most important procedures for consideration
was.the assemhly of the heat-pipe. The heat pipe should be

sealcd so that pressurc may he built up inside the heat pipe.

L
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Precaution should be taken to prevent contamination of

the inside of the heat pipe.g'Compatibility of materials

» . .
and cleanliness should also be considered. Contamination

and compatibility are important; because, if foreign gases
collect in the vapor space, the part of the heat pipe
occupig@ by these gases will cease to operate as a heat

pipe.

In order to lcak test, evacuate and load the heat

pipe, a vacuum, fill syvstem was installed on the condenser

"side of the pipe. This system also served in measuring the

pressure inside the heat pipe., The system was composed of
a T section swageloqk,cﬁhhector, connected at one end hv a
coppér tubke to'a ma1c connector swagelock welded in the

condenser end cap. The other two ends of the T section were

connected cach to a stop valve. One valve led to the

prc&sure_gauge,.andlthe other either to the argoﬁ bottle for

b KT i

leak and pressure testing, or to the vacuum pump, OT
finally to a syringe for loading the pipe with the working

fluid. i}

After this system was installed, the heat.pipé
was leak tested using argon, being an inert gas, to prevent
anv corrosion in the heat pipe. A great effort was made.to
c;mpletcly seal the ﬁcat pipe so that nd lcakage appeared
at an argon pressure of approximately 170 p.s.i.g. ‘The
pipe was then evacuated until the pressure was 1 mm vacuum,
and leak tested uhder vacuum conditions,‘by‘noticing‘the

1

variation of vacuum with time as given by a mercury column
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manometer,

The heat pipe was then loaded with the requjred
amount of water using a syringe., The purpose of the
syringe was to avoid any air contamination. AiT in the
copper tubing was first displaced by the water from the
svringe. The syringe flange was tHen pressed in a teflon
tube connocted to the cobpéf tubing; High vacuum grease
was used to prevent air leakage. Finally the valve was
opened to load the pipe. This filling procedure was done
while the heat pipe was in a vertical position. lAfter
loading the heat pjpe with water, the measured vapor pressure
was cqui;alont to the thcoretical-prcssure cérrespOnding to
the yhpor core temperatuée in the_condenscr; thus verify-
ing in part the success of the filling‘prOCedurc.

Steps taken to assemble the heat pipe and the
auxiliary apparatus ihcluding the heater and condenser .
sections are givén in Appendix C. Figure 6 and 7 also

show intermediate steps in the assembly procedure.

3.6. Opeoration of the lieat Pipe

After the heat pipe was assembled and filled with
the proper-amount of water, early tests Showeéﬂthat there
was some difficulty in getting the‘wicf to fill-pTOperly;
This was ho{iced bv the rapid increase in the surface
temperature at the evaporator sectiom for a given heat input
to the heaters. The system was stopﬁed and the_heat pipe

was shaken and turned in all directions. This operation
r .
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CAPTIONS FOR FIGURES 6 AND 7

A Cartr{dge Heater Terminals

B Evaporator Vapor-Core.Ceramocouple

C Hcater.Block td parts}

D " The Streamlined Heat Pipe / ' |
E S Thermocouple Wires

F Condenser Sect{on

G Vacuum-Fill System
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Fig. 6 The Apparatus Showing Mainly the. =
Heater Block, the Condenser and
the Vacuun-fill Systenm,

Fiﬁ. 7 The Thermocouples Welded on the Top
Surface of the Heat Pipe before
Installing the Heater Block. :
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57
was donc‘periodically before cgchCXest to ensure that the
wick was more or less uniformly saturated by the water,

To obtain a common starting point for cach series
of tests, the pressﬂrc inside the pipe wﬁs checked., The
pressure in the pipe at room temperature should be eaual
to the pressure of saturated water-vapor at that giveﬂ
,tg&ncraturc. This was verified before each test'gnd 0
deviation was not&ced, indicating that the heat pipe was !
completely sealed and no possibility of contﬁmination
from cxterﬁal sources to the heat pipe when left overnight
or longer..

The first stepévof the operation of the heat
pipe consistca of warming up the votentiometer and the
rcco;der to ensure good st;bility. The potentiometer and

recorder were then calibrated. Readings were made on all -

thcrmocduplcs to ensure proper operation. The condenser
water flow was started, aﬁd‘when steadiness washachieved
the pipe heaters were energized and the pipe commenced
operation. |

At each power level, the transient temperature.
“variation was ohservedron‘the recorder until steady state
condition was achieved. This was noted by a staﬁilization
of the surface temperature measurements,\and the inlet and
outlet water temperatures to the calorimeter. Fo? a power .
increment of 25 watts the time required to reach steady
state condition was about 90 minutes. The staring time was

-

somewhat longer (2 to 3 hours). Figure 8 shows the variation
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of the vapor core temperature 1n the condenser and ;ﬁ the
ev;ﬁorator w1th time, for the heat pipe 1nstalled in the
horizontal direction during starting at a power of 75
watts.

The coincidence of. the two vapor temperatures is
an 1mportant criterion for a successful heat pipe operation.
This was verified during all tests meaning that the heat
pipe was working nearly isothermally in ‘the vapor, core, and
so resulting in a h1gher equivalent thermal conduct1V1ty
Acthally there was a large axial surface‘temperature drop
between both ends, due to the radial coqdhction'temperature
gradient 1in fhe-pipe wall anh‘thé liquid-wick matrix'at the
evaporator and condenser respectivel}.

The upper limit of heat flux was determined by

- ’ S
drvout in the evapordtor wick. Dryout was a result of
insufficient condensate.being delivered by the wick to the

evaporator end. ‘The onset of this condition was detected

by the rapid increase of the surface temperature at the far

39

.

end of the evaporator. This was generally the first indica-

4

tion of approaching compiete_drybut of the evaporator wick,
with the dryout‘line advancing froﬁ the evaporator to the
condenser. Once this condition was reached, the’bower to
the heaters were turned off, and the water flow was left

for a period of time to assist in cooling the heat pipe.

- a




CHAPTER 1V

‘ N
EXPERIMENTAL RESULTS
AND ANALYSIS

4.1. Performance Data Summary

The streamlined‘heai pipe performance data summary
at the four-different orientations are tabulated (Téblcs IV -
through VIIS in-Appendix D. For the sake of analysis and
later discussions, TqblchIV, presonting the performance dafa
of the heatfpipé in the horizontal diregtjon{ is repeatod
in this section, |

The first four ro;; to Table Iﬁ, present at each

heat input level “Qi", the measured water flow rate through

the calorimgter in cubic centimeters per minute, and the

katcr inlet and outlet tehperature:in ®C. The heat outplt
Qo ~in watts and the efficjency-pf ﬁeé; transmission were
calculated and are shown in rows g’and 6. The vapor core
temperature in the condenscr-seCtion‘T\'{C is given in row 73
the measured condenser vapor press&re ?vc is tabuldtcd;in
iow 8, while the saturation pressure cor{espoﬁding to the
measured vapor core temperature inwtﬁe condgnser is shown in
: i, .
row 9. -Rows 10, 11 and 14 give the temperature dxops in °F
in the vapor core 4T , across the adiabatic sﬁctisn AT,
. #nd along the heat pipe ATp respectively; this corresponds‘to
kTI—TZ),'(TIZ-TIS) and (T3-T18) in Figure 2. Rows 12 and 13

show the axial heat tfansfefred by conduction through the

pipe wall as an absolute value in watts Q' and as a pcrceptage

-
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Table IV Performance Data of the Heat Pipe at a - po

-

Power Input (Watts) 75 100 125 150
L [N .

Water Flow Rate . :

(c.c./min.y) 280 325 325 325
Water Inlet Tempera- ° o .
ture (°C) P 20.0 18.7 17.5 16.3
Water Outlet Tempera-

ture (°C) P ‘ 23.5 22.8 22,5 22.5 3
Power Output . (Watts) -69,38 94.34 L 115.b5_ 142.66

— - Lo

Efficiency (%) 92.51 | 904.34]| 9208 es.1
.Condenser Vapor N . 1
Temperature d (°F) 121.0 126.0 131.0 134.0
Condenser Vapor ‘ - )
Pressure (in Hp) . 3.5 4.0 | t74.5 | 5.0
Pressure (Steam Table) i '

(inc]{)- ( ‘ & .) b 3.3 4.06 4.64 : 5).03
g:g;r_{gggeraturo 2.0 0.5 6.0 0.0
Adiabatic Section - .
Temperature Drop (OF) 45,75 54.5 61.15 {_ 68.7
ca:i::)ﬂaat Conéuctionn : 2.16 2.56 2.88 3.23
Axial Heat-Conduction . ; & i
Percentage (%) 5.11 2.71 2,50 2.26
Dot PARGy Ciperature 70.6 82.45| 96.3 | 107.6

P 3 5 ' i

Equivalent Thermal ' :
Conductivity 659.4 - 767.8 801.6 890.6
(BTU/hr. £ft.°F) " . . .
Power Output per 1lbs, . s

for Heat Pipe - 138.8 188.7 230.1 285.3
[Watts/lbs.) : ' T :
Equivalent Power Output| . o
per lbs for Copper Rod |}. 12,97 15.15 17.69 19.74
[Watts/1b.) : ‘ R .

- ! -JJ - A




Table IV Continued’
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-
Power Input (Watts). 178 200 225 isq
Nater Flow Rate ‘ R ,
(c.c./min)) 325 360 360 340
Nater Inlet Telpera-, - o
ture (°C) q 15.5 14.8 15.? 15,0
Water Outlot Tolpora- o g ° ’£' |
ture (°C) 2.6 22,1 |- 23.2 | 24,5
Power Output .(w;tts)z_ 163.37 | 186.06 | 209 .. | 235.41
Efficiancy1js) . 193,35 1 93.03 | -92.89 | 94.16
Cundonsar Vapor 139.0 n? ]
1 .
Cpndnnsqr Vapor 5.5 . .
Pressure (in Hg 6'; 8.0 10.0
Pressure (Steam Tablu) ' , 1. . o
(inch) 5.73 6.85-1 8.76 | 10.9 -
Vapor Temperature 0.0 0.0 0.0 0.0
Drop (°F) -
‘Adiabatic Section o T
‘Temperature Drop ( °F) S 77.28 91'6 113.2 119,05
. k)
Axial Heat Conduction '
(Vatts) o o364 32 ) 5:34 | . s5.61
[
Axial Heat Conduction a y
Percentage (%) 2.22 [© 232 | 2.55 | 2.3
Heat Pipe Tanperaturo' : ‘ . \;H
| brop - £op ) 123.9 144.2 1 162.7° | 179.6 "
| Equivalent Thermal - - |
Conductivity - 884,7 . B65.8 861.9 879.5
(BTU/hr. £t OF ) T ’ oL
Power Output per lbs. =1 o .
for Heat Pipe , 326.7 - 372.1 418.0 470.8
(Hatts/lst ...................
: =k . —
EquiVaIent Pover Output , _ . X
per 1bs. for Conpor Rod |. 22,77 26.50 | 29.90 | 33.01

(Hatts/lb)

.
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"of the total heat output Q'S. Tabulated in the last three

1

. C‘ ' 2
rows respectively are the equivalent thermal conductivity

.

of the heat pipe keq in BTU/hr.£ft.°F, the heat output per
" unit weight of the heat pipe and finally the equivalent heat

output bcr unit weight of a solid copper rod of comparable

size. . .

-

. : S
4.2, Axial Temperature Distributions
1 .
To achieve higher thermal conductivity, the tempera-
y
tures prevailing in the vapor core of the heat pipe should be

»

constant in the axial direction, except for a very small
temperature gradient necessary to drive the vapor from the
evaporator to the condenser. If heat is added and rejected

at a constant rate, it is expected that both the evaporator ‘

and the condenser surfaces will have isothermal temperature

profiles, neglecting g#ny axial conduction temperaturc gradients.

These two constant temperatureS in the evaporator and

-

condenser are. dictated by the heat resistance path exiﬁting
between the heat pipe outside surface and the wick inside
surface'fliquidiﬁapor.iﬁterface); | '
| For each test, before any heat was applied, the

axia] temperature profile was measured. It was found in all
runs that the error was less than 1% for all thermocouples .
except for thermocouple npmber 5 (Figure' 2). For example,

in th? horizontal direction test, the minimﬁm and maximum
temperatures me§sured at room temperature were 70.9°F and 77 4°F

'

- , . . o
respectively, the temperatures at point 5 was 69.9°F,
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Figures 9 through 12 show the axial tempeyature
distributions obtained for all tests as a function of

\

orientation and heat input. Also shown on the left hand

side of the figures are the vapor core temperatures moasured
in the evaporator. i

In order to comparc the experimental and the '
theoretical temperature distributions, Appendix E presents

an analysis of the temperature gradients in a cylindrical

heat pipe. A sample calculation is also given for the stream-

lined heat pipe "installed in the horizontal dirhction at a
heat input of 150 watts.  In these calculatijons the stream-
line&"hoat pipe was treated #s & circular onec having the
same <ross-section area, The theoretical temperature dis-
tribution was based on the same vapor core temperatdre found
by experimgnt.' Figure 13 shows the theoretical and the

experimental axial temperature profiles for this case,

: n~
Examining Figures 9 through 13, the temperature

profile in the condenser for all tests was nearlj isothermal,

thus.confirming the theory. In sofme=~tests howeveor, the
teﬁperature at point ‘15 was less than expected, due to the
fact{that the cooling water entored’the calorimeter near thi
point. In the evaporator, a ‘relatively high temperature
gradient engued-and some of the iemperatqre readingg deviate
from thé mean p ofile‘(or the theorqtical model). This Fact

was wore proncuhc d in the horizontal direction and at high-

power levels, for all inclinations.

»

5

d
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at various Heat Inputs for X=15°



48

LOE=> 10} E.:ac_ JD3H SNOLIDA D o

suoinquisiq  ainjosaduial  |oixy |61

{ S3HONI) 3ONV.LSIA

(4.) 3JVNLVHILWIL 3DVi¥NS

ol 3 6 8 L 9 S b € 2 | oow
| | _ |
o .
g8e? © |
r . ®
_ - @ Jowy
O @ o 00 m ‘
e 88 3 3.88° | —
O] v 0O v
© % / & O g —Josi
7 0 - O P
o) o — NN
o \
n gLl =D O ooz
» 06l =0 ©
n oet =1 @
siom ool = © —Joog




49

.

~ -
N

Gt=x 104 synduj JD3H SNOLIDA |D

suolynquisig a4nipsadwa ] |DIXY 21614

: ( S3HONi1) 3ONVISIO
Ol 6 8 L 9 S L4

L — 11 e
@ e @ —{ooi
—{ovI
o B 8 9 § .88 g8 i
@ m m h —308I
v 8 R .
9, o
o —o0z2
" o¢._ =10 O A .ﬁl. 09¢
" g2l s © o
" o1 =0 ¥
siom 00l ='0 © , —joo¢

(-‘]o) IYNLVYHILWIL 3IVAENS



50

0l

&

»

(S3HONI) 3ONVLSIO
8 L 9

S L4

$3|140.44 _u‘_.EEm.aEm.__. IDIXY |D21§3403Uf Q _o.EmEtmaxm_ m_Jm_.._ -

0

ainipJadwait JodDA

afly04d 103443409y
a|yold |ojuawiladxl

0 uonoupdy

SUDM OG] ndu] Jamod

—Jovl
—{osl

— 022

08

—} ool

092

Q0€

(4.) 3UNIVHISWIL 3IVIHNS




51

1

Feldman and Whitlow (18) had found simil#rltcmporn-
‘ture profiles in the evaporator region of an 18 inches .
long cylindrical heat pipe using water as the working fluid
and 100 mesh copper screen as the Wick. The evaporator
length was 9 inches and the thermocouples were located at
approximately one inch intervals. Further comparisﬁn |
with other experiments proved largely inconclusive s%pce in

1

many cases the longitudinal temperature proffle was obtained

hED with only a few thermocouples. .
The temperature gradients and deviations found
could be attributed to several factors. The first factor
mav be that ihe«screen did not wet well, and thé.wn:er wes
not saturating the wick uniformly. The second factﬁr.COuld
be due to the contact resistance between the pipe wall and
the wick material, _The.w{ck was only held #igainst the pipe
wall by virtue of its owﬁ resilience. A third factor could
be duc to axial conduction temperature gradient through
the pipe wall and.sapufated wictk. Finally the h%ghér tempera-
tures found at points 3,.,4 and 10 as compared to other
temperatures, could be from the fact that the thermocouples
were exposed to some-fractibp of the inside heater block
surface temperatures. Any smﬁli air gap betwecn the heater
lock and the heat pipe would justifyfthis'argument;
Bf comparing the temperature profiles at‘ihe
different inclinations, it was-noticed that higher tehpera-

.-

tures existed at higher inclinations. This agreed.-with the

results obtained by Neal (11), who held the power input constant

. A
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A

" L3 . \J
and lowered the condens 1n incremonts to study the effect

Y ‘ ‘
of inclination on tempgrature profiles for a water heat

pipe. ‘The main reason for the increase in temperature may
be due to the partial saturation of the wick when the

evaporator was raised above the condenser.

.

4,3, Heat Output versus Hent Input

By meaguring the water flow rate in c.c./min. and
the water inlet and outlet temperaturec in 0C,,_t'he heat out-
put;ratc could be computed at each power input. -

A typical heat output vérsus‘heat input relationship
at differont inflinations is shown iﬁiFigu:e 14, It is
‘éleaf that the data could bg correIated‘by a';traight line
whose sldpo is 0.925. This-means that the averiﬁo efficiency
of heat-transmission was 92.5%. The differences between the
heat inputs and outputs are the heat losses to the atmosphere[‘
: )
mainly at the hot section of the heat pipe. qu‘the heaf
pipe in;talled horigontally, atté heat input of 150 watts,
the heat output was 142,66 wat{;t‘ The heat losses due- to
nétural convection from the hot end was estimated to be .
5.57 watts, This was based on a measured temperatufo difference
between the insulation outside shrfaca and the atmosphere

of 21.5°F. The heat transfer coecfficient was taken to be 0.69

BTU/hr. £1.%F (35). - v

1.4, Effect of Inclination on Maximum Heat Transfer

At moderate power levels, the main limiting factor

of the operation of a heat pipe is the capillary or wicking
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-

limii. This condition is reachod when a given heat flux
causes the liquid in the liquid wick matrix to evaporate
faster than it can, be suppligd by capillary pumping i£‘the
wick. Once-thishcondition occurs, the IIQuid-vaﬁor meniscus
continues to reéodc into the wick until all of the liquid

- has been dopletcdi A dryout condié&on is reached in the
evaporator wick, and which is detected by the rapid increase
in thé container temperature, This ﬁorma]ly ends the opera-
tiOn.af the configuration as a heat pipe. |

Figure 15 presents the variatiﬁn of the maximum
heat trﬁnsferred by the stroamlined heat pipe as a function
of inclination (a). Also shown are the theorotical results
‘obtained using CEquation (B.1).

The experimental data are presented by two curves,
the heat input _and the heat output curves respccfivoly. For
the heat input curve, the term “stable" fofers fﬁlcénditions
whore thermal equilibrium was attained, while "unstable”
refers to conditions whére no stabilization of thelgemperatufes
were reached. In the horizontal direction the maxinun héat
input was 250 watts, while in the vertital direction at a
heat input of 25 watts no thermal_equiiibrium'was attfined.
"This droppiﬁi'characteriétic agreed with previous investigations 5
(rr, 21, 32).. As the evaporator was raised above the condenser
leved, the required pumping pressure increases due to the
gravity forces. Thus the maximum capillary pressure, wh1ch
could be provided by the screen mesh was reached at lower.

power levels. "



<MAXIMUM HEAT TRANSFER ( WATTS)

2000

1000

©  Stable
- B . unstable S
—— Experimental Data
——  Eq.Bl (K=3.09x10"9¢2)

. ===- Eq.B.(K=20x10"1°12) .

" Ge=0", o=4.4%10"3

Qe »40°, o'~ 44x 10-3

- Heat l@ 1
Heat™ Output . -

.4 '

Qe=0’, o=12x1073 -
.o )

Be*40°, o=12x(07>

. Ge-o°,-q‘-ex|o-3

Qe=0°, O =44xI073.

A ~—— Eq.B4(K=3.0x10710 112),

o°- . I5° 30° a5*° 60" 75°  90°

HEAT- PIPE INCLINATION - .
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The computer progr;m used in Appendix B for
calculating the maximum heat transfor by cylindrical heat
pipo as a function of op§?nting tompernluros and wick thick-
nessos, was modificd to comparo the experimontal and thooroti-
cal results, The main aim of this theorotical study was to
find'Out the cffect of sclected parametors on heat pipe
performance, and to ostimate theoir valuos which ma}wr;prosent
the oxperimental results. The streamlined hoat pipe was
treated as a circular one having the samo cross-section aroa
‘with a wick thickness given bykr:s/‘r2 equal to 0.865

(Appendix E). The maximum heat transfers were calculated

by varving four parametcrse the inclination (a), thé
evaporator contact angle (00), the wick permeability (k),

and the surface tension (o). Tho operating temperatures

used in the computations wore thoso measurod expoerimentally

at dryout conditions for the corresponding orié%tations,

From the results obtained, it is seon that if a

5

hoat pipe is to be designed to transfer high power at a

particular inclination (for examplo'u = 0° or 15°) a wick of

high permeability should be used. Howevor, if a heat pipe
. > :

is required to transfer moderate power at all inclinations,

a wick of relatively lower permcability may be chosen. The
3 .

experimental results as given by the heat input and output

curves in Figure 15; may be represented by Equation (B.1)

-10 2

if 'the pormeability is 2.0 x 10 £t~ and the product

(0 x cos Bc) is approximat_el)f 9 x“lo'sgtﬁ&/ft. This may
. L eltat g o
correspond to values of eo rang1ng:from 0” to {0 , and

3 2

o from 8 x 10 ° to 10~ lbf/ft.
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4.5, Vapor Coro Prossuro-Temperature Relation

i

Figure 16 shows the variation of the theoretical
and measured vupog pressure in the condfnsor. with thﬁ vapor
coro temporature (or saturntiﬁn tomperature} in the )
consensor, | | |

With the prossurc gauge used, it is seoen that th;
.monsurod vapor pressures agroed roasonably well with the
theorotical pressures as obtained firom the stoam tables (33).
This agroemont indicated the success of the sealing procoduro:
no measurable lehknge occurrod whon tho h:nt pipe wasAlcft ' .
ovcruightlor longer, 1If gir entoreé ;he apparatus the heat

transfer offect due to the vapor would be reduced in the

samo fasShion as seon in a steam condenser with ai;\contaminn;ion.

4.6, Vapor Tomperature Vnriafion with lloat Input

| Tholvapor tomperature, or the operating temporature
as it is sometimes called, of the heat pipe is essentially
determined .-by the coupling of tho hcat pipe to the /heat
source and the heat sink. The vapor tempefature adjusts
itself in such a way so tha{.thc tampo:}\gre drop across Fho
liquid-wick matrix and the container wali in the eydporntOr
and condenser is adequate to transfer the given heat flow
from tho heat "scurce to the heat sink. In other words, the
absolute vafor temperature is ast#blished in response to
the tomperatures imposed on both the evaporntgf and condenser
by the source and sink.r The temperaturcs at the outside i}?l

of the heat pipe may be either fixed or floating depending

AL
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on the typo of constraints imposed by source orlsink. %
" In the exporiments conductod on the present hoat
pipe, the heat sink was kept at a fixed temporature go;;rnod
by tho tomporature of the cooling water, and the source
temperature was allowed to float with the applied heat flux,
Consoquently tho vapor temperaturoe flqpto¢ tnkink an average
valuo between thé sourco nnd‘the sink tomporature. Figure
17‘shows the vnrlntion of the evaporator vapor temperature

with heat input for the differont 1nclinnt10ns.

Up to a heat input of 175 watts, the-data could bo.

presented by stralght lines, but at higher powers (for

0

a = 0 and 15°)‘tho rate of increcase of vapor temporature with

input powoer tonded to become higher. Also, the curves

L
indicated that for a certain heat input, the vapor temperaturec

incroasod with inclination. - The two previous conclusions
co be drawn from the shapo of the axial temporature dis-

txibution curves, which in turn affected the rate @f change

w

.of vapor temperature with heat input,

The offect of heat sinﬁf;:;;;?Rture {cooling wator

- . > . )
tomperature) on Yhe heat pipe operating tomperature was clear

' o
when one observed the large increaso of data for o« = 30

and 450 over those for a = 0° nnd'lso. This was due to the

- .

fact that the average:water inlet temperature for a = 0" and

) 0
15° was 16°c, coppared to 20°C for a = 30

and 450. Normally
one would have expocted for a constgnt input water tempcrature,
the ovaporator vapor temperature stability limits, to occur

in a consistont fashion with an increase in inclination.

o
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Another roason for the differonces between the curves
shown.in Figure 17, could be attributed to the incroase of
vaﬁor tomperaturo drop betweon ovaporator and condenser
"~ with incligation (Appendix D, row 10 in Taﬁl;slv through
VII). -

‘ The previous analysis is applicable for aﬁ} curve
showing thoe variation ﬁf o cortain parametor with the vapor
core tomperaturo,

-

w

4.7, Axial Heat Conduction

LS

The axial hecat conduction through the - pipe wall
has boen necglectod in many of tho existing analysis, Con-
sidor ng the -overall thormal porformgncé, however, axial
wall onducyion might bocomc‘an important mode of energy
transior as it‘interncts in a dircct manner with various
other modes of heat transfer in a heat pipe. 7

The heat transforred by axial cqnduction was computed
for all the dafa obtained. In these calculations the axial |
c0ndﬁﬁtiqn was considered only through the pipe wall of the
adiabatic section, thus neglecting any axial heat cohduction
‘through the liquid-wick matrix and the evaporator section
respectivoly. ' |

J Applying Fourier's conduction quétiononor the

adiabaticPoction of the heat pipe ome may write

T Qe - kA (AT/AX) . ‘

-

where: k is tho thermal conductivity of the pipe material

= 24,67 BTU/hr. ft.oF for the tomperature range
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grom 32°F to 212°F ( 34y,

w

A Is the cross section area of the Pipe wall = 0,098 in?

AT is the tomperature drop across the adiabatic section

= T12-T1S. .
s
AX 15 the distancoe botween thormocouples 12 and 15,

hence Q' = 4.72 x 1077 watts,

Wo sco from this equation, that if the pipo
was not loaded with a working fluid, a temperature difference
of 2090°F would be requiroed to transfer a h;at load of
_100 watts,.

Tholvalues of the axial hoat conduction and per-
centages from the total heat transferrod have béen-tnbulnted
in Appendix D. The average percentage of #xial conduction

was approximately 2,5% of the powor output, shqwing that the

contributionkbf axial -conduction to the total heat trans-

1)

forred was quite low,

4.8, Temperaturo brop betweon the Evaporator
and the Condonser Sections

Thaoreticallﬁ thc.heat pipe has é nearly isothermal
axial temperature profile ih the vapor (1,72, 11, 31). " How-
ever, in the éondensor, there is a temporature rise -from tho
heat sink to the liquid-vapor interface which is of a. '
magnitude that will transfer thé latént heat given up through
the sorking fluid-wick matrix and the pipe wall to the'sink.
In the vapor space, there is a femperaturo riﬁe from the :

condenser to the evaporator which is of a magnitude that

produces a vapor pressure differenge large enough to overcome.
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the resistance to vapor flow. In the evaporator, there is

a tomperature rise from the vapor space to the eNOBIrEY sSO0uTrCe
which i; large enough to overcome the resistance to heat
flow. These trgnsport processes determine the total tompera-
ture drop, from source to sink, over the heat pipe.
In Figure 18, tho temperature drop along the heat

pipe between the oxtremo ends was plotted versus the heat

_ t
input., The temperatufe drop varied lincarly with heat input,
and as oxpecteod from the previocus curves' (Figures 9 to 13)
the temperature gradient becomes more pronounced as theo
evaporator was raised ovexr the condenser. Also the same
factors discussed in section 4,2 apply hrre. thus explaining
the rolatively large temperature drops obtained.

If we compare the theoretical and the expeorimental

temperaturoe dro%, taking as an example the heat pipe installed
in the horizontal diréction at an input power of 150 waits,
the thooretical drop was 37.97°F (Appendix E) compared to

an exper?gentalldpop of 107.4°F between the oxtreme ends,

and 70°F if we considered avarﬁge temperatures in the
evaporator and condenser resﬁectively.

1

4.9. Performance of the Streamlined Heat Pipe Compared
to that of a Solid Conductor

Because the heat pipe has a fraction of the weight
and several hundred times ‘the heat transfer capability of
metals, it appegg; to provide ideal solutions:to almOst a

limitless number of thermal transport problems.;
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\ .
In this section, the poerformance of the s;rﬁamlinad

heat pipe, mainly characterized by its oquivalent thormal
conductivity and its specific output, is compared to a
similar solid conductor taking pure copper as a base of

comparison.

a. Equivalent ThermalIConductivity

The equivalent thermal conductivities of the stream-
lined heat pipe were computed for all the heat inputs'nt the
four different orie;tations. "Row 15 of the performance
data (Appendix D), provides thesec values, and in Figufg 19
thcxfbavc-bccn plotted against thcrheat pipe’pperating tempera-
turc; together with the thermal conductivity of pure‘copper.

Applying Fourier's conduction equation in a similar

manner to that shown in section 4.7, where:

)

Q is the axial heat transferred (output power) in
watts,
'k ' is the heat pipe equivalent thermal conductivity

in BTU/hr.ft°F, i
. . ‘ . 2
A is the heat pipe cross section areda = 0.58/fn .
AT is the temperature drop between the extreme ends
of the heat pipe = (T3-T18).

AX is the heat pipe length = 9.375 inches.

' o
, : . = BTU/hr.ft. F.
uc‘obtaln keq -671 (QO/ATP) /

The calculated thermal conductivities demonstratc

the highly desirable characteristic-of the hcat pipe operation
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wﬁich is high hent tranafer rates'with low temperature
‘gradients. Taking as an example the heat pipe in the hori-
rontal direction at a power input of 150 watts, the effective
thermal conductivify of the pipe is 890.6 BTU/hr, ft.°F which
is four times greater than the conductivity of pure copper.
1?‘1?9 cquivalent thermﬁl condﬁctivity is based on the

temperature drop between the average temperatures''in the

—
o]

evaporator and the condenser respectively (AT = 70°F;

Figure 13) a value of 1370 BTU/hr.ft.°F is obtained. This
is compared to 2521 BTU/hr.ft.oF if the theoretical ;empera-
ture drop is used. The cquivalent thermal resistance equal

'\

to (AX/X) and based on average temperatures in‘;Pp evaperator

and condenser is 5.7 x 10”4 ftz.hr.oF/hTU:\

By examining Figure 19, the effectrye  thermal
conductivity is proportional to the evapqrntoi\ﬁapor temperaﬁ%rb,
which in turn is proportional to. the heat flux (Figure i?),
moaning that the rate of incrcasejof the heat transfe; d is
ﬁighcr.than that of the associated temperature drop. As t

AN

maximum heat transfer is approached, the curves show a .

tendency to flatten. This tﬁ‘bency is very clear for the ° S
a = 0 curve where the thermal conductivity becomes approximately

i . o
constant for vapor temperatures higher than 140°F. The

equivalent thermal conductivity is inversely proportional to the

inclination of the heat pipe due to the higher tempegyature drops.

b. Specific Output
A comparison has been made to determine the amount

of heat transferred per unit of weight, for the heat pipe
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and a solid_céppef rod of the samo shape.

The weight of the strenmlincd heat pipe Lnder
investigation is 0.5 1lbs. The heat trn;sferred per-unit
weighp of the heat pipe is tabulated in Appandif.n, and.
plotted in Figure 20 against the operating tampprdturg.

The values of the specific output c#lculated are
comp;red on the same plot, with those obtained if the heat
pipe was to be replaced by a 5611d puré copper rod having
the same volume as the heat pipe and the same temperature
drop applied at each power level.

The volume of thé heat pipe was 3.188 x 10"3 ft3
giving an equivalent copper rod of 178 lbs. Applying Fourier's
conduction equation to the equivalent copper rod, the
heat transferred per unit weight was.equal to 0.184 ATP, where
A'I‘p is the temperature drop along the heat pipe in °F.

An inspection of the data obtained, shows another
desirable'property of the heat pipe,_ﬁhith‘is its.relativoly
high specific output when compafed-to solid conductors, For
example, in the horizontal direction at a heat input of 150
| watts, the heat transferred per unit weight of the heat ﬁipe
;; 285.1‘watts/1hmhcompared to 19.T’watts/lbm for the equiva-
lent copper rod. It should also be noticed from the plot
(Figure 20) that the raté of increase of the specific output

for the heat pipe as a function of the operating temperature

"is much higher than that for the solid copper rod.
. . ’

2 N
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| CHAPTER V

'CONCLUSIONS AND
RECOMMENDATIONS

. N b ]
The investigation presented tho porformance of a
new shape of heat pipe: a strecamlined cross-section hoat

pipe:  The working fluid used was water and the wick can-

{

sisted of layers of 200 mesh stainless stcol screen. The
axial temperaturo distributions, performance data and para-

meters, at various power inpwt and anglos of inclination

have been pr{senlcd, analysed and comparod with existing
- - - ’

theories and previous investigations.
The following .conclusions and rccommendations can .

! ‘ v
he dr :l\-.'n,'.?

1. The vapor temperaturce differenco between the cvapora-

-

tor and the condenser was minimum, thus indigating

J . -

successful 6pgrntion of the heat pipe. _
2. 'Tho axial temperature distributions ohﬁaiﬂed“agroed
reasonably well with thoory and previous cxperiments,.
3. The vapor temperature and temperaturc drop along fhc
| heat pipe were proport{ona; to the hént input and
}ncliﬁ§tioﬁ of .the pipe. .
1, The heat pipé_transfcrred a maximum heat 0f 250 watts

while installed horizontallv., As the cvaporator was

raiscd'nbove‘}hc condenser the maximum-héat decrcased.,

The variation.of the maximum heat transfer with inclina-

tion was found to be represented by the theoretical model

f .
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given by McKinney (231 4if the wick permonhility

-10 /2 :
is 2 x 10 ft. and the product (uxcosac) is approxi-

mately 9:'x 10“3 lbf/ft.

Tho power limitatjons of the heat pipe were dﬁc to

a capillary pumping limitntionu ' This means that
prior to designing n heat pipe, one should 6btuin nll
the pertinent information about thc wick (permcability,
pore sizo,.capillary hc}ght and contact angle) by |
cxpcriméntal means if they are not found in the pub-

lished literature or if the validities of tho published

figures arec in doubt. An estimation of these values

is of little use in designing a heat pipe for maximum

efffcioncy of heat transfor.

The contribution of axial heat conduction was scen to
be nepligible as comparcd to the total heat output.
Great care has to be taken in the manufacture, clecan-
: . . .

ing, sealing and filling of tho heat pipe if it is to

operate properly.

.If at all possible, thc‘hcﬁt pipe should be dcsifncd

<0 that visual observations can be made of the

interior of the pipe during opcratioﬁ‘(evertcd heat
pipe). This is of particular intorest for obscrvation

of the fundamental phenomena involved in the opecratidn

-

”;—Uf—ﬁ—htﬁfﬁpiptT

If a screen wick has to be used for a streamlined cross- .
section heat pipe, mecthods should be developed to

ensure smooth installation of the wick, and uniform
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contact. botweoen the wick and the pipe wall, 1If not,
other wicks should bo Invostigated such as toxtilc',
fabrics or boads packed in an annulus botween a

retaining scroon and tho pipe wall,

10, The experlments also domonstrated the highly desir-
able characteristics of heat pipes, which aro high
cquivaloent thermal conductivit;os and specific outputs,

11. Tho presoent streamlined. heat Pipe was dosigncd

primarily for an air-to-nlr heat oxchnngor. Consecqueontly,
future study may consist of testing tho strcamlinod

hcnt Pipe under acrodynamic conditions, In which the
nddition_nnd rejection of hont are offected Hy flow *

phenomenon around the body,

«
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} " APPENDIX A o | ,

OPTIMIZATION STUDY

[

A.l., .Introduction

Jt had been suggested that cooling\nir ﬁight he
supplicd to the comprcssof impoller backface of an up -
rated jet engine to alloviate an apparently unncceptublo‘
stross-tempéruturo situation., As a possible solution to
the problem it was proposed that a certain amount of
compressor hleed air he cooled in a heat exchanger located
in the annular by-pass duct. The cooled alr was then to
be ducted to the impeller backface cavity,

The operating conditions for the heat cxchanger

and typical dimensions are shown schematically in Figure

21,

A.2. Conduction Approach to the Study

As a first approach to the study; it was suggested
that the heat load could bé exchangcd‘ffom the hot bleed
air to the cold by-pass air, by'mcans of installing a
number of so0lid rod quductors at the insulgting intcrfacp
hétwccn hotﬁ streams in the circumferential and the qxial

directions respectively.

The mechanism of heat transfer would be hy
convection from the hot air to the solid rods (Lh), then

hv conduction along each solid rod, and finally by convectiph

13
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from the solid rods (Lc) to the cold air (Figure 21),

A3, 'Optimizntion Formulation

The aim of the optimization stqdylwas to deter-
mine the ﬁinimum number of solid coudﬁctors M x N) cu;-
able of transferring the tht load from the hot to the
cold stream,

| After formulating the problem (Referenc;_Sé),
twelve Tuns of the optimization subroutine SEEK 3 (Refeor-
cnce 3?) were carried out with four iimitations on the
thermal resistance R (10"6,,10'5,'lf-lJ"‘4 and 1073 f£t?
hr OR/BTU) and threcwlimitations on the-}ength of the solid

rod in thoe hot strcam L, (4, 5 and 6 inches),

h

A.4, Results

The optimum solutions as obtninﬁd from the twelve
runs arc tabulated in Tablel. A two-dimensional plot was
prcparéd ghowing_the‘variation of the optimum soiution‘MN
with R for different Lﬁ (Fiéure 2?).‘ Finally the optimiza-

tion surface was plotted, using subroutine PLOT 3D (Refer-

ence 37), and shown-in Figure 23.
RN
..

A.5. Discussion of Results

ew, the best
- 6

From the optimization point of vi

solutions ohtained among all Tuns were at R > 1 x lp
. [

‘This meant that the rod material had to have high thermal

conductance, a proferty which may not be found in any solid



n
. . - $31INsay xv:wm uotiezrutido I FT1dVl , ! '
. . ) o+
0"y - 6v°z | c'éus [ £°899 [ 0L . L g-0U X I z 8L g0 X T
0°9 6% 2 Y £°589 01 q-ow x 1 ".m.ﬂo\ v-o”.u T X
0'9 | 6v°Z 8°689 [ $°.89 0'T g-01 X LT°1 2709 g-01 X ﬁw
0'9 | 6v°z | L7889 | 97289 0T g-0T X 897s 1 1709 .01 X ﬁA ‘
0°s 67°2 0°S8Z | 8°099 ot 0T X T | s°ss .\uwhhmmam;mxii |
0°s 6v°2 6°889 | L°£.9 0°1 ,-01 X 1 | o[ 0T X 1] [
0°s 6v°C 0°2L9 |.$°5L9 0" 0T X 8071 $° 0L . ,m-nﬁhw 1 s
0's | 6v°¢ 6°SL9 | ¥°SLS 0°1 . g-0T X 7872 v 0L S 0T X T
'y AR 7°8SL ARAT 01 g 0T X T 0 ¥0T | c-0T X 1
o.w. . 6¥"T 6°€L9 [ P 199 0°1 ,-0L X 1 B EVAYS B q-oﬁ L
0'p 62 L°€99 | ¥°T99 0°1 g-0T X 10°T 1°98 g-01 X 1 v
0¥ 6t ¢ ('z99 | stze9 | 0"t g-0T X 9271 558" g-0T ¥ !
hmuxu.:mu (saydui) Qou (d4) (sayoul) | (nl8/¥, 14 Numv N (ueys 133e313) ﬁmm“u::
Mg >4 5 3 g ¥ o 118/4,14 ,33), 4 % g




77

2ouDysISay  [DWJAYL UM JOquInN POy 4O UOWDLIDA 22 Bid

(NL18 /Yo 34zl ) 3ONVLSIS3Y TTVWUH3HL

¢-0Ol -0l -0l 9-Ol
— _ . os
_ —4 09
s =47
_ —1 04
.S =
4.
—q08
L= —os
—300|
—{ 01l

SQOY 40 H3IFNNN



78

- -4 - - -1 e -y .8 v(‘ L3 ;
TITIzirsozroyd
.:...:.'.::.::.:.'..:“‘5-1
I U Y N YO W WO OO O O
O\ 1 &
E;',
L]
&
:: '0'0.0.0.0’0 e -—— i
~ OO X )
5 (00 _
» AN .
¢ 000.0. M’:” . (OODAARLIXXXXXINIA &
& ~-- 3
VY
: ::::::::‘:::'.:;"0 e 000000000
5 I3RS e NN .
0000000600004 U 0. ;
0 0000000994000 mmmq'on 1 VAT
P .0.9.0.0.0.000.0.0.¢ — QOO000COOMOO0KY &2
SO 0.0.0.0.0.00.094 OO0 < 2
- OO0y -—————— OOO0O0000000 3
00008000040 0¢ - = mmmmo.o‘o.?.o o
9. 0.:.:‘:.:,:,:.:,::” - LEELIEEEN Y 3
f e :
4 -t : ~ 000000000000 :
i = XA 3
o : (OO0 3
: X Y . &
3 AR 27 -
u COOOOUOLOC000 >
U ‘
-
q \ .
©
u

-



~—tonductor. Tt was also seon that {f tho thermal resistanco

wns Incrensed to 1 x 10-5 and cven to 1 x‘lﬂ-d the opti-

y

\ ) .
mum numbor of rods did not increase appreciably, so that
those solutions were more profornble from the hoat transfer
point of view, -Finally tho solutions for R > | x 10'3

were rejected us they lod to a comparatively high number

.

of rods, ‘ ! n

Taking the optimum solution of all runs.with u'
inuo of R > 1 x 104, it was found that MN was cqual to 62,
72 and B8 at an Lh cqual to 6, 5 and 4 inchc; respectively,
This gave u heat load per conductor cqual to 300, 240 and

200 watts respoctively.

A6, Conclusion

This primary study enabled us to predict the

optimdm number, main dimensions, temperatures and thermal
resistances of one of the mc;hods of heat cxcﬁnngeJ i.o.,
solid rod conductors. But we soc that “tho rcquifed thermal
conductance was vbry high so that an actual solutiﬁn to the
problem could not bhe chicvéd using solid conductors. . How-
ever, a <solution to the problém of high cpnductunce muy‘hcl
found by suhstitutiné for the solid conductor a recent
‘development in the field ofrthermodynamics termed a "heat

pipe".




APPENDIX B

ESTIMATION OF WI.CK THICKNESS

Tho heuat pipo thoory develeped up to date was .
dﬁo, in u large part, to n stimulus prnvlded"in n thuofﬁ- r ///fh//
ticnl Qtudy-purformod by Cotter (2}, He formulated the
gGvaning cquations doscr{ﬂing tho.processes taking pince
in o heat plpe and nfso developed a modelhto predict the
cupjilury llmrt-of heat plipe oporation, Ilis rosults were
uscd hy McKinnoy (23) who simplifiecd and modifiod the
oquations to pot tho maximum heat transfer by cylindrical
heat pipe, at capillary limitiﬁg conditions, as a functién

of pipe gpeometry, fluid properties, and wick properties

and dimensions. The modificd oquation (23) may be written

as follows,

LY

. 2,4 ¢
2ucos0 T2(C - C))
‘ - (———= o AL cos ) 5 % . (B.1)
ma X F; L g P B rz(l-c‘)*-C v, C
A\
where,
T .
= [
4 (rﬁ)

-

80
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\—m\ Figure 24 describes the goomotry-of the hoat pip@.

B

By examining Fquation (8, 1), one soes thnt the
maximum hont transfer by a hoat pipo dcpcnds on scvcrnl
factors. . J

First is the fluid vapor tomperaturc or operat-
ing temporature Tv' which determines the liquid and vapor
density and viscosity\Tﬁz. Pyr ¥y and uv). £hc latent heat
of vaporization (i), the surface tension (c¢), and the
uppurentrcontnc$ anglo (Oc)‘ Tho géqond factor coficerns the
wick chnrncterisﬁigs defined by the permeability {K), the
pore radius (e¢) and“the wick thickness (r3/r2)..'Pinully

one introduces the heat 'ipc dimensions (L _, L

AN

and aorientation (R). \\i\

Treating the stronmllngd heat pipe as a circular

a? and rz],

AN

L] \‘ i
one having the same cross-section arca, a computer program

wias prepared to calculate the maximum heat transfer (0_ )

as a function of wick thickness (r3/r2) for various .operat-

ing temporatures (T = 100, 15M 200, 250 a'n'ld_300°l=). The

heat pipe was assumed to be horizontally installed, the

working fluid being water and tﬁe wick 200 mcsb.of 304
stainless steel wire with a diameter of 0,0021 inch.

Table Il presents the propoerty values of water
for computer 1nputsas a function of the selcctcd‘operat1ng‘

temperatures T, . " The values were taken from Referche
v

33, 39 and 40. . The %eat pipe dimensions and tharacteristics

were as follows,
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Fig.24 Schematic Drawing of o Heat Pibe showing‘ both

the Tempergture and Geometry (Notation
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B4

L = 0.78 ft

L = 0.073 ft

Ty = 0.43 inoh
r2 = 0.401 inch
.. V '
. . 1 - Mesh size x Wire diameter *

Mesh size (23)

2.41 x 10‘4 fr

1t

] [

Normally the pormeabi!ity of the wick and the
apparent contact angle Should be determined experimeﬁéaily.
Reference 24 presepted an experimental value for the
permeability of 2Qo- mesh 304 stainless-steel screen equal
to 3.09 x 10°° ftz. This value was used for the pre;ént.
calculations. Na data were found for the contact angle and
jt was assumed equal to zeTo.

The computer results are tabulated in Table IEI,
and plotted in Figure 25.

By éxanining Figure 25, for each operating tempeTa-
ture TV, a maximum heat transfer occured at an optimum
value of r3/r2. The optimum value of r3/r2 was inversely
proportional to Tv' Prom this Qtudy, the optimum valué'of

wick thickness should be §EEP that r3/r2 would be in the
= _

range 0.3 to 0.5. However for the experiments included here,




) 1
r /7, 100°F | 150°F| 200% | 250% | . 300°F
0.1 5.1 | 197.5 "440.1 823.0 | 1365.3
0.2 963.9 |2164.3 3357;2 5683.8. 7180.5
0.3 ’2543.3 4459.5 637§;o 7935.2 | 8862.2
‘0.4 3321.4|5091.0 '6691.1 | 7936.9 ‘8664.3'
= 0.5 3323.9.4345.3 6195.2 | 7244.9 '7788.1
0.6 2957.7|4229,9 | 5353.8 | 6229.5 6677.0
0.7 2397.7]| 3401.8 | 4288.0 | 4979.3 5330.6
0.8 1705.6 241{.6‘ 3035.7 | -3519.6 | 3766.0
0.9 | 903.; 1275.0 | 1602.8 1353.5 1988.3

85

TABLE II1. Maximu

e

Function of Oper
and Wick Th}fkne

-

m Heat Transfer in Watts as a

ating Temperature

s$S°
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it was decided to limit the wick thickness so that r3/-r2

would be between 0.8°and 0.9. The fnctorﬁ which determined

this ‘range for 'rslr2 were the results obtained from the

. +

optimization stzdy (ApBendix A) and the quantity of wicking

material available.. Also, an additio rhason for this

1

~ . ,selection was to facilitate the installation of the wick

\ into the heat pipe. ’
> | | 1o -
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R - APPENDIX C

ASSEMBLY PROCEDURE FOR THE HEAT
. PIPE PERFORMANCE TEST SYSTEM

N

. The procedure for assembiing‘the heat pipe per-

formance test system was as follows: N . _ '

1.

. serted with care into the pipe from the evaporator

Th% pipe inside and outside-surfahes';ere finished
with fine grade emery pqpeéJ ;//

The pipe qaﬁ washed several times with,ﬁ dilute
solution of hydrqchlbfic acid and then with distilled

. . K.Y 3 q
water. . \

The pipe was degreased using acetone, then washed - ~/
with distilled water.

The water ¢alorimeter and the end cap were silver .

soldered to the condenser section of the heat pipe.

The vacuum fill system was installed at the condenser

. . i _ o
side, except for .the compound pressure gauge which

was mounted later after completion of ‘the leak and
'l -

pressure testing.

After brepafiég and roiling thé_screeq, it was in-o

L e

end.

' I3 - . '

The evaporator end cap was argon welded, and a

steady flow of argon was passed through the pipe to
.reduce the contamination of the ‘inner surface by air.

.The two vapor‘core ceramocouples were installed.

[
~

88



9, The pipec was argon:pressu?b and lcak,testcd'uplfo.a
. : . " \

pressure of 170 p.s.i.g. and down o 1 mm Hg.

‘
-~

10. . Some initial leaks were observed and they were treated
with epoxy. cement to produce an air tight system.
: : . : ) . P .
11. The thermocouples mcasuring the axial temperature
distributions in the evaporator and adiabatic sections
were spot welded to the heat pipe suxface.
12. ' The heater block parts were clamped lightly to the'

- o
evaporator outer surface of the heat pipe to provide

r

a good theérmal interface (low’contact resistance).
/ .
3

- .

13, The four cartridge hgaters‘were installed in the

heater bloci. . T
4 -" e

14. The pipe was evacuated th a pressure of I' mm vacuum

\using‘an auxiliary mercury column. for measurement

LI —

phrpoéps.

-~

15. The aséembly was rotated in a vertical position ' .
* . s\ .

{cvapo}ator dowﬁ); and the pipe waﬁ loaded ﬁy a-

syringe with 24.0 c.c. of distilled water. Rust

-

f inhibitor was a}?o#ﬁﬁdid to the water in ‘the form 6f

. N\ .
‘sodium dichromate/cTrystals. o - :

T

16.» The pipe was ghak .and turned around in all directions
. * / N '

ta ensure that the 'screen mesh was completely sat-

7 urated with water. | o ' /q*ﬂ\z\u
17. The condenser ceramocouples were installed (4 in :

€

numbér).'

18. The thermocouples were connected to the hot junction

terminal strips, aiid all connections were chocked.

: ~/

[ - -
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20, .

-

The evaporator -insulation and hoses between tﬁe

main, thermometer wells, calorimeter and rotameter

-

were installed. *

The adiabatic section, thermometer wells and hose

connections to the calorimeter were insulated with
- ' : : \

L.

fibreglass. ) : B

90




. APPENDIX D

HEAT PIPE PER&ORMANCE DATA

Tables 1V throﬁgh Vil present the pcrfbrmnncc data

obtained for{tHc streamlined heat pipg/aﬁifhc four aifferent"‘

, ‘ o o o ’ .
orijentations, a = Qo, 157, 30 and 45 where a is the

inclination of the pipe with the horizontal (condenser down).-
. .

91
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pbwor Input (Watts): 75 100 125 150
| — 'h%B
water Flow Rate ' . '
(c.c./min.) 280 325 325 325
Water Inlet Tempera- .
ture  (°C) 20.0 18.7 17.5 16.3
1 .
Wator Outlicét Tempera- . .
ture  (°C) 23.5 22.8 22,5 22.5 -
Pover Outpaﬁ_ (Watgs) 69.38 94.34 | 115.05 | 142.66
| & . ' .
Efficiency (%) ' 92.51 94,34 92.04 95.1 ,
Condenser -Vapor s -
Temperature  (°F) 121.0 126.0 131.0 134.0 4
Condenser Vapof 15 4.0 . L
Pressuro (in He) e - s 4.5 5.0
’ . .l 14
Pressure {Stcam Table) _ :
(inch) : 3.3 4.06 4.64 5.03 )
Vapor Temperaturo :
hrop (°9F) 2.0 0.5 0.0 0.0
Adiabatic Section » . '
'I‘Qmpcr'lture Drop (.OF)— 45‘75 54.5 61.15 68.7
Axial Hcat Eo%ductlon L
(Watts) f 2.16 2.56 2.88 3.23
Axial Heat Conduction ' ‘
Percentage (%) 3.11 2.71 2.50 2.26
"Heat- Pipe Temperature 70 6 82.45 | 96. 3 ‘107 %
brop. (°F) . . . .
Equivalent Thermal ~ . ‘
Conductivity 659. 4 767.8 801.6 890.6
{ BTU/hr, ££.OF) /.
Power Output per lbhs. ’
_for Heat Pipe 138.8 188,47 230.1 . 285.3
[Watts/1lbs.} ,
Equivalent Power Output .
per lbs for Copper Rod 12.97 15.15 17.69 19.74
[ Watts/1b.) -

Table IV Performance Data of the Heat Pipe at a = 0° )
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Table IV Continued .
L .
Power Input (Watts) 175 200 225 250 ‘
Water Flow %®ate : D .
(c.c./min.) ’ - 325 360 360 . 340
Water Inlet Tempera- SR o S )
ture (OC) » 1'%-5 . 14.8 15.0 15.0
Wator Outlet Tempera-. 2 o
ture <( °C) I 2-6_‘ _ _22.1 23.2 24.5
Power Output E(Watts) 163.37 186.06 209 235.41 )
Efficiency { %) ( 93.35 1 - 93.03 | -92¢89 | 94.16
Condenser Vapor 1390 126.0 | 156.0 | 165.5
Temperature (O9F) - . : ' .
Condenseor Vapor: 5.5 6.5 8.0 '10.0
P;eSSu;e(in Hg . , \
Pressure {(Steam Table) . i
(inchy" 5.73 6.85 8.76 | 10.9 P
Vapor ’I‘emperaturo_ * - 0.0 0.0_ . 0.0 0.0 \
Drop (°F ) .
'Adiabatic Section ' ' .
Temperature DYop ( °F) 77.25 91.6 113.2
! .
Axial Heat Conduction , " an
(Watts) 3.64 4.32 5.34
Axial H ducti | & 1
xial Heat Conduction . ' (
Percentage (%) 2.22 2.32 2.55 2.38
Heat Pipe Temperature ' ‘ | 7
Drop - (OF ) ' 1239 144.2 162.7 1 9.l6_;
Equivalent Thermal  ° ' :
Conductivity 884.7 65.8 861.9 879.5
(BTU/hr.£t.°F ) S _
éower Output per 1bs. ) B R .
for Heat Pipe -~ 326.7 372.1 418.0 470.8 .
(Watts/1lbs.) T :
Equivalent Power Output ) o -
per 1bs for Copper Rod 22.77 26.50 | "29.90 33,01
(Watts/1b.) SR
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Power Inpu; (Watts) 100 125 150 175 ' 200
Water Flow Rate X '
(c.c./min.) 500 500 500‘ 500 500
Water Inlet Tempera-
- .3

ture (9C) " - 17 16.4 16.3 16,1 16.7
Wator Outlet Tempera- ’
ture - (°C) 20.0 19.6 20.3 20.7 22.0
Power OQutput (Watts) 95.58 | 113.28 [ 141,60 | 162.84 | 187.63
Efficiency (%) 95.58 | 90.62 | 94.40 | 93.05| 03.81
Condenser Vapor o .
Temperature  (OF) . 123.5 129.0 |137.0 141.0 | 149.0

' . ~ - }
Condenseor Vapor :
Pressuro (in Hg) 4.5 5.0 5.5 6.5 |. 7.5
(§§g§;“r° (Steam Table) 3.74 4:4 5.4 6.03| 7.38
E:g;r {Sgyerat“’° 2.5 2.0 2.0 1.5 1.5 -
Adiabatic Section o
Tcmporature Drop [OF) 69.9 74.4 81.5 92.4 108.
Axial Heat Conduction o ¢
(Watts) - 3.29 3.50 3.83 4.35 5.09
Axl 7.
peizznﬂggg C°?g;°t49" 3.44 3.08 | "2.70. 2.67 | 2.7
Heat Pipe Temperature .
Drop IDF) 98.3 114.4 131.0 143.5. 158.7
Equivalent Thermal o ;
Conductivity 652‘._4 664.4 725.3 . 761.4 793.3
(BTU/hr .£ft.°F) o
Power Qutput per 1lbs. - . - g
for Heat Pipe. : 191.2 226.6 |283.2 |325.7 4 375.3
(Watts/1bs.) ‘
Equivalent Power Output j- o ‘ ‘ _
per 1bs for Copper‘Rod | /ig 06 21.02 | 24.07 26.37 | 29.16
[Watts/1b,) ‘ o

Table V Perform;nce Data of the Heat Pipe at a = 15°

S




%5:_

Power Iﬂput (Watts)

‘150

[Watts/1b.)

per 1bs for Copper Rod

100 130 175
Water Flow Rate .
. 3
(c.c./min.) 25 325 325 ;25
Water Inlet Tenmpera- 20. 8 19 8 19 0 18.8
ture (°C) o SRR 8.
Wator Outlet Tempera- 25.0 25.0 250 6.0
ture (°C) ,
Power Output (Watts) 96.64 - | 119.65 | 138.06 1.65.67
Efficiency (%)  96.64 92.04 92.04 94,67
Condenser Vapor ‘ R _
Condensor Vapor
Pressure (in Hg) 6.0 6.5 7.5 8.0
Prossure (Steam Tabloa) T 6.35 7 5 8 4
(inch)- . : . . _
Vapor Temperature 2.5 3.0 3 5
Drop (9F)
Adiabatic Section _ 57 .1 67.4 71.2
Temperature Drop (°F)
Axial Heat Eﬁnduction 0
(Watts) 2.68 3.17 3.3
Axial Heat Conduction -
feat Pipe Temperature | )4 120.2 | 137. 157.55
Drop  (°F) .
Equivalent Thernmal 588.9 667.9 e;ﬁ.z 705.6
Conductivity , S ..
(BTU/hr.ft.°%F)
Power Output per 1bs. 193.3 239.3 | 276.1 331.3
for Heat Pipe _ .
[Watts/1bs.)
Equivalent: -Power Output N ‘
20,23 22.09 25.25 28.95

¥

Table VI Pérformance Data of the Heat Pipe at a =

o



g
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Table VII Performance Data of the Heat Pipe at a =

[
1

[ . )
power Input {(Watts) 100 *° 110 125 140 \\L
Water Flow Rate ° > \\\
ate i
(c.c./min.) 325 325 325 300
Water Inlet Tempera- 20.0 ’ 200 ]
ture (°C) . 20. 20,0 20.0,
Wator Outlet Tempera- ‘24 .2 24.4 2t 9 262
ture (°C) 2.l .
Pover Outpuf (N?tts) '96_64 101,25 119.65 171.¢8
Efficiency (%) 96,64 92.03 | 95.72 |- 94.0s
Condenser Vapor . : .
| Tenperature * (°F) 134.0 138.0 | . 144.0 | 148.5
Condenser Va?or ; a A
Pressure (in Hg) 6.0 6.5 7.5 8.0
- Tab - S
Prossure {Stcam Table) 5. 03 s tg 6.5 5,
(inch)- : : T ’ '
Vapor Temperature 7.0 5 0 4.0 3.
Drop (°F) ' ' o o
Adiabatic Section ' 58.0 60-.5 65;5 i 68
Temperature Drop (°F) o I
Axial Heat Conduction ,
{(Watts) 2.73 Z.85. 3.08 3.20
Axial Heat Conduction ) y
Percontage - . (%) 2.82 | 2.81 2.57 2.43
c
Heat Pipe Temperature ‘ 2
Drop  (°F) 115.4% 114.8 127.75 | 134.25
Eqﬁiﬁaient Therma):
Conductivity 561.7 591.8 " 628.4 658.-2
 BTU/hr.£ft.°F)
Power Output per lbs. . . -
‘for Heat gipep 193.3 202.5 239.3 263.4
[Watts/1lbs.,) .
Equivalent Power Qutput Lo e ' " :
per 1bs for Copper Rod 21.21 21.18 23.48 24.67
[Watts/1b.) :
45



 APPENDIX E
/
CALCULATION OF THEORETICAL TEMPERATURE
DISTRIBUTION ALONG THE HEAT PIPE

In order to compare the ecxperimental temperature
distribution with theory, Appendix E presents calcﬁlation ;/
of the thco:cgical.tcmpcrature drops along a cylindricai,
heat pipe. The prcsént streamlined heat pipe is treated: s
as a ciréula;.onc;havigg the samé chSs-section-ared; taking
as an examplleﬁe heat pipe installed in the horizoﬁtal
direction at'a power input of 150 watts.

- Figure 24 in Appendix B shows the main heat flp;
paths and temperature drops across a héat pipe. The tcﬁpera—
ture drop befwcen the heat .pipe surface and the v#po; can be
divided into two parts. Taking.the evapofator as aﬁ example,
the first temperature drop is (Tle-TSe) and the;second
{TSc-Tv)' .

The temperature drop (T, -T,,) across the pipe wall
and the_liquid-wick‘matrii is due to conduction, Heat
transfer by convectlon in the 11qu1d -wick matrix has been
neglected, as the pores are too small for any significant

" convection currents to develop. For the evaporator section

one may write

i 1
Tle—TZe T LeEp 1n (?;)

and
T
1 . 2
T _'r B e————— ln (_—-)
2e "3e ZﬂLeklw Ty o
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Combining the two equations one obtains for the evaporator

-
section,
0. r ' T
: i 1 1 1 2
Tie T3e © 7m1 [F— In —+ ¢ In ?—] (E.1)
e P 2 fw 3

Here the effective thermal conductivity of the
liquid-wick matrix kzw, assumed constant, may be calculated
by assuming that the liquid and the wick material present .
parallel paths for heat flow. In this case, the total heat

transfer rate is the sum of the heat transfer rates through

the twa paths. In a finite difference form this can be
written
: AT AT
Q%otal kl AI—Y * kw AH X

Dividing both sides by A, the total heat transfer area, gives

; o - AT AT
AT ke 0 Ex v ke (100 3
hence klu < kl ¢ + K (1-4)

The tempeg ture drop (TSe'Tv) can be calculated

-

‘ - _‘/_ - -
by applying the Clausius-Clapeyron equation (1l1) written

in a finite difference form,

AP _ Aﬂ\r
T, =T T
3e v v

where AP is the capillary pressure difference (11),
20
€¢

AP =
cos ee
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Combining the two cquations one obtains for the evaporafor

« section,

: 2a v ' _ , .
TSE-TV T¢_E- 'i-s';' CQS Be: . (E.2)

- (
Equations (E.1) and (E.2) define the radial temperature

1

drop in the cvapofator of a heat pipe. -Simirarhequations

can he obtained for the condenser section.:

Sample Calculations (Horizontal Orientation; Power = 150 watts)

For the evaporator, . /
i, .
Q r T

i 1 1 1 2

Ty e Tse © [y In = + 1n -2 ‘

le” 3e 2wl F; T, K,y T, _
T

T, -T = &2'——1- cos ©

Be v 3 pv e

From Table 3 in Appendix D at a power input of
150 watts, Qo =. 142.66 watts and Tv = 134°%F, Considering
all property values to be taken at T; the following values

are obtained:

kg = 24.55 gTU/hr.ft.°E . (34)
k, = 0.38 BTU/hr.ft.%F - (¥5)
k, = 8.8 BTU/hr.ft.oF‘ (35)
o = 4.6 x 1077 1bf/ft, (40)
A =l1017.6 BTU/1b_ (33)

© = 0.007 1b /ft>, ' (33)

also. )

L = 0.5 ft..



- 100
¢ = 66.4% (38)
From'\Appendix B,

r, = 0.43 inch -

1 P

0.401 inch

i

T2

c 2.41 x 10”9 ¢,

%:0.0.‘ o

-~

\ .
) . 1
From Section 3.4, the wick thickness is given as

0.055 inch. * This correspoﬁds'to a value of ry = 0.346 o

inch  (ry/T, = 0.865). - Hence'k, = 3.2 n%p/hr.ft.°F

. [
hd . aon

. . = . O
Tye T3¢ = 7-6°F

T, -T = 6.16°F . : .
3e< v .
‘. [a]
so T. .= 147.71°F :
. 1 e - .

Similarly for the condenser T, = 109.74%F.

.l'.{ . »
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