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SUMMARY

An analytical and experimental study is conducted for the purpose
of identifying and'correlating heat pipe parameters, These parameters
are studied under three topics, with each éection providing new contri-
butions toward the understanding of heat pipe performence.

Dimensicnal analysis is applied to a general theory, which yields
the first nondiﬁensional writing of the detailed field and constitutive
equations-fo? the heat pipe ﬁﬁﬁpf and liquid regions. In addition tp
these equations,.boundary'cdnditions at the liquid-vapor interface and
the enﬁironment are Sfudied. This overall study results in a new list-
ing of twenty four potentially important dimensionless groups. Included
is one previocusly unidentified group which contains the radius 6f the
wick solid (one half wire.diameter Tor mesh screen),

. Experiments are COﬂducted oh & hérizontal, stainless steel heat
pipe, with the wick compesed of two layers of mesh screen separated by
a thin liguid film, The tests use working fluids of water and methénol
for a data range of power, 20 - 350 Btu/hr, and operating temperature,
42 - 73°F. Other data are collected for use in evaluating the param-
eters required for correlation. Independent parameters, those extefg
nally controlled during the tests, are determined to be the condenser
sink temperature, unit conductance between outer wick wall and condenser
sink, and power delivered to the evaporator.

A correlation theory is ﬁnalysed for simplification of the generﬁl

theory. This correlation theory ylelds a system of sclvable eguations
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for heat pipe performance and identification of significant dimension-
less groups. Included in the twenty groups are sctive length ratios of
heat pipe condenser and evaporator sections.

The length along which condensation occurs may differ from the
design length, depending on the vapor's axial Reynolds number. The
iength along which evaporation occurs mey differ from the design length,
depending on the evaporator meniscus radius. These newly identified
dependencies and the sdived correletion equations yield pfedictions of
the dependent parameters for csases previdusly untested, experimental
values oﬁserved in thie‘investigation, and experimental values from the
works of others. Comparisons of correlation theory predictions to

experimental values indicate agreement to within 10 per cent.




CHAPTER I

INTRODUCTION

1, Relevance of the Problem

The use of heat pipes in source-sink coupliﬁgs is of interest to
various technologiés bgcause”many'engineering dperafions redquire devices
with high effective thermal conductivities., Examples of such systems
include gas turbine blades, spacecfaft radiators, nuclear reactors,
electronic cdmponents, heatjékdhangers, and thermionic converters.

In order to désign a heat pipe for a particular application, ali
significant parameters governing heat pipe performancé_must first be
identified and thén interpretations made as to which variables are in-
dependent, i.e. free variables _which the designer mey select. Examples
of the significaﬁf param;teré includé working fluid properties, geomet-
rical factors, operating temperatures, heat tf&nsfér rates,,and-the
areas through which heat flows. A failure to consider all parameters

may result in inadequate designs.

2.. AdﬁﬁncesﬁRequired
| From the discussion of related investigations in Chapt;r II it
can be concluded that the following advances are required:
1) Establish the listing of significant heaf pipe variables and
a eorfesponding iist of dimensionless groups.

2) Obtain mathematical models which can correcfly predict heat

pipe performance below the wicking limit.




3) Present results Iin a paremetric form which are useful 1o
researchers and designers.'

4) Corroberate the predicted results with experimental date.

3. Description of the Work

The purpose of this investigation is to study the interrelations
between the parameters governing heat pipe performance. Goals are

divided into three parts.

A Aslytical

Analyticsl goals are

1) Write the coﬁservéfion equations of mass, moméntum, and
energy for the dynsmics of vapor and liguid flow in a heat pipe operating
with & single working flnid,

| 2) Write the conservation equations of mass, momentum, and

energy for the liquid-vapor interface and external boundary conditions,

3) Write the necessary constitutive equations.

4) Obtain a listing of dimensionless groups from these equations,

B. Exfefimental

Experimental goals are
_ 1) Operate a single.ho;izontal heat pipe of fixed geometry firet
with wéter as fhe working fluié and then with methanol.

2) Collect performance data neceséary for evaluation of the
dimensionless groups required for correlation of the groups.
C. Correlation

Correlation goals are

1) Obtain methematical models which yield the simplified gov-

erning equations for heat pipe operation.




2) Indicate the important dimensionless groups,

3). Provide interpretations for distinguishing between inde-
pendent and dependent vﬁriables.

k) Provide predicted solutiong of the governing relations for
previously untested combinations of heat pipe variables.

5) Compare predicted values to experimental values obtained in

this study and the works of others.




CHAPTER II
REIATED INVESTIGATIONS

The heat pipe concept came into open literature in 1964 when
Grover, et al. (1l)¥, published experimental results. Grover demon-
strated_thgt & heat pipe could be'successfully operated with working
- Ilyids of water and sodium. Since Grbver's work, many investigations
have been conducted on the héat;pipe; Source listings and reviews are

found in the works of Cheung (4), Winter and Borsch (38), and Shinnick

{32). Analytical and ekperimental investigations directly related to
this study concern the topics of Operating Characteristics and Parameter

Btudies.

1. Operating Characteristics

Understanding the general heat pipe operating characteristics
consists of déécribing the internal dynamics of energy and mass flow
and the correspondihg limitations. Analytical and experimental studies
have been. conducted.
A. Theoféticai

The work of Cotter (8) provided the first atvempt to analyze the
heat pipe., Cotter initiated a quantitative engineering theory for the

design and performence analysis of heat pipes. Cotter's model, see

¥Numbers in parentheses correspond to references listed in the
Bibliography.




Figure 1, consists of a simple heat pipe inclined in a gravity field
and having only evaporator and condenser sections, i.e. no adiabatic
section,

Cotter expressed conservation of mass in steady state by
Cge(p¥) = 0 (I1.1)

for both liquid and vepor reégions. Taking the velocity of both fluid
phases as zero at the evaporator end ¢f the heat pipe, Cotter integrated.

Egquation (II.1) to obtain
o) + ) = o (II1.2)

where »y and ma are:thé net mass flow rates in the axial direction of
the vapor and liquid regions respectively.

Conservation of momentum in steady state was'expressed by
7P = Pi’ +MQ—(?U)' - Fv°(?-\?) (II.S)

while assuming cbﬁsﬁént viscosity and density for each fluid phase.
These assumptiops were suitable since Cotter defined the heat pipe
'0pefdtioﬁ to takeIPIACe *ith small changes in temperature and estimated
vapor Mach numbers were low,

| FPor liquid flow, Cotter attempted to simplify Equation (I1.3) vy
1) averaging the terms over a cross sectional area of the wick with
dimensions small compared to the wick thickness and shell dimensions
but'large compared tc the average radius of a pore, &, and 2) using
siﬁﬁle order of magnitude analyses to indicate negligible inertia terms

and radial pressure gradient terms. Under these approximations Cotter




Figure 1. Cotter's Model.
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obtained the expression

dPy - € g e (3)
Ty * B e (12.4)

where * and & are dimensionless numbers characterizing the wick geom-
etry by tortuosity and porosity respectively. Cotter referred to
Equation (II.4) as a "version of Darcy's law". This was reasdnable
since Darcy's law for relating the pressure gradient to mass flow rate
for flow in a porous media is (27) o

AP‘ - A
T T W

s

(11.5)

>

AL

where Kw 1is the wick permeability and As 1iIs the effective flow area of
the ligquid,
. . : ;

In order to estimate the pressure gradient in the vapor region,
Cotter modeled this fleow as being dymamically similar ﬁo pipe flow with
injection or suction through a porous wall. Cotter used the resulis of
Yuan and Finkelstein (39)' and Knight and McInteer (15) who studied the
problem under the basic assumptions of 1) laminar flow, 2) steady state,

3) constant fluid properties, 4) two dimensional flow, and 5) uniform

‘wall injection or suction velocity. The assumption of uniform wall

velocity implies that the wall Reynolds numbéry . ¥, defined by

£, Ve b Ay :
LI el TV e o - (11.6)

is a constant,




For the viscous dominated regime of |fl<<t Cotter recommended

the expression (39)

R B Ay Yo N
o2 (gt (11.7)

This relation had been obtained by a perturbation soluticon of the
momentum and continuity equations pnder the stated assumptions. In this
expression % is interpreted as the pressure of the vapor as averaged
over the cross section of the heat pipe.

F&r high evaporation or condensation rates, {y|>>t |

Cottef_recommended the expression (15)

af _ _ Senv Ay
where S=1 Tor évaporation-and S = ufqv for condensation.

This relation had been cbtained from an .exact solution of the momentum
and continuity equations.

Cotter expressed the conservation of energy by the relation
vF o, (11.9)
where
g = heV - x9T ) (11._10)

where ® and X are the specific enthalpy and thermal conductivity of

the working fluid respectively. Cotter stated that an energy equatiom,




——

formed by substituting Equation II.10 into II.9, was subject to the
assumptions of 1) steady state, 2) no energy sources, and 3) negligible
heat exchange by radiation. Cotter's energy equafion implies that the
work dong by pressure é.nd viscous actions are negligible, which is
reasondﬁle since low yelocities are presumed to be encountered and the
corresponding parameter  E¢/Re . (3) is much less than unity for
typieal heat pipes. |

Cotter procééded’ by defining the total axial heat transfer ré.te,

QG), of the heat pipe by
. | p .
Q(‘}w = So %3(};"‘) wnrdr ) (II. ll)

vhere _ % is the outside radius of the heat pipe shell, Cotter stated
that heat pipe operation takes place when all tempera._ture gradients are
small except for the radial gradieht in the wick and shell. This sim-
plifying assumptioﬁ permitted Cotter to express;his energy equation as

o %
Q) = wipha (e MR (1I.12)

where Ni¢ is the liquid specific enthalpy at the liquid-vapor inter-
face, hy 1s the liguid specific enthalpy as averaged over the wick - ‘
cross section, and he  is the heat of vaporization. For the low
radial heé.t fluxes encountered in heat pipés, Cotter reasoned that the
term (\\;- h‘,)/ Yiva could be neglected when compared to unity.

Thus Cotter's resulting relation was



Il.il

10

Q) = veauly) g (II.13)

Iater studies by Chi and Cygnarowicz (5) have confirmed this approxima-
tion.

In order to éoufle the internal phenomena of -the heat pipe to
its external environment, Cotter wrote the energy Equations (II.9) and
(II.10) for an snnulus, bounded by 4 and 3+dy , and radii ® and

fe, and used Fquations (II.12) and (II.13) to obtain the relation

T . 3T
T Ry a\-\‘-,, = . "-'_“ e ¥y 3“1‘-, . (II.1%)

Cotfer reasoned that.thefcoupling eould be approximated by the simple

thérmal conduction result of
To=Tv * G‘/x‘% . (11.15)

where ® is thehrate.of heat transfer externally added or withdrawn
per unit length and XQ& is the effective thermal conductivity of the
annular rings foérmed by the wick and solid shell,

Cotter's analysis continued by modeling the external environment
a3 one of wniform heat addition and uniform heat withdrawal with

QRG) = wih g =, Qe |, for | (I1.16)

4

o¢d ¢ he | and (1I1.17)
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Q) = @ ha = %e Qe , for (II.18)

Lo &% ¢ R o (II.19)

J

vhere Qe 1s the total heat input rate at the eveporator. Using
Equations {II,16) through {II.19), Cotter evaluated the pressure dropé
in -both liquid and vapor regions as determined by Equations (II.4) and

(I1.7) or (II.8). This gave Cotter expressions of the type
aPe = BLD - RG)  and  afy = R - R (11.20)

where aPq ~#snd % . are both positive quantities. In order to
relate the pressure distributions of the vapor and the liquid, Cotter

recommended the_equilibrium expression of

Pu-Py = BT - (I1.21)

where Y Iié'the ch&ractefistic meniscus radius at the liguid-vapor
interface. Cotfer;sﬁEquation (I1.21) neglects the inertis term in the
jump conditions (1L) across the interface. Howevef, typical heat pipes
have lbw radial heat fluxes,'thﬁs permitting the inertia term to be
validly neglected.

Cotter prdceeded by reasdning that at the condenser end of the
heat pipe, ¥tm, ig infinite, i.e, a flat surface separates the two
phases, This approximation allowed Cotter to obtain from Equation

(I1.21) the relation

R = B (11.22)




vhich when combined with Equation (II.20) indicated

P, () _ﬁ(d) ‘z.tl' o by 0 = ﬁP} .+ aPy > 0 . (II.23)

Cotter then reasoned that the maximum heat flux of the heat pipe would
‘be limited by the capillafy term L/ Yw at the evaporator, and that
this would take place when ¢“=rz where v 1s the characteristic
pore radius at the liquid4vapor intefface. Thus Cotter obtained expres-

sions for the maximﬁm heat rate, rewritten as

_5 BL% sne
p,lu"nu. w(r... W? "r C. T ‘
( Lr cosd \

! |
TSGOER, | =

The first term, containing hos may be interpreted as a heat
pipe parameter of dimensions power,fﬁrea which characteriZes‘tﬁe working
fluid. The second factor, W& -1w) may be interpreted as the total
cross sectional area .of thé wick in the:axial direction. The third term,
containing &/t is a dimensionless factor which characterizes the
permeability of the wick and the cérresponding pressure drop due to
ligquid floﬁf The bracketed.term containing q s e reflects the
effects of pipe inclination in a.gravity field. The bracketed term con-
taining v /P reflects the effects of pressure drop in the vapor
region. _ | : -

Although the work of Cotter served as only a first approximation

for analysis of heat pipes, it did prbvide a8 basis for other
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investigations, The work of Kunz, et al. (17, 18) presented a
simplified approach to Cottérfs analytical problem of prediceting heat

pipe performance, Xunz suggested the overall pressure balance equation

of

P i F “P + Pq - -_ 1

( 2,8 P,e) + (u,e U,r_) (‘('. P.t,f) * (ﬁ,c Pj.,e) o , (I1.25)
whére the subscripts £ and'v 'refer. to the ligquid and vapor regions
resgpectively, and the Subscripts' ¢ and < refer to the evaporator end

condenser seétions respectively. E For-the low veloecity vapor region,

Kunz suggested

(P\t,:e - P\f,c.) =0 . (11.26)

Considering the condenser liquid-vapor interface to be flat, Kunz used

(Pie - P“ =0, (11.27)

Characterizing the evaporator liguid-vapor interface as a spherical

shepe of meniscus radius ¥s, Kunz recommended

'(Pn.,e - -'?a.,i)' 2 - 3’% (I1.28)

Using Da.rcy's law for liquid flow through porous medie and showing the

inertial term to be negligible, Kunz showed

N :
(Px:.-Pxe) = Y\\ & bt %J‘#‘ (11.29)

’
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where W, is the Inverse of specific permeability, b$é .is the
product of width and thickness for the total cross sectiohal ares of
the wick, m is the total mass flow rate of liquid, and ,Q'.& is
the effective total length of the heat pipe for computing frictional
pressure drop. |

Using an analysis similar fo Cotter's for uniform radial mass

Tlow aiong the coqdénser and evaporator, Kunz recormended

¥y < %1 , ond _ (I1.30)
"(‘%’h* L et ha +i Ko ) (II.31)

for héat pi@es with an adiabatic section, and

| 4% S PR A y L , (11.32)

for heat pipes without an adiabatic sectior.
Kunz combined his equations and followed Cotter's reasoning that
the capillary limited maximum heat transfer rate would occur when the

meniscus radius was at 1ts minimum. The resulting expression was

' - P_I_G"‘wj, ('—b__s_ q‘ )
QM‘ - Ahe 1 V\. 42 rnui ) ( II. 33)
where Yww 15 the minimum meniscus radius. Essentlally, Cotter's (8)

and Kunz's (17, 18) predictions are the same, save vapor effects, with
both requiring wick flow characteristics: for Cotter, tortuosity and

porosity,_fof Kunz, permeability.
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Other analytical studies on the general operaﬁional .
characteristics of heat pipes include 1) sonic limitations due to the
.effects of vapor-eompressibiiijy, Levy (19, 20), 2) time trensient per-
formance, Kessler (l3)Iand Biernert (2), and 3) nonconstant fluid prop-
erties, Cosgrove, et al. (/7). All general theéries yield the s&ﬁe
form of predictioﬁ, that being the maximum heat transfer rate is a

functicon of the.physical properfi§$.of the working fluid and the
detailed wick geometry.

B. Experimental'

Caution muét be used in:selecting experimental.results to be used
for cdmparison; Many experimental data have been reported on heat pipe
performancéj most operatipg bélow the maximum power level and a few af.
the maximum, |

The experiments of Kunz, et al, (18) included tests for maximum
heat_ﬁransfef. Tested was a horizontal water heat pipe of rectangulaf
cross section, 1.6 inches high by 6.0 inches wide by 24.0 inches iong.
Kunz's wick was fﬁrmed frqm sintered nickel fibers shaped to a G.Q inches
by 2,0 inches by 0.1 iﬁches sheet. The sheet was bonded to the inner
ipwer surface of the hea# pipe. External heat was electrically supplied
by & resistance héatef over a iéngth of 6,2 inches and was-removéd by
_colliné;water'circulaﬁion over an adjacent length of 11.6 inches. Max-
"iimum_hedt ﬁrgnéf;rs were described to ceccur when high températures
gppéared in tﬁe évaporator section. Kunz's work alsc included experi-
-mentally-detérmiﬁed falues of Wi, the friction parameter, for various

wicks.
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The study by Schwartz (28) also included tests for meximum heat
transfer. His system was a horizontal ammonia heat pipe of cylindrical
Cross section, 15.5 inches long hy 0.199 inches inside diameter. The
wick was formed by cylindrically wrapping two layers of 100 mesh stain-
less steel screen. External heat exchange was accomplished by cir-
culating hot water and ¢old water through jackefs around the evaporator
and condenser sections respectively. Each section was 3.0 inches iong
with the central 9.5 inches considered adiabatic.

C. Compafison of Theorieg to Ekperiments

Comparison of the theories of Cotter and Kungz to the experiments
of Kunz and Schwartz is shown in Figure 2. The.agreement is good, with
deviations leés than T.O.per cent, The predictions of Cotter and Kunz
coincided for all d?ta points since l) both experiments used horizontal
heat pipes (no gravity term in Cotter’s equation), 2) secondary_experi-.
ments of Kunz on permeability, porosity, and pore size were used to
evaluate the porosity—and tortucsity terms of Cotter's equation, and
3) the vapor flow term of Cotterts equation is negligible for both exper-

iments. EKunz's data'indicated that qondensation took place over a length

of 17.8 inches rather than the design length of 11.6 inches. It is

-sugpected that axi&l conduction was present in Kunz's thick heat pipe

shell beneaﬁh the condenser wick.

Other expérimental maximum heat rates are reported in the litera-

.turé for caplllary limited heat pipes. Comparison is not made due to

1) lack of complete experimental data - Miller and Holm (24), Cosgrove,
et al. (7), and Neal (25), or 2) employment of wick configurations dif-

ferent than the porous medis assumed by the theories of Cotter and -0 O
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Kunz p.McSwéehey (EB)QQéroouésy;and:Keﬁméf(1@),;groO?eS7coyered;with“
scréen.

See Appendix V for a calculation of maximum heat transfer rate
based on Kunz's theory and parsmeter values tested in this investiga-

tion.

2, Parameter Studies

Studying the effects of varying heat pipe parameters consists of
identifying the significant parameters and descfibing the relations
between the parsmeters. The earlyiworks of Cotter (8) and Kunz, et al.
(17, 18) served to identify thé barameters listed in Table 1, These
parameters include only those applied to heat pipes using wicks formed
of porous media, |

A. TFluid Properties

The_work of Neal (25) indicated values of the heat pipe parameter

N, where

A 0"\'\11
Ay )

(11.34)

for various fluids. As seen in Figure 3, the employment of a particular
working fluid determines tﬁe temperature range suitable for heat pipe
operation and the variation of N with température.

The parametric analysis by Parker and Hanson (26) on various
liquid metals included relative values of surface tension and heat of
vaporization, relative values of pressure drop for liquid and vapor

Tlow,




Table 1. Initially Identified Heat Pipe Parameters

-

6T

Categofy Symbol Name Remarks
Cperating .
Characteristics t?mg. heat rate cmaximum capillary limit
T | ‘operating average vapor temperafure or pipe wall
temperature in sdiabatic section o
Fluid for 1igquid contacting solid in presence
Properties a. surface tension of vapor
A liquid density liquid flow
Ay liquid viscosity
by vapor density vapor flow
Ay ..vapor viscosity
het latent heat of energy storage in vapor
e -veporization .
ag heat pipe parameter flnid cepability

{Continued)




Table 1, {(Continued)

“Category

Overall
- Geometry

Overall
Geometry

Symbol Name Remarks
% radius of wvapor cylindrical heat pipes
‘space :
T outer wick radius
rsl cuter shell radius
b wick width rectangular heat pipes
& wick thickness
fa evaporator length design lengths
Le condenser length
adiabetic length
SN . total length
| gravitational significant only when heat pipe-is-
acceleration inclined in a gravity field
- T .inclination angle

{Continued)

(81



Table 1. {(Continued)

Category

Wick Geometry

Symbol Name Remarks
. P .

(4 pore radius wick structure RO s
s porosity |

(/- meniscus radius liquid—vépof interface

Teo minimum meniscus

radius

.¢b;"h”._._ contabt_anéle

t tortuosity liquid pressure drop

I . inverse permeability |

r Environmental

Coupling

Koy
Xe .

Tw

effective wick
thermal conductivity

pipe shell
thermal conductivity

evaporator heat
source temperature

implied by Cotter {8)

~ (Continued)

T2



Table 1. (Continued)

Category

Environmental
Coupling

Symbol

Name

condenser heat
sink temperature

unit conductance.
to heat source

unit conductance
to heat sink

Remarks

implied by Cotter (8)

ot

2
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Figure 3. Heat Pipe Fluid Parameter ve, Temperature for Variocus Fluids,*
¥From Neal (25)
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The experimental work of Kunz, et al, (17, 18) included tests
of the same heat pipe operated with fluids of water and freon 113. The
water pipe was capable of higher heat transfer rates than the frecn
pipe.

B, Geometriec Factors

McKinney's (22) work inﬁluded.éoﬁpufér studies fof variation of
geometric variables with a water heat pipe. Typical_results, sSee
Figure 4, indicate variation of ﬁaximnm heat rate with changes in the
overall geometric pafameter /Y and with changes in the wick frie-
tion parameter VA

The computer analysis by Watts (35) included techniques for

‘optimizing the capillary pore size and the'corresponding maximum heat

rate,

Edwards, et al. (9).wrote & computer program which'included
variations of 1) geometrical factors, 2) working fluids, and 3) envi-
ronmental factors for a heat pipe operating with the inélusion of inert
gases. No graphical fesults were indicated.

The experimental work of Kunz, et al. (17) included measurements
of the wick friction parameter W, . Their resuits indicate the valid-
ity of.assuming K. to be . a constant for a given wick, see Figure 5.

C. Environmental Coupling

Coupling the intermal dynamics of heat pipe operation to the

'surroundings requires description of the modes and paths of heat exchange.

" In his original analysis, Cotter (8) suggested the simple cou-

rling model of
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"Figure 5. Variation of K
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1} ‘constent temperature or uniform heat flux at the outer
shell radius along the entire evaporator design length,

2) radial conduction thrdugh the pipe shell,

3} radial conduct%on through the wick,

L} .evapbration at the evaporator liquid-vapor interface,

. 5) 'vapor flow to the condensér Sectibn,

6} condensation on the condeﬁser'liquid-vapor interface,

7} radial conduction through:tﬁe ﬁick,

8} radial conduction through the pipe shell, and

9} constant temﬁérature or uniform heat flux st the outer shéll
radius along the entire cﬁndenser design length. Cotter assumed fhe
outer shell to be coupled with sinks and sources by sppropriate conduc-
tances, Studies of Cotter's simple model and its limifétions have been
the subjects of many investigations. _

The analysis by Lyman and Huang (21) indicate_,q the validity of
assuming simple conduction in the heat pipe wick. Th;sfbonclusion.was
based on the exclusion of convection since Peclet numbers.were small as
calculated from typical heat pipes (18, 7). Lyman used the suggestions
of Kunz, et al, (18) that ﬁhe effectivé wick thermal conductivity be

nodeled as isotropic by the paraliel conduction relation

Xetf = €Xyg + (1-€)Xs. ) : (11.35)

where  Xeff is the effective wick-liquid thermal conductivity, i€ 1is
the wick porosity, ¥i is the liquid thermal conductivity, and Ks 1is

the thermal conductivity of the wick solid.
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An experimental study by Seban and Abhat (31) included
neasurement of effective wick thermal conductivity. Tésts were made
during the eﬁaporation of water from two separgte screen wicks, 150 and
325 mesh. Results, see Figure 6, indicated the observed effective con-
ductivity to be hetween the values predicted by simple parallel and
simple series models. The measured valués wé;e muchfcIQSer-to the
series predictions; Seban did not attempt to explain this trend.

In their similarity investigatz_l.o%i, Miller and Holm (24) attempted

to overcome the uncertainties of wick conduction, heat transfer through

the pipe shell, and shell bocundary conditions., Thelr concept consisted

of using a model heat pipe to predict the ﬁerfdrﬁance of a geometrically
different prototype heat pipe, both in an environment of thermal radia-
tion. A material preservation analysis vas tested in which’bgth model
and prototype used the same working fluid (water) and wick material (200
mesh nickel scréénj; .Thié.implied equality of thermal conductivities

of the wall and wick, the emittance of the condenser wall surface, and
the permeability of the wick. Using starred quantities to indicate the
ratioc of model values.to prototyﬁe values of that:qﬁantity, the sug-
gested model equations were

x * nt
("-Tp) = % | (II.36)

o
¥ _ (ﬁf} '
Tep = Q:‘k , and | (II.37)




Figure 6.
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*From Seban and Abhat (31).
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&t = P.a“'\"“) (P“N) | (II.38)

vhere Tv and Tep are the temperatures of the wvapor and condenser
outside wall regpectively, L is the combined length of evaporator and
condenser sections, and Aw is the wick cross sectional area. Experi-
mental results indicated th'e: frg;)totyp'e behavior could be predicted fr;om
model performance to within 10° F over a temperature range of 140 -
330° F. |

In a recent paper, Sun and Tien (34) constructed a simple con-
duction model for theoretical steady state heat pipe pgrforma.nce. By
considering the interaction of axial heat_conduction in fhe shell and
wick, the effective lengths of condensation znd evaporation were shown
to be larger than the design lengths. For a given pi?e geometry,
these effective lengths and the corresponding overall conduct;ance of
the hea._t pipe wei‘e shown to depend significantly on.the 1I:wo dimension-

less parameters M and Bi, where

[8

e AN : | '
M) (E' and (I1.39)

= Xp :
BRIES

T

M

B: = (*;*:; W | (I1.k0)

M has physical interpretations of the ratio of wick to. shell wall con-

ductance times the ratio of shell surface area to shell cross sectional

=

P raln0 L Lmtheamrasa Il Ll
£
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aresa. B;) the Biot number, has a physical interpretation of the ratio
of wick radial temperature drop to the temperature difference between
the outer shell wall and the surroundings. Suh recommended that axial
conduction be neglected for values of M greater than 100 and Bi less
than unity. BSee Appendix V for a calculation using parameter values
tested in this investigation.

Fox, et al., {10) experimentally cpersted heat pipes with con-
figurations similar to that proposed in'this'investigation but with dif-
ferent velues of the geometric paramefers. His system was a horizontal
heat pipe of cylindrical cross section, 2 inches long by 1.50 inches
outside dismeter with 0.028 inch shell thickness, watéf was the
working fluid. The wicks were foﬁmed by cylindricall; wrapping mesh
screen. Tested were a 100 mesh wick consisfting solely of layers of 100
mesh screen.and,a dual wick consisting of 16 mesh screen 1éyers covered
with a single layer of 100 mesh screen. Operating temperatures (incom-
pletely'reported) were approximately=2000F with power levels from 400
1o 1250 watts,

Schwartz (29) alao tested a heat pipe wifh configurations similar
to that proposed in this investigation shell and wick were made of .
stainless steel with water as the working fluid., Geometries were the
shell, 15.5 inches long by 0,199 inch inside radius with 0.020 inch

“thickness, and wick, two tightly wrapped eylindrical layers of 100 mesh
screen. Operating data were collected over the ranges 79 to'153°F and

6.3 to 58 watts.
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CHAPTER IIT

GENERAL THEORY

1. Objective
The purpose of this gﬁalysis ié to stﬁdy the géneral rélations
whiéh describe the performance of a heét pipe. _Resulté of this study
will 1) provide a list of governing field and.conétitutive equations,
2) provide a list of potentially important dimensiconless groups, end

3) provide an analytical basis for future studies.

2. Overall Concepts

The physical model of the heat pipe, see Figure T, cogsists of
an annular region ¢f porous material bound by a circﬁlarlcyliﬁder at
r= rw and flat planes at each end. A fluid is distributed within
the pipe. The pipe is divided into the faliowing axial sections: 1) a
section surrounded by a héat source, the evaporator section, 2) a
section surrounded by insulation, the adiabatic section, and 3) a
sgction surrounded by a heat sink, the condenéer section. The pipe is
divided into thé following radial regions: 1) a vapor region,

F < Vurenrnce 2) a liquid-wick region, fumeme <¥ < Yu |
and 3) an external region, ¥ > Yw. The working fluid'is_modeled as
being distributed in the liquid phase solely within the ligquid-wick

region and the vapor phase solely within the wvapor regicon.

The general formulstion is made by separate studies of each region

of fluid with appropriate boundary conditions and using reference param-

eters to obtain dimensionless groups.
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Figure 7. General Thecry Heat Pipe Schematic,
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3., Reference Parameters

Table 2 indicates the nondimensional parameters as defined in
‘terms of the dimensional parameter and reference parameters. For

material properties, the general relation is

dimensional property
reference property

nondimensional property = (111.1)

The nondimensional parameter is indicated by the;p?operty symbol with
a bar drawn over it. The dimensional'propérty=is interpreted as the
actual value of the property at its local spatial location and tempera-
ture. The reference paramepér?is ﬁhe value of the dimensional property
at temperature Vo, where To is défined a8 tﬁé heat pipe.bperating
temperature, interpreted as the average vapor femperature or wall tem-
perature in the adiabatic section. Liguid sﬁd vapor referenece proper-
ties are saturation values evaluated at To, Exceptions té this system
are 1) vepor enthalpy, and 2) liquid and vapor pressures where specified
reference parameters are used.-;

Geometrical parameters are nondimepsionalized by théir indicated
refefence parameters.

Velocity terms are nondimensionalized by the reference velocities
of

Qe
Uv = Po(arer, ic) Youg 3 and ( III.Q)

Qe

O TCCTR I (111.3)




Table 2. General Theory Reference Relations
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Category Fame Reference Relaticn
= T
Temperature temperature T - =
4
Vapor density PR £
o I"f
LY _ ?
pressure o=
- e A
viscosity Mv 2 Uy
. s . X
thermal conductivity L Yo
- n
enthalpy h, = Coo T
. o 5 ’
Liguid density F = -—15—
- A
pressure [3 P
B R
— A
viscosity Ay =

(Continued)




Table 2. (Continued)
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Category Name Referénce Relation
- - ¥
Tiquid thermal conductivity Ke = Y
z . ) . _ T .
surface tension . g = T T
’ 5 []
enthelpy h _h_
A By . - . 2 C-f'JLTc.
Wick wick-s0lid thermal - X
Properties conductivity Xs ® ¥s
wick effective St = Kath
thermal conductivity ¥ Kot at To
wick friction factor K = rx
- {inverse permeability) : Y
Vapor "~ “
Velocities radial velocity Uy = e
' - _
angular velocity = T

(Confinued)
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Table 2. (Continued)

.. Category Name Reference Relation
Vapor . N N —
Velocities WO VLU Wo s A
Liquid : “
Velocities radiel velocity U= w,
angular vélocit = N
engular ve ¥ A
[PV
axial velocity Uy = e L
* ﬁo.ﬁ(&)‘-)u"
Bulk -
Geometry radial coordinate [
angular coordinate 8 = -—-—-f_“.
axial coordinate e = A
| ¥ e
Detail .
Geometry radial coordinate A -—T-‘_-—
o

(Continued)

e




Table 2, (Continued)
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Name

Category Reference Relaticn
Detail . . - __—"'
Geometry radial coordinate T = v

s N = "
.radial cocrdinate T = v
. . [
angular ,cgondinﬁte ' B, = % o,
e - s
axial coordinate Us = <

13

surface coordinate $ - _‘E_

<

surface coordinate ‘% = _:ﬁ__
- wetting angle ;5 = ..%

porosity € = %

(Continued)
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Table 2, (Continued)

Category " Name Reference Relation .
Enviromnmental = &
Parameters heat transfer rate Q = —?5-

-
- - J
unit conductance U = “ue

Environmenﬁalxreferences parameters are 1) V., the average
temperature of the'héat‘sink, 2} U;, the average unit conductance
between the heat sink and the cuter surface of the wick, and3) &, the

" total pover delivered to the evaporator section from the heat source.

4, Vapor Region

The vapor region is studied by examining its spatial boundariess
assumptions,field eduations, and constitutive equations, Dimensionless
groups are obtained.

A. Spatial Boundaries.

The spatial boundaries, see Figure 8, are

o £ ¥ < le_ +.Eq. +£r_ 3 | (III.}-I-)

o¢rt e+ ey | and ‘ (I11.5)

0¢ 6 £t , _ © (II1.6)
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Figure 8, General Theory Spatial Boundaries,




" B. Assggptions

The basic assumptions are-
1) single species,

2) mno body forees,

3) no heat generationm,

Ly negligible heat exchange by radiation,

41

5) no p.hase changes occur within the spatial boundaries,

6} steady. state,
7}  laminar flew, and
8) negligible viscous dissipation of heat.

C. Field Equations in Vector Form

Thé field equations in vecteor form are

equation of continuity

V.(P-\?) =0

equation of motion

—

V'(P-\?v) = -gP - V'? and

]

equation of energy

vo(p¥h) = -v3 & V9P

D. Constitutive Equations in General Form
The constitutive equations in general form are

rheclogical equation

il
L1}
Y

Stk
(0,05, 58, for

(III.7)

(111.8)

(I11.9)

(111.10)




L2

§2L,,3  and k=4,7,3 (1I11.11)

equations of wviscosity

M4z H(TY | and (III.12)
N = N}, where (III.ls)
LR B M for wonatomic qases | (ITI.14)
heat’conduction equation
3 - _'jl:vT , (I11.15)
equation of thermsl conductivity
X = X(T) | (II1.16)
thermal eguation of state
Pz p(PT) | and (III.17)
caloric equation of state
h=h(eD (11I.18)

E. Dimensionless Groups

Writing Equations {III.}4) through (III.18) in dimensionless form

with the reference parameters, see Appendix A, results in the following

seven dimensionless groups for the vapor region

e fa Ty e Prlhe v Mulev us
.1:.,7:.‘,—1-«.,\“«, My b
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5. Liguid Region

The liquid region is studied by examining its spatial bounderies,
assumptions, field equations, and constitutive equations. Dimension-
less groups are obtained.

A, Spatial Boundaries

The spatial boundaries, see Figure 8, are

0 ¢ & det fat e, - (111.19)

'ﬁ,+'1(°s’D C¥ fu and (II1.20)

0 £ 8 ¢ (1I1.21)

B. Assumptions
The basic assumptions are
1) single species,
2) no body forces,
3) no heat generatidn,
4} negligible heat exchange by radiation,
5) no phase chahges occur within.the spatial boundaries,
6) steady state,
T) constﬁnt-density,
8) negligible viscous dissipetion of heat,:aid

9) Darcy's law for flow in porous media applies.

C. Field Equations:cin Vector Form
The field equations in vector form are

equation of continuity

v-(pV) = o, (I11.22)




equation of motion
V'(Pv.ﬁ) = —~ 9P "'.V"F'. and
equation of energy

. (pVN) = ~F & V.OP

D. Constitutive Equations in General Form

The constitutive equations in general form are

rheological equation

equation oflviséosity
)4 = & ()
équation of wick friction'parﬁmeter
K= K (nr,,..,\r‘,J Yus, Yo, wick confiquration) |
eguation of;porosity
§ = € (%, %, Yws, Ve, mek; confiquration) |, for

L)
wooss Tlow vate wn i derection

E:Vj. = fatel evoss sectional area w Ti” direckion

heat conduction equation

g 2 -X9T

}

]

bl

(I11.23)

(111.2k4)

(I11.25)

(111.26)

(111.27)

(111.28)

(111.29)

(I11.30)

S mE wmamE—rT o, Ak
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equation of iiquid thermal cohductivity
Xg = X (1) } : (I11.31)
equation of ﬁick-solid thermal conductivity
Xs = %Xs(T) o o (III.32)
equation of gffectivg_ﬁick.thermal conductivity
Refs = Xetf (X,LT),K(TS ) Yo 5o e fus , Q , | (II1.33)
.ﬁhermal equation of staté  -
p = constant | and _ (IT1.34)
" caloric equation of state
h=h(7), | (117.35)

E. Dimensionlegs Groups

Writing Equations {III.19) through {III.35) in nondimensional
form, see Appendix A, results in the following fourteen dimensionless

groups for the liguid region

2o fa N & % Y ¥a o s

o X = a

e Re ), T, r\f’lg, X3, K‘HJ\(‘LJKth , éa)h)
x
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6. .Liquid-Vapor Interface

The liguid-vapor interface, that surface separating the liquid
and vapor regions, is studied by examining its spatial location, assump-
tions, boundary conditions, and constitutive equafions. Dimensionless
groupe are obtained.

A, Bpatial Iocation:

The spatial location, see Figure 8, is

O sy s Lo ST 3 ) , (I1I.36)
r= v+ -n1-_(9;,§j , and (III.37)
O %6¢w (111.38)

5. Asouptions
The basic assumptions are
1} - steady state,
2). negligible heat exchange by radiation,
3) negligible effects of dilatational and surface éhear
viscosities, .
L) constant liquid density,
5) contihuum'floﬁ'in'regions'éurrOundinglthe surface, and
6) negligible viscous dissipation of heat.

C; Boundary Conditions in Vector Form

The boundary conditicns in vector form are

equation of continuity

(R%)R. + (BB, =0 (III.39)




no slip conditions

(\'-1 ~V)te = o
equation of motion

(A A (A A

- L = : = 2T =
'—Pl 'ﬂ,‘ - ’r“‘ﬁ-g_ ""11‘:“’ - R h\ ""vsu-
[14]

equation of enefgy

[ (b %) +g ) [ aa(hk) ot

SRR W) o .

D. Constitu$ive-Equatibné in Géneral Form

The constitytive equations in general form are

rheological equation

'T'?—"\'(M}Lki., ¥R ,FOV

equations of viscosity
L

b7

(I11.40)
(III.41)
(II1.42)

(III.%3)

(ITI.hh)

(III.45)

(I1I.46)

(III.47)




R ——

My = My (T) , and
Mg = Mg (T) )
equation of heat conduction

—

%-.: -—XVTJ

equations of. thermal conductivity

X = XD,
Xu = Xv (T‘) . J-anl
Xs = Xs (T )

thermal equations of state

A

P (P, T) | and

A= BT,

n

caloric equations of state
hq = _\‘\u(?,_T) ’ e.vu"s
\‘\.l = h.l (?,l T) )

equation of latent heat of vaporization

huj. = hu - hl at saturetion )

equation of surface tension

T= o(r) )

(II1.48)

(II1.49)
(111.50)
{11I.51)

(111.52)

(III.53)

(III.sﬁ)

(III.55)

(1I1.56)

(III.57)

(III.58)

(III.59)
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unit normal vectors

b
nl

§
>
r

11

0 (ﬂﬂ:uq «5eometr-0 ) (III.60)

unit tangent vectors

(]

[ ' t, (_surFme qeoﬂ\e‘trq) ) o.l\.J. ) ( ITT, 6]_)

.E-:.

_'Et(wgm., gem;t‘-ﬂ)' ) (III.62)
radius_ofléﬁrvature

Rm = Ren(surface: geamtrg , : (I11.63)
surface gradient

Vs -+ operator based on Sucface geometyy ) (1I1.64)
surface @ivergence

Ve opar;ior bosed on surface qeometey | and (111.65)

surface coordinates

il

f’ -P(\'«,,fv‘?us)_é) ' o-’Ml | (111«66)

"

§ 2 glreav,m, ) . (I11.67)

E. Dimensionless Groups

Writing Equations (III.36) through (III.67) in dimensionless form
with the reference parameters, see Appendix A, resulits in the following

twenty dimensionless groups for the liguid~vapor interface
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7. .Enviropmental_Bﬁ%ndary Conditions
The environmental boundary of the heat pipe, that surface
separatiﬁg the contained working fluwid and its surroundings, is studied
by examining its spatiai locetion, assumptions, boundary conditions,
and constitutive equations, Dimensionless groups are cbtained. The

boundary is subdivided into the following five sections: evaporator,

- adiabatic, condenser, evaporator end, and: condenser end. These sections

are distinguished from each other by their respective spatial locations
and their respective constitutive equations of environmental heat
transfer.

A, Bpatial Location

The spatial location of theJheat pipe boundary sections, see

Figure 8, are as follows

evaporator
reor. (1I11.68)
0cn e he and (IT1.69)
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04 &% | o {II1.70)
adisbatic
fe ot | S - (111.71)
Jo¢ y e RerLa | and | (II1.72)
O¢ 92w 7 | | (III.73)
condenser
T (III.74)
CLex ha eyt Lovlande | and (I11.75)
0¢o¢am (II11.76)

evaporator end

O ¢r e tu, - (III1.77)
. |

}_ = O . ““gl (III-TB)

©¢egam ad (I11.79)

condenser énd
OLY Lhw | . - (I11.80)
43. = Ao+ ao.a-l-ic, ' and (III.Bl)-

O ¢te L, (111.82)




B. Assumptions
The basic assumptions which apply to each subdivision of the

boundary are

1)
2
3)
L)
5)
6)

steady state,

continuum flow on fluld sides of the boundaries,
the eﬁvironment'contains no working fluid,

the boundsry is motignléss,-

negligible heat exchangé.by radiation, and

negligible viscous dissipation of heat.

C. Boundary Conditions in Vectbr Form

52

The boundary conditions which apply to each subdivision are

equation of continulty

(P9)Re = o

no slip condltions

(Fv)‘-#—l = Q ln.'\A

(P?")'{‘L._’ O, and

_equatidn of energy

O e A

D. Constitutive Equations in General Form

(111.83)

(111.84)

(111.85)

(111.86)

The constitutive equations which'apply to each subdivision are

equation of heat conduction

%,=—X9TJ

(IIL1.87)




53

equation of ligquid thermel conductiviﬁy
Xp = Ko (T) J - (II1.88)
equation of wick-solid thermal conductivity
‘X, = %s(T) (111.89)
equation pf wick effectivé“thermal conductivity
Xete = Xotr (Ral) XD, €, %0, o ) Yus, 1) o (III.90)
liguid the:mai equatieﬁ?df state
A = constant ; (111‘91)

liquid ecaloric -equation of state

hy = _hg (e,T) J (III.92)
unit normal vectors
R=-Re= R(¥,%,8) | (111.93)
unit tangent vectors
T N 8}, end S (III.9%)
.= B.(F,%,8) . | (II1.95)

The remaining constitutive equations which apply only to the respective
subdivisions are

evaporator section
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external heat flux vector

.

lea n . I .
S, g., Fer(wHdyde = Qe (III.96)

adiabatic section

external heat flux vector
.'%e = Q (III-9T)

condenser section

external heat flux vector

e !et-.'m;ﬂc _ Co ax plorlostc
So S.lﬁ!:%{ (_r,,?) oh, de = S Shd:}cLT(m..,-g,a) - Tf_] Yw p\? de s (III.98)

where Uc and T. are reference parameters, see Chapter 111, Section 3,

and
evaporator and condenser end sections

external heat flux vector
e =0, (1I1.99)
eqﬁationgof vapor-ﬁhermal conductivity
Xy = X% (1), | {111.100)
vﬁpor thermal equation of ;tate
Pr pl®T) | and | (III.101)

vapor calorie equaticn of state
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he = ho (P, 7). (ITI.102)

E. Dimensioniess Groups

Writing Equations (TII.68)} through (III.102} in dimensionless
form with the reference parameters and substitution of the constitutive
equations, see Appendix A, results in the following eleven dimension-

less groups .for the environmental boundary conditions

L R TR A R T X e
Re ; IR , e, Yw, Wy, Yo, e, ¥ ;nJ Tw Ue J YearsdcTe

8. Heat Pipeybﬁéiating-Temperature .
Temperature, the explicit parameter appearing in various consti-
tutive equations (e.g. equation of thermel conduction), provides the

dimensionless group

T y.8)

._T._c ]

where Tc¢ is the condenser sink reference parameter. In accordance
with the reference parameters, see Chapter III, Section 3, this group

is interpreted as

T,

1:: }

where To is the heat pipe operating temperature. .

9. Summary of Dimensionless Groups

The collection of 24 dimenszionless groups obtained from the




general theory is shown in Table 3,

56

Por groups containing velocity,

the defining reference parameters of Equations (III.2) and (III.3)

have been substituted, hence velocity does not appear explicitly., All

symbols refer tc the reference parameters, see Chapter III, Section 3,

Details are indicated in Appendix A.

Table 3. Dimensionless Groups of General Theory

.. Category Symbol Remarks
Material (7 liguid density
Properties . ‘é’ vapor density
My Cpy vapor Prandtl number
"_i%‘.ﬂ Tiguid Prandtl nymber
1 .
Yes wick-s0lid conductivity _
e . EBgdid conduetivity o
Copv vapor specific heat
Cex liquid specific heat
hag Kutateladze number
CpeTe '
Kett wick effective conductivity
- Xa oL J_lquidcon uctlv;ty .
Parameters .. .. T E,!WM-: vapor axial Beynolds. numfp_e_r. -

(Continued)
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Table 3. (Continued)

Category Symbol o Remarks
. . T
Flow L ——"‘Y\‘Q‘ vapor Eckert number
Parameters Crle\r™ v de fyPy

- 1
hte (_Qe
& \xmrlofehe

Wrghﬂj.ﬂ,[ N '
( Qe )(!k.rg)' “Darcy number -

. Webér. _number

Qe 1iquid pore Reynolds mumber:
1\'\’(,\\01 llj. . ] ) e e e
: K, vapor radius
Geometry T wick outer radius
n vapor radius _
"% . . condenser length -
;l.e_ -evapor:ator length
Le condenser length
Ao adiabatic length
1. condenser length
e wick pore radius
T epor Tedius
Yo wick-s0lid radius
e oK Pove FRRTaET Tt
N number.of wick screen.layers. .. ...... ..

( Continited )
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Table 3. {(Continued)
Category Symbol Remarks
Geometry -¢° fluid wetting angle
R -evﬁ?orator meniscus radius
O wick pore radius
i
Eo wick porosity
: To - heat pipé bperﬁfiﬁé.féﬁﬁéfature
Enviropmgnt Te . . .. chcondenser sink tempersature
i Ue de liguid thermel resistance

XL

condenser external thermal resistance
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CHAPTER IV
EXPERTMENTATION

1. Objective

The purpose of this experimentation is to proviée data from.an
operating heat pipe which will allow correlation of the pgrameters and
further understandiﬁg of heat pipe operation. The results df these
experiments will yield measured_vaiues.gf temperatures and heat trans-
fer rates fdf a horizontal.héé£ plpe of fixed geometry with a working
fluid of waterlénd mefhanol, and provide raw data which can ﬁe used to

evaluate the parameterszrequired for correlation.

2. Equipment
The equipment is comprised of the heat pipe with its attached

instrumentation, see Figures 9, 10, and 11, and the auxiliary equipment
and instrumentation, see Figure 12,
A, Heat Pipe .

The heat pipe shell, see Figure 9, consists of a 3/ inch diam-
eter by 18.0 incﬁ long tube of 304 stainless steel, The heat pipe wick
is composed of two layers of 316 stainless steel screen, 100 mesh and
0.00k5 inech wire diasmeter, mounted concentrically on the inside wall
of the pipe shell. See Table 4 for a listing of geometric parameters.

The condenser section is constructed from a 5.0 inch long by
1 inch diameter schedule L0 pipe of 304 stainless steel. The pipe is

solder mounted concentric to the heat pipe shell and sealed at each end
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Table 4. Geometric Parameters of Experimental Heat Pipe.

Value
Name Symbol " inches {u.o.n.)

evaporator length , L. 3.36
adiabafic léngth - fa 9,64
condenser length _ | | R | | 5.00
inside wick ra@igs_ | ' o .ny | 0.298
outside wick radius Yo 0.326
wic# pore radius S Y 0.00275

| wick-solid radius o 0.00225

number of screen layers : ‘ N 2 layers
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[

b& header chembers, Xach header is composed of stainless steel plates
separated by a 1/4 inch wide spacer ring. Openings for cooling water
flow consist of a.single_pﬁrt in one of the plates and multiple holes

in the condenser pipe between the plates, see Figure 10. The condensef
end of the heat pipe is sealed by an O-ring between the end header plate
and a flange.

The evaporator section is formed by an electric resisﬁance heat-
ing coil wrapped helicaliy around a 3.36 inch long section of the heat
pipe shell, 'The coil is covered by é gsheath of brass foil. The
evaporator end of the heat pipeiis cealed by a welded plate of 304 stain-
less steel. |

The adiabatiC'séction is covered with fiberglas insulstion. The

entire heat pipe (condenser, adiabatic, and evaporator) is covered with

- Fiberglas insglation to a dismeter of 5.5 inches and is covered with

alumiﬁum foil.

Heat pipe instrumentation, that instrumentation attached directly
to thehheat pipe test section, consists of twe pressure transducers and
various thermocouples, see Figure 11, The condenser pressure transducer
is mounted to a copper tube positioned on the-heat pipe shell in the
adiabatic section adjacent to ﬁhe condenser header. The evaporator
pressure transducer'is mounted to a copper tube positioned on the heat
pipe shell in the adiabatic section amnd adjacent to the end of the heat-
iné céii.- | | | |

Thermocouplés are mounted on the heat pipe in SEVénfdifferent
areas, see Figure 1l and Table 5. Wick thermocouples are spot ﬁelded

between the two layers of screen, These wires extend out of the heat




Table 5. Thermocouple Materials
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. Category Junction Wire Size - Insulation
Condenser Copper-
Wall . Constantan 36 ga enamel
Adiabatic Copper-
Wall Constentan 24 ga fiberglas
Evaporator . Chromel~ .
Wall Alumel ' 30 ga fiberglas
Copper- .
Wiek. .. . Constantan 36 ga enamel
Cooling -Cépper-
Water .. Constantan 30 g= nylon):
Vapor Copper- Ceramic in 5. S.
Probe .. . Constantan 36 ga Sheath
Copper-
Constantan 2k ga fibergles

Insulation
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pipe through an epoxy sealed hole in the condenser flange. Condenser
wall thermocouples are mounted in grooves in the outer shell wall. The
grooves are sealed with a epoxy of high thermal conductivity. 'ﬁdiabatic
shell wall thermocouples are spot welded to the outer shell wall, Evapo-
rator shell wall thermocouples a&re spot welded to the outer shell wall
between the coils of the heating-element. These wires extend ouf through

the brass foil. Vapor thermobqupié probes are positioned at the center

~of the evaporator and cbndenser sections. The probe sheaths are attached

to end plgtes by silver solder, Insulation thermocouples are mounted on
the undéfside of.'bhe alﬁm;i.num foil. Cooling water thermocouples are
epoxy sealed within.thé tubing attached to the_ports of each condenser
header.

B. Auxiliary Equipment

The auxiliary equipment is made up of systems for 1) vacuum,

 2) condenser. cooling water, 3} evaporator electric power, 4) pressure

transducer power supply, 5) working fluid injection, and 6) emf measure-
ment, see Eigﬁfe 12 and Table 6.

The vacuum system éoﬁsists of the wvacuum pump, connecting copper
tuﬁing, a valve attached to the condenser end flange, and a top line of
copper tubing to the Alphatron pressure sensor.

The condenser cooling water system is composed of a_constant head
tank supplied with tuilding water, precooling chamber, heat pipe inlet
control valﬁe, water collection hesker, and cohnecting tubing.

The evaporator electric power system is comprised of_the'alter-

nating current wvoltage regulator, volt meter, ammeter, and watt meter,
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Table 6. Egquipment List

Equipment numbers refer to Figure 13.

Item
No Name Description
1 Recorder Honeywell Model 8Y153-89-(C)-II-
I1I-16 24 channel '
2 AlphatronﬁPressure Gage NRC Equipment Corp., Alphatron
. Type 530
3 Potentiometer Leeds & Northrup No. 8686
L Pre-chiller Ebco water cooler, D 89031
5 Ice Reference : Dewar Flask
6. Thermocouple Panel For thermocouple extension wires
from relays
T Thermocouple Panel For thermocouple extension wires
- to recorder
8 Relays - 48 vank relays, Southern Bell
9 Valve Nupro Type B-L4H
10 Valve _ Nupro Type B-L4H
11 Alphatron Sensor For Alphatron Type 530
12 Bwitch For 10 Potentiometer thermos=
couples
13 Switch For 10 Potentiometer thermo-
' couples
14 Switeh From power source to relays
15 Vacuum Pump Cenco-HYVAC 14, No. 91705
16 Stop Watch Compass, 1 Jjewel
17 Collection Water Beaker Pyrex No. 3042
18T Bupport T "Bar for heat pipe support

{Continued)




Table. 6,

€9

{Continnued) -

Them
No Name
19 Support
20 Condenser Pressure
Transducer
21 Evaporator Pressure
Transducer
22. Injection Burette
23 Constant Head Tank
2k Voltﬁeter_
25 Voltage Regulétor
26 Armeter
27 " Wattmeter
28 Voltage Regulstor Power
Supply -
29 “Voltage Regulator
30 - | Power Panel
31 Rectifier
32 Switch
33 Switch
3h Switch
35 Wattmeter
36

Heat Pipe .

Description

Bar for heat pipe support

Statham Model PATA9-50
Statham Model PMT32TC + 25-350

LKMAX Type TD, with nichrome
ribhon

Shown with sight glass

Simpson, 0-150 AC

Powerstat, 0-115V AC, for

evaporator coils

Simpson, 0-25 AC

Triplet, 0-~750 W (not used in
tests)

Lembda Model LCS-2-01, 0-6.5V DC,
for excitation to transducers

Powerstat, 0-115V AC, for relay

For connections to building lines

0-30V DC output

To relay benk

Te injection burette coil
To evaporétor heating coils
Weston Mcodel 310

Shown with evaporator coil of

'”ChramaloXﬂType“TSSM=hO3'1120“w7"

(Continued)
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"Tb-

(Continued)

Ttem

Ho Name

37 Valve

38 Valve

3¢  Insulation

4o  Vacuum Tubing

b1 Cooling Water fubing

L2 Table ‘
b3 Test Board

Ly Tank Support

Description

Nupro Type B-4H
Nupro Type B-4H

Fiberglas with Aluminum foil
cover

Copper, to vacuum pump
Copper, to collection beaker
Wbod

Plywood with angle frame

Steel angle
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The transducer power supply system is a single direct current
power supply for both transducers.

The working fluid injéction system utilizes a 50 ml, burette,
resistance heating ribbon wrapped around the burette, and an injection
valve joining the burette to the heat pipe shell; A 1/16 inch diemeter
hole in the pipe shell permits the flow of injection fluid.

The thermocouple recording-system consists of a 2k chamel
recorder, 48 ch&nnéi felﬁy bank with power supply, and an ice reference
flask. Direct emf measurement is accomplished with a potentiometer,

potentiometéf gwitches, and the same ice reference flask.

.3. Procedure
The operational procedures of this study are compesed of various

stages of construction and testing.

A, Heat Pipe Construction

Construction cansiéts of

1) assembling the parts of the heat pipe shell, cooling water
Jacket, and evaporator heqting coil,

2)_ attaching the shell wa;l.and vapor thermocouples to the heat-
pipé, |

| 3) attaching the.pressure transducers,

L) spot welding thermocouples to the wick, forming the wick
around a core, spot welding the wick along its seam into its final form,
cleaning the wick with acetone,land inserting it into the pipe shell,

5) sealing the condensér end with O-ring and flange, and sealing

the wick thermocouple port with high vacuum epoxy, and
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6) insuleting the entire heat pipe, attaching insulation
thermocouples, and foil attachment.

B. Preliminary Testing

Preliminary testing is comprised of instrument.calibration and
vacuum leak testing,

Each transdﬁcer ig calibrated by recording the emf signal,
measured with potentiometer,. and“the column height of a mercury monom-
eter, These calibratibns are made prior to transducer attachment to
the heat pipe.

Thermpcouple calibratﬁon'éénsists of recording the emf signal,
measured with potentiomeﬁer, and indication by a stahdardized thermom-
eter, poth in a constapt temperature bath. TFor thermocouples with fibe;—
glas insulﬁtion, e semple thermocouple is calibrated.. All other thermo-
couples -are individually calibrated,. Tﬁese calibrations are made prior
tq thermocouple mdunting onto the heat pipe.
| Vacuum leal testing is coﬁposed of drawing a vacuum on the heat
pipe interior, closing valves to the surroundings, end recording the
internal pressure gver a tiﬁe period, see Appendix B, The Alphatron
vacuum gage is used for pressure\indication. These tests are repeated
until all leak péints are sealéd either with solder or epoxy. The hest
.pipe is cbnsidered sealed when the leak rate is sufficiently low for
only negligible amounts of room air to enter the pipe over the time
period required for date taking. These tests are conducted prior to
working fluid injection.

C. Start up

Operational start up is begun with vecuum pumping over a 24 hour
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periocd. The working fluid is then pre-heated with the resistance
ribbon on the burette. Heating takes place for 30 minutes with no
boiling. Injection is accomplished by opening the injection valve and

permitting liquid to be drawn into the evacuated heat pipe. The amount

_of fluid injected is that mmount estimated to saturate the wick with

liguid and ©i1l the vepor region with vapor, see Appendix C, External
heet transfer is initiated by first.flowing the pre-chilled cooling
water through the cordenser Jacket and then raising the voltage across
the evaporator jeating elemenﬁ ﬁntil the desired power level is reached.

D. Measurements

Data acquisition éonsists or recordingffour types of steady state
information 1) condenser conditions, 2) evaporator condition, 3) general
emf data, and 4) room conditions. The system is considered to be at
steady state when no obserfable changes in any data occurred during the
time period (nominal 15 minutes) required for date teking.

The volume flow rate of coolinglwater is measured by collecting
the water in a graduated beaker over a measured time period. Other
condenser conditions are the potentiometer readings for inlet tempera-
ture and temperature difference between inlet and exit.

" The poﬁer (waﬁtage) deiivered:to the evaporator heating coil is
recordéd.

General temperature and preséure data arélégmprised of
1) potentiometer readings of transducer emfs, 2) potentiometer read-
ings of evaporator shell wall thermocouples, and 3) recorder printings
of emf signals through the relays for both banks of 24 thermocouples.

Room temperature and barometric pressure are recorded.
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E. Change of Operating Point

The heat pipe operating point, characterized during testing bf
.adiabatic wall temperature and coil power, is changed in one of threé
ways. These methods are 1) change the power level delivered to the
evaporator heating coil, 2) change the water flow rate through the con-
denser cooling jacket, ori3)'chapge_the'cooling water inlet tempe?éture
by alteration of the percentage of pre-chilled water flowing into the
cooling jacket, Once the change is iﬁitiated;.the'system is permitfed
to reach steady state, then data taking-is repeated.
F. Shut Down

When a series of tesfé is cdmplefed; the évaporator power is
turned off, After the evaporstor vaﬁbr thermocouple reaches room tem-
perature, the condenser cocling water flow is terminated.

G, Terminal Testing

Following heat pipe shut down all thermocouples reacﬁ room tem-
perature (nominel 12 hours). The trensducer pressures are then measured
and recorded. A negligible differehce between tramsducer pressure and
interior saturation pressure indicates no gases leaked into the heat

pipe during operation.

4, Reéults
Experimental results are comprised of three parts 1) direct data,
those data recorded during heat pipe operation, 2) data reduction,
application of calibration and correction factors to direct data, and

3) listing of the reduced data.
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A, Direct Data

Direct operational data consists of 1) power delivered to heating
coil, 2) volume of cooling water collected, 3) time lapse of collection,
see Appendix D, aﬁd L) emf data, sece Appendix E.

B. Data Reduction

Data reduction is divided into the three parts of pressure and
temperature reduction, evaluation of the heat pipe evaporator heat trans-
fer rates, and evaluation of condenser environment conditions,

- Data from pressure transducers and thermocouples are reduced with
calibration curves, see Appendiées F, @, and H. The heat pipe heat
transfer rate is evélua%ed by éstimating the heat loss rate to the
surroundings, see Appendix I,

The condenser sink temperature is evaluated from coocling water
temperatures, see Appéndix dJ. Evaluation_of the unit conductance between
the sink and the outer witk‘wall is accomplished by consideriné the tem-
peratures, heat rates, and heat flow areas, see Appendices K and Q.

A diseussion of the reduction techniques applied to other param-
eters required for correlafion analysis is reserved until those parameters
have been identified. |

C. Reduced Data

Operating data afe tabulated in Table 7. Test values are listed
for the independent variables of heat rﬁte (Q;), condenser sink tem-
perature (7<), and sink unit éonductance (Ue)., The operating tempera-
ture (11) is also given. Tables 8 and 9 show ﬁressure and typical

temperature data for the water and methanol tests respectively.
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Measured pressures of both condenser .and evaporator transducer
differ from the saturation preséure at the operating temperature (e.g.
Test 9, To = 110,25 °F ; Puat, = 2.0\ . Wy ). .~ A probable cause for
these 'differences is that each transducer is positioned in a region
vhere temperature differs from the operating value. The condenser trans-
ducer measures a pressure corresponding to a saturation temperature
which is betwaeﬁ the condensér.wa;l and operating temperatures., Simi-
larly, the evaporator trénsducer-measures & pressure corresponding to a
saturation temperature bhetween eyaporator wall and operating tempera-
tures., _ |

Figure 13 illusﬁrates typical axial temperature distributions
for water (Test 9) and methanol (Test 20). Near isothermal conditions
are obsefved aiong the adiabatic shell wall, Vapor temperstures for
Test 9 coincide with falues:along the adiabatic wall. The-condenser
vapor temperature of Test 20 agrees with the condenser wall value,
suggesting negligible radial heat transfer near the axial position of
thermocouple _13 . High evaporator wall temperatures (Th;) ére
observed for both tests., This suggests that wick drying has occurred.
If drying exists, it must be & partial drying, since evaporator vapor
temperﬁtures are nearly equal to the corresponding adiabatic wall
temperatures, Por high heat rates (e.g. Tests 4 and 11) increases in
the evaporator vapor temperature (T%Q over the adiabatic wall tem-
perature suggested & large smount of drying, and testipg was terminated

to avoid damage to the heat pipe.




Table 7. Reduced Operating Data.

T

Fluid Test Qe " Ue -
L °F mFR °F

Water 1 155.0 69.74 236.46 93.55

2 230.3 TO. 43 234.89 102,37

3 331.0 71.30 235,25 111,11

b 339.6 72.13 219.67 118,14

5 172.7 7033 2h3.23 97.29

6 249,9 71.15 232.48 103.82

T 349.9 . T2.51 220,86 114,56

8 167.5 70.98 198.70 100.57

.9 247.9 72.90 176,19 110.25

Methanol 10 52,2 67.67 135.61 93.09

11 90.8 70. 30 133.91 104.26

12 39.0 66.70 229.62 88.54

13 50.8 - 67.03 183.53 91,91

1k 68.2 68.07 156.36 97.87

15 93.7 68.77 146,75 103.72

16 52.7 . 54,66 121.28 85.97

17 71.9 57.60 116.25 93.10

18 80.8 60. bk 140,43 100,29

19 2k, 9 46,95 202,59 T3.64

20 66.1 48,81 138.85 86.07

L2 206 he.or  186.66 7151

i




Teble 8, Axial Profile Data Sempling for Water¥

Pressure Temperature
. vapof _ condenser shell wall - adigbatic wick EVED.
probe . ' - shell wall shell
cond. evap. T T T Twe T T Tio To T T T MV*y%%El-

P\oq.- Rz . ’ _
Test - Inflg, A:8E o o 8 F e oF o o op of e o

1 1.21 2.13  93.99 94,08 8286 80.97 84.06 81.87 94,00 94.00 94,00 B0.41 93.55 147,77
2 1,66 2.66 103.12 102.79 88.59 84,07 89.30 86.42 101.40 101.40 101.%0 86.26 102,37 210.90
3 2.253.33 11L.74 111.56 95.36 88,97 9%.17 90.52 111.39 111,50 111.50 93.28 111,11 308.97
L 2,81 3.94 118.96 126.09 99.28 92,14 97.16 9k.52 117.76'117,58 117.99. 100,75 118.45 377.10
5  1.32 2.63 97.70 97.28 85.39 82.82 86.05 84,30 97.12 97.36 97.36 83.18 97.29 17L4.11
6 1.68 2,90 104.51 103.75 88.90 86.14 90.01 87.80 10k.k2 lobk.k2 1lobk.42 - 90,12 103.82 247,20
7 2.35 3.67 1ik.L2 113,47 96.82 90.93 95.60 94,73 114,73 114,73 11h.83 98.26 11k,56 342,45
8 1.58 2,80 101.12 101.79 88.29 88.07 89.53 88.77 100.78 100.78 100.89 B86.04 100.57 169. 83
9 2,19 3.58 110.57 110.09 95.2h 93.74% 95.71 94.87 110.54 110.21 108.40 96,31 110.25 210.50

~ ¥Thermocouple numbers refer to

locations shown in Figure

11.

gl
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Table 9. Axial Profile Data Sampling for Methanol#¥

Presgsure Temperature
vapor condénser shell wall adiabatic wick evap..
probe shell wall shell
' - .. wall
cond. evep. : .
P Pies T Te o hs Fe Ta e Te Al T 0w e Tw
Test in Hg in Hg 3 - T of o s of F o of of op
10 8.30 9.70 7107 96.83 73.51 76.35 79.1k 7T.91 93.3k 93.24 93.24 T79.61 93.09 130.32
11 11.48 13.21 102.26 123.90 84,0k 82,51 84,89 82.50 10L4.56 104.56 104.56 87.69 10k.26 199.00
12 7.22 8.57 67.57 90.67 68.43 T1.73 Th.96 73.86 688.22 88.22 88,22 73.75 88.54 114,70
13 8.05 9.4 69.97 95.4h 7T1.82 73.09 76.78 75.23 9L.78 91.78 9L.91 78.02 91.91 130.22
1 9.42 11.05 85.64 103.11 79.7h 76.08 79.50 77.49 98.06 97.79 97.79 83.18 97.87 '157.95
15 11.11 11.53 100.22 118,10 82.53 79.99 82.70 80.37 103.98 103.63 103.63 86.16 103.72 196.79
16 6.70 7.95 59,48 89.51 61.71 67.00 T70.30 68,81 85.55 85.57 85.77 68.90 85.97 123.1k
17 8.26 9.78 77.11 098.86 72.16 71.39 Th.49 72,74 92,56 92.56 92.h5 T76.80 93.10 154,31
18 10.19 11.9% 95,22 118.10 76.81 77.05 80.26 77.36 100.33 100.33 100.33 80.39 100.29 195.25
19 4,61 5.43 47.63 75.59 U48.21 49.58 57.31 57.53 T73.87 73.87 73.87 54.89 73.64 86.82
20 6.79 8.06 60.14% 91.58 62.05 61.95 65.90 63.41 88,00 88.22 88,22 68,10 86.07 114,58
21 43,62 73;60 43.29 44.89 52.79 52.90 T71.58 T1.81 TL.91 50.87 T71.50 85.25

4,35 5,08

*Thermocouple numbers refer to locations shown in Figure 1l.

6L



T ~cF

30 T T ¥ T T ]
SYMBOLS: '
el O WaTER, SHELL WAL { oo o o Q 4
G WATER , YBPOR '
METHANOL , SHELL WALL
a0 O ! TesT 20 -
M meThanOL, VAPOR
170 -
Le e Lo 1. Le
g0l crubmraa . | ! " RDIABATIC | _ |‘ Evmogn?'m | i
T T B T T’-‘“ To '{‘n T | T T
130 -
1o |— —G O~ N U 9‘ -
® o o o 0o 8
aor —{3 il Ll -
i 08 a
S0 \ i 1 i — !
o 2 4 & - ‘O 1o B

Figure 13. Typical Axial Temperature Distributions¥.

’j» —INEWRES

#Thermocouple numbérs refer to locations showm in Figure 12,

-08



81

CHAPTER V

. COREELATION THEORY

1. OQbjective

The purpose of this analysis is to determine the interrelations

- between the varioué heat ‘pipe parasmeters. This study will 1) state the
governing simplified equétions,.Q) identify the parameters reguired for
correlation, 3) demonétrate the_déta.reductioﬁ technigques for evelua-
tion of expefimental values”of the parameters requiréd for correlation,
L) provide interpretations for distihguishing between internal inde-
pendent and dependent parameters, 5) use the correlations to predict
solutions for untested conditions, and 6) compare predictions to experi-

mentally tested conditions. -

2. Overall System

The structure of the heat pipe consists of a thin walled cir-
cular eylinder and & mﬁitiple layer of wire mesh screen lining the f:-
inside of the cylinder, A working fluid is distributed within the pipe.
.The structure is divided into.the three axial sections of condenser,
adiabatic, and evaporator, The structure is divided into the two radial
regions of vapor and liquid. An external region surrounds the ligquid
région. See Pigure 1h,

The overall system is studied by considering a pressure balance
over the entire éycle-of evaporation, vapor flow, condensation, and

liquid flow., Using the approach of Kunz, et al, (17, 18) the pressure
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bvalance is made from Figure 14 by writing the identity
Pre- o) + (Rue-Rd + (Puc-Pd + (Pre-e) = 0. (v.1)

The first term is the pressure drop across the liquid-vapor
interface in the evaporator section. Neglecting inertial forces, see
Appendix L, and characterizing the meniscus by a single radius gives

s : _
Bre-®d = -5, 0 (vae)

where Ym ig the meniscus redius at the evaporator end of the pipe.

The second term is the pressure drop’alqng the pa%h of vapor flow
which is assumed to be negligiﬁle (lT; 18}, see Appendix}f;

The third term is the pressure drop across the liquid-vapor
interface in the condenser seétion. This. term is assumed to be. neg-
ligivle (8, 1T, 18) which implies this iﬁtérfage,to be a flét-interface.

The fourth term is the pressure drop &long thewpgth of liquid |

flow. Using Darcy's law for flow in porous medis (17, 18, 27) gives

(Pre-Pue) = K 28 B (Retiaawe) | (v.3)

where W, 1is the wick fricticn factor, see Appendix ﬁ3 le is the
wick cross sectional area, and .!a“gdbve is the effective frictional
length of liquid flow., Equation (V.3) is simplified by assuning mass
flow to be uniform and redial at the liquid-vapor interfqpes of both
evaporator and condenser (8, 17, 18). It is further assumed that all
heat goes to phase change (5, 8, 17, 18). These assumptions pro;ide

the simple relations




Reﬁecﬁu‘ié = “-i'_Le. + Yo & ""{_,L-f. Jo.no\ (V.LI-)
"y = :ﬁai ) (v.5)

respectively. The inertial term for axial liqﬁid flow is peglected (17),
_see Appendix 0, |

Substitution of Bquations (V.2), (V.3), (V.:), and (V.5) into
Equation (V.1) and neglecting the .second and third terms in Equation

(v.1) ylelds

w3 Kn J-iu @ o : I
' VR T\q_nwrt(m—‘”?)[t erletile] (v.6)

Rearranging and using the pore radius % to characterize the wire mesh

opening size provides the relation

(&q"hql T((ru! 'r\l )

AL 2z — '“1 . .(V'T)
e \&\n(-—\.ﬁxa +% L)

The overall internal heat transfer analysis is made by iﬁen‘tif}r—

ing the various thermsl resistances. From Figure 15 the balance is

(-fgw - ?c.\!h
Qe = Row + Rew +Rei+Rv+Rei ) (v.8)

where Tlew and Tew are the average temjperatufes at Yw along the

activé lengths of evaporator (Lé} and condenser (Lé) respectively.
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Considering the relative magnitudes of the thermal resistances, see

Appendix P, Equation (V.8) reduces to

. ?CN' - ?;w .
QQ— =_ Raw + Kew . . (V.Q)

Since the effect of thermal comvection in the wiek is small (8, 17, 18,
21), the wick resistances are described by the simple conduction model;

Hence

. D T = T _
Qe = Py - ) (v.10)
Ty . @
2 X5 Le 1T Xeff Le

where Yesf 15 the wick's effective thermal conductivity, and Ywe and

Toe are the radii, from heat pipe ceﬁterline, of the liguid-vapor
interfaces in the evaporator and condenser sections respectively. In
order to provide interpretations of the parameters of Equation (V.10),

the condenser and evaporator sections are considered individually.

3. -Condéﬁser'.f
The fluid flow path in the éondeﬁser is modeled as that of vapor
flowing' axially into a. long cavity with porous wa.lis. The length of the
cavity is divided into two regions, one with vapor_fldwing » and one
with the vapor static, see Figure _16. For small axial inertia enter-
ing the cavity, the flox_-:' is considered queﬁched s i.e. the vapor ceases

to flow axially before reaching the design length of the condenser., For
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high axial inertis, the'flow iz considered unquenched, i.e. the entire
design length ig filled with flowing vapor. This model suggests a

relation of the form

(-':—Q&& = function (Re) ’ - )

where (chﬂc) " is the ratio of active to design length of the con-
denser, and Re " is the vapors axial Reynolds number at the cavity
entrance. Using Equation (V.j) for the mass flow rate of the vapor,

Equation (V.11) is expressed as

(‘Lj{‘; = (% ?Q;f,.‘\‘\b . (V.12)

Previous invéstigations on vapor flow dynamics have suggested the
posgible existence of an gctive condgnser length., Analytical studies
by Knight and McInteer (15) and White (36) on the dynamics of axial flow
with radial suction indicated singularities or no solutions for various
flow conditions. - The analytical study by Bankston and Smith (1) suge
gested flow reversal could occur and stated "Thus, thé character of the
condenser flow.depends uﬁbn the evapo}ator Reynolds number or velocity
profile at the entrance to the condenser, the [design] length of the ,
condenser, and the condenser Reynolds number, even for the simplest

'ﬁ sitnation where the condensation rate is uniform".

Evaluation of the measured active length of condensation (L)

is accomplished by use of a data reduction model'based on 1) radial

heat conduction through the wick and pipe shell, 2) measured vapor and

e T s e e g e e e T i e R e
CESIOTT L L a0 DD MCREV.AL . WBL O R UYELRT
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outer shell wall temperatures, and 3) the measured heat pipe heat
transfer rate. See Appendix @ for reduction details. Consideration
of the experimental data taken in this investigation suggests the

function f,, see Figure 17, to be

Le
(—’; = nu—s(::sln(“ Ymﬂmb \o) . (V.13)
2 Qe :
28 4L T Rahn 4‘ Yo ; ond (V.1h)
Lo ' )
(7&: = L0, for (v.15)

. (V.16)

The liquid—vapér'interface of the condenser is modeled as a flat

interface, see Figure 18. Hence

fe = Yv | , (v.17)

The heat flow path for the:condenser is modeled as that of
simple radial conduction through the active length of the wick followed
by héat transfer to the hea.t sink which surrounds the entire desigﬁ
length of the condenser, see Figure 19. The wall temperature Tew 'is.
interpreted as a self adjusting parameter depending on the chosen
external conditions of Te +the sink temperature and Lk. the unit

conductance between the sink and the wick outer surface, Hence the
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condenser contribution teo Equa.tion (V.lO) is expreésed by

n (%) S |

where To 1is the temperature at the liguid-vapor interface along the
active length, equal to the heat pipe operating temperature.

The effective thermal conduct:__i.v:;tf' is x:nc;dele'd as a combination
of parallel and series conduction thi'ough the solid wick-liquid region.
For a thin wicic consisting qf:mltiple layers of wire mesh screen, each
saturated_with liguid, and seﬁarated'by a"bhin .région of liguid, see

Appendix R, the effective thermal conductivity is expressed as

e = el Blr e -
-i-;;F - \n(%){ —-:‘ \‘h (I‘w B P20 A 1T N +

(v.19)

'“_‘ I - e B
+ \h(m x l"?—(‘*'ﬁ:))] + \r\(‘, - ‘Lkn-f)rc.(\—t- \}

where

5 - EE) T g

4+ M—*l}t
Ye

(v.20)

|




h, Evaporator

The fluid flow path in the evaporator is modeled as that of vapor
flowing out of & porous wall (wick surface) into a vapor cavity. Make-
up liquid is svpplied to the porous wick. The length of the wick is
divided into two regions, cne with liquid flowing in the wick and one
with the wick filled with static vapor, see Figure 20.. Depending én the
particular wick strueture and for_a given operating meniscus radius, see
Equation (V.7), ‘the 1iquid filled region retreats axially in a menner
to change the active length (L¢) This model is studied by considering
& pressure.balance'at the end of the active length, see Figure 21. The.

pressure balance around the indicated loop is given by

(P\n —Pr) + (P“"PJI;) + (Pj.-,—PW.) * (Pvnp-'ﬁu) =0 . _ (V.El)

.Dynamic pressure drops are negligible since these drops are over &
short distance of order %. The inertial pressure drops across the
liquid-vapor interfaces are also negligible, see Appendix L. - Hence the

terms of Equation (V.21) are given by the simple relations

(Pr,-R) =0 | o (v.22)
(Po- Ba) = %11-3, (v.ej)
(P -RY = - Sehe | o (v.2k)
(o =R = o ) (v.25)

ok

i
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Substituting Equations (V.22) through (V.25) into Equation (V.21) yields

the meniscus radiil relation
o = Boolosy | - (V.26)

Since the same meniscus radius must be ﬁresent at two different sur-
facés, the axial position of‘attaéhﬁeﬁt, characterized by the active
length (LJL will vary if the pore size in thé axial direction is gresater
than the pore size in the radial direction. (%) .l

This model thus suggests that, for a given wick, the function fu

exists where

(L_f;} = &(% .. (v.27)

The measured active length of evaporation (LQ) is evaluated by use of a
data reduction model based on 1) radisl heat conducﬁion ﬁhrough the
active length of tﬁe wick, 2) radial and axial heat conduction through
the entire length (ﬂ;) of the heat pipe shell, 3) measured vapor and
shell wall températures, and 4) measured heat pipe heat traﬁsfer rate,
See Appendix S for reduction dEtails. Bquation (V.7) is used for evalu-
ation of (nm/n)_ Consideration of these experimental data for a wick
composed of two laye?s of wire mesh screen separated by a thin layer of:

liquid suggests the function f

ps SEE Fipure 22, to be

(E—fé = 0.(,5(?(‘-'{-":_—0 7 , for | (v.28)

r"\ radial & rt\o.ﬂd'l . J ond (V .29 )




o0 T T 1 T T T | T T 1 T T T

' os0T

lea |

- = 0,562~
o685 Re "_e- ‘ |

SYMBOLS . (] ‘
o.aol- "O WATER : o T . o - .

[] meTnanoL o _ " O
ons -
e )
Le

o0 =
o5 -
[=R1:] _
055 -

P ) 1 ] | I i i ] i Lt I 1
\-0 .5 2.0 z5 3.0 3.5 t.0 X3 5.0 .0 6.0 .5 1.0 7.5 8.0

Figure 22, Correlation Data Curve for Evaporator Active Length Ratioc and Meniscus
Radius Ratio. :

86




__

%

te _
I = 1O, For (V.30)

Yelodial > Yel puial . : (v.31)

The particular coefficients of‘ Equation (V.28) are :‘Lnterpre.ted as
applying only to the wick tested in this investigation. Although other
investigators may use the same wick configuratioﬁ (i.e. cylindrical
wrappings of layers of mesh screen) variations:exist ;ﬁ wrapping tight-
ness and provisions of liquid gaps between the screen layers.

The existance of curvature on the evaporator ligquid-vapor inter-
face implies a radial retreat: of the interface into the wick, This
radial retreat is characterized by thé effective wick thiékness 50}
see Figure 23. The ligquid-vepor interface position as required by

Equation'(v.lo).is given by
Yve = Yw — 5’:, o B (v.32)

where &e depends on the operating meniscus radius, the detailed wick

- geometry, and the fluid contact angle, From Figure 23 and Appendix T,

e is seen to be described by

be w Tws W AT
bv— = = == Ixr. A
Yo=Y F" Y, T ) Y, r"; ¢) . (v'33)

Typicel plots of &e Dbased on the geometric velues used in Experimenta-
tion are indicated in Figure 24,
The heat flow path for the evaporstor is modeled as that of

simple radisl conduction through the active length of wick and the : ..
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combination of axiél and radial conduction in the heat pipe shell,
see Appendix 8. The temperature Taw oOF Equation.(v.lo) is inter-
preted as a self adjusting parameter depending on the chosen power
delivered to the evaporator and the condenser environmental parameters.
Hence the evaporator contribution to Equation {V.10) is not written in
the form of & thermal resistence, as for the case of the condenser (see

Equation (V.18)), but by specification of the independent parameter of

pover
Qe = Qoupplied to evoporater , _ (V.34)

5. System-of Eguations

The relations of Chapter V, Sections 1, 2, 3, and 4 form a
system of solvable equations.

A. Dimensional Equations

The governing primary dimensional equations atre.

overall pressure balance

Qo )Cr (ot )

V.
Ke(fle + La +—'LQ (v.35)

condenser heat transfer

_ _ n (& _.,‘._._.__]
To~Te = Qe[&?{l“ﬂ:c + Ue LT le , . . (V.Sé)




103

condenser active length

L = A4 %;?f—au.)] ) | | (v.37)
evapcrator active length

e = L[6(D)] o * (v.38)

evaporatof-meniécus retreat
tISe.j.= -E(t’w-,r,J m;,‘.rc.,rm, $), and (v.39).
wick effective thermal conductivity
Xeft = ?;(xs,xg,rw,r,,rw,rg,n) . _ (v.h0)

The governing secondary dimensional equations are material property
relations, evaluated at the heat pipe operating temperatﬁre. These
equations are

~heat pipe fluid parameter

E""‘%‘ B, - (v.b1)

vapor viscosity
Ly = () (v.k2)
liquid thermal conductivity

Xy = Xm(TQ (Vv.43)




wick-s0lid thermal conductivity

Yo 3)(-5('“) = -{"QLTJ ' and

fluid heat of vaporization

h»u. = h"l- (T;) .

B. D:Lmensionless Equations

10k

(v.Lk)

(v.45)

Equations (V.35) through (V. 1!-5) are written in dimensionless

form as

[ﬁ«-‘mn ﬂ‘:] ‘:FG] l)
8 - o
S G R - 1)

18] = ) o [rer] ._e{wH[ A o) S
) - RO ead) |
[ = A
(] - (0 11 0, 1)

(V.46)

(v.h7)

(v.L48)

(v.49)

(v.50)
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Bel- @B EEC, e

- osm ()

K %

i 2. _
[;%%fn_] S ERLE® o (v.53)

[mh.. -nr;}] o e Rew |
e el Be 5 ond (v.54)

Bl %% - o

C. 'Dimensionless Groups

Equations (V.35) through (V..45) contain é% parameters. - With the
four dimensions of length} mass, time, and'temﬁerature} Equétioné
| .
h ~ (V.146) through (V.55) contein 20 dimensionless groups. These groups
are listed in Table 10. Each group is assigned & numbered W Symbol

and interpreted as independent or dependent.

Since the dimensional pgraﬁgters of wick and éhéil geometry and
gnvironmental coupling (% , Ve, (?e) are independent,.groups con-
taining only these parameters are also.independent.

Since the groups on the left hand side of Equations (V.46)
thfough (V.BO) are internal self adjusting terms, these groups are
interpreted as dependent, Since the group ¥s/Xets of Equation (V.51)

is determinable in terms of other dimensionless groups, see alsg .- .7 -
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Equation (V.l9j, the group Xe/¥Xes$ is interpreted as dependent.

The groups.of Equations (V.52) through (V.55) contain two types
of dimensional parameters either wick and shell geometry and environ-
mental coupling (independent)} or material property (dependent). If
particular heat pipe materials are specified, 1.e. stainless steel and

'water, these gro@ps would bhe dependentﬁ dependenf due To change of
material property with change of operating temperature. If the heat
pipe materials are not speeified, the meterial propertieé would be free
to take on &ny‘value, making the greups independent. This latter inter-
pretation‘{indeﬁendent) is taken for Table 10. This choice permits
general.solutions ef the eguations for any combination of materials.

D. - Dimensionless Equations in Terms of W Symbols

With the interpretation of independent material properties,;
Equations (V.46) through (V.55) from a system of six independent equa-
tions with six dependent parameters and 14 independent parameters.

These equations, in terms of the M symbols are

T = F(Ta) | - (V.56)
BLIT ‘F-:_('“'t'h , ' (v.57)
PR ' v.50

TT; Ry ("'i‘TTN.TT-; 1 ""‘E -“—ts) !

T = f; (Tl'r:) “5;“&,“5,-““\) ) (V. 59)

T = ¥q(ﬁ3,“b’“§}“|o)“aj , and (".".60)
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Table 10. Correlation Dimensionless Group Listing

Dependency Term Definiticn ) ' Remarks
Independent e da adiabatic length
Groups A condenser length
.- X o - evaporator length
K condenser length
Ter % s . outer wick radius

“yapor radius

o v@porrradiys -
T - condenser length
Y. wick pore radius
Ty = 'Ff,',' - '

vapor radius

T, = et wick so0lid radius
e wick pore radius
.= ke Le wick friction no.
Te = N : number of screen layers
= b fluid contact angle
_ Xs wick sclid thermal conductivity
Tio * g liquid thermal conductivity

Pesho TG . '
™= > 7l _5.: heat pipe number

{Continued)
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Table 10. (Continued)

Dependency Term Definition Renarks
Independent _
Groups M=t ::: — vapor Reynolds no.
- Qe .
T * e R Ucte condenser enviromment no.
T = U;}‘ . condenser Biot number.
]
Dependent : ' _ Le active condenser length
Groups S Te= 2 design condenser length
o= Le active evaporator length
oo Le design evaporator length
T = o evaporator meniscus radius
wick pore radius
1T. _ Se evaporator wick thickness
7 YW hominal wick-thickness
Ya ligquid thermsl conductivity
W= Yatf wick effective thermal conductivity
TR":EL. 'heat pipe operating temperature

condenser sink temperature
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M=t ¥ F-l;_..j— (\ F MM T Mg T \“(-“3)) 5 - (v- 61)
(L .

where the functions f, fori=1, 2, 3, and b are known functions.
fi is given by Equation (V.13). ¥ is given by Equation (V.28).
is the implicit function described in Appendix T. E+ ig given by

Equation (V.19) with Equation (v.20).

6. Results and Discussion

A. Solutions to Correlation Equations

Genersl solutions to .;Equations (V.56) through (V.61) are made by
.specifyipg v@_lues 6f the independent groups and solving algebraically
for -the dependent groups, expliciti& or implicitly. For description'of
thelindependent groups governing each dependent group, Equations (V.56)

through (V.61) are written as

s = Tus ("Tn.\) J- (v.62)

Me = TT\b(T\’\,1T-;,JTT;J1T5J'TT1).TT“JTF;1, ) : '(v.63)
T = T (ﬂ.,m_,-w,_,jrs,m,_m , ), ] (V.6k)
'T(-,& = w‘,(“\,whnhﬂs,m,ﬁ-, ; Ta, Th J-trnj ; : (v.65) |
Ta = T (T, Ts, We, W, Ta) , and (v.66)

T = T\'-:.o(Tfs,wa,TTs,"lTej“sJT\'v;o, Tf\t,“n,‘\'l'm) . (‘.1.67)

With the large number of independent variables, e.g. eight for s,

there exist many solutions for the dependent variables. A sample of -
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these solutions is represented graphicaLly by plotting the dependent
group vs. the more significant independent group. Cénsequences of
variation of the less significant groups is indicated by varying these
groups in blﬁékaof'two.

| Figire 25, T ve. T ,"'iﬁdicé%é:é .the variation of ¢ondgenser.length
with vepor Reynolds number. This iéhgth increases with increasing-
Reynolds number. For high Reynolds number , the length ratio approaches
unity, reaches unity, and remains at unity.

Figure-26, e vs, T, shows the variation of evaporator active
length with heat pipe_number;_ This length is shown to 1ncreése.with
1ncréased pipe ﬁumber and tb dedreéée-slightly with increaséd vapor
‘Reynolds number, Increases.in design length and radius groups and the
wick Pfriction number cause a dec%éase in the active length ratio.

Figufe 27, iTn vs. T, indicates variation of evaporator menis-
cus radius with heat pipe numbers. The radius is shown to increase”with
increased pipe number and to decrease with increased vapor Reynolds
number. Increases in design length and wi'ck radius ratios and the wick
friction number cause & significant decrease in the meniscus radius
ratio.

Figure 28, Te vs. Tu, describes variation of evaporator wick
thickness ratio with hesat pipe numbers, This thickneés increases
sharply for low pipe numbers snd increases slowly for large pipe num-
bers. An . increase in vepor Reynolds number produces a slight decrease
in thickness ratio. An increase in contact wetting angle produces a
8light decrease in thickness ratio, Increases in length and wick radius
ratios in addition to the wick friction number indicate an increase in

thickness ratio.
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Figure 29, Tia vs. Mo, illﬁstrates the dependency of the
thermal condﬁctivity ratio of liquid/wick effective on the conductivity
ratio of wick solid'material/liqﬁid. The liquid/effective ratio
decreases gradually with increased solid/liguid ratio; The liquid-
effective ratio decreases with increases in wick solid/pore_radius
ratios. The liduid/effective ratio iﬁcfeases.with combined increase
in wick radius ratio and decrease in wickfpore/vapor space radius ratios,

Figure 30, ;“Qo vs, T3, shows the variation of heat pipe
operating temrerature with condenser enviromment number. The vapor
temperature ratio increasgs;with ipcreaged condenser environment number.
The vﬁpor temperature fatioldeéreaées wiﬁh increased heat sink number
(ﬂmq, The wvapor température ratio decreases with increaseﬁ wick radius
number, |

B. Qggpafison of Experimental Values to Predicted Values

Comparisons betﬁéén Q;edicted and measured parameters are indi-
cated in Figures 31, 32, 33; and 3%. Since predictions for conditions
tested in this infestigation are wmade for specified materials, the full
set of EqUations (V.hQ).through (v.51) are solved. This requires |
solving for the operating temperature prior to evaluation of material
properties as expressed in Equations (V.hS) through (V.51). For com-
parisons to the experimental works of others, material_pfbperties are
evaluated at the meésured operating_temperature. This is necessafy
since reported data are incomplete, with insufficient iﬁformation to
permit solution of the operating temperature. Deviations less than +10
per cent between measured and prédicted values are interprefed as ran-

dom deviations. Deviations greater than +10 per cent are interpreted




Figure 29. Predicted Values of Wick Effective Thermal Conductivity Ratia Versus

Wick Solid-Liquid Thermal Conductivity Ratio.
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as inherent deviations due to uncertainties of the measured heat pipe
heat transfer rate at low operating power levels, or small residue
deposits in the wick and on the wick surface. These impurity deposits
are suspected to be the result of deterioration of the enﬁmel insulation
of the wick thermocouples.

FPigure 31 indicates agreement between measured and predicted
values of Tﬁm) the-fatio of_héat pipe operating temperature to con-
denser sink temperature.- All of the predicted values deviate less then
10 per cent from measured values.

Figure 32 shows qgreep}ent of Ths, the ratic of condenser active

length to design length. Included are date reduced from the experi-

mental messurements of Miller and Holm {24) and Schwartz (29). Sixty

five per cent of the predicted values deviate less than 10 per cent
from measured values.

Figure 33 depicts thé agreement of Ww, the ratio of evaporator
active length to design length. Data of other investigators are not
indicated due to'incqmplete data reporting and employment of wick wrap-
ping geametry-diffErenf from that tested in this investigation. Suffi-
cient data is repofted by Fox, et al, (10) to indicaﬁe that a variable
eﬁaporator length does exist, although Fox failed to deduce this con-
clusion, see Appendix V. WNinety five per cent of the predicted values
deviate less than 10 per cent from measured values.

Comparison between predicted and measured values of internal
ovérall thermal fésistance is indicated in Figﬁre 34, 'This resistance,

see Equation (V.9) is given by
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R = Jew—Tew (V.68)
Qe :

Evaluation of the measured value of R is accomplished by wusing the
measured values of the temperatures in Equation (v.68). See Appendix U
for evaluation details on measured and predicted values of the resist-

ance R, Eighty Tive per cent of the predicted values are within 10 per

cent of the measured values.
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS:

Results of this investigation provide a basis for conclusions.
and recommendations in the three areas of General Theory, Experimente-

tion, and Correlation Theory.

| 1, ConC1u§ioﬁs

Based on the analysisjof'the General Theory it is concluded that,
in addition to the dimeﬁsionléss groups described or implied by others,
the ratio of fhe wick-sclid radius to the wick pore radius (Fus!ﬂ)
may be a significant group.

From the experimentation the following conclusions are obtained.

1) Stablgfheat pipe operation is possible even when a fraction
of the évaporator wick is wvoid of liguid.

2) The independent variables, in addition to materials and fixed
geometry, are Ve, the temperature of the condenser heat sink, Ue,
the unit conductance between the condenser sink and the 6uter surface of
the wick, and'CkJ the heat rate suppiied to the heat pipe evaporator.

Baéed on the Correlation Theory for the ranges of variables
studied in this investigation, the significant conclusions are as follows

1) Although the axial pressure drop of the vapor is negligible,
vapor dynamics are importent. Variation of the axial vapor Reynolds
number effects the active length of condensation., Corresponding to
these length changes are variations in the coverall thermal resistance of

the heat pipe.
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2) Variation of the evaporator meniscus for different heat pipe
operating points reflects variation &f the active length of evaporation.
Thiz dependency should exist only when nonisotropic wick geometrical
configurations are employed, &.g. when pore radii within the wick are
iarger than the pore radii on the wicks surface. Corresponding to
the length ch,é.n'ge tﬁef:é’-eicis‘tsfa' ‘fr\%act'..‘lLOn of the wick which is void of
liquid where axial heat popductions exists in the pipe shell. The
length change results in variation of the overall thermal resistance of
the heat pipe.

| 3) ‘Ex.te.ﬁsfions of the'l.ac.tifve ”length's of condensation or evapora-
tion into the adiabatic section as introduced by consideration of shell .
or wick axiasl heat conduction are negligible.

L} The significance of the wick-solid radiué, Fws,.is reflected
in variation of the éffective thickness of the wick, de. For different
operating points, eﬁpioymentjdf different values of Vs would'cause
different levels of recess of the iiquid-vapor interface into the wick, -
Variation of this thickness results in variation of the overall thermal
registance of the heat pipe.’

5) It is sufficient to model the evaporator liquid-vapor inter-
face as a spherical surface of radius .

6) Darcy's law for liquid flow in porous media is a suitable
model for ﬁﬁalysis of liquid flow in heat pipe performance compuﬁations;
7) Beginning with the dimensicnless groups obtained in the

General Theory, the groﬁps explicitly insignificant ineclude vapor
Prandtl number, liquid Prandtl number, density ratio of liquid to vapor,

Kutateladze number, liguid pore Reynolds number, and vapor Eckert number.

-
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2. Recommendations

Future investigations of heat pipe performance should include
_studies on 1) the rangé of validity for deseribing the evaporator
liquid-vapor_interface g4s being cdmposed of spherical surfaces and
2)'measureménts of thelretreating ligquid-vapor interface and the vari-
ation of wick thickness with meniscus geometry.

Further testing of the correlation models and con¢lusions of
this investigation_shoﬁld include use of wider ranges of fhe variables.
Such studies would include 1) workiné finids, for high and low opera-
ting temperatures,h2) shell_ﬁéferials, for high and low thermal con-
dﬁctivities, 3).shell geametry, for variations of thicknesé and design
lengths, 4} wick geometrical configuretions, both isotropic and non

isotropic, and 5) envirommental parameters of Te, Ve, and (be.'
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APPENDIX A
GENERAL THEORY EQUATIONS IN DIMENSIONLESS FORM

Equations of the generalitheory are writteﬁ in dimensionless
form by first exﬁénding tﬁé vector eduations into the component equa-
tions and then using the reference parameters to obtain dimensionless
coeffiéients‘of the diménsionlesa equations. The spatial boundaries,
spatial locations, and constitutive equations are written in dimen-
sionless form'as‘necessary.lEEduatiqﬁé_ére presented for functions
previously written in words (e.g. radius of curvature Rw = Rw(surface

geometry).

A-1. Vapor Region

A. Spatial Boundaries

The equations are

- Le o : .
0% <LK [ ]+ ) S (E)
' - el i
o ¢ F ¢ 1+ i—:rﬂ " , and (a.2)
0O £ & £ . (A3)

B. Field Equations

The equations are
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equation of continuity

ST A ¢ 3 (fV) (7, @D |
>F T Ths Yt Thy T O (a.4)
equation of motion in radial direction
N YT R | A | VI ol S -
PNOVTIF Y Yo Y WWYRE T ¢ T 3% t (a.5)
My > - )ti.v)
- [ﬁ'ﬂzm ?'3?'( vae)
2 9 [ (LAFEL) L 2WeNY
+ 3 5F (>\v( ¥ Yz 27 386 3% .

{
+ ,_*.“1_ bY:1
1 U 3 3y
LE RSN A — | & -——:’) 4

S Y v R B U 1. W L W | JEY:
&[L&v 3F "% T 38 * 20y 23 3 '_““'z_v'gg"" (4.6}
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equatibn of motion in axial direction
a_w_y T .Kc Tu aCOv_ 5 Qav )Pu
Fv[?—u"’ e T wLn]TF 38 *[ Y % EA (a.7)

E‘:,r..u:l Fﬂ 3}(1_“%% T

ARG PR
+LQ,_]‘3§('_ (7' 5S¢ “amess vt

+ [",{;-] 7 zr(" P 33) [ % 3"( 3F

1. ] -" \ BUJ\I + \ % L__E_(_iri .
‘W A 2% L_J F38\3%/f and

equation of'energy

(A.8)




A-2. Liquid Region

A. BSpatial Boundaries

The equations are
e [ﬂml
o &3 £ ‘—]"' + 1
3 2 e )
Yw

e |l = - dw
SIPRC

© <8

B, TField Equations

The equations are

equation of contimuity

-7

2 3FUY 13 2 3l
F ar anv s &) 3

equation of motion in radial direction

_ 3% o T s -
2 ofF +7.. T 39 (&Q‘;ﬂ 1)) (] ;-,} T

+ (:& [K‘ 1[&“1‘] R’é-’%f— *4 )
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(£.9)

(A.10)

(4.11)

(a.12)




equation of motion in angular direction

— . i _ a3V [T \
— 3V A g amr Gy =g & 2 S B
BaS7 ramy 98 a(B-)) T ¥ P 2T

[ ]{&u;][ ke %%v‘ s

equation of motion in axial direction

]H

P u_lrf-

CTo ah Ry She
'F’[“‘ T S (eo&ﬂ ‘)) ‘5""] =

- L m,n.] [t c;][
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(a.15)

(A.16)
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Constitutive Equétions

The necessary equations are

egquation of wick friction parameter

frk - R(E | 81, cntpmi)

-

it
\
H

equation of effective wick thermal conductivity

%, 88, B n)

A-3, Liguid-Vapor Interface

Spatial Location

The equatlons are
: N ]+
?
- _ 5.__--
r = 1+ ﬁl'] ) and
O £ 86 <\

Boundary Conditions

The egquations are

equation of continuity

132

(A.17)

~ (A.18)

(2.29)

(A.20)

~(A.21)
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POy — IP @ )((H.H)qf;; % Q ) 205 33,

= - Pehg Y5 = ;’\s}_}_ 20 3%s
T (V- ;au:-]f,*v")( 315 37 ’3“?’52{

Lo il HEm%E -
- («»rmﬂ?; ?;} =0,

no slip conditions'

)% -—a@m R CESE A
(u\, %) 3% +(vv-v)(\+[*‘]'l) gt ?—m @-o) 3§ =0, o

B B - (o B kR

3? (A.25) _
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G- (R - e
+v-lwl{£e@ - Bl -0,

equation of motion in radiel direction
- .
38 3% _ 38 3% \)por _ [A%)(&ls0r L @
(l-t-[n,]']s)(;r )3“ - ";'-Eg 3. ){P v —-[-—-—-—-] [" foha Py — (A.27)

][e, P, -2 Mﬂ LP] {&m Fﬁl-l +

7 ru;:][ Wye — [&uq [&1[&%-1 ’r)ﬂ'}

NET B SSERN T P
[l w, -] m[&ﬁ}] e *
R R BTG

« R, - gl Bl x),j v

b U\l‘l [Px] [Fﬂ.ui ‘h @sq)v = O | )




equation of motion in angular direction

. 355 3%s _ 385 3 . 3
(l'l- %]'15 _gi 3% “;h){la U.v"‘fv _ PP'-::.“ [P—l&uj‘\fx A4 (A.EB)

+ [F:i';:ru;l [%] -ﬂ;. ':f tﬂ [T’J [Pf:-u} 9)\'9 } Al

M (%i{- %3_:2._ %:?- —%){P - ?ﬁﬂ —IETJ’; x % -
ruu‘l[ &u;rl [E"] +
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e‘qqation of métion in gxial directiom
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equation of energy, with substitution of equation of continuity
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. Constitutive Equations

The necessary equations are

rheological equations

Toder - (RN '
Tee = (b(vuv) = ..z,a.,it:. 3%\.{(\*‘%‘3 L%ilﬂ)_ (A.31)

(\* \"r‘:]'\) ?;s K‘Tﬂ aaw;s }




) eo = "?-——;—‘I—_) - (**\Yﬂ'}\m' wﬁq’)ub

— z {(\«-ﬂ, ‘]} igi?ém

;'\fv l )u.w
(l*&:]']’) s 1\ 3"3575

q;)??- i

(wi )a;:s "* %GL{S} ’
T = 3?3 {(‘*H j,(l*_?ﬂ",
(rEE

?‘-Uv

r— ~ ‘T;\ag = - ?_'l__."_._;_ 2- 9 © }
ey = TEALY S MV& % (‘*H" wle
Te

140

(A.32)

(A.33)

 (A.34)

(A.35)
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= - 'ﬁ)rr R _ 1 3.3:9_. :
e = T, u,) - T 42 Tov » (A.37)
Ye
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— Wy
T2)y, = (auzueir = ﬂ‘“{(e@u\.a \)) ) D\‘s ;-3_;- ) (%Llle)

equation of latent heat of vaporization
— CP,T(, x .
| hee = [ Yous hv \\u s (A.13) _

unit normal. vectors
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two-dimensional surface orthogonal coordinate system parameters

?(Fﬂ ,%"ﬂ ,—;%;) , and (A.48)

1 ifé] ) : | (A.49)

radius of curvature (Rm)

% _:._'-'/*U. (\;, m a% ¥ )Q}{Qfﬁq (4.50)
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surface divergence of @ Vi

Ug.0V; S :dv = —”-V éi Vl-{((ﬂ) ¥ (4.52)
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A-4L, Environmental Boundary Conditions

A. BSpatial Locatlon

The necessary equations are

radiuvs of axial sections
v= %)
!
radil at ends of axial sections
o < F _4.' %l

angular coordinate
O <8 <\ " and

axlal sections

) <3 « BB o

B. Boundary Conditions

U

5 < BB~ .

The equations are

1h7

(4.53)

(a.54)

(A.55)

{A.56)

(A.57)

{A.58)




Y P

148

liquid equation of econtinuity for all axial sections
Ua =0, (A.59)
liquid equation of continuit'y for ends of eximel sections

wy = O | (A.60)

Yo

vapor equation of continuity fof ends of axial sections
Ty = O (4.61)
liquid no slip conditions_for all axial sections
Wy = © and (A.63)

Ty = O C o (AL68)

Kty = O | ond : (A.65)
o= 0 (4.66)

equations of energy for axial sections with substitution of con-
tinuity, no slip, and constitutive equations

evaporator:

L T4 -
j S[T"] Y—ﬁ cl} 48 = Py 1—;’-’;“’_1@“ 2. T —] , (4.67)

o




adiabatic:
%
E—-—_' = . amol
hia Y
condensger:

R uen il
-5 S Vgt 3¢ 9598 = {

equations of energy for ends of axial sections

Vepor:
3 F
2 - 0
>3 ) and

liquid: -

C. Constitutiﬁe'Eéuations

The necesssry egquation is

 Xes - B R (x
o R (% BELE,

x|

ot Te(T-)43d2 | and
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(A.68)

(4.69)

(&.70)

(A.71)

(A.72)
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APPENDIX B
VACUUM IEAK TESTING

A, . pose
The purpose of the vacuum leak testing is to insure that only

negligible amounts of room air leak into the heat pipé during operation.

- B. Procedure
The procedure consists of evacuating the heat pipe over & twenty
four hour period, closing the valve to the'pump, and recording the

Alphatron pressure over & thirty minute period.

C. Typical Results

‘Typical results are
date: 7/31/71
 room conditions:

pressure response: Time " *Ppessure

{minutes) ~ {(microns Hg)
0 9,0
1 9,2
2 9.6
3 9.8
h 9.8
5 10.0
6 10.0
T 10.1
8 10.2
9 10.4

10 10.6
i5 11.2
20 - 12.0
25 12,6
30 13.4
35 1.0
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initial leak rate:

from Figure B-1

initial leek rate = 0.14 microns/minute
projectéd accumizlated air:

for 8 hours of heat pipe testing

final pressure = 67.29 microns Hg
| | 3

1.3 x 10°° psia at 8 hours

From Reference (6), this is a negligible amount.




%

Pressure ~ micgons He

=

INITIAL RATE = O.1% AL frn.

o S o 15 X 29

Time  ~ mwuTes

Figure B-1, Vacuum Leak Test,

35

25T
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APPFENDIX C

EVAIUATION ,OF FIUID INJECTICN VOLUME

. A. Purpose

The pufpose is to estimate the volume of liquid necessary to
saturate the heat pipe wick. This amount is to be injected into the

- heat pipe during loading of the working fluid.

B.l Prqdedﬁfe
The procedure consiéfs of estimating the wick porosity, evalu-.
ating the iiqﬁid volumeé required to fill the wick with liquid,.evalu-
ating the liquid volume required to fill the wvepor space with vapor,
estimating the liquid volume required to fill.the pipe attachments with
liquid, estimating the'volhme of wick thermocouple wires, and using

these estimates to evaluate the injection volume.

C.  Results
The results are
: wick'porosityf(éee Figure C.1):
VS‘I‘-\Q

V TOoTAL

€ = -

| « (54) (ertert)
L\' AWS /Q\NS( E;lc.*rmj"

)

VSOI.\D

Voo = (#)(1)(oor2s) (conwiz) (35.20e0t) v
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CROSS SECTWON
: Pt ey
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UNIT |
|
_ o %
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ROR A UNIT L
Vsoun = W fws Aws
2 L 2,
lws = (‘?_(_Tg*"wh) + ('Z.ng
Figure C-1, Schematic Diagram for Estimation of Wick Porosity.
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1}

Veoran

. 'IT(;"\Q*(;QO_*;Q&) (r}-—'r?)

V-ro-rm.

@) (18) ((326) - (28))

iy
¢

| - 0.254 = O.T%lI

wick liquid:
Vg = -_'6 \I‘to‘l‘m-

I:(..-;.-+ l)(\@.lﬁ) cc.

Vi_ © = 12.00 ec

Vg

liquid for vapor space vapor:
RV
Vﬂ_ = P v
'VV = v rvt (Re ‘!' lnck'*' ﬂcj

evaluating at 120°F for water,

o = AT (Do e

Vo = 0.00656 <<

liquid for filling attachments:

condenser transducer 1.6 cc
evaporator transducer 0.7
injection valve 0.5
pipe valve 0.5
Yo = 3.3 cc

thermocouple volume:

Voo = (“) ( (/ﬂ-pwc. )




wWhere
n is the number of wires,
D is wire diameter, and

ngg is the average length of a wire

Vsowo = (l'-\») (ﬂ (.Q:Q'l-)<l8) (7-‘_54)3 ce,

Vsoue = 0.06 cc.

injection volume:
Vo = sum of liquid velumes - thermocouple solid volume
Vo = 12.00 + .00656 + 3.3 - 0.06 ce

Ve = 15.2 ce

This volume, 15.2 cc, is the nominal amount injected in all tests.
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the eveporator heating costs, V, the volume of cooling water collected,
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APPENDIX D
OFPERATING DATA

The operating data consists of C@,the power level delivered to

and at, the time lapse during cooling water collection. For the date

indicated in ChﬂptertIV, Table 7, the operating data are

Test Qe V-

Fluid ot
watts : liters . minutes

water 1 48,3 0.858 2,00

2 Th.0 0.816 2.00

3 108.0 0.822 2.00

i 133.0 0.839 2.00

5 54,2 0.800 2.00

6 79.0 0.798 2.00

T 112,0 0.800 2.00

8 32.5 0.597 3.00

9 79.0. 0.590 3.00

methanol 10 : 19.3 0.850 8.50

11 ho.5 0.6h7 6.50

12 13.3 0.796 4,00

13 19.6 0.792 4. 00

1h 29.0 0.782 4. 00

15 yi.2 0.786 4,00

16 19.6 0.396 8.00

17 29.9 0.392 8.00

18 4.8 0.390 8.00

19 5.3 0.632 7.00

20 28,1 0.804 8.00

21 5.4 0.810 4,00

. oo 1
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APPENDIX E
PRESSURE AND TEMPERATURE EMF DATA

The emf data consists of thermocoﬁple and transducer signals
recorded during heat pipe operation. Recorder data {2-46) are given in
unite of fractions of 5.000 m§ as registered on recorder chart paper.
Potentiometer data (102-115)°gfe given in units of miilivolts s
measured. Tests omitted from ‘th.é-lqa‘ba i_isting are not iﬁdicated due to
1) incomplete data recorded during test;le) operation.at too 1low & pover
levei for reasonable accurate estimation of _QS‘ (see Appendix I), and
3) opefation at too high a cooling wgter fiow rate fof reasonable
aceurate estimation of &T)cooling (see Appendix G). Thermocouplies
omitted from the data listing are nqﬁ indicated due to 1) s&spected
thermocouple failure (e.g. insulation deterioration and weld detachment),
and 2) considered extranecus (e.g. relay sk;p—thermdcﬁuples and pre-heat
temperature of injection fiuid),

Thermocouple numbers refer to t_he locations indicated in Figure
11, Chapiter IV. The pressure and temperﬁturé erif data are tabuiated in

the following list:
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Emf Data
Test

Thermocouple Number

37 38 39 Lo 43 4o "~ 43 L)y

1 0.167 0.169 0.175 0.158 0.2285 0.1985 0.170 0.170

2 0,167 0.1675 0.183 0.1635 0,281 0.235 0.172 0171

3 0.1675 0,1675 0.1875 0.1675 0.346 0.287 0.174 0.1675

i 0.169 0.167 0.195 0.173 0.413 0.328 0.190 0.1835

5 0.183 0,179 0.2095  0.170 0.314 0.215 S 0.1945 --

6 - 0.186 0.180 - 0.216 0.1735 0.387 0.245 1 0.1995 --

7 0.190 0.182 0.231 0,182 0.515 0303 0.2125 -

8 0.150 0.1515 0.1645 0.126 0.243 0,18k 0.1505 -

9 0,154 0.154 0.1725 - 0.133 0.3085 0.2225 10.157 .-
10 0.1485 0.1%95  0.153 -- 0.180 -- "0,146 0.151
11 0.151 0.151 0.160 -- - 0.237 - 0.151 0.1575
12 0.14h 0.1475 0.149 -- 0. 1655 .- 0,144 0.147
13 0.144 0.148 0.1495 - 0.1795 -- 0.148 0.149
14 0.1455 0.1k75 0.1525 -- 0.2025 - 0.149 0.150
15 0.150 0.150 0.159 -- 0.235 -- 0. 149 0.1525
16 0.139 0.1395 0.148 0.127 0.178 0.148 10,1455 0.1305
17 0.14%0 0.140 0.150 0.130 0.195 0.158 0.148 -0.1365
18 0.146 0.143 0.1595 0.137 0.233 0.179 0.1505 0.143
19 0.135 0.136 0,143 0.121 0.1565 0.1355 0.143 0.1135
20 0.136 0.1365 0.1495 0.127 0.19h 0.156 0.148 0.1175
21 0.1325 0.1325 0.1k2 0.1245 0.1585 0.1ko 0.141 0.103

29T



Emf Data
Test

Thermocouple Number

hs Lé T - 102 103 104 106 107
1 0.1815 0.2175 0. 1745 0. 064 0. 470 0.410 1,695 “2.046
2 0.1865 0.240 0.1725 0.094 0.521 0.584 2,073  2.758
3 0.188 0.263 0.1715 0.131 0.586 0.812 2.h60 3.483
b 0.191 0.2835 . 0.170 - 0.157 0.645 1.03% 2,745 3.986
5 0.203 0.265 0.1825 0.076 0.496 0, bhs - -
6 0.209 0.310 0.1845 0.103 0,546 0.595 -- --
7 0.219 0.3635 0.189 0.1455 0.621 0.866 - --
8 0.168 0.222 0.150 0.1k2 0,525 0.556 -- --
9 0.17h4 0.251 0.150. 0. 206 0.680 0.791 -- --
10 0.162 0.210 10.1515 0.080 1.195 3,177 -- -
11 0.169 0.239 0.151 0.170 i,532 4. hot - --
12 0.1475 0.1985  0.150 0.025 1.086 2,755 -- --
13 0.1605 0.2075 0.150 0.039 t,171 3.080 -- --
1k 0.163 0,2225 0.1485 0.065 1.326 3.617 - --
15 0.1685 0.2385 0.1495 0.090 1.505 4,267 - --
16 0.153 0.1925" 0.149 0.178 1.029 2.555 -- --
17 0.1585 0.210 0.149 0.282 1.205 3.159 - -
18 0.1625 0.2285 0.1495 0. 405 0. 41k 3.909 - -
19 0.1485 0.166 0.1495 0.039 0.786 1,741 - --
20 0.153 0.196 0.148 0.154 1.039 2.589 -- --
21 0.155 0.206 0.149 0.020 0.751 1. 640 - = &
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AFFENDIX F
PRESSURE TRANSDUCER DATA REDUCTION

A sample calculation is provided for transducer data reduction

for Test 2 (Chapter IV, Table 7).

A. Absolute Pressure Transducer

emf: 0.584 mv

. pressure, from calibration: P = 1.66 in Hg absolute

B, Differential Pressure Transducer

_transducer emf = 0.521 mv.
room temperature (TC-47) = 71.69°F (from method of Appendix H)
barometric pressure, indicated ='é9.TS in Hg o
barometric pfessure, corrected = 29.25 I O;llh (froﬁ corfection curve)
in Hg _
= 29.36 in Hg%ébs:
transducer pressure differentia; = 26.39 in Hg (from calibration curve)

transducer absolute pressure.= £29.25 - 26.39 = 2.86 in Hg absolute

-
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APPENDIX G
POTENTIOMETER DATA REDUCTION

Sample calculations are provided for emf data measured with the

potentiometer for Test 2 (Chapter IV, Table 7).

Al _ Presiisy;_‘e_ Transducer EMP

See Appendix F.

B. Cooling Watér:T=m£érature Differential ,
T T
emf = 0,094 mv. (from Appendix E)

al

4 .37 F° (from Figure G-1)

]

Figure G-1 is based on NBS Circular S61 calibrations for Cu-Cw,
where an emf of 0.215 mb (42°F) corresponds to & temperature differential

of 10°F.

C. Typical Thermocouple

TC-113: emf = 4.028 mv.

T. = 208,90°F (from NBS Cir. 561 tablés)

ind

correction factor = 2.00°F (from calibration curve)
_ 0.

T ctual = 208,90 + 2.00 = 210,90 F
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APPENDIX H
RECORDER DATA REDUCTION

A sample calculation is made for emf date measured with the
recorder for Test 2 (Chapter IV, Table T).
Typical Thermocouple:
TC-47: emf fraction = Q.1725
\Ti'n(_i_l.icated = T1.35°F (f_rom Figure H-1)

 correction factor = + 0.34°F (from eelibration curve)

T = 71.35 + 0.34 = 71.69°F

actual

Figure: H-1 is'based on the NBS Circular S61 calibration tables

for Cu-Cn with an emf fraction of 1.000 equal to 5,000 mv.
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APPENDIX I
HEAT TRANSFER RATE DATA REDUCTION

The heat pipe’héat transfer rate data reduction consists of four
parts 1) measurement of evaporator coil power, 2) evaluation of cooling
water heat transfer rate, 3fjéé£ima£ion of heat'fate to the surround-
ings, and b) calculation of heat pipe heé¥ trapsfer rate. A sample

reduction is made for Test 2 (Chapter IV, Table 7).

1. Evaporator'Coil.Péﬁer,(qE)

The coil power is that value recorded in Operaﬁing Data
(Appendix D):

Qe = 740 wares = 252.50 sto/we ,

2, Cooling Water Heat Transfer Rate (QC)

The rate of heat tranlifer to the cooling waﬁer:is calculated by

the expression

Oc = (b)) (MG, (n

where

Y is the volume of cooling water collected,

sle is the measured temperature difference between inlet and
out, ' '

at is the time lapse for water collection, and

frCpa is the volume heat capacity evaluated at Te.
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For Test 2 from Appendix D,

V = 0.816 liters, and

ot = 2,00 minutes,
From Appendix I, the average cooling water temperature is
Te= 70.,..1;3°F.
_ Evaluating.ﬁaterial proﬁértieé (hé; 4k) and using Figure I-1,
glves . |

@ty fud.
fr CF:; = 121,850 Wk uT

From Appendix E, with the method of Appendix G,

o T = %37 °F
Substituting these values into-EQﬁatibns(I.l) giﬁés

@, = (\'31.eso)@.azﬂ(%.sﬂ({l,a')_ Y , o

Qc = 235.55 &5

o

3. Heat Transfexr to the:Suﬁrcuﬁdihgs; .
Circulation of ventilation air in the rbom surrounding the test
equipment causes the convective film coefficient (\x;) .to differ from
values calculated from free convection models. This coefficient Wi is

taken to be expressed by the relation

®s = h;Afl(ﬁﬂs ) " (1.2)
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where

(25 is the heat transfer rate to the surroundings,
A¢ is the area exposed to the surroundings, and

als i8 the temperatufe difference hetween the surface
in gquestion and the surroundings.

The coefficient (h), used for final date reduction, is taken as the

average value of-hiffof a éeries of n tests, where

[ |
h = %h; ) (1.3)

Considering an overall heaf balance for a single test, gives

c';)e_ - Qe ~ %\\; Ai(m)j ) | (1.4)

where m 1s the number of surfaces considered. Solving Equation (I.k4)

for W glves

C;.)E'- QC

o ew; 2
: j'.-.l .

The respective areas are

AC T = ¢ondenser insulation area on the outside of the
4 aluminum foil cover,

adiabatic insulation area on the outside of the
foil cover,

o
]

=
t

adiabatic area contribution from the condenser
transducer, :
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evaporator insulation area on the outside of the
foil cover, and

by
Ag ET

evaporator area contribution from the evaporator
transducer. :

The respective ftemperature differences are taken as the difference
between the surface temperature (averaged over the respective area) and
room temper&turé."ln terms of thermbcouple numbers, see Figure 11,

these differences are

for AC,I’ nTVs

i

‘%(TC%G'\-TC37+TC367 - TCHT, (1.6)

for AA,I’ 2T

T {tc3d xTewe) - Tew1 , (T7)
for Ay op aTs = TC %5 - TC#T (1.8)
for Ay 1o &Ty = F(TC4) +TCH2 +Te43)-TCHT and (1.9)

for AE,ET, o%g = TC 4 - TCWT (1.10)

From surface geometry, the values of the respective areas are:

267.8 iﬁ.'sq.

Ae 1 =

AA,I_ = 138.2 in. sq.

AA,CT = 19.2 in. sq.
= 285.0 in. sq.

Ap 1

AE,ET = 5.3 4in. =q.

Temperatures are evaluated from Appendix E, with the method of

Appendix H.
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Sample calculstion is made for Test 2 of the series Tests 1, 2, 3,
and 4 (Chapter IV, Table T7), where h: is evaluated from Equation (1.5),
and Equation (I,6) through (I.10) are used for temperature differences.

The calculation table is as follows..




h i calculation table

T;"]gt QE Qc A Ts)c_:,il_._A. TS)A,I ATy or 2T051 ATdgmr Aj( Ts)j ©ohy
B . - . BTu
BIU/hr BIU/hr 4o B in° B° it R© in° B in® B 87 O nr £t7R°
1 164,80 169.66 - 600.76 - 252.22 30.53 '1'578_.'9_0 -‘ 27 - 5.2k -0 95?1'
2 252,50 235.55 - 516.85 17.28 61.06 36i2_—_-.-85- 80.61 2260k 6.8132
3 368.51 329,96 - hkah.o1 | 190. 72 T72.19 62#9;-1'0 108.92 - 43.028 0.916'1
L h53.81 holh,95 - 284,76 kho.17 91.97 8897.70 13k, 73 | 6L b3 - 0,7703 -

SINS
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Using these values of h,, Equation (I.5) indicates

’

L]
B = T (o,q-sql, +0,8132 ¥ 0.9 16\ +o.11oa) or

h = 0.865 —txw
- . }lﬁF’l’"K

The respective heat transfer terms are calculated from Equation (I.2)

for Test 2

. N gTY
Qﬁ)CONp'Eﬂs_EF = 0.565(-'.'5_\(?_.85)(\44. = = 3.0 "ﬁ'ﬁ_—_)

. ! gty
Qs) AvwmBaTIc = O 3@5_( \1 -'Ze‘l'(a\«"é)(\ W) = V.30 "W )
gTY

1 Y- N ' . ) . 'l
Qs} evppoppToR — ©.865 (55‘7“‘5 * Bo.eb(\q-q = 228 S,

The overall balance is checked using the expression

Jema

Qe Qe * Z Qs - (1.11)
For Test 2 in BTU/hr

235,55 - 3.10 + 1.30 + 22,18 , or

-

i

252,50

R

252.50 = 255.93, L.M% off .

4, Heat Pipe Heat Transfer Rate (Qe)

The heat pipe heat transfer rate is taken as the difference
between evaporator coil power and the loss to the surroimdings from the
evaporator secticn, i.e.

Qe = ch - C?;)evuhemva . (1.12)

For Test 2 in BIU/hr

Qe = 252.50 - 22.18 = 230,31 5P

5. Accuracy

The least accurate numbers used in heat rate data reduction are
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the film coefficients between insulation and room air. The effect of
this wncertainty is exhibited in the overall heat balance of Equation
(I.11). Typical dats indicate the balance is in agreement to within
+ 5 per cent, For a typical heat rate of 300 BIU/hr, this represents

an uncertainty of + 15 BTU/hr.
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APFENDIX J
HEAT SINK TEMPERATURE DATA REDUCTION

A sample calculation is-provided for the sink temperature of
Test 2 (Chapter IV, Table T). The sink temperature (T.) is teken as
the arithmetic average .of inhlet and exit'éooiing water temperstures,

hence

T + 0.5 (8T cooling water),

e - Tinlet

_ o C ' .
Tinlet = 68.24"F (from method of Appendix H),

T = 4,37 (from method of Appendix G),

: = o
T, = 68.2&_ + 0.5(4.37) = 70.43°F.
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APPENDIX K

CONDENSER EXTERNAL UNIT CONIUCTANCE
DATA FREDUCTION

FEvaluation of the uhit:conauctance between the heat sink and the

outer wick wall (¥ =Yw) is accomplished by dividing the heat pipe

heat transfer rate by --thé prbduct of heat flow area an_d the temperature-

difference between wick wall and heat sink. The-expression is

@e = Uc('l“ Y'w Lr.) (Tw "'ch ) (Kl)

Using the radial heat flow data reduction model of Appendix S, Equatidn_

(k.1) is re-expressed in terms of measured parameters as

__ | \ (K.2)
sGr)) = EE L W@

where
Tp is the average meaéufed témperature along the outer pipe
shell wall,
Xp is the thermal conductivity of the pipé 'éhell -ma.feria.l, and
Lc ig the length of heat transfer along the condenser section.

Solving Equation (K.2) for U, gives

Re

ver [ B e ) (BE)]

S
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For a sample calculation for Test 2 (Chapter IV, Table T), the

parameter values are:

- 0. erv
| Qe 130,32 "W

Tp = 85571 °F
Te = 70.%3 °f

BTy

XF = 8,""‘2.. We FT °K

Le
Q. - 0. 814

r = 0.375 inches,
ﬂc = 5,00 inches_.

Substitution of these values into Equation (K.3) gives the measured

value of the condenser external unit conductance in BIU/hr £+°R° as

(8-%2)

uF = [("32") n(55) %j + @.eﬂl—)(zﬂ)@.‘sza) (‘5)(85;;0 -::B (4—4-)]

- Qr

U = 23%.89

(from Appendix I),

(from Appendix E, with methods of
Appendix H and Appendix Q),

(fr‘om Appendix J),

(from method of Appendix Q),

( frc_)in Appendix Q),

__5_'."..‘1.‘-
WRFT'OR
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APPENDIX L
'ESTMTIOii" OF INTERFACIAL INERTIAL FORCES

The pressure change across an evaporative interrace with inertial

forces included is given by (14)

PQ—FJ._ .: _ri_r; (F\‘ L-\) ( ) y oF '. (N:_'l)

(P\("‘P.Q) = %I’k T 2w f)“' &)—_\ - (w2)

Using the pore radiu‘s,' ¥, as an estimation of magnitude of the meniscus

radius, r > estima‘t.'ing u. from Equation (III.2), and using typical
experimental data taken in this investigation, the relative magnitude of
the inertial term is calculated.

For water at 100°F, §_ = 300 BIU/hr, the estimation is

QQ‘ RO O l"\"'\' ) LBN\
Pev = T letu - W (zqﬂ(z)(\ow.zj 3600/ ET*sEC
P, Uy = 3.0 g% S

__L____ﬁ (Pv U\S- \__E.;_' _ s00215 (3.10:&10"')1' (‘550,\»}-\
29 Py

Pj - (?-j(“"-TQ3Y~lO-3) (3150.11.)"‘ - Qol(n‘g‘)" \'2-(3?..2\} )

- N .
(‘{%"‘jm(\‘*&) — 7_.5'2_*\0'8
f,V Pe

or




hence the magnitude of the inertial term is negligible compared to

unity.
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APPENDTY M
ESTIMATION OF VAPOR PRESSURE DROP

The relative magnitude of the vapor axial pressure drop is
estimated using Cotter's (8) Equations (II.6) and (II.7), typical water
data taken in this investigation, the meniscus pressure term

and Equation (II.30) for mass flow rate, This give-é

\bP"l:('gT“Q(‘ng;:':;; )(‘Jr }‘\-—\6" 110\0’) (M11)

. Qe

My = }Nn ) N\d‘ _ (M2)
. Py YU Ty

\Kl = ﬂv »

For water st 100°F, 4, = 300 BOU/nr

_Qe 0 _____ W - tom
Flv =gt ey | @T)(2a8)(#) (0302 (eod) 1-55x10 FT"SI’:L,

o Qo Na N L

L(au-s\w\o) -

By Qe (8) (c,“r.su\d") (309) 12 Pt fwen
et By (M) (3504Y (,zqs’)‘* (1037 )3 000} (32.7)

8 Ay Qe

-5
T 2.8 x10°  po /inek
TP, v Nog ’




18R] = ()@ 184167 ) +15)( 598 ~ (owod)(.578) = 5.3 6™ pst

\a?«i._ - 5.36 x\\o L 3 Lam 16 ’
v 2, (H-'Hsuo")
Te ¢ oons)

hence the vapor pressuré drop is negligible.
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APFENDIX N
EVAIUATION OF WICK FRICTION FACTOR

Darey's law for liquid flow in porous media (27) expresses the

pressure gradient as

Ay P As (W.1)

where K, the friction factor, is experimentally determined. For a
porous media consisting of tightly packed layers of 100 mesh screen
(o. OOHS inch wire dlameter), Kunz, et al (17) report the experimental

value of

K= 6.1 *10% Ver | | (§.2)

Por a wick, as employed in. this investigation, with two layers of 100
mesh screen sepafated by & liquid gap, the value of the wick friction

factor, K., is different from that given by Equation (N.2). Since K is

1
based on the area-through which the liquid flows for tight wicks, Kl is
also based on the liquid flow area. From Figure N-1, the relation is

degeribed by

_Jiiiﬂﬁﬁ__——w—
(K) Na wick + At arp 3 . (K.3)
where A£ wick is the cross sectional area of liguid flow in the wick
and A& gap is the cross sectional area of liquid flow in the gap,

Using the date from Figure N-1, Equation (W.3) reduces to
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| 59,73 :
o 2PNy
K, = (®.| x\o"’) (mq.-ra a2 ) ar

K= 2.61 x0T Ve (w.4)

This 1s the value of wick‘f.f'_rfiction factor used in this investigation.

o= == .= - = irs twarec— e s LT
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ESTIMATION OF LIQUID INERTIA TERM

The pressure drop term due to changes in inertia of axially

_flowing liguid is glven by

oQ‘l'oTM

Jerls UG L wee

w = ﬁm(ﬂ‘\

(0.2)

0<% ¢ R (0.3)

w = Pxep\w\\u;(q (0.%)
o <% ¢ Rex faand (0.5)
W= &eawhug (&_“_ﬂ“_*ﬂitl) for (0.6)
focdo €4 ¢ fevdacle . B

These velocity relations are baged on the model of wniform injection

and rejectién of ligquid along the condenser and evaporator sections

respectively. Equations (0.2), (0.4),

and (0.6) are simplified by

, where (0.8)

[
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Qe
Wa = P& Ao i\\l! 3

and ‘V(}) is a linear function, piece-wise continuous. Substituting

Equation (0.8) into (0.1) gives

TOTAN

d¥N .

abl = wr 5 )J

Bal Ps Wy o_(“’ a7 ’3’ : (0.9)
The integral in Equation (0.9') is evéluated piece wise:

for o< K £ oy

R
Yoy = oo,

YO

for Le <« 2 Rt Lo,

Wiy =\

!

RQetda _ :
'SL(')@ dy = © ]

for ',Qg,‘.\'lq s %< L+ ,Qu—ie.)

| Lo fowe Lo-
t\,(."h'-'- +14;e"}(J

Slalo.de

S (54 - -

,Q:g +Ra ( J
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hence
ToThk Y | ‘ s
. LV(§)%IE dy = T *¥0-7 =0 or
the net change in inertias is zero. This could have been deduced from
the fact that the initial and finsl velocities are zero, hence no net
change in inertis. | |
Comparisqn'is made of the relative magnitude of inertial to

frictional pressure'drop_onlquxer the condenser section:

Pl [ERwr]

s TR — ,or (0.10)
A 0 A
e (0 # R20]

1oPluesry Qe

e A \I’\c_q_ Kl‘u.! ’Q( ’

_ (0.11)
\hPlfm:‘non '

Equation (0.11) is. evalusted using the wick parametérs of the investi-

gation énd conditions of water -at lOOOF, Qe = 300 BIU/hr. Equation

(0.11) is evaluated as

Pomern 220 o fims
T A YIRS TS AR e o e

\&?\\Niﬂ'l& - 1.51 “10'5

\Aﬂ FRICTION

hence the inertis term is negligible compared to the frictional term.
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APPENDIX P
ESTIMATION OF MAGNITUIE OF THERMAL RESISTANCES

" From Equation (V. 8) the total thermal resistance is

RT@T&L = Rew + Rei +~ Rv 4+ Rei +Raw | (P.1)

Dividing by the condenser wick term provides a nondimensional comparison

Rew et By R

Ryerpn il _ .
Fow Lz LY Rew * Bew > Rcw+ Rew . (P.2)

The wick resista.ncq ma.gnitudes are egtimated by the conduction model of

(%)

IR-c_w = 1_1:[’}{,;; 1 ) and I (r.3)
NE '
Rew = 2t Vet he (P.4)

The vapor resistance magnitude is estimated by using the Clapeyron

equation and the estimated vapor axial pressure drop

Eag—
nT ﬁ(’ﬂ"?ﬂ ) (P.5)

SAT.
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5P = (Reora) :‘;:Xw XY - o W | | (2.6)

where
¥ = '&E{i 5 and (r.7)
r”n";,: Eﬁ;= P;uu(wnﬂb_; . (p.g).

Substituting Equations (P.é), (P.7), and (P.8) into Equation (P.5)

gives

_Q SMuTo i‘l’o‘l‘h\- _ |
Ry = Qe = T o W (\ )<+I"\G z:ro) . (P.9)

The i_nteffa’i:ial thermal resistances are es-timating'u*szing the model
theory of Wilcox and Rohsencw_(37) which is an extension of the Schrage

(30) theory and with an accumulation coefficient of unity. This model

(sT), _' (-ma) T""R
Rep = 75, ° urr.,.O | (P.10)

.!1 ‘SA
) (7)), By \ 611rﬁ\ To F{-}
Re; - Qe - 2 (‘1“‘_\'«&3 B ‘\-u. , (Pll)

where To and P0 are the saturation temperature and pressure respec:

gives

{r

tively, and R is the gas constant cof the vapor.
Using typical data taken in this :anestigation for water at
lOOOF Q = 300 BIU/hr, the ratios of thermal resistances are estimated

as




194

—_— —_— = l_""'q (P.l2)

R.\'J’ Vo MVToﬂg(jc*ﬂa*’ge\) )(?W -‘E\f_ . 3 M j . Al
Tew T () AN R ( f»)(‘*i“’m“‘ = 320, (P.13)

Re _ (‘z‘“j‘&g‘t T:/L Xets
R—C\N - 1"\\’ \h (%\ Po \{::l

= 323767 and  (P.1H)

o3 5. |
Rex _ @OV R TN L L6t
Rew 2% W2\ B, N . (P.15)

Hence the wick resistances are retained and the vapor and interfacial

resistances are neglected,.
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APPENDIX Q

EVAIUJATION OF CONDENSER ACTIVE LENGTH
FROM MEASURED PARAMETERS

Evaluation of the measured active length of condensation (L) is
accomplished by use of a data reduction model based on l)'radial heat
conduction fhfpugﬁ the ﬁicg and pipe shell, 2) measured vapor and outer
shell wall temperatures, and 3)'the measured heat pipe heat transfer
~rate. A sample calculation is. pr_'ovid_ed for Test 2 (Chapter IV, Table 7).

For radial-conduction.of heat from inner wick_surfaee (r = rv),
through the outer wick surface (r = rw), and to the outer pipé shell

surface (r = rp), the heat flow expression is .

, T - Te o .
Re = n(8) W (g | (qQ.1)

1.11')(1, Le 2 Kbk Le

Solving for the valﬁe of the condenser active length ratic gives

Lel _ Cbe \ (If—“- .
[,d' (Ta-TF) z-:)(;)l‘_ N \ ;%i‘ﬂ] (q.2)

where.-Qé is the measured heat pipe heat transfer rate,

T is {the measured heat pipe operating temperature (equal to the
vapor and adiabatic wall temperature),

T is the average measured tempefature ﬁlong the condenser at the
outer pipe shell wall (r = rp); in terms of thermocouple num-

bersu
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T = —}.;[z(rc-»@ x 3(7e-5) » A (Tc-6) + (a.3)

+ 3 (ve-20) ¢ 2 (Te-27) 1(‘rc—?.8)_1

‘xp is.the thermal conductivity of the pipe shell material,
evaluated 8t T, |
)Qis_the thermel conductivity of the ligquid working'flﬁid
evaluated at T , and | |
¥e/Xasls the thermal cdnductivity ratio éf liquid to effective
evaluated at To'éndjusing Equations (V.19) and (V.20), see
Appendix R; |

For Test 2, the parameter valueé afe:

Q,  =230.32 BIU/hr (from Appendix I),

T, | =TC-1k = ;02.37°F (from Appendik E, with method of
Appendix H),

TP = 85.57°F (from Equatibn (Q.3), using datas from Appendix E,
with method of Appendix H),

Xp = 8.42 BTU/nr £t R° (for 304 stainless stéel using data of |
Reference (16)), |

Xg =0.3621 BBU/hr.ft R® (for water using data of Reference
.(ho),.methanol (h3)); d - "

%F - 0.5593 (from Equations (V.19) and (V.20), with the wick
solid material as 316 stainless steel using data of
Reference (16)),

;; = Q.3T5 inches,

r, = 0.326 énches,

'rvl = 0.298 inches, and
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Fc = 5.00 inches.

Substitution of these values into Equation (Q.2) gives the value of the

condenser active length ratio as

Le _ 23032 (32) ¢62) oo 55%) 1“(3 63 gtﬂ
X T (or37-e5.57) Lo (am)(s) 2w (o3ee)(3) | or

0. 814

*

e
AL
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APPENDIX R

DERIVATION OF EQUATION FOR
EFFECTIVE WICK THERMAL CORDUCTIVITY
.The .eff;eetive "therm:ﬁljconductivity of the wick in this

investigation depends on thé wick geometry and the conductivities of

the liquid and wick-solid materials. An expression for the effective
conductivity is derivéd in two steps 1) the effective conductivity for

a single layer Qf'scredn;7<w,vis'qp&eled by‘combined series and paraliel
conduction,.and 2) the overéll.wick éffeétivé cénductivity,ﬁ<q;F, is
modeled by series conduction through two layers of screen separated by

a liquid sap.

A. Thermal Conductivity of a Single layer of Screen (Xu.)

The wick is modeled by considering a typical section of screen,
see Figure R-1, Each section is composed of liquid and/or solid., The
conduction area for éach section is different, but each total length
(screen.thickneés) of conduction is the same. Defining the ﬁhermal

resistance as

_ length of conduction (R.1)
~ {thermal econductivity)(conduction area} ‘

R

and using the geometry indicated in Flgure R-1, The respective resis-

tances are

Y fws Y~ TYws
R1 - XS rw;' Xl r\;f.g 3 (R-2)
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o2 Vs T2 .
P“-— = Y Lhwsle * Yoo LWoas Ye ) G\"A (R. 3)

2 (Yws + %) . :
R‘% = ){1 ”rl’e_" . ] i (R'I‘L)

Combining these resistances in parallel gives

I & S
-E-:U = R, + Zn * Rs (R.5)

vwhere RW is the thermal resistsdnce of one layer of screen given by

2Tw$ + T,

Re = 007 (r.,,wq)

(2.6)

Combining Equations (R.2) through (R. 6), and expressing in nondimen-

sional form gives

(Tm -\-l)( Y"' ( ) (—5’*—1) }i“; -%‘1-1)

+ (R.T)

- L;’gn)

B. Effective Wick Thermal Conductivity

The two layers of screen and their separating liquid gap; see

Figure R-2, form a series of concentric eylinders, Defining the thermal

resisitance as

(outer radius)
inner radius (R.B)

R = (2v)(thermél conductivity)(axial length) ’

~ the respective resistances of each annulus is

n (m\

Ra = 77 awxaed 3 (R.9)

———




Figure R-2,

Frey
e

LIQUID.

SCREEN
3
LiQUD

Annular Cross Section for Conduction
Through Screen Layers with Liguid Gap.
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| Yo = 2 {Tws+ )
i (

v - ?.(\'ws A

Re = 2T ¥y 4 amd (R.10)
(7] Z(TW*F'D
ln - Yv \
Re = ' Yo 4 . (R.11)

Combining the resistances in series gives

Raeff = Ra Re + Rc ; (R.12)

where Reff is the effective thermal resistance of the wick given by

tn ( \

()
Rest = “omXaw £ . (8:33)

Combining Equations (R'.9) through (R.13) and expressing in nondimension-

"8l form gives

X 2 _.;l___— ¥ \ (' . ﬁ) |
_)Z}F - ‘V\(I\g_} - (—)‘(:){ " Y =2V —1Vws + (R. 1h)-

\ (m 1n- )re. x+ﬁ'f) vw-zte (L + 52
+1n T«-t-?.'(n—l)h(\*-t?a
3

where n is the number of screen layers (two for this inveétigation)f'

forming a wick with one layer of screen at the outer 'annulus,_ a liguid
gap at the second amulus, and other screen layers constituting the
inner annulus. -

Equations (R.7) and (R.. 14) together éxpf_ess the effective thermal

conductivity of the wick used in this investigstion.
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APPENDIX 3

EVALUATION OF EVAPORATOR ACTIVE LENGTH
FROM MEASURED PARAMETERS '

_ Evaluation of the,evapqrator active length from experimental data
ié based oh a dats reductidﬁ modél.in which the pipe shell is a fin with
1) axial heat flow within~‘b1}é fin, 2) heat addition elong the outside of
the fin from fhe évapérator'heating coils, and 3) heat rejection along
e fraction of the inside of the fin to the heat pipe wick (see Figure -
8-1). For this ﬁodel,-the neceséafy.exPerimental data include the heal-
ihg coll power, the heat loss rate to the surroundings from the evapo-
rétorx the heat plpe dperating temperature (vapor temperature), and the
temperature at an agial location along the designed evaporator length,
The equations'necessary for this data reductlion model are developed and

solved, and a saemple calculation made for Test 2 (Chapter IV, Table T).

1. 'Development of Expression forllb

The energy balance for the differentizl control velume of length

dx shown in Figure S-1 is described by the diagram of

2w Ye{f (dx)
l nn 5e (- e ‘r\)

~— [ ~Xehe %)

( xw;‘fﬁ)
4

_ +
dx( XpAfi;)Jx

Tam( dx)
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CONTROL A .
. VOLUME : T ] Lz
I * -— _ I TReERMocoupLE
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Figure S-1, 8Shell Diagram for Evaporator.
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where

Ap = 'ﬁ'(T;— Y\:)

Balancing these enérgy terms gives

2T Xass e | -
HX"A"(%‘;) +£-(“XFP“’%‘ A+ ln(r:‘"-aS(Tm'T‘) =

G dT
= T xene

205

(5.1)

(5.2)

(8.3)

Cancelling terms and assuming constant pipe shell thermal conductivity

gives

S 27 Kotk Qe .
—X?AP e T m (T(Q-—Tb - -f—; or

b

a7t Re
41’:" )Qg' Rw

Re _"_.. I
T | R T g Re Qe

 where

- ﬂe L
R? = thf ’omd

Re = M

2T Xoi5 ke

The boundery conditions for Equation (8.5) are

JT .

B.C, ') \K = O J —‘XP AP _J_; = QE ’Qe - Qs;e

(5.4)

(8.5)

(8.6)

(8.7)

(s.8)
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where QS e is the heat rate from the evaporator section to the
”

surroundings (see Appendix I),

B.C. 2) K= '-na."L) T = —\-1‘15 y - (8.9)

where Tll

3 is the temperature measured by thermccouple number 113.

(TC-113), and

B.C. 3) . X=le dx (s.10)

i.e,, no further axial conduction slong the shell. Three boundary |

- conditions are required for solving Equation (8.5) since Equation (8.5)

is of second order, and the o_figin of fhe coordinate (describing the
position of Le) is unknown.

The general solution to Equation (8.5) is
TY) = €y cosn ()n-:) + (4 sinm (Mﬂ) + T -\-?ste, (8.11)

where

- (&Y (o1
v (8 (s.22)

Substitution of the boundary conditions, Equations (8.8) and (8.9) gives

the solution of

cosn (a(Lwa-1))

T = [ EeRle v (Ock due) - BN CREY

Yo SINR (e .L)) - A
K(RPRW-L Cos\-\(‘k(L\\\:-_Dj) X Cosh ()\7\3 - &z?g*‘) *

‘(Qa‘i’;- QSJ) Sinp (}\ﬂ - 'Q + Ry, QE )
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Substutition of the boundary condition of Equation (S.10), Equation

(S.12), and the identities

Le+ L= fLe and | | (s8.14)

H

(co sk A ) (cosa B) (smn F\w (smn B) Casn (A"B) (s.15)

gives the solutlon for L as

,c Ths-To R % SINR ((‘Rw J\q
) [QE(R?R% LR? ] cosn Q_.t)q"(‘ %!’) (8.16)

The position of thermocouple number 113 .is given by

Lz - __\____ o
1 -~ &% (8.17)

For typical heat pipe operation in this investigation,

B vo0.5 | ad (5.18)

Re\* Le ‘
("“) 710, hence (5.19)

an (M) v e i [\- Rk ]
e (F00) @i (”} |

(8.20)

hence the bracket terms may be approximated aé unity. This approxima-

tion, and Equation (S.16) gives
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. - J ‘\ ( on;)
Le - Q*‘ T T Y %L = (s.21)
. ;lf. Qe (jz“r?‘q .

Equation (8.21) is the expression used to reduce experimental data to

obtain the ewmporator active length ratio.

. s

2. Sample Calculation

For Test 2 {Chapter IV, Table T7) the values of the variables are:

Q 22,18 BTU/hr (from Appendix I),

8,e

]

th_
]

252,50 BTU/hr (from Appendix I),

T = 102,37°F (fron Appendix E with method of Appendix H),
Typ5 = 210.90°F (from Appendix E with method of Appendix H),
i, = 3.36 inches,
r = 0.326 inches’

W

r, = 0.298 inches, and

r, = 0.375 ingﬁé@.

The value of the evaporator wick thickness parsmeter -——=p is
approximated by using Equation (V.33), re-written as

dq % T Tm
(m-w) H( % Y, W, ¢ , (s.22)

2}

where the function f3 is plotted in Figure 24 for parameter values used

in this investigation (see Appendix T). The meniscus radius ratio,

Equation (V.46), re-written as

b}
Le
s r«ﬂcl(—'-z " +--%s~:+a——:) (.25
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1

L

is first evaluated wifh, thé additional paraiieteérs of

H'
1

c .00275 inches,
X, = 2.6l x 108 1/'f1:2 {from Appendix N),
Q= 230.32 BT/hr (from Appendix I), and

i?f: 7.976 x_lo,lo BTW/hr :f‘te,, where -
P = 61.966 1tm/ft> (for water (40), methanol (33)),

¢ = 4,778 x 1073 1bf/ft {for water (42), methanol (42)),

h 1035.7 BTU/1tm {for water (40), methanol (33)),

vi
Mo = 138.4 x 10”7 lb:f‘_/'Sec_/ft2 (for water (40), methanol (L1}).

Substitutidn of these values into Equation (8.23) gives

Ym _
,r(' - q'.lo ,

" From Figure 24, at = kSO,

— = O, 6
W §e5 .

Hence the remaining parametérs are

Se

)

0.865(.028) = 0.02422 inches,

9.39 BTU/hr £t°R (from Reference (16), at temperature of
TC-113), and

il

Xy

Hesi= O. 6h7’+ BTU/hr t°R (by method of Appendix R, and
: References (40) and (16), at tem-
perature TO).

The resistance terms are

: Le ' 3 w
Ro 2 v —7ow ety 4.797 o
P~ Xy T("?"‘T‘")

1h(‘l’v«d'-- ) - HWE lﬂ_
2T Keié 1e = 0.06778 L ard

Rw =
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\
Re ‘.
Ru T 1%.130
W . -

Substitution of these values into Equation (8.21) gives
L c.220%

—— - . 6 ——

ﬂe O q 11 | . e-ztt-,'x_'z, (0;145- ﬁ)

Using 'Newton's method of approxir'ﬁa‘bion for an iterative solution gives

© Le
— - '0"?1{-0 .
Xg '
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APPENDIX T

DERTVATION OF RETATION FOR
EVAPORATOR EFFECTIVE WICK THICKNESS

'Thé retreﬁt,:in the radial”direction, of the liquid-vapor
interface into the wick of the evaporator section is modeled by a
spherical surfade,'radius.rﬁ, attached, with contact angle ¢, to a solid
torus, inside radius 'rc and solid radius r, ., see Figure T-1, The
effective thickness is takeh as the height from the bounding surface
below to the minimum point of the spheriecal surface. For given values
of v, T, T s T s | and ¢, the ..th.-'ickness 8¢ is implicitly determined
with the aid of the generating angle®, From Figure T-1, the geometri-
cal relations are

Y c.os(ot_-x-q‘,’) 4+ Tws CoS &b T fws * Te , and (T.1)
8o = (fw-Tv) -2fus + Gus SN & 4 fm SN (a+¢) —tm, (2.2)

Expressing in dimensionless form gives

._t“L' |+ -%',—:— (1—-&05 d.)._

Fo 7 cos (o + )

3 and | (T.3)

S 2 6ws Yous Ve AL &
- ()~ (e - @R ed) o

- Eliminating the generating parameter ® by combining Equations (7.3)

and (T.4) results in the function form of




o

L 3 \_/
QUID
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Ye 4 rﬂs

f |

be

PARAMETER VALUES { THIS INVESTIGATION)
Yo = ©-3206 i

R = 0.298 "™
Y. = 0.00215
T = O.002%T W

Figure T-1. Interface Model for Derivation of be.
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oe Y N Y. Trr :
- . - Jw k24 L Ll
(rw"r\r - FB( At ) Ye , Yy ) e, ¢ . : (T.5)
From algebra and simple trigonometric identitie's, the explicit form of

deis found to be

| | e s |
3 | :- r: ) | Tus\ (T.6)
(._L_)__I_ b cu5q5+--— & .
W~

(%
. (‘-f% S.NQ‘*}",{(*; . %< v cms)

Ha ) - (el

K(_w)} .___ {(‘fws + ..g-cosd’) (—-—sm%}
w !

{(_ LY swd‘) ( 33 "Ff +r€-" °°‘-""’)>

_{ Yo+ Y_‘-cosq':) .I 51&4’ }
Y.
I a

de Y
Chapter V, Figure 24 indicates a plot of TTw-Tv vS. ’PT_ for the

'L

values of rc, rws’ rw, and rv uged in this investigation.
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AFFENDIX U

" EVAIUATION OF INTERNAL THERMAL RESISTANCE

The internal overall thermal resistance is given by Equation

(V-68) as
| :.-ﬁewf"' ;f_-cw
Qe

where Tlew and Tew are the averaéé"temperatures &tﬁrw along the active

R : (U.1)

lengths of evaporator (Le) and condenser (Lc) reépectively.‘ Evaluation
of measured and predicted values of the resistance R, useﬁ in Figure 3k,
is accqm@lished by'substitUting measured and prgdicted wall temperatures
into Equation (U.1). A sample calculation is made for Test 2 (Chapter -

IV, Table 7).

1. =E§aluation of R from Predicted Parameters

The preditted values of the average wall temperatures are evaluated
from simple conduction models through the active lengths of the wick.

For the condenser,

—T-cw = To - c.pe_ '?.'ITXQ-F{.L:. (U-Q)

’OT

_ \ \h('F'j
Tew = To — Qe Taxt ‘urx,dc. X.s; . (v.3)
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Por the evaporator,

e

2T X a5t Le 5 oF

’ . Yo
= \“-(rw-ae) Xe -Re)
Tew = T, + @ % A Yats (T_'; . (U.5)

For Test 2 of.Table-T,'the solution of the system of Equations (V-46)

Tew = To + Qe (U.1)

through (V-55) with the independent parameter values of

230.32 BU/nr, B

Qe =
U, = 23’+.89.B_T.U/hr £t°OR,
T, = 70.43°F,

gives the predicted parameter values of
o
T_ = 102.55°F,

Xg¢= 0.3622 BIU/hr t°R,

Xe _
Yets 0.5593,

5
So= (rw-rv) éfr] = {0.028)(0.865) = 0.02422 inches,
Le

T = 0.809,

e
o= 0.743,
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Substitution of these values into Equations (U.3) and (U.5) gives

T
cw

87.%7°F,

I

Tew

123.55°F,

Substitution of these values into Equation (U.1) gives the predicted

value of thermal resistance as

0.

R = 0.1567 h;,IUR .

2, FEvaluation of R from Measured Parameters

The measured values of the average wall temperatures along the
active lengths are evaluated from simple heat transfer models based on

thermoéouple measurements of the shell temperature. PFor the ccondenser,

- . In (%%D

':I:‘f“f = TF .+I- Qe ‘.’.TT)(FL':' 5 OF (U-6)
Tew = Tp v Go MG (4 \ (u.7)
27 Xg £e '

vhere TP is the average neasured temperature at r = rp along Lc. For
the evaporator, the data reduction technique of Appendix 5 1s used to
evaluate Tew from measured parameters. This average temperature is

given by
i Le '
Tew = Le S T dv : (V.8)
_ _ o .

vhere T(x) is given by Equation (S.13). Substitution of Equation (S.16)
into Equation (S.13) and evaluation of the integral of Equation (U.8)

gives
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E= cosi (i ) .
e o - 29 -Mlenieh 2 8, o

where T is the tempetrature measured by thermocouple number 113, For

113

Test 2, Table 7, the term values.based on measured parameters are
= 85.57°F (from Appendix Q),
Xo = 8.42 BIU/hr £t°R (from Reference (16)),

1 0.814 (from Appendix Q),

l
]

-é;, = 230.32 BIU/hr (from Appendix I},
‘ Tis= 210.90°F (from Appendix E with method of Appendix H),

Bw = 0.06778 hr°R/BIU (from Appendix S),

79
-‘
]

39.792 hrOR/BTU (from Appendix 8),

. 252,50 BTU/hr (from Appendix I),

E K
m
I

&ég= 22,18 BTU/hr (from Appendix I), and
-'E;' = 0.740 (from Appendix S).

Substitution of these values into Equations (U.7) and (U.9) gives

= _ o

Tcw = 87.37°F,

T
ew

123.92°F .

Substitution of these values into Eguation (U.l) gives the measured value

of thermal resistance as

HR R
R = 0.1587 -3 .
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- APPENDIX V

DATA AND THEORIES OF OTHER INVESTIGATIONS

1. Kunz, et al., Reference (17}
A caleulation is made for Kunz's theory on capillary limited
maxiimum heat transfer'rqte.for the materials and geometries used in this

investigation. From Equation (II.33),

,_crh.,Q (bs) = w - |
QMA\( = > ' K, (7.)\41;; | - (V.l)

For this investigation, typical parameter values are:

Ty
Boit “:a‘}" 7.82.010° Bk

- (for water at 100°F, see also Appendix U),

z .11'(\",; "-W) = (.'3'2'6 +.?-‘18j = 1.960% . )

§ = fw-¥ = 326.- 248 = ©0.028 .

K, = 2- 6 19 Ve (see Appendlx N),

ZﬁﬁF-t(“le+ﬂr¥1£) _3ab+tGwQ+so-zvehn,md

&« _ .00215
Mo, = Cosg -.-—"""‘_(‘70.,) S = 0.0038897T n. .

Using these values gives

: o BTU
'Qmm = e, _',‘._‘E"' .

2. Sun and Tien, Reference (34)

A calculation is made of the Sun and Tien parameters which indi-

cate the presence of axial heat conduction along wick and pipe shell,

From Equations (II.39) and (II.k0)
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(55 (%)
( ‘) \n

B (% | (v.3)
B"E' = Xess h(n )

‘L - (v.2)

and

il

Por this invesﬁiga%_io_hi, ty‘picdi-paramét_.e_r values are:

A = 18.0 inches,
e = 0.375 inche;s,.
Yw = 0_..326 inches,
f = 0.298 inches,

8. 52 BTU/hr £t “R (for 304 stainless steel at 100 F,
from Reference {16)),

Fad
-
"

Yett=" 0,645 B‘I'U/hr £t “R (by method of Appendix R, and
Reference (40) amd (16) at lOOOF),
and

H = 220 BTU/hr £4° °r {by methods of Appendix K).
Using these values gives
M = 126 ,ond
B: = 0,457 ,
Since M 7100 and Bi<| Sun and Tien suggest axial conduction is

negligible.

3. Schwartz, Reference (29)

The experimental work of Schwartz provides data for the indica-
tion of variation in active condenser long the Schwartz did not refer

to an active length, but concluded the effective wick thermal ' i -
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conductivity to be & variable. Schwartz's data 15 reduced to the

present correlation by calculating the active condenser length. For -

condenser heat transfer, the active length is expressed by

where is the temperature difference across the wick.

Reyncld's number is given by

.

_ Qe

PNGEW) a2
A - L o ,L(v\\vn

R<a -

Schwartz's materialS'and'parameter'values are

working fluid: water
wick: 100 mésh stainless steel screen,

geometry: r = 0.199 in.

w
r, = 0.189 in.
1, = 2.8 in., .
From Appendix R
- -X—n.-- . — O 305
Xetp — ¢

(v

The vapor axial

(v.5)

Using these values and Equations (V.4) and (V.5), Schwartz's data is

reduced as:

test T, S q AT Lc/&'c
°F BIU/hr F° ~

1 98 61,7 3.1 0.592

2 134 169.3 6.4 0.756

Re

104.5

272.0
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4, Miller and Holm, Reference {2k}

The experimental work of Miller and Holm provides data for the
indication of variation in active condenser length. Miller d4id not
recognize this varistion.Miller's materials and parameter values for
the model hesat pipe are
; . ' ﬁorking fluid: - water

wick: 200 mésh nickel screen

- geometry: r. = 0.412 in,

W
r, = 0.352.1_?1. :
4 =5.0 in,

&4
From Appendix T,

X& — 0,061 .
g

Using these values and Equations {V.L4) and (V.5), Miller's data is

reduced as:

test To o Q aT LC/LC Re

L °F BTU/hr _F° ~ o~
1 310 62.8 2.8 . 0.209 k.5
2 323 €8.0 2.4 - 0,26k hr.6
3 336 2.k 2.7 0.250 50.6
k 350 T7.9 3.2 0.228 54,1
5 363 83.3 2.7 0.292 57.8:
6 380 90.5 3.0 0,288 62.7
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5. TFox, et al,, Reference (io)

The experimental work of Fox, et al; provides data for the
indication of variation of active evaporator_lengthf Fox did not
refer to an active length, but concinded that a vapor film was present
in sections along the outer region of the eﬁaporator wick and liguid &

alohg the inner region. Fox's materials and parameter values are

working fluid: water

wick: 100 mesh stainless steel screen

geometry: - r; = 0.722 in. .
r, = 0.672 in.
L, = 6.0 1in.

Althdugh.the Fox daﬁa was incomplete to permit correlation, Figure (V-1),
redravn from Figure 2 sf-Reference (34), does indicate a vﬁriation in
active length. The vapof film conclunded by Pox would explain the mag-
nitﬁde Sf thermal fesistance along the evaporator, but not the varia-
tion of thermal resistance. From Figure (V.1) it is seen that the slope,

expressed by : .

ke A& .
.le”AhT 3 : (v.6)

where A is a constant, does decrease for increased power levels,

indicating the active length does decrease.
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Figure V-1. Power Versus Evaporator Wick Temperature
Difference for Data of Fox, et al. (10).
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