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ABSTRACT

The start—up process of 3 frozen heat pipe is L length of the heat pipe, m
described and a complete mathematical model ifor the m,  rate of evaporation ot condensation per unit area,
stari—ap of she {rozen heat pipe 15 developed based on the 9
exisiing experimental daia, whick is simplified and solved kg/m*—s
aumericany. The two—dimensionzl transient model for the M molecular weight, kg/Kmol
wzll and wick is coupled with the one—dimensional transieat L unit outward normal direction
mocel for the vapor flow wher vaporization and N2
condensation occur at the interface. A parametnc study is P pressure, N/m 9
pesiorrued to examine the effect of the boundary q keat flux, W/m
speqification at the surface of the outer wall on ihe . ! s Fire W el
successtul stari—up from the irozen staie. For successful 1 new heat flux, W/m 5
start—ap, he boundary specification at the omter wall q" rew guessed heat flux, W/m~
surface must melt the working substance in the condenser P cr reference pressure for the Clausius—Clapeyron
beiore dry—out takes place in the evaporator. 5
relauonship, N/m*
NOMENCLATURE 3 cocrdinate in the radial direction
< specific heat at constant pressure, J/kg—K I, effective capillary radivs, m
<, specific heat at constant volume, J/kg—K o radius of curvature of the meniscus, m
D diameter of the vapor space, m Ar  radial distance beiween nodes, m
E total energy of the vapor per unit volume, g {chv + Ru universal gas constant, KJ/Kmol-K
H £
1/2 (U3 " Vv?-)] Rv -ra.dms of .the vapor space, m
9 R, inmer radius of the heat pipe wall, m
f friction coefficient at the wail, 7/pU
' v 3 interface position in vector, m
h enthalpy, J/kg . ' time, s
L heat transfer coefficient, W/m“ — K T temperature, K )
hlv latent heat of vaporization, J/kg T c reference temperature for convection, K
T reference temperature for the Clausius—Clapeyron
H latent heat of melting per unit volume, J /m3 “ I
34 8 pe ’ relationship, K
- . 2 T melting t a
k permeability of the wick structure, m” m elting temperature, K .
K thermal conductivity, W/m—K ’1‘r reference temperature for radiation, K
T s saturation temperature, K
Tj——l temperature at node j—1 in the radial direction in the
wick region, K
*Currently with Sverdrup Technology, Inc., NAS:‘ 3 T j  temperature at last node near liquid—vapor interface
is Resea eland i 135. . . . . . .
Lewis rch Cemter Group, Clev » Ohio 5 in the radial direction in the wick region, K
*Professor. T transition temperature, K



AT small finite temperasure interval around Tm to
defne mushy zone, K

8] axal velodty, mfs

v radial velocity, m/s

x coordinaie in the axial direction

GREEK SYMBOLS

a relaxation factor

T - T_,) Dirac function

porosity

contact angle of the liquid, deg
length of mean free path, m
dynamic viscosity, N—s/m2
kinematic viscosity, m“/s
emissivity

density, kg/m3

. ; 9
Stefan—Boitzmaan constant, W/(m‘—K4)
shear sizess
surface tension, Nfm

EYQ ® viT & >»>anm

SUBSCRIPTS

il working substance i the liquid state in the wick

fs working substance in the solid state in the wick

14 liqud where there is liquid motion in the wick

3 wick region where the working substance is in the

liquid s:ate

me  wick regior where the working substance is in the
mushy state

o properties at the liquid—vapor interface

s wick structure material

se wick region where the working substance is in the
solid state

v vapor state

w properties at the heat pipe wall

INTRODUCTION

The demand for an effective thermal management
device for high temperature applications such as cooiing the
leading edges of reentry vekicles and hypersonic aircraft,
and a space—based power station siimulates the study of

the start—up of frozen liquid—metal heat pipes. Also, the

start—up of frozen low temperature heat pipes is important
in applicaticns such as heat pipe heat exchangers, cooling
electronic equipment, and melting the snow and ice on roads
and bridges.

Neal {1987) and Shlosinger {1968) performed the first
expenmental tests to study the start—ap performance of low
temperaiure heat pipes with the water initially frozen.
Deverall et al. (1970) aiso made a series of tests with water
and liquid metal heat pipes. Successful start—up from the
frozen state was possible but was highly dependent on the
heat rejection rate at the condenser. Tolubinsky et al.
(1978) investigated the start—up characteristics of sodium
and potassium heat pipes. Camarda (1977) investigated the
performance of a sodium heat pipe cooling a leading edge.
Start—up and shut—down of a 4 m long lithium heat pipe
was studied experimentally by Merrigan et al. (1985, 1986).
Ivanovskii et al. (1982) presented the vapor temperature
distribution along the length of a sodium heat pipe during
the start—up period. Three flow regimes in the condenser
are described based on the vapor temperature: free
molecular flow, intermediate, and continuum vapor flow.
Unfortunately, the existing experimental data for the
start—up period are in general not represented in the
archival literature and lack sufficient information for
comparison with numerical simulations.

Colwell et al. (1987) and Jang (1988) developed a
simple mathematical model to predict the start—up behavior
of a sodium heat pipe with a rectangular cross section from

the frozen state. In the wall and wick struciure, energy
transport is described by the transient, iwo—dimensiopal
heat conduction equation, and the poase cnange of the
working substance is taken imto accouat. Iz the vapor
regiop, free molecular, choxed and continuum flows are
considered and one—dimensional, compressidie quasi—steady
state laminar flow is assumed. The numerical results
obtained by using the finite element method are in
?greex)nent with experimental results given by Camarda
1977).

The liquid metal heat pipe operates not only at high
temperatures but also the initial temferature may be
ambient temperature. In this temperature range, the
working substance may be in the solid state as well as the
liquid and vapor states. In the vapor space, free moleculaz
flow, continoum flow, sonic and supersonic flow may be
encountered due to the extremely small density during thke
stari—up of the heat pipe. These conditions may cause the
failure of operation of the heat pipe and limit the
performance of the heat pipe. Understanding the stari—up
behavior and transiani performance of the high iemperatu-e
hea:i pipe 1is therefore important and an efficieat
mathematical model is needed to predict this behavior.

The first part of this paper presents a complete
mathernatical model to describe the start—up behavior of
the heat pipe from ithe fozen state. This model is then
simplified {0 obtain numerical results. To the authors’
kmowledge, the analysis presented here is the only model
that inciudes the effect of the transient vapor flow in the
analysis of the start—up of a heat pipe irom tke frozen state.

ter the mathematical models are tesied separately, the
models are used for a parametric study of the siart—ap of
frozen heat pipes.

DESCRIPTION OF HEAT PIPE START-UP

Previous experimental observations suggest the
following sequence of evenis during heat pipe start—up from
the frozen state. Initially, the working subsiance is in the
soud state and the vapor density is extremely low, so that
free molectlar flow conditions prevail throughout the vapor
space. The irput heat flux over the evaporator increases the
temperature and starts to melt the frozen substance in this
region. Meanwhile, the heat transport from the heated zone
to the adjacent pipe proceeds quite slowly via axdal
conduction through the heat pipe wall, working substance,
and wick structure, while the heat transfer in the vapor is
aimost negligible. Thus, a large temperature gradient exisis
between the evaporator and condenser.

When erergy is continuously added to the
evaporator, the frozen working substance in the evaporator
is melted, so that evaporation can take place at the
liquid—vapor interiace and the vapor density in this region
is increased. The molecular mean free path in the heated
region then becomes small compared to the diameter of the
vapor passage and the continuum flow regime is established,
while in the cooled zone the vapor is still in free molecular
flow. In the continuum flow region, the vapor fJows into the
condenser section due to the large pressure gradient. During
this stage, energy is mainly transferred as latent heat owing
to vaporization in the heated zone, and condensation in the
cooled zone in the vapor space where continuum flow is
estahlished. The temperature near the evaporator remains
constant and the location of the temperature gradient moves
toward the end of the condenser until continvum flow is
establised in the entire vapor space. Cotter (1967) also
described this frontal start—up mode when the vapor density
is so low and ncn—condensable gas does not exist in the
VApOr space.

In heat pipes with metallic working substances, the
vapor densities are very small during the start—up even in
the continuum flow region. Thus, even for relatively low
values of heat input, sonic vapor velocities can be reached.




Also, the vapor flow 1n the heat pipe 1s qmite stmilar to the
flow 1 a converging—diverging nozzle due to the vapor
agdiion 1n the evaporator and ihe vapor r2moval 1n ihe
condenser (Dunn and Reay, 1982) Thus, the heat transfer
througz the vapor space may be hirused by the choked flow
condiilon, and sapersomic vapor flow and a snock front may
occur tn the continuum flow region in the condenser The
maximum rate of heat transfer 1s hmited by the somc hmat
so that a high heat mput in the evaporator causes the
vanous types of start—up failore

The start—up process continues until the frozen
working su~.tance 1s completely melted and the continuum
flow regime reaches the end of the heat pipe, at which time
hqud returning to the evaporator 1s sufficient for normal
transient operation Eventually, the heat pipe may reach a
steady state condition The start—up process of the hquid
metal heat pipe from a frozen state may be divided into
several disi.nct penods for convenience of analysis based on
tae status of the working substance and the behawior of the
vapor dow

1 Ir the firsi peniod, no phase c:-inge takes place 1n the
enuire regon but the temoerature near the heated
ragion ncreases The vapor flow :5 1n the free
molecuiar cond.tion

2 The working substance i the evaporaior 1s n the
bewd state, but evaporation does not occur at the
hawid—varor icterface

3 The Lquid and solid states of the working substance
exast simultareously in the wicx sirucimre arnd
vaporization of the working substance takes place at
the hquia—vapor interface In the vapor space, a
region of contuiauum flow 1s established in the heated
region ard a contuuum flow front moves toward the
cooled end of the heat pipe The vapor flow may be
chohed at the beginming of tze condenser

4 The working substance 1s completely melied but free
molecules fiow sull exasts 1o past of the vasor space
S Continuum flow exsts over the enure heat pipe

length 1n the vapor region but the heat pipe does not
reach tne steady state condition

] The heat pipe then reaches the steady state
cperation

For low temperature heat pipes, the experimental
resuits of the successful siart—up from the frozen state are
very rare Deverall et a1 (1970) successfully started a water
heat pipe from the frozen state (208 K)  The wall
temperature distnbution obtained 1s similar to that of high
temperature heat pipes The vapor temperatiure was not
obtained, but the vapor demsity 1s relatively high even
around the meiting temperature This means that the vapor
veloaity 1s very low so that choked flow and supersomic
vapor veloaties may not be encountered during start—up
Unlike hugh temperature heat pipes, expenmental results
show that the heat pipe becomes immediately active where
the 1ce 15 melted, but there still 1s a large temperature
gradient 1n the axal direcuon The heat input at the
evaporator should be low enough to return sufficent water
mnto the evaporator for the successful start—up

MATHEMATICAL FORMULATION

Consideration 1s given to the heat pipe wall, the wick
structure with the working substance imtially subcooled at a
umform temperature, and the vapor region A schematic
diagram of the physical model 1s shown 1n Fig 1

Heat Pipe Wall

In this region, the progress can be modeled by the
heat conduction equation in a hollow cyhnder  The
governing equation are expressed as follows

ar ar at
w _ 13 . w a [, w)
(pcp)w ot T & {rhw 0:] T l}\w dx]
(1)
Qy Qour
i
’ Adabatic '
1 Boundaryl
Y ,
Heat Pipe Wall |
fick axd Workirg Subsiance ‘howd} “/sond
! \ ———— 4 4 4 I i
RN S Free |
fr.V ' Conutnuum “low : Molegg‘ar!
1l X
e — —- -e
! ! i
i 1 I
' Adiabauc! '
Z.apora or | Secton | Condenser
{

F'g 1 Schematic magram and coordinate configuration of
the heat pipe

Wick Structure Recion

Imitianty, the workirg sucsiance 1s 1a tke soi:d siate
When heat 1s added to the evaporator ine frozen working
substance 1n the heated regron i3 melted so that :he hgmd
and sohd staies o: the work.ng suostance exst 12 the wick
Flméd mouon 1n the Lgmd regioz may then occur due to
vaporizauion and condensauion of the working scbstance
The hqud flow 1z the wick 15 considerea 1o be unsteady
two—limensional incompressiple lamunar flow wnh
neghigible body forces The flmd ana wick structure are
assumed to be 1n local ecmlibnum ana the veloaties 1n the
axial and radial directons are the local area—averaged
velocities over a cross section of a fimte element of the wick
tegion instead of the pore veloaity or actual velooty Also,
the wick 1s assumed to be 1sotropic and homogeneous The
govermng equations for the wick region are fermulated by
using the prinaples of the conservation of mass, momentam,
and energy The viscous dissipation terms in the energy
equation are neglected

The continuity, momentum and energy equations are

au
L8 (v +5t=0 (2)
av av av g v,V
1V ¢ 0_ 1% vy
?37*;7["1‘3?“’:‘5;} =5 EmE T

Vs (Vg V, OV
35 [ 3t @)

au ou au ar v,U
1% 1 t O_ 1% Yy
gt T2 [V[‘a?‘*Ura;] 7 i

(4)



3 [ 77
= (K —az] (5)
se for solid region

me for mushy region
le for 1iquid region

e(oey)gg + (1 — €) (o)

for sét(nid re ion( ) ()
pc ). = |eH T - T )+ (1-¢)(pc)s
( P fo§lmushy r’ggion p
‘(Pcp)fl + (L—¢) (Pcp)s

for liquid region

(6)

When the porosity approaches unity (no wick structure
exisig), the permeability approaches infinity. Therefore,
equations {2-5) can be reduced to the Navier—Stokes
squation for unsteady two—dimensional incompressible
iaminar flow. For the steady state, equations (2—3) also
approach a special case given by Hong et al. (1985). The
exprassicns for the porosity and the effective thermal
coaductivity of the screen wicks are giver by Chang (1987).

The govarning equations (2—3), however, are aot
aiways applicable. For example, during the second period
:he rguid siate of the working substance exists in the wick
but svaporation of the working substance a: the interface is
negligible. Also, the liquid layer is so thin tha: the effect of
natural comveciion in the liquid region is negiscted. Thus,
there is 20 fluid metion ia the lignid regioc so that oniy
equation {3) without the second and third terms is
applicable ard equaiions {2—1) are useful after the second
period when there is liquid moticn in the wick.

In addition to equations (2~5), coupling zonditions at
the liquid—solid inzerface are needed:

Te=Te=Ty (7)
se le _ ds
Ke=n ~Kee—am = Hyar ®

Vepor flow dynamics

Initially, the entire working substance is in the solid
state so that the vapor space may be nearly evacuated. As
the temperature at the interface increases, the vapor density
also increases. Continuum flow in the vapor space is
considered to be esiablished when the mean free path, A, is
substantially less than the mininum dimensions of the vapor
flow passage (Holman, 1981), e.g.,

4 A
K =g5¢0.01 (9)

*
The transition temperature, T , of the vapor corresponding
to the given dimension of the vapor space is expressed by
using the kinetic theory of gases as follows (Jang, 1988):

*

i
T 2 x M v]2 10)
2x10 i ]q [’?D—] (

When the vapor temperature is greater than that calculated
by equation (10), continuum flow is assumed to be
established in the vapor space.

When continuum flow is established in the vapor
space during the start—up from the frozen state, complex
flow phenomena are encountered in the continuum flow

region due to the extremely small density of the vapor. The
vapor pressure is low and the temperature and pressure
gradients are large in the axial directicn, so the vapor
velocity may reach the sonic velodity, and supersonic vapor
flow and 2 shock front may occur in the condenser. Thus,
the etfects of compressibility, friction at the liquid— vapor
interface and dissipation in the vapor should be considered
in the mathematical model. The vapor flow may be
considered to be axisymmetric, compressible, unsteady
laminar flow and the governing equations for this flow are
formulated with negligible body forces and heat sources as
follows. In cylindrical coordinates, the continuity,
momentum and energy equations are:

9 o, U )
14
FrrE V)T =0 (1)
v b'V : ¢',.\IV aPV
by 505+ Vgt + Uyay] =~ gt
9 9.,
tavv _ 4 Ve + 1 g, N 6~‘v’|
By 131 & {5t 37‘2’ 3 &or gZ_J
(12)
au av & &P
vV, rr v, vl _ v
Py {a:—-"v;_a?*?% 73
CLa % %% 256 (18 [
iy {? '3 [‘[sx—_ tal| TIE T w (*"v)]
3% ) (13)
T3k Lox 5
T aT 5T
Y,v V.5 vl _
pvcpv [Et_'!_\v—&?'*'uv ox) =
ap &P
14 vi, 8 v v v
:g [’Kv"azﬁ &E[Kﬁ&} ta t Ve t
Uy + 49 {14)
Where:
OV 12 YV 12 au 2 A%
_ v v}® ., v 1 (9
‘?U [ I e A P A e
7] au
v 1 2] _18 \ v
e 30V v vetZevo s

The numerical and analytical solutions of the above
equations under steady state conditions for annular and
conventional heat pipes were given by Faghri (1986) and
Faghrd and Parvani (1988). Transient results are needed for
the start—up from the frozen condition.

Initial and Boundary Conditions

Initially, a uniform temperature for the wall, wick,
and vapor regions is assumed which is less than the melting
temperature of the working substance. So, the entire
working substance in the wick is in the solid state. The
heat flux, convection and radiation boundary conditions are
applicable at the outer surface of the evaporator and
condenser of the heat pipe. Both ends of the heat pipe are
assumed to be insulated. When the liquid motion exdsts in
the wick structure, the no—slip condition is used for the
velocities at the interface between the heat pipe wall and
the wick structure.

.The boundary conditions at the liquid—vapor
interface change during the start—up process. In the first
and second periods, free molecular flow is prevalent in the



vapor space so that heat transfer tnrough the vapor space 1s
neghgivie Therefore, the adiabatic coadition 1s employed
at the uaqud-vapor interface  When coni:.zuum fiow 1s
established 1m the vapor space, vaperization and
condensation of the working suosiance at the interface is
considered by using interzace energy and mass balances
The vapor temperature at the interface 1s assumed to be the
saturation temperature corresponding to the vapor pressure
at the mterface The Clausius—Clapeyron relationship 1s
used to ootain the saturation temperature The continwmty
of the axial veloaty and shear stress 1s also used The
pressure difference at the liquud—vapor interface induced
from the action of the surface tension is given by using the
Laplace and Young equation This condition couples the
liqied and vapor momentum equatioas at the hqud—vapor
mnterface

Whle part of the vapor space 1s in the continuum
flow reg:me, free molecular flow also exisis in the rest of the
vapor space Even though the heat transfer through the free
molecular fow region ma; be neghmole, the boundary
conditions at the border of the two regions are needed to
solve the govermng equations for the continuum flow region
Stnce a large temperature gradient exists in ine continuum
flow region 1 the condenser dunng siart—up, most of the
vapor may be condersed at the interlace Thus the vapor
venetration 1n the free molecular Jow tegon may be
minimal Or penetraiion may OCCUL 'R ihe 1mIrediate VIGIy
of the 'nterface cetween tre cont nuum Jow regicn and ihe
free mowecular flow region  Also, the iemperature 1n the
regior of free molecria~ fow remains unchanged except
she wictmty of ine cort:inuum flow region aue to the near
«acuum Therefore, an 1magirary plane, which 1s adiabatic
and rormal to the ax:al directicr, is assumed to divide ihe
wwo vavor dow regions at the pomnt of the transition
temperature The a:viding plane moves towaras the cooled
end of tne heat pipe as the locauon of tae transion
{emperature at the uquid—vapor interface moves

The axasymmetrc condition along the centerune of
the heat pipe 1s used in continuum ficw region The no—ship
condition and the aa:abatic conditon at poik eads of the
heat pipe s also usea for the velocities and temperatare
The pressure and density at both ends of the heat pipe are
uaknown but the vapor velociiy near the ends of tne heat
proe 1s so low that the axal pressure ard densriy gradieats
are assumed to be zero All of the boundary conditiors for a
mathematical model of the heat pipe siart—up from the
frozen state 1s surmmanzed n Table L

SIMPLIFICATION OF THE MODEL

The mathematical model, equations {1—14), for tne
start—up behavior of the hqmd meta: heat pipe described int
the previous section includes most of the physical
phenomena which may occur in the heat pipe Therefore,
this model 1s very complex to solve numencally The effect
of some physical phenomena may be neghgble, so a
simplified model 1s derived to predict the performance of the
heat pipe dunng the start—up pennod For this purpose,
assumptions are made based on the cnaractenstics of the
heat pipe and previous studies

The denmsity of the hqud state of the working
substance 15 much greater than that of the vapor state, so
the velocity of the working substance 1n the wick structure
15 small The thermal conductivity of the liqud metal 1s
large and the thickness of the wick region 1s very thin It 1s
then assumed that the effect of the hiqud flow 1 the wick
structure 1s neghigible and the wick structure 1s saturated by
the working substance Thus, the heat transport through the
wick structure and working substance 1s by conduction only
but the phase change of the working substance 15 considered
Under these assumptions, the same goverming equation 1s
also applicable to the heat pipe wall and the wick structure
by using the proper properties for each region The

EOVerming equailon 1s given as foilows

" L _1s (e T g T
pcaxot—zc:[‘xarj cx . ox !
(19)

w for wall region

se for solid region in the wick
me for mushy region in the wick
le for l1quid region 1n the wick

The expression of (pc )l for the wick structure region 1s
given by equation (6) The thermal conductivity, Kl, can

be the thermal conductivity of the wall matenal {or the wall
region  When the effect.ve thermal conductivity for the
wick region 15 calcuated by using the expression gven bty
Chang (1987), the thermal condactivity for the worlqr:{gi
substance 1s substituied by the sold conducuwvity, hiqw
condact.vity, or the average value of the soba ancd lLqua
corductivity of the work ag subsiance corresponaing to the
soird, leuid, or musny region, respectively

The vapor flow 15 al:o simphied furtrer from :he
two—d.mersional moael to a onpe—dimersional model since a
previcas »tady (Jang er al, 192G) shows thau the
one—cimens'cnal iransient compressible model descnibed the
vapor flow drnam:cs as well as the two—dimernsional moael
for simulated heat pine vapor flow The transient
compressibie one—dimzunsional comtinuity, momweatum and
erergy equation are wntten as follows

A 4p V (x)
G lo) + (U, = 2 (19)
2 L8 3 a Uy
& (AU = 5 (00U - 5 [Pv T3k Tx }
2va3f
=-—7 (17
E, g s U, . Ty
ot *Rtbv(:’v*Pv’ 3 Hy Ix v_hvox,
2 2.
4p V_{x) V() 2p U
0 0 ) 0 VOV g
—_ [no(x + —2—] - U

Since the govermng equations are surphfied, the
corresponding boundary conditions are also modified to
match the goverming equations

NUMERICAL PROCEDURES

The goverming equations are separately solved for
each region When the couplhng is implemented at the
interface, iterations are needed To reduce the amount of
computer time, non—iterative schemes are employed for
each region The well-known alternating direction imphcit
(ADI) method 1s used for the heat pipe wall and wick, and
the phase change of the working substance durning start—up
1s modeled by using the equivalent heat capaaty method
(Hs1a0, 1985) This method approxxmates the rapid change
of the heat capaaty over the phase change temperature
range, which 1s an artifically defined fimte temperature
range, AT, instead of using the Dirac function In the
numerical calculation, this property is evaluated based on
the nodal temperatures The imphat Beam—Warming
method 1s used for the vapor flow dynamics The detailed
numerical method for the vapor flow in the heat pipe 1s
described by Jang et al (1989)



Afier coniizunum flow exisis in the vapor space,
equazion (15) should be coupled witk equations (16-18) by
using 1be sams bouncary conditions at the interface. The
ccupling of the govermng equations for the vapor region to
ttose for the wail and wick regions would be achieved by
usicg the heat flux and the saturation iemperaiure at the
interface. Howevgr, the heat flux at this interface and the
saturation temperature are initially unknown, so that these
boundary conditions should be assumed and iterations are
needed for each time step until the coupling conditions are
satisfied along the interface. The numerical procedure used
for coupling is as follows:

1. It is assumed that the liquid—vapor interface
temperature is the initial temperature for the first
time step.

2. Solve for the temperatures in the wall and wick
regions.

3. Calcuiate the heat fluxes, q, at each node of the

liquid—vapor interface by using the temperatures
(T__, and Tj) in the wick region.
i

, (Ti_1 - T‘)
q= K, —=—t (19)

These heat fluxes are used as the btoundary
conditions at the interface to solve for temperatures
in ihe wall and wick regions.

Use the same heat fluxes to solve the vapor
temperature and pressure for the same period at the
wall and wick regions. Obtain the saturation
temperature, TS, by using the Clausius—Clapeyron

relationship.
6. Cq.lculate the new heat fluxes, q, at the interface by
using the saturation temperature, Ts’ in ihe wick.

(T, —T)
P Vi1 s
¢ =K~ (20)

Compare the new heat fiuxes, g, with the old heat

fluxes, q, at each node of the intertace.

8. If the difference between the new heat flux and-old
heat flux is within an acceptabie range, repeat steps
4 to 7 for the next time step.

9. If the difference between the new heat flux and the

old heat flux is not within the acceptable range,

assume new guessed heat fluxes, q", by using the

relaxation method and repeat sieps 4 to 7 until the

comparison of the results is acceptable.

Ha

n

-~

" =q+a(qg —q) (21)

10.  Repeat steps 4 to 9 until the temperatures reach the
steady state.

When the coupling of the governing equations is
attempted, some physical characteristics of the two regions
are considered. Since the density of the vapor is much
smaller than that of the liquid, the volumetric specific heat

[N (=881J /m3K) for the vapor is much smaller than that

(= 1040.1 KJ /m3K) for the liquid. Therefore, a difference
between the transient response times of the vapor region,
and the wall and wick ref:ns exists. The time step for the
vapor space should then be much smaller than that for the
wall and wick regions. The governing equations for the wall
and wick regions are solved for one time step by using the
heat flux assumed at the interface, and then the gcverning
equations for the vapor space are solved by using the same
heat flux at the interface and smaller time steps for the
same period as the wall and wick regions.

RESULTS AND DISCUSSION

The governing equations for the wall and wick
regions acd the vapor flow are separaicly saived, and thea
are coupled at the liquid—vapor interface. Therefore, the
numerical methods and algorithms cax be separately tested
and compared to the available data. Since the working
substance changes phase from the solid state to the liquid
state during the start—up period from the frozen state, this
effect should be incorporated into the numerical model. The
solidification of.sodium in a square region is chosen to verify
the numerical model and algorithm for governing equation
15). The results are in agreement with available data
Rathjen and Jiji, 1971). The tramsient one—dimensional
model for the vapor flow dynamics in the heat pipe has
already been verified by Jang et al. (1989). The combined
model is used to predict the performance ot the liquid—metal
heat pipe.

Simulciion of the neat pipe stert—up in the initial stages

Previous experimental resulis (Deverall et al., 1570)
show that successiul start—up of the frozen heal pipe greatly
depends on the boundary condition at the outer suriace of
the evaporator and condenser. For successful start—up from
the frozen state, the heat input and ouiput should melt the
working substance in the condenser and allow sufficient
liquid to -eturn to the evaporaior. All of the previous
experimental results show the wall surface temperatares, so
that even for successful start—up the staius of the working
substance with time is waknown. Thus, the governing
equations which described the start—up behavior of a
cylindrical heat pipe duricg the first and second periods are
solved numerically to examine the efiect of the boundary
conditions and to recommend the optimum boundary
condition:

The physical model has zvaporator, adiabatic, and
condenser sec:ion lengths 0f 0.2, 8.1 and 0.2 m, respectively.
The radius of the vapor sgace and the inner and outer radii
of the heat pipe wall are 0.00685, 0.60%, and 0.01 m,
respectively. The material for the heat pipe wall and wick
structure is stainless steel {AISI 316). Sodium initially in
the solid state at the ambient temperaiure is used as tke
working substance. The melting temperature of sodium is
371 K and the transition temperature of 680 K is. obtained.
by using equation (10) for the radius of the vapor space
(0.00685m) by iteration. Three different boundary
condition cases are chosen for the outer surface of the heat

pipe. A uniform inpui heat fiux of 50 KW/m2 and radiative
heat output are used on the evaporator for all three cases.
An emissivity of 0.9 and a radiation reference temperature
of 293 K are empioved. The boundary conditions at the
condenser and adiabatic sections are changed while that at
the evaporator remains the same for all three cases. The
liquid—vapor interface is assumed to be adiabatic due to the
free molecular flow in the vapor space during initial two
periods.

For case 1, only radiation is used in the condenser to
reject heat. Figure 2 shows the temperature distributions at
the heat pipe outer wall surface and the liquid~vapor
interface.  As heat is added in the evaporator, the
temperature in the evaporator increases and at 20 seconds
the working substance in the evaporator is in the liquid
state. However, the temperature in the condenser is not
changed from the initial temperature and in the adiabatic
section the temperature in the region adjacent to the
evaporator increases due to axial conduction. Additional
heat input in the evaporator increases the temperature
above the transition temperature in the evaporator, but the
temperature in the condenser is still not changed so that a
large temperature gradient exists. In the adiabatic section,
part of the working substance (sodium) is in the liquid



siate. When the heat input is continuved at the evaporator,
vaporizaiion occurs at the interface in the evaporator.
ch_ever, {he workiag substance in most of ihe adiabatic
seciion aad condenser is in the solid state. Thereicre, the
bezi inpu:i in the evaporator should be smail to prevent
dry—out of the wick structure while the working substance
in the solid state is melted. Even though successful
start—up may be possible for this case, the start—up
progresses very slowly.
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Fig. 2 Temperature distribution at the ounter walil surface
and liquid~vapor interface of the heat pipe wall with
time for case 1.

For case 2, 10 kW/m2 is added in the condenser in
addition to the radiative boundary condision to assist in the
siari~up of the {Tozen heazt pipe. Figure 3 shows the
temperature disiributions at the outer wail surface ard
liquid—vapor interface. Since a small amount of heat is
added in tke condenser, the temperature in the condenser is
raised above the meiting temperature.  However the
temperature in the adiabatic section is still below the
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Fig. 3 Temperature distribution at the outer wall surface
and liquid—vapor interface of the heat pipe wall with
time for case 2.

melting temperature. Thus, liquid in the condenser cannot
flow 1o evaporator uaiil the working substance in the
adiabatic section liquefies. = The temperature in the
adiabatic section increases relatively faster than thai for
case 1 due to heat transier at both ends of the adiabatic
section. The start—up period may be shorter than that for
case 1.
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Fig. ¢ Temperature distribution at the outer wall surface
and liquid—vapcr interface of the heat pipe wall with
time for case 3.

Finally, the adiabatic section is used as part of the

condenser and 10 kW/m2 of heat is input in the condenser
seciion. Figure 4 shows the temperature distributions at the
heat pipe surface and the liquid—vapor interface and Fig. 5
shows the surface temperature at different times. Even
though a large temperature gradient still exists along the
axial direction, the working substance is completely melted .
in the entire heat pipe in 80 seconds. When vaporization
occurs in the evaporator, the working substance can flow
from the condenser to the evaporator to prevent dry—ous of
the wick structure in the evaporator. Thus, a relatively
large amount heat can be added at the evaporator without
dry—out so that the start—up period is expected to be much
less than those of cases 1 and 2.

Transient Heal Pipe Operation -

To simulate the coupling of the governing equation
for the wall and wick to that for the vapor flow, the same
physical heat pipe model is used except that the adiabatic
section is eliminated. Sodium is employed as the working
substance. In order to concentrate on the coupling problem,
it is assumed that continuum flow is established in the
entire vapor space and the working substance is in the liquid
state. To yleld these conditions, a uniform initial
temperature of 800 K, which is greater than the tranSition
temperature (680 K), is used for the wall, wick, and vapor
regions. The external surfaces of the heat pipe wall at the
evaporator and condenser are exposed to a uniform heat flux

of 50000 W/m2 and a convective boundary conditior,
respectively. A reference temperature of 300 K and a heat

transfer coefficient of 100 W/m2K are used for the
convective boundary condition at the condenser sectiom.
The time step for the vapor space should be much smaller
than that for the wall and wick regions, so a time step of 0.1
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second is employed for the wall and wick regions and time

siep of 0.1 x 1073 second is used ‘or the vapor flow.
Twenty nodes in the racial direction and 160 nodes in the
axial direction are used at the wall and wick regions. Also,
180 nodes are employed along the vapor space. A relaxation
factor of a = 0.00003 is used to obiain the new guessed heat
dux.

Figure 6 stows the temperature distributions at the
outer wall surface, lqud-vapor interface, and the
saturation temperature for a time of 0.3 second. The
1emperature distribution at the outer wall surface is uniform
within each sectiom, and pear ihe border betweern the
evaporaior and condeaser the surface temperature abruptly
changes corresponding to the boundary conditions at the
surface. The interface temperature matches well with the
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Fig. 6 Temperature distributions at the outer wall surface
and liquid—vapor interface, and saturation
temperature for time of 0.3 second.
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saturation temperature which is evaluated by using the
Clausius—Clapeyron relationship with the vapc: pressure.
The saturation temperaiure decreases gradually. Figere 7
shows the heat flux distribution at the interface. The new
heat flux calculated is converged to the old heat flux. The
maximum difference between the two heat fluxes is about
10%. Even though the heat flux at the surface is relatively
uniform, the heat flux at the interface is not uniform. Also,
the heat flux at the interface is muach less than that at the
surface. This implies that most of the energy is used to raise
the wail and wick temperature at this moment. Figure 8
shows the vapor temperature, pressure, velocity, and density
distributions. The variation of the vapor temperature,
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Fig. 7 Comparison of new heat flux with oid hea: flux at
the interface for time of 0.3 second during transient
continnum flow.

pressure, and density is small. Also, a Mach number of M =
0.027 is obtained at the exit of the evaporator.
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Fig. 8 Axial variations of temperature, pressure, density
and velocity for time of 0.3 second during transieat
continuum flow.

CONCLUSIONS
The start—up process of the frozen heat pipe is



described based on the experimental resnlts. A complete
mathematical model is developed to predict the stami—up
behavior of the heat pipe irom the frozen condiiion. The
simplified model is used to obtain the nnmerical results. The
numerical results during the first and'second periods show
that the heat flux distributions ' for the evaporator and
condenser should be chosen to melt the working substance in
the condenser prior to0 vaporization occurring in the
evaporator. A small amount of heat input at the condenser
helps start—up and a high heat rejection at the condenser
during the start—up should be avoided. The coupling of the
two—dimensional iransient model for the wall and wick to
the one—dimensional transient model for the vapor flow is
achieved when continuum flow exists in the vapor space.
During the transient operation, the heat flux distribution at
the interface is quite different from that at the surface.
Efforts to improve the present model will continue.
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Table 1. Summary of the boundary conditions for a mathematical model
of the heat pipe start-up
Time | 1st and 2nd periods 3rd period 4th period 5th and 6th periods
Event heat transfer b{ solid and liquid states; liquid motion in no solid state of the vorking substance; [liquid motion in the wick; continuum flov
conduction; no liquidjthe wick; continuum flov in the part of the | liquid motion in the wick; continuum flow|in the entire vapor space; the heat pipe
motion; free vapor space in the part of the vapor space approaches the steady state operation
Location wolecular flov
outer wvall 01" 4 4
surface L =a(xt) h(T-T)) + of(T.7 - 1.7)
=1 =T TH=Tle
vall and vick v JTi a, i dT' OTle
structure interface lw'ﬂ? = li'ﬂf lv_ﬂf = li'?? lv—vf = lle'?f'
(r=1) Uy=V,=0for T, > T (liquid region) Up=V,=0
f;% =0 for T, < r (free molecular flow 3;55 =0 for T, < T’ (free molecular|K,, f;%g - lv'?% = h,, io
region r flow region)
xm‘e-x Y -h, & forT, >T x“‘e K—Y-h, & forT, >1 |U,=u
(3 var T Mey Mo 10T Yge 2 e " Or T Mty Mo 10T Tge ? Yy
o ] N, ¢ Y GUt o,
liquid- vapor Ug = by BgE T by T Ug = Yy xSl x Al
interface . . .
(r:.) ﬂ:o v=_£=g=ﬁ ¥ -..B:.g:ﬁ! v:-fl).:p—v
v o ¢ [TRRTI t TRRTRA ¢ Py Py Y
R _ W _ 2w . - ¢
v Pe= Py Pe= i Py Py =
P p P '
1 v 4 P § L S S L S N |
Tee Wy Py Tee Wy Por Yoo By Py
ﬂv
vall w =0
both a a a1
ends wick Fii =0 3;1 =0 le 0
of the | structure Uy=V¥,=0 for T, > T, (liquid region) U,=Y,=0
pipe
(x = 0,L) vapor no boundary condition{U =V =0 for T, > T (C?:Zigﬁgm flov U=V, =0
space is needed due to |OT O dp, o, e, b,
free molecular flov (% "0k - & - ° ® o w0
; . * (continuum flow
centerline of no boundary condition V,=0 for T, 2T region) v, =0
the pipe (r = 0) is needed due to  [dp O, O, 0P, %, o, O 0®
=0 WS % & O

free molecular flow
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