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ABSTRACT 
The start—up process of a frozen heat pipe is 

described and a complete mathematical model for the 
start-np of the frozen heat pipe is developed based on '.he 
existing experimental data, which is simplified and solved 
niimericaiiy. The two—dimensional transient model for the 
wail and wicic is coupled with the one—dimensional transient 
model for the vapor flow when vaporisation and 
condensation occur at the interface. A parametnc study is 
penonced to examine the eSect of the boundary 
speciiicatron. at the surface of the outer wall on the 
successful start-up trom the frozen state. For successful 
s tan-ap, the boundary specification at the outer wall 
surface must melt the working substance in the condenser 
before dry—out takes place in the evaporator. 

NOMENCLATURE 

c specific heat at constant pressure, J/kg—K 

c^ specific heat at constant volume, J/kg—K 

diameter of the vapor space, m 
total energy of the vapor per unit volume, p [c .̂T + 

D 
E 

1/2 (U.2 - V^)j 

^ftr 

k 
K 

V v' 
2 

Miction coefficient at the wall, r/pU 

enthalpy, J/kg 

heat transfer coefficient, W/m — K 

latent heat of vaporization, J/kg 

latent heat of melting per unit volume, J /m 
0 

permeability of the wick structure, m" 
thermal conductivity, W/m—K 
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length of the heat pipe, m 

rate of evaporation or condensation per unit area, 

kg/m--s 
molecular weight, kg/Kmol 
unit outward normal direction 

o 
pressure, N/m" 

2 
heat flux, W/m 

0 
new heat flux, W/m" 
new guessed heat flux, W/m" 
reference pressure for the Clansius—Clapeyron 

relationship, N/m" 
coordinate in the radial direction 
effective capillary radius, m 

radius of curvature of the meniscus, m 

radial distance between nodes, m 
universal gas constant, KJ/Kmol-K 

radius of the vapor space, m 

inner radius of the heat pipe wall, m 

interface position in vector, m 
time, s 
temperature, K 
reference temperature for convection, K 

reference temperature for the Clausius—Clapeyron 

relationship, K 
melting temperature, K 

reference temperature for radiation, K 

saturation temperature, K 

temperature at node j—1 in the radial direction in the 

wick region, K 

temperature at last node near liquid—vapor interface 

in the radial direction in the wick region, K 

transition temperature, K 



AT small finite temperature interral around T to 
m 

denae mushy zone, K 
U axial velocity, m/s 
V rad;al velocity, m/s 
z coordinate in the axial direction 

GREEK SYMBOLS 
a relaxation factor 
i (T -T j j j ) Dirac function 

e porosity 
8 contact angle of the liquid, deg 
A length of mean free path, m 

2 
fi dynamic viscosity, N-s /m 

2 
1/ kinematic viscosity, m /s 
f emissivity 
p density, kg/m 

0 A 
a Stefan—Boitzmaan constant, W/(m"—K ) 
T shear stress 
iij surface tension, N/m 

SUBSCRIPTS 
U working substance in the liquid state in the wick 
fe working substance in the solid state in the wick 
t liquid where there is liquid motion in the wick 
& wick region where the working substance is in the 

liquid state 
me wick re^on where the working substance is in the 

mushy state 
0 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 cooling the 
leading edges of reentry vehicles and hypersonic aircraft, 
and a space-based power station stimulates the study of 
the start-up of frozen liquid—metal heat pipes. .41so," the 
start-up of frozen low temperature heat pipes is important 
in applications such as heat pipe heat exchangers, cooling 
electronic equipment, and mdting the snow and ice on roads 
and bridges. 

Neal (1967) and Shlosinger (1968) performed the first 
experimental tests to study the start—up performance of low 
temperature heat pipes with the water initially frozen. 
Deverall ei al. (1970) also made a series of tests with waier 
and liquid metal heat pipes. Successful start—up ficom 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). 
Ivaaovskii 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 structure, energy 
transport is described by the transient, two-dimensional 
heat conducdon equation, and the phase change of the' 
working substance is taken into account. In the vapor 
region, &ee molecular, choked and continuum flows are 
considered and one—dimensional, compressible quasi—steady 
state laminar flow is assumed. The numerical results 
obtained by using the finite element method are in 
agreement with experimental results given by Camarda 
(1977). 

The liquid metal heat pipe operates not only at high 
temperatures but also the initial temperature 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 molecular 
flow, continuum flow, sonic and supersonic flow may be 
encountered due to the extremely small density during the 
start—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 start-up 
behavior and transient performance of the high temperature 
heat pipe is therefore important and an efficient 
mathematical model is needed to predict this behavior. 

The first part of this paper presents a complete 
mathematical model to describe the start—up behavior of 
the heat pipe from the frozen state. This model is then 
simplified to obtain numerical results. To the authors' 
knowledge, the analysis presented here is the only model 
that includes the effect of the transient vapor flow in the 
analysis of the stan—up of a heat pipe from the frozen state. 
After the mathematical models are tested separately, the 
models are used for a parametric study of the start—up of 
frozen heat pipes. 

DESCRIPTION OF HEAT PIPE START-UP 
Previous experimental observations suggest the 

following sequence of events during heat pipe start-up from 
ins frozen state. Initially, the working substance is in the 
soud state and the vapor density is extremely low, so that 
free molecular flow conditions prevail throughout the vapor 
space. The input 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 axial 
conduction through the heat pipe wall, worJdng substance, 
and wick structure, while the heat transfer in the vapor is 
almost negligible. Thus, a large temperature gradient exists 
between the evaporator and condenser. 

When energy 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 interface 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 flows 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 
established. The temperature near the evaporator remains 
constant and the location of the temperature gradient moves 
toward the end of the condenser until continuum 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. 
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Also, the vapor flow m the heat pipe is quite similar to the 
flow la a converging—divergic| nozzle due to the vapor 
aadiUon in the evaporator and the vaoor removal in the 
condenser (Demi and Rear, 1982) Thus, the heat transfer 
througc the vapor space may be limited by the choked flow 
condition, and supersonic vapor flow and a saock front may 
occur in the continuum flow region m the condenser The 
maximum rate of heat transfer is bmited by the some hmit 
so that a high heat input in the evaporator causes the 
vanous types of start—up failure 

The start—up process continues until the frozen 
working sm^tance is completely melted and the continuum 
flow regime reaches the end of the heat pipe, at which time 
hqmd returmng to the evaporator is sufficient for normal 
transient operation Eventually, the heat pipe may reach a 
steady state condition The start—up process of the bquid 
metal heat pioe from a frozen state may be divided into 
several dist.nct oenods for convemence of analysis based on 
toe status of the worhng substance and the behavior of the 
vapor flow 

1 In the first oenod, no phase cringe takes place m the 
entire region but the temoerature near the heated 
region increases Tne vapor flow is in the free 
molecular condition 

2 T"ce working substance m the evaporato"- is m the 
ucuid state, but evaporation does not occur at the 
Uouid—vacor interface 

3 The Lquid and solid states of the working substance 
exist simultaneously m the wics structure and 
vaporization of the working substance takes place at 
the hqina—vapor icteriacs In the vapor space, a 
region of continuum flow is established m the heated 
region ard a continuum flow front moves tovard the 
cooled end of the heat pioe The vapor flow may be 
choked at the beginning of tae condenser 

4 The working substance is completely melted but free 
molsculcr Cow still exists in part of the vaoor space 

5 Continuum flow exists over the entire heat pioe 
length m the vapor region but the heat pipe does not 
reacn tne steady state condition 

5 The heat pipe then reaches the steady state 
operation 

For low temoeratiire heat pipes, the experimental 
results of the successful start—up from the frozen state are 
verj' rare Deverail et ai (1970) successfully started a water 
heat pipe from the frozen state (208 K) The wall 
temperature distribution obtained is similar to that of high 
temperature heat pipes The vapor temperature was not 
obtained, but the vapor density is relatively high even 
around the melting temperature This means that the vapor 
veloaty is very low so that choked flow and supersomc 
vapor velocities may not be encountered dunng start—up 
Unlike high temperature heat pipes, expenmenial results 
show that the heat pipe becomes immediately active where 
the ice IS melted, but there still is a large temperature 
gradient in the axial direaion The heat input at the 
evaporator should be low enough to return suffiaent water 
into the evaporator for the successful start—up 

MATHEMATICAL FORMULATION 
Consideration is given to the heat pipe wall, the wick 

structure with the working substance initially subcooled at a 
uniform temperature, and the vapor region A schematic 
diagram of the physical model is shown in Fig 1 

Heat Pipe WaU 
In this region, the progress can be modeled by the 

heat conduction equation in a hollow cyhnder The 
govermng equation are expressed as follows 

OT l a r 5 T T O f 5 T i 

^^D^w ~aT - Im r'^w ~OT\ ^ ^ I*̂ w -Ji\ 
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F'S 1 Schematic oiagram and coordinate configuration of 
the heat pipe 

Wxdk. Si-riciuTt Rtcut-
Initiaiiy, the workirg sucstance is m the solid state 

When heat is added to the s\aoorator tne frozen working 
substance m the heated reg'o:i is melted so that the liquid 
and solid states o: the worK.ng suostance exist m the wick. 
Fluid motion in the Lqmd region may then occur due to 
vaporization and condensation of the working substance 
The hqmd flow in the WICK IS considerea to be unsteady 
two-dimensional incompressiole laminar flow with 
neghgible bodj forces The fluid ana wick structure are 
assumed to be in local ecmlionum ana the veloaties in the 
axial and radial direcfons are the local area—averaged 
veloaties over a cross section of a fimte element of the wick 
region instead of the pore veloaty or actual veloaty Also, 
the wick IS assumed to be isotropic and homogeneous The 
govermng equations for the wick region are formulated by 
using the principles of the conservation of mass, momentum, 
and energy The viscous dissipation terms in the energy 
equation are neglected 

The contmmty, momentum and energy equations are 
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region due to the extremely smaU density of the vapor. The 
vapor pressure is low and the temperature and pressure 
gradients are lar^e in the axial direction, so the vapor 
velocity may reach the sonic velocity, and supersonic vapor 
flow and a shock front may occur in the condenser. Thus, 
the effects 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 
lanunar flow and the governing equations for this flow are 
formulated with negligible body forces and heat sources as 
follows. In cyUncbrical coordinates, the continuity, 
momentum and energy equations are: 

dp , a a(p U ) 

(6) 

When the porosity approaches unity (no wick structure 
exists), the permeability approaches infinity. Therefore, 
equations (2—5) can be reduced to the Navier-Stokes 
equation for unsteady two—dimensional incompressible 
laminar flow. For the steady state, equations (2—5) also 
approach a spedai case given by Hong et al. (1985). The 
expressions for the porosity and the effective thermal 
conductivity of the screen wicks are given by Chang (1987). 

The governing equations (2—5), however, are not 
always applicable. For example, during the second period 
the liquid state of the working substance exists in the wick 
but evaporation of the working substance at the interface is 
negligible. Also, the liquid layer is so thin that the effect of 
natural conveaion in the liquid region is neglected. Thus, 
there is 20 fluid motion in the liquid regioc. so that oniy 
equation (5) without the second and third terms is 
applicable and equations (2—4) are useful after the second 
penod when there is liquid motion in the wick. 

In addition to equations (2—5), coupling conditions at 
the liquid—solid interface are needed; 

Se = ^l (7) 
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Vapor 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 established when the mean free path. A, is 
substantially less than the mininum dimensions of the vapor 
flow passage (Holman, 1981), e.g.. 

K „ . ^ < 0 . 0 1 (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): 

T > M 

2x10 ̂ T T . m (10) 

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 

Where: 

-.-av ,2 

1= ^ [ M - [T̂ ] 
^^1^ 

a"U,2 
. l ( V . V ) 2 j v . V = i | ( r V ^ ) + 

^ 1 ^^\ 
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ax 

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 
Faghri and Parvani (1988). Transient results are needed for 
the start—up from the frozen condition. 

liiitial 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 exists 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 is 
negligiole Therefore, the adiabatic condition is emoloyed 
at the uqmd—vapor interface When coaticuum flow is 
established m the vapor soace, vaponzation and 
condensation of the working suostance at the interface is 
considered by using interlace energy and mass balances 
The vapor temperature at the interface is assumed to be the 
saturation temperature corresponding to the vapor pressure 
at the interface The Clausius—Clapeyron relationship is 
used to ootam the saturation temperature The continmty 
of the aLxial veloaty and shear stress is also used The 
pressure difference at the bquid—vapor interface induced 
from the action of the surface tension is given by using the 
Laplace and Young equation This condition couples the 
hqiud and vapor momentum equations at the bquid—vapor 
mterface 

While part of the vapor space is in the continuum 
flow reg-.me, free molecular flow also exists m the rest of the 
vapor space Even though the heat transfer through the free 
molecular flow region ma/ be negbgiole, the boundary 
conditions at the border of the tvvo regions are needed to 
solve the govermng equations for the continuum flow region 
Since a large temperature gradient exists in tae continuum 
flow region in the condenser dunng start—up, most of the 
vapor may be condersed at the interi'ace Thus the vapor 
oenetration m the free molecolar flow reg-on may be 
mimmal or oeieiration ma^ occur m tne immecLiaie viariiy 
of the 'nterface ceiween tne coat nuum flow region ana the 
free moiecular flow region Also, the temperature in the 
regior of free mo'.ectila' flow remains unchanged except m 
the viamty of tne continuum flo*' region aue to the near 
• acuam Tnere''ore, an imaginary p'ane, which is adiabatic 
and normal to the axial direction, is assumed to divide the 
two vat5or flow regions at the point of the transition 
temperature The Oividing plane moves towarcs the cooled 
end of tne heat pipe as the location of tae transition 
temperature at the iiauid-vapor interface moves 

The axisymmetrc condition along the centeriine of 
the heat pipe is used m continuum flc* region Tne no—slip 
condition and the aoiabatic condit'on at Doth ends of the 
heat pipe is also usee for the velocities and ternperat are 
The pressure and density at both ends of the heat pipe are 
imknown but the vapor veloatj near the ends of tne heat 
Dioe 15 so low that the axial pressu'-e ard density gradients 
are assumed to be zero All of the ooundary conditiors for a 
mathematical model of the heat pipe start—up from the 
frozen state is summarized in Table L 

SIMPLIFICATION OF THE MODEL 
The mathematical model, equations (1—14), for tne 

start—up behavior of the bqmd metai heat pipe descnbed in 
the previous section includes most of the physical 
phenomena which may occur in the heat pipe Therefore, 
this model is very complex to solve nnmencally The effect 
of some physical phenomena may be negbgible, so a 
simplified model is derived to predict the performance of the 
heat pipe during the start—up period For this purpose, 
assumptions are made based on the characteristics of the 
heat pipe and previous studies 

The density of the bquid state of the working 
substance is much greater than that of the vapor state, so 
the veloaty of the working substance in the wick structure 
is small The thermal conductivity of the bqmd metal is 
large and the thickness of the wick region is very thin It is 
then assumed that the effect of the bqmd flow m the wick 
structure is negbgible and the wick structure is saturated by 
the working substance Thus, the heat transport through the 
wick structure and working substance is by conduction only 
but the phase change of the working substance is considered 
Under these assumptions, the same governing equation is 
also applicable to the heat pipe wall and the wick structure 
by using the proper properties for each region The 

governing equation is given as foflows 

fo. ^ ^ 1 1 a r , ^ 0 d U. ^ i i 
(^o)i o r = 7 ^ ^^1 oTl - ^ ^1 oF 

(15) 

w for wal l region 
_ s e for s o l i d region m the wick 

' ~ me for mushy region in the wick 
Lt for 1 iquid region in the wick 

The expression of (pc ) for the wick structure region is 

given by equation (6) The thermal conductivity, K , can 

be the thermal conductivity of the wall material for the wall 
region When the effective thermal conductivity for the 
wick reeion is calcnated by using the expression g-ven by 
Chang |l9S7), the thermal conductivity for the workiE? 
substaace is substituted by the sohd conduciiviiy, bqmd 
condact.vity, or the average value of the soba and Lqma 
corductivity of the work ng suostance correspoaoing to the 
soud, hcuid, or musny region, "-espectiveij 

The vatwr flow is alsO siipplified further from the 
two—d-oiensicnal mooel to a one—dimensional model since a 
previOLis stady (Jang et a l , 19S9) shows that the 
one—dimens'cnal transient compressible model described the 
vapor flow dynamjcs as well as the two—dimei^sional moael 
for simulated heat pioe vapor flow The transient 
compressible one—dimensional continuity, moiPeatum and 
energy equation are written as foflows 

l t W ) - f e W = ^ ^ (16) 

1 (p U ) -r t - (p U U W ^ fp -ilL TT-̂ l at ^^\ V' ox ^ v V V' oKj^v 3 ' ^ v o x J 

2p U^f 

aE„ a r < au^ aT 1 
_ ^ . ^ ^ | U (E J-P ) _ ' u ^ U - K ^ - ^ 
ot crc [ V ^ V v' 3 *̂ v dx v v ax I 

ip V (x) f V^(X)T 2p U^f 
_ ^O O'' ' ( , , N , O'' 1 , ^ V V T, 

(18) 

Since the govermng equations are simpbfied, the 
corresponding boimdary conditions are also modified to 
match the govermng equations 

NUMERICAL PROCEDURES 
The governing equations are separately solved for 

each region When the coupbng 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 impbat 
(ADI) method is used for the heat pipe waU and wick, and 
the phase change of the working substance dunng start—up 
IS modeled by using the equivalent heat capaaty method 
(Hsiao, 1985) This method approximates the rapid change 
of the heat capaaty over the phase change temperature 
range, which is an artifiaaUy defined fimte temperature 
range, AT, instead of using the Dirac function In the 
numencal calculation, this property is evaluated based on 
the nodal temperatures The impliat Beam-Warming 
method is used for the vapor flow dynamics The detailed 
numerical method for the vapor flow in the heat pipe is 
descnbed by Jang et al (1989) 
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.After continuum flow exists in the vapor space, 
equation (15) should be coupled with equations (16—18) by 
using the same boundary conditions at the interface. The 
ccapiing of the governing equations for the vapor region to 
those for the wall and wick regions wpuld be achieved by 
Using the heat flux and the saturation temperature at the 
interface. Howev,pr, 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 coupbng conditions are 
satisfied along the interface. The numerical procedure used 
for coupbng is as follows: 

It is assumed that the liquid—vapor interface 
temperature is the initial temperature for the first 
time step. 
Solve for the temperatures in the wall and wick 

1. 

2. 

3. 
regions. 
Calculate the heat fluxes, q, at each node of the 
bquid—vapor interface by using the temperatures 
( T ^ , and T-) in the wick region. 

q = K 
& i r (19) 

These heat fluxes are used as the boundary 
conditions at the interface to solve for temperatures 
in the 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, T , by using the Clausius—Clapeyron 

relationship. 
Calculate the new heat fluxes, q', at the interface by 
using the saturation temperature, T , in the wick. 

CT — T ) 

< l ' = K & ^ ^ ^ O S 7 - ^ (20) 
Compare the new heat fluxes, q ' , with the old heat 
fluxes, q, at each node of the interface. 
If the difference between the new heat flux and old 
heat flux is within an acceptable range, repeat steps 
4 to 7 for the next time step. 
K 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 steps 4 to 7 imtil the 
comparison of the results is acceptable. 

q" = q - i - Q (q ' - q) (21> 

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

When the coupbng 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 

pc (= 8.8 J /m K) for the vapor is much smaller than that 

(= 1040.1 KJ/m^K) for the bquid. Therefore, a difference 
between the transient response times of the vapor region, 
and the wall and wick regions 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 waU 
and wick regions are solved for one time step by using the 
heat flux assumed at the interface, and then the governing 
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. 

optimum boundary 

RESULTS AND DISCUSSION 
The governing equations for the wall and wick 

regions and the vapor flow are separately solved, and then 
are coupled at the Uquid—vapor interface. Therefore, the 
numerical methods and algorithms caa be separately tested 
and compared to the available data. Since the working 
substance changes phase from the sobd state to the bquid 
state during the start—up period from the frozen state, this 
effect should be incorporated into the numerical model. The 
sobdification of.sodium in a square region is chosen to verify 
the numerical model and algorithm for governing equation 
flS). The results are in agreement with available data 
(Rathjen and Ji^, 1971). The transient 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 of the bquid—metal 
heat pipe. 

SiTr.uiation of the heat pipe start-Mp in the initial stages 
Previous experimental results (Deverail et al., 1970) 

show that successful start—up of the frozen heat pipe greatly 
depends on the boundary condition at the outer surface of 
the evaporator and condeaser. For successful start—up from 
the frozen state, the heat input and output should melt the 
working substance in the condenser and allow sufficient 
liquid to return to the evaporator. .All of the previous 
experimental results show the wall surface temperatures, so 
that even for successful start—up the status of the working 
substance with time is tiakaown. Thus, the governing 
equations which described the start—up behavior of a 
cylindrical heat pipe duriag the first and second periods are 
solved numerically to examine the effect of the boundary 
conditions and to recommend the 
condition.-

The physical model has evaporator, adiabatic, and 
condenser sectioa lengths. of-OJi, OXaad 0-2 m, respectively. 
The radius of the vapor soace and the inner and outer radii 
of the heat pipe wall are 0.00585, 0.008, and 0.01 m, 
respectively. The material for the heat pipe wafl and wick 
structure is stainless steel (AISI 316). Sodium initially in 
the solid state at the ambient temperature is used as the 
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 
(6.90685m) by iteration. Three different boundary 
condition cases are chosen for the outer surface of the heat 

2 
pipe. A uniform input heat flux of 50 KW/m 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 employed. The boundary conditions at the 
condenser and adiabatic sections are changed while that at 
the evaporator remains the same for all three cases. The 
bquid-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 waU surface and the bquid—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 bquid 
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 stUl not changed so that a 
large temperature gradient exists. In the adiabatic section, 
part of the working substance (sodium) is in the bquid 
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state. When the heat input is continued at the evaporator, 
vaporization occurs at the interface in the evaporator. 
However, the workiag substance in most of the adiabatic 
section aad condenser is in the sobd state. Therefore, the 
heat input in the evaporator should be small to prevent 
dry—Dut of the wick structure while the working substance 
in the sobd state is melted. Even though successful 
start—up may be possible for this case, the start—up 
progresses very slowly. 

0 0 0 OOS 0.10 0.15 0.20 0.25 0.30 0.3S 0.10 

Heat Pipe .^xiai Length, tn 
0.45 0.50 

Fig. 2 Temperature distribution at the outer wail surface 
and bquid—vapor interface of the heat pipe wall with 
time for case L. 

For case 2, 10 kW/m" is added in the condenser in 
addition to the radiative boundary condition to assist in the 
start-up of the frozen heat pipe. Figure 3 shows the 
temperature distributions at the outer wail surface and 
bquid—vapor interface. Since a small amount of heat is 
added in the condenser, the temperature in the condenser is 
raised above the mdting temperature. However the 
temperature in the adiabatic section is still below the 

2°. 

o. 

fit 

S • 

. . . 0 . , : . - : . . . X 

_ Transition Temp. \ 

^ 'i >A 

Melting Temp. ^ 

Evaporator Adiabatic 

Case 2 
Outer Wall 

Surface Temp. 
• = 0.0 sec 
• = 20.0 sec. 
• = 40.0 sec 
• = 60.0 sec. 
o = 80.0 sec. 

Liquid-Vapor 
Interface Temp. 

Jr^"^ 
B-" ' 

Condenser 

0.00 COS 0.10 O.IS 0.20 0.25 0.30 0.35 0.40 0.45 I 

Heat Pipe Axial Length, m 

Fig. 3 Temperature distribution at the outer waU surface 
and bquid—vapor interface of the heat pipe wall with 
time for case 2. 

melting temperature. Thus, bquid in the condenser cannot 
flow to evaporator until the workiag substance in the 
adiabatic section bquenes. The temperature in the 
adiabauc section increases relatively faster than that for 
case 1 due to heat transfer at both ends of the adiabatic 
section. The start—up period may be shorter than that for 
case 1. 

0.00 0.05 0.10 0.15 020 0 25 0.30 0.35 0.40 0.45 0.50 
Heat Pipe Axial Length, m 

Fig. 4 Temperature distribution at the outer wall surface 
and bquid—vapcr interface of the heat pipe wall with 
time for case 3. 

Finally, the adiabatic section is used as part of the 
o 

condenser and 10 kW/m" of heat is input in the condenser 
section. 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 dfrection, the working substance is completely.melted., 
in the entire heat pipe in 80 seconds. ^Tien vaporization 
occurs in the evaporator, the working substance can flow 
from the condenser to the evaporator to prevent dry-out 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 Heat Pipe Operation 
To simulate the coupbng of the governing equation 

fpr the waU and wick to that for the vapor flow, the same 
physical heat pipe model is used except that the adiabatic 
section is ebminated. Sodium is employed as the working 
substance. In order to concentrate on the coupbng problem, 
it is assumed that continuum flow is estabbshed in the 
entire vapor space and the working substance is in the liquid 
state. To yield 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 waU at the 
evaporator and condenser are exposed to a uniform heat flux 

2 
of 50000 W/m and a convective boundary condition, 
respectively. A reference temperature of 300 K and a heat 

2 
transfer coefficient of 100 W/m K are used for the 
convective boundary condition at the condenser section. 
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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length, m 
'2 0.3 

Fig. 5 Temperature distribution at the outer wall surface of 
the heat pipe wail with different times for case 3. 

second is employed for the wafl and wick regions and time 

Step of 0.1 x 10 second is used for the vapor flow. 
Twenty nodes in the radial direction and 160 nodes in the 
axial direction are used at the wall and wick regions. Also, 
160 nodes are employed along the vapor space. .A relaxation 
faaor of a = 0.00003 is used to obtain the new guessed heat 
flu-x. 

Figure 6 shows the temperature distributions at the 
outer wall surface, bqmd—vapor interface, and the 
saturation temperature for a time of 0.3 second. The 
temperature distribution at the outer wall surface is uniform 
within each section, and near the border between the 
evaporator and condenser the surface temperature abruptly 
changes corresponding to the boundary conditions at the 
surface. The interface temperature matches weU with the 

saturation temperature which is evaluated by using the 
Clausius—Clapeyron relationship with the vapc: pressure. 
The saturation temperature decreases gradually. Figure 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 nniform. Also, 
the heat flux at the interface is much less than that at the 
surface. This impbes 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 tempeiatnre, 
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Fig. 7 Comparison of new heat flux with old heat flnx at 
the interface for time of 0.3 second during transient 
continuum 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. 6 Temperature distributions at the outer wall surface 
and liquid—vapor interface, and saturation 
temperature for time of 0.3 second. 

Fig. 8 Axial variations of temperature, pressure, density 
and velocity for time of 0.3 second during transient 
continuum flow. 

CONCLUSIONS 
The start—up process of the frozen heat pipe 
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described based on the experimental results. A complete 
mathematical model is developed to predict the start-up 
behavior of the heat pipe from the frozen condition. The 
simpbfied model is used to obtain the numerical 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 to 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—np should be avoided. The coupbng of the 
two-dimensional transient 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 wUl continue. 
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Table 1. Suaaary of the boundary conditions for a aatheaatical aodel 
of the heat pipe start-up 

Tiae 

Event 

location 

outer wall 
surface 

wall and wick 
structure interface 

liquid-vapor 

interface 

(r = »,) 

both 
ends 

of the 
pipe 

(x = 0,1) 

wall 

wick 

structure 

vapor 

space 

centeriine of 

the pipe (r = 0) 

1st and 2nd periods 

heat transfer by 
conduction; no liquid 
aotion; free 
Bolecuiar flow 

3rd period 

solid and liquid states; liquid aotion in 
the wick; continuua flow in the part of the 
vapor space 

4th period 

no solid state of the working substance; 
liquid aotion in the wick; continuua flow 
in the part of the vapor space 

6th and 6tk periods 1 

liquid aotion in the wick; continuua flow 
in the entire vapor space; the heat pipe 
approaches the steady state operation 

iJi - q («.t) * hJT̂ -Tj . .((T/ - T/) 1 

^ w '^i 
"w-T̂ F = "i-W 

— i = 0 
dt 

n 91. 
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U^ = ¥^ = 0 for Tj > Ijj (liquid region) 
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^le ^ v . * 
" ^ e T F " ̂ -^F = '•/v -0 ">' 'U >- T 
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fft. 

no boundary condition 

is needed due to 
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no boundary condition 

is needed due to 
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OT, 
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^ = 0 1 
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