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Abstract-A two-dimensional, heat pipe transient analysis model, ‘HPTAM”, is developed for cumulating 
operations of falls-thawed heat pipes. The model is benchmarked using transient experimental data of a 
horizontal water heat pipe. The calculated steady-state wafer vapor and wall axial temperature profiles 
and the transient power throughput are in good agreement with measurements. Also presented and 
discussed are the calculated axial d~st~bo~~o~s of liquid and vapor pressures, eEec$ive radius of curvature 
of the liquid meniscus at the liquid-vapor interface, and Iiquid pooling and recession following step 

function heatup and cooldown transients of the water heat pipe. 

&XX.JS~ heat pipes are highiy reliable and efficient 
energy transport devices, they are considered for 
many terrestrial and space applications. Such wide 
interest stimulated the development of numerous 
steady-state and transient heat pipe models, which 
employed a variety of simplifying assumptions. Bow- 
man and Hitchcock [I] and Issacei ef al. [2] developed 
two-dimensional transient models of vapor flow in 
heat pipes and showed that a one-dimensional treat- 
ment is inadequate since it could not accurately pre- 
dict the axial heat and mass transfers or the pressure 
drop. Such vapor flow models provide valuable infor- 
mation on vapor flow dynamics, however, they are 
not useful for the design and transient analysis of heat 
pipes, 

lvanovsky et al. [3] and Tilton et a/, f4] suggested 
that during steady-state or slow transients, heat pipe 
operation can adequately be described by the heat 
baiance in the various heat pipe regions. Fo~~owjn~ 
this observation, Chang and C&well [S], Tilton et al. 
[S], Faghri and Chen [6] and Cao and Faghri [7] 
solved the two-djmensional heat conduction equa- 
tions for the wall and Liquid-wick regions, which were 
thermally coupled to either a one- or two”dimension~~ 
vapor flow model. Faghri and Chen used their steady- 
state model to evaluate the effects of axial conduction, 
vapor compressibility and viscous dissipation on the 
operation of water and sodium heat pipes. Cao and 
Faghri [8] aIs0 modeled the startup of heat pipes from 
the frozen state, Different startup periods were con- 
sidered, including free-molecufe and continuum vapor 
Aow conditions. Continuum Aow was modeled using 
the two-dimensional compressible Navier-Stokes 
equations, while the rarefied flow was sim~iated using 
a self-diffusion model, 

Tilton ei ai. [4], Cao and Faghri [7] and other 
investigators mentioned above f3-%] neglected both 
the liquid flow and the hydrodynamic coupling of the 

liquid and vapor phases by assuming the wick to be IC 
pure ~ondu~~n~ medium with an &ective thermal 
conductivity. Later, Faghri and Buchko [!I] included 
the effect of liquid flow in the wick by treating this 
region as a saturated and isotropic porous medium, 
but computed the pressure profiles along the heat 
pipe independently. Such decoupling of the liquid and 
vapor rn~~~~~~rn equations can result in an error 
when calculating the liquid flow rates and vapor 
pressure. 

Ransom and Chow [lo], Dostcr and Hall fl l] and 
Sco and El-Genk [Xl] incorporated liquid flow and 
thermal compressibility, hydrodynamically coupled 
the fiquid and vapor phases, and predicted the vapor 
volume d~s~r~but~on in the wick. They used the capit- 
lary relationship of Pascal to relate the phasic pres- 
sures, and the radius of curvature af the liquid men- 
iscus at the liquid-vapor (L-V) interface was 
geometricatfy related to the vapor volume fraction in 
the wick. Such information is needed for pr~~~t~n~ 
the capillary and dryout limits during transient oper- 
ation of the heat pipe. 

Although Ransom and Chow [IQ]* Doster and Hall 
fl I] and Seo and El-Genk [12] have incorporated the 
effects of liquid Aow and thermal compressibility, their 
models, except that of Doster and Hall, lacked the 
capability of predicting the liquid pooling at the end of 
the condenser. Such pooling occurs due to the thermal 
expansion of the liquid phase during startup transients 
of heat pipes charged with excess liquid [13]. The 
pooling model of Roster and Hall deals with Iocaf 
variations of the liquid fraction in the wick region 
to differences in evaporat~on~~ond~nsation rates and 
thermal expansion of the liquid. However, it does not 
determine when aad where a “wet point’ appears in 
the heat pipe nor its propagation with time toward 
the end of the condenser as the heat pipe continues 
to beat up (,a ‘wet point’ is where the liquid-vapor 
interface becomes flat and the vapor and the liquid 
pressures are equal). This process is described in detail 
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NOMENCLATURE 

evaporation accommodation coefficient. 

equation (13) 
interfacial surface area [m’] 
Ergun inertia coefficient, equations (2) 

and (4) 
deformation rates tensor 
external acceleration [m s2] 

enthalpy [J kg-‘] 
thermal conductivity [W mm’ Km’] 

wick permeability [m’] 
molecular weight [kg mall ‘1 
evaporation/condensation mass flux 
[kgm-‘s-‘1 

pressure [Pa] 
conductive heat flux [W mm- ‘1 
conductive heat flux vector 

radius [ml. universal gas constant 

[8.314 Jmol ’ Km’] 
radius of curvature [m] 

interfacial wick pore radius [m] 
radial coordinate [m] 

temperature [K] 
time [s] 
mean filter (area-averaged) velocity 

[m so ‘1 
mean filter velocity vector 
volume of hemispherical pores at 
liquid-vapor interface [m’] 

Greek 

% 

P 

Pm 
0 

axial coordinate [m] 

symbols 
pore void fraction at liquid-vapor 

interface 
wick volume porosity 
dynamic viscosity [kg mm ’ sm ‘1 
cosine of contact angle of liquid 

meniscus, RJR, 

density of fluid phase [kg m -- ‘1 
density of wick matrix [kg rn.- ‘1 
surface tension [N mm ‘I. 

Superscripts/subscripts 
a adiabatic region 

c condenser region 

e evaporator region 
int liquid-vapor interface 

.i axial cell number 
L liquid phase 
m wick solid matrix 

P pore 
r radial component 

sat saturation 

V vapor phase 
W wall region 

Z axial component. 

later in the paper. Similarly, the pool model of Doster 

and Hall does not handle the accumulation and 
receeding of the liquid pool with time during the 

heatup and cooldown transients of the heat pipe. 

respectively. 
The models of Ransom and Chow [IO], Doster and 

Hall [I l] and Seo and El-Genk [12] also treated the 
vapor flow using either a one-dimensional, transient 
approximation [lo, I I] or a quasi-steady state 
approach [ 121, which may not be justified during rapid 
startup or shutdown transients of heat pipes. At 
startup, when a heat pipe is operating at low vapor 
density and high vapor velocity. large radial tem- 
perature gradients may develop in the wall, liquid- 
wick and vapor regions, requiring a two-dimensional 
treatment of the vapor flow [ 141. 

These effects are incorporated in the two-dimen- 
sional Heat Pipe Transient Analysis Model 
(HPTAM) presented in the following section. In 
addition to developing this model. the objective of this 
paper is to benchmark the model predictions against 
recent experimental data of Huang et al. [15] for a 
horizontal water heat pipe. An analysis is performed 
to determine the transient behavior and axial dis- 
tributions of the liquid and vapor pressures, the radius 
of curvature of the liquid meniscus at the liquid-vapor 

interface, and liquid pooling and recession following 
step function heatup and cooldown transients of the 

water heat pipe. 

MODEL DESCRIPTION AND GOVERNING 

EQUATIONS 

The model divides the cylindrical heat pipe into 
three radial regions: wall. liquid-wick. and vapor 
regions (see Fig. l(a)) and incorporates several working 

VAPOR REGION 

Fio. I. Physical model of heat pipe and boundary conditions. 
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fluids, such as lithium, sodium, potassium and water, 
and structural materials including tungsten, niobium, 
zirconium, stainless-steel and copper. Future 
additions to the model that are currently being 
developed include molecular flow and freeze and thaw 
capabilities. Also, should a chocked flow develop in 
the vapor region during a heat pipe startup, par- 
ticularly with liquid metals working fluids, the present 
model is capable of handling such a condition. The 
wick can be either an annular wire-screened mesh 
or a homogeneous porous medium. The flow in the 
liquid-wick porous region of the heat pipe is modeled 
using the Brinkman-Forchheimer extended Darcy 
flow model [16], while the volume-averaged homo- 
geneous model described by Cheng [17] is used to 
model the heat transfer. The resulting governing equa- 
tions in the liquid-wick region of the heat pipe are : 

Continuity 

a$ +div(pU) = 0 

Radial momentum balance 

~~$~+$div(~li,U)+ WI ur 1 
= pF, - g + k [s (2&l, - f $ [p div (U)] 

(2) 

where 

- ia au 
[Div (2$)], = - - 2pr- 

r ar 1 1 & 
-2P$+g[4~+3] (3) 

Axial momentum balance 

1 aw,) 1 
- at + E’ dlv W,U) 
& 

+ k [% (2pi)]: - $ $ [p div (U)] (4) 
Z 

where 

- a au 
[Div (2~6)]: = ~ 2~2 az [ 1 a2 

Energy balance 

g [sph + (1 - e)(ph),] fdiv (phU) 

where 

-kg 
z 1 

In equations (2) and (4), the inertia coefficient C 
is calculated using the expression derived by Ergun 
(C = 0.143 & -312). Ergun [16] used experimental data 
on the flow of gases through beds of granular solids 
of various shapes (various-sized spheres, sand and 
pulverized coal). The effect of viscous dissipation is 
neglected in equation (6). E, K, and K, are the effective 
porosity and radial and axial permeabilities of the 
liquid-wick region, respectively. The well-known 
transient conduction form of equation (6) is solved in 
the solid wall region. In the vapor region, equations 
(l)-(5) are used, but with a porosity of unity and 
permeabilities of infinity. For a fully-thawed water 
heat pipe, the vapor phase is assumed to be saturated. 
therefore there is no need to solve the energy equation 
for this phase. 

The liquid and vapor phases are coupled at the 
liquid-vapor (L-V) interface. The conservation of the 
normal mass fluxes at this interface yields : 

c-i = -pLu,L = -pvu,v. (8) 

The normal momentum jump condition at the L- 
V interface relates the static pressure drop across the 
interface to the capillary pressure head in the wick 
and the normal viscous stress discontinuity as [I 81: 

- /*v div (U”)] (9) 

Instead of using the transverse momentum jump 
condition, the model assumes a non-slip condition at 
the L-V interface (that is, @ = Uy = 0). This 
assumption is physically acceptable when dealing with 
viscous phases separated with a solid wire-screened 
mesh or a homogeneous porous medium. The model 
also assumes continuous temperature at the L-V 
interface (TL = TV = P). 

The enthalpy jump condition at the L-V interface 
relates the enthalpy change due to evapo- 
ration/condensation to the discontinuities of the heat 
flux as : 

Q:+h(h”-hL) = 0. (10) 

In equation (9), the radius of curvature of the liquid 
meniscus at the interface, R,, is geometrically related 
to the amount of vapor in the wick. The maximum 
capillary pressure head occurs when the radius of 
curvature of the liquid meniscus is equal to the pore 
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radius. In this case, the volume of vapor in the wick 
forms a hemisphere of radius R, in each pore of the 
wick. For this condition, the vapor volume in the wick 
is related to the wick porosity. E, and pore radius, R,. 

by 

(fn~p3) = +n~,E~:. (11) 

Assuming hemispherical pores, the void fraction clr 

in the wick (the volume of vapor in the wick over the 
volume of the hemispherical pores) can be expressed 
in terms of the cosine of contanct angle (pL, = RJR,) 
[12] as: 

c$ =$[l- (I+$+:)]; (12) 

where c(r and pL, vary between 0 and 1. Equation (12) 
is inversed using the approximations derived by Seo 

and El-Genk [l2]. 
To account for the thermal resistance at the L- 

V interface, the evaporation and condensation mass 
fluxes are calculated from the kinetic theory of gases : 

M 12 

rh = a_ 2nRT’n, ( > ~ [P,,,(T’“‘)-P,]. (13) 

The governing equations and boundary conditions, 
together with the equations of state of the liquid and 
vapor phases, thermophysical properties for the wall 
and both fluid phases, and the initial conditions speci- 
fied by the user provide all necessary relations to 
obtain a closed mathematical solution. Equations (1)) 
(13) are solved subject to the boundary conditions 
delineated on Fig. 1. The jump conditions (I) are 

represented by equations (8)-(lo), while the boundary 
conditions (II) and (III) are given, respectively. as 

and 

QY = 0. U, = r/r = 0, 

Qb = Q;. TL = Tw. Uf = Cl;'. (14) 

The boundary condition (IV). which can be either 

isoflux, isothermal, radiative or convective. is applied 
independently in the evaporator and condenser 
regions. 

LIQUID POOLING MODEL 

Figure 2 presents a schematic of the liquid pooling 
model incorporated in the present effort. During 
startup of a heat pipe, the temperature of the liquid 
phase in the evaporator section increases initially rap- 
idly. and hence the working fluid volume increases 
due to thermal expansion. When the rate of increase 
in the liquid volume (taking into account vapor con- 
densation in the condenser section) exceeds the liquid 
flow rate towards the evaporator, the radius of cur- 
vature of the liquid meniscus increases. This increase 
in the radius of curvature causes the L-V interface to 

rising meniscus due to wet point 
thermal exoansion (flat interface) _ 

end of condenser section 

vapor 
W 

flat interface is stable condition 

formation of liquid pool 
at end of condenser 

FIG. 2. Illustration of liquid pooling at end of condenser. 

eventually flatten at some point along the heat pipe, 
the so-called wet point as defined by Busse and 
Kemme [19]. At the wet point, liquid and vapor inter- 
facial pressures are equal and the wick void fraction 
is zero. Further heating of the heat pipe could cause 
the liquid meniscus at the wet point to become convex. 
While such a convex liquid meniscus in the wick might 
be possible in principle, it probably would not be very 
stable and the excess liquid will be entrained by the 
vapor stream. transforming the L-V interface into a 
flat surface. A liquid pooling submodel in HPTAM 
assumes that as the transient progresses in time, any 
excess liquid is swept by the vapor flow towards the 
end of the condenser, leaving a flat interface and filling 
up the eventual concave meniscii on its way. There- 
fore, the wet point moves towards the end of the 
condenser. When the interface at the end of the con- 

denser eventually flattens, excess liquid accumulates 
in the vapor core and forms a liquid pool. Experiments 
performed at Los Alamos by Merrigan et al. [13] 
using a lithium heat pipe have shown that during 

startup. excess liquid in the heat pipe pools at the end 
of the condenser and reduces its effective length. 

METHOD OF SOLUTION 

The governing equations and boundary conditions 
in HPTAM are discretized using the volume inte- 
gration method of Patankar [20] and a numerical 
scheme is developed using the well-known Eulerian 
staggered-grid. The liquid and vapor velocities are 
determined at the cell boundaries while the other 
quantities, such as pressures and enthalpies. are evalu- 
ated at the cell center. The numerical solution is 
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obtained using a predictor/corrector method similar 
to that proposed by Issa [Zl]. Only the treatment of 
the capillary and pooling effects is described in this 
paper, more details can be found in ref. [22]. 

In the first step of the numerical algorithm, a pro- 
cedure similar to the Implicit Continuous-fluid Eul- 
erian technique of Harlow and Amsden [23] is used. 
The pressure gradient in the conservative forms of the 
momentum equations is discretized implicitly. The 
off-diagonal velocity corrections appearing in the 
diffusion/convection terms are equated to the diag- 
onal velocity correction, as it is done in the SIMPLE- 
Consistent algorithm of van Doormaal and Raithby 
[24]. By eliminating the advanced-time mass fluxes 
appearing in the mass balance equation and con- 
sidering the pressure variation with the density only, 
the continuity equation is reduced to the Poisson 
equation, which is then solved for the pressure field. 
During this predictor step, liquid and vapor volumes 
around the L-V interface are treated as functions 
of the wick void fractions. These void fractions are 
linearized in terms of the cosines of the contact angles 
using equation (12). The latter are implicitly related 
to the liquid and vapor pressures at the L-V interface 
through the radial momentum jump condition (equa- 
tion (9)). The densities and radii of curvature of the 
liquid meniscus for the advanced time are then 
obtained, with the temporary new-iteration pressures 
and mass fluxes. 

HPTAM handles the liquid-pooling phenomenon 
described above as follows. When a convex liquid 
meniscus occurs somewhere along the heat pipe, the 
interface is assumed flat at this particular location 
and the radial momentum jump condition at the L-V 
interface (equation (9)) is used to calculate the pres- 
sure in the liquid cell next to the diphasic interface. 
Then, using the mass balance in this cell, the mass of 
the excess liquid pooling is determined. This mass is 
then transported into the next interfacial liquid cell. 
Once the wet point reaches the end of the condenser, 
the liquid forms a pool in the vapor core region. The 
liquid-pooling submodel also simulates liquid 
pool recession during the subsequent cooldown of the 
heat pipe. 

Finally, during the stabilizing step for the con- 
vective and diffusive terms, the momentum con- 
servation equations are solved for the velocity field, 
and the enthalpy equations are solved for tem- 
peratures and evaporation/condensation rates by 
implicitly coupling equations (10) and (13) at the L- 
V interface. 

DESCRIPTION OF THE WATER HEAT PIPE 

EXPERIMENT AND MODELING 

To verify the system of equations in HPTAM, the 
model predictions are compared with the transient 
results of Huang et al. [15] for a horizontal water heat 
pipe experiment. The copper heat pipe, 1.73 cm I.D., 
1.91 cm O.D., employs a double-layered, 150 mesh 

copper screen wick. The lengths of the evaporator, 
adiabatic, and condenser sections are 60, 9, and 20 
cm, respectively. The vapor temperature is measured 
along the centerline of the heat pipe using a special 
probe made of a thin walled brass tube (3.2 mm O.D.) 
instrumented with eleven thermocouples, equally 
spaced along the heat pipe. An additional eleven ther- 
mocouples are attached to the outer surface of the 
heat pipe wall to measure its temperature at the same 
axial location as the vapor temperature ther- 
mocouples. The evaporator section is uniformly 
heated using a flexible electric tape and the condenser 
section is convectively cooled using a water jacket. 
More details on the heat pipe design and experimental 
setup are available in ref. [ 151. 

The experimental heat pipe was initially at room 
temperature (296.2 IS) when the electrical power to 
the heating tape in the evaporator section increased 
in a step-function to 575 W. The cooling water enters 
the condenser cooling jacket at 294.5 K and 11.33 g 
s-‘. After about 10 min into the heatup transient, the 
heat pipe reaches steady-state. At steady-state, the 
effective power throughput, determined from the heat 
balance in the condenser cooling jacket, was 443 W. 
The difference between the electric input to the electric 
tape and the steady-state effective power throughput 
(132 W) was approximately equal (within 5%) to the 
heat losses from the surface of the insulation in the 
evaporator section to ambient by natural convection 
[ 151. After about 7 min of steady-state operation. the 
electrical power to the heating tape was turned off, 
and the heat pipe entered the cooldown phase of the 
transient. 

Because the water flow rate in the cooling jacket 
is relatively small, a transient one-dimensional water 
jacket submodel was thermally coupled to the con- 
denser wall in HPTAM in order to calculate the axial 
distribution of the coolant bulk temperature in the 
jacket. At steady-state, the convective heat transfer 
coefficient in the jacket determined from the exper- 
iment was 1800 W mm2 K-’ ; this value is used in the 
model during the simulation. The liquid-wick thick- 
ness assumed is 0.75 mm, and wick effective pore 
radius, porosity and permeability were taken as 54 
pm, 0.9 and 1.5 x 10e9 m’, respectively. The effective 
thermal conductivity of the liquid-wick region is cal- 
culated using the equation given by Chi [25] for dis- 
tributed cylinders having an effective porosity of 0.5. 
The evaporation accommodation coefficient in equa- 
tion (13) was taken as 0.1, and the initial vapor void 
fraction in the wick was assumed uniform along the 
heat pipe, with a value of 0.15. 

COMPARISON OF THE MODEL WITH WATER 

HEAT PIPE EXPERIMENT 

To account for the actual heat input to the heat pipe 
evaporator section during the experiment, transient 
calculations were performed using the measured tran- 
sient wall temperatures along the evaporator section. 
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FIG. 3. (a) Comparison of calculated transient response of 
effective power throughput with water heat pipe exper- 
imental data. (b) Comparison of calculated and experimental 
transient response of vapor temperature for the water heat 

pipe. 

This approach gives a good estimate of the input heat 
flux in the evaporator region, without the complexity 

and uncertainty associated with modeling the thermal 
response of the electric heater and of the insulation 

along the evaporator section. Comparison with 
the experimental results confirm the validity of 
using the transient wall temperatures to determine 
the heat input to the evaporator region of the heat 
pipe. In the experiment, the wall temperature in the 
evaporator section was measured at 7 axial locations 
and found to be uniform. Figures 3(a) and (b) com- 
pare the calculated transient response of the effective 
power throughput, determined from the heat balance 
in the cooling jacket, and of the vapor temperature 
with experimental data. The calculated effective power 
throughput at steady-state (455 W) is almost the same 
as that reported in the experiment (443 W). However, 
the transient reponse of the calculated power through- 
put is somewhat faster than that in the experiment. 
This is because in the experiment, a relatively large 
fraction of the heat generated in the electric tape is 
initially stored in the insulation surrounding the evap- 
orator and adiabatic sections and in the condenser 
jacket, therefore slowing down the heat pipe transient. 

As shown in Fig. 3(b), the calculated transient vapor 
temperature compares very well with experimental 
measurements. At steady-state, the calculated vapor 
temperature was only 1.2 K lower than that measured. 
Such good agreements at steady-state suggest that the 
model can predict the thermal resistance of the heat 
pipe relatively well. Figure 4 compares the calculated 

wall and vapor temperatures along the heat pipe with 
those measured at different times during the heatup 
transient ; again the comparison is good. As this figure 
shows, the calculated vapor temperature is nearly uni- 
form along the heat pipe and in agreement with exper- 

imental values. Such agreement between HPTAM and 
experimental data of the water heat pipe verifies 
the soundness of the system of equations and the 

modeling approach used. 

WICK VOID FRACTION AND LIQUID 

POOLING RESULTS 

In Fig. 5, the vapor pore void fraction, r,,, is nor- 
malized with respect to its initial value of 0.15. At the 
beginning of the heatup transient, the liquid tem- 

perature and volume increase rapidly, causing the 
vapor void fraction in the wick to decrease at a rela- 
tively uniform rate (see Fig. 5). Because sf the evap- 
oration and condensation in the heat pipe, the void 
fraction decreases (or the radius of curvature of the 
liquid meniscus increases) faster in the condenser than 

in the evaporator. In the evaporator, liquid evap- 
oration competes with the liquid compressibility effect 
by removing mass, while condensation adds up to 
the fluid volume along the condenser. During this 
period of decreasing wick void fraction, the liquid 
pressure is lower than the vapor pressure ; the pressure 
difference decreases with time and eventually vanishes 
after about one minute into the transient (see Fig. 6). 

At this time, a wet point appears and excess liquid 
begins to accumulate at the end of the condenser 
section, forming a water pool (Fig. 7). At the wet 
point, the L-V interface is flat (or the pore void frac- 
tion is zero) and the liquid and vapor total pressures 

are equal (Figs. 5 and 6). The first wet point appears 
at the end of the condenser because the full length 
of the condenser became operational before liquid 
pooling occurs. The situation would have been differ- 
ent if a larger amount of working fluid had been 
introduced in the heat pipe [22]. After the formation 
of the liquid pool, any increase in liquid volume due 
to thermal expansion is accommodated in the pool 
(Fig. 7). Essentially, the structure of the L-V interface 
is governed by evaporation, condensation and liquid 
flow return. Except in the flooded portion of the con- 
denser, the vapor void fraction recovers along the 
heat pipe, as shown in Fig. 5. As the effective power 
throughput in the water heat pipe increases, the pres- 
sure losses in the liquid-wick region increase. Also, 
the wick void fraction at the beginning of the evap- 
orator rises in order to provide the necessary capillary 
pressure head needed to circulate the liquid in the 
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wick region. Before steady-state is reached, the rate 
of evaporation is greater than the liquid flow return 
from the condenser to the evaporator. In the 
condenser, the vapor pressure recovers where the rate 
of liquid removal is greater than the rate of con- 
densation. 

At steady-state, the liquid pool extends to about 1.7 
mm (Fig. 7). Figures 8 and 9 show the calculated 
axial distributions of the liquid and vapor pressures at 
steady-state. At a power throughput of 455 W, a vapor 

IO 

FIG. 4. Comparison of calculated and experimental vapor and wall temperature profiles along the water 
heat pipe at different times during the heatup transient. 
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FIG. 5. Calculated normalized vapor void fraction in the 
wick at different locations along the heat pipe, as a function 

of time. 

pressure recovery of 66% occurs along the condenser 
section. Figure 9 shows that the liquid pressure losses 
in the wick region are much larger than the vapor 
pressure losses. This is expected since the liquid is 
flowing across a relatively tight wire-screen wick. Fig- 
ure 9 also shows that the vapor and liquid total pres- 
sures are equal at the end of the condenser, where it 
is flooded. As delineated in Fig. 10, at steady-state, 
the vapor void fraction in the wick is highest (or 
liquid meniscus radius of curvature is smallest) at the 

; loooo~~~ 
5000 ” ““““” of Ii “id 001 

” I-- 460 0 8bO 12bo 1 

Time (second) 

IO 

FIG. 6. Calculated liquid and vapor pressures of the water 
heat pipe as a function of time. 



760 .-M. TOUKNIER and M. S. EL-GENK 

2 

0 500 1000 1500 

Time (second) 

FIG. 7. Extent of liquid pooling at the end of the condenser 
in water heat pipe as a function of time. 

beginning of the evaporator and decreases to zero at 
the end of the condenser. Figure 11 shows the axial 

distribution of the evaporation and condensation 
rates along the heat pipe. At steady-state, evaporation 
is uniform along the evaporator, while condensation 

decreases along the condenser due to the increase in 
temperature along the cooling jacket (Fig. 4). Some 
evaporation and condensation occurs in the adiabatic 
section due to the effect of axial conduction in the wall 
and liquid-wick regions. 
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FIG. 8. Calculated axial distribution of the vapor pressure at 
steady-state. 
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FG. 9. Calculated axial distributions of the interfacial pres- 
sures at steady-state for the water heat pipe. 

After 17 min of heatup transient (1040 s), the elec- 
trical power to the heating tape was turned off. How- 
ever. the water was kept running in the cooling jacket. 
During the first period of the cooldown, the wick void 
fraction decreases (or the liquid meniscus rises) along 
the heat pipe, as shown in Figs. 5 and 10. Subsequent 
decrease in liquid volume due to thermal com- 

pressibility causes the liquid pool to receed (Fig. 7). 
As Fig. 11 shows, the rate of evaporation decreases 
faster than the rate of condensation, causing the mass 

of vapor in the heat pipe to decrease with time. This 
inbalance between evaporation and condensation 
causes the vapor void fraction in the wick to decrease 
faster in the condenser than in the evaporator. After 

1142 s of the transient, the liquid pool disappears (Fig. 
7). From then on, the structure of the L-V interface 

is generally governed by the thermal compressibility 
of the liquid phase. Because the liquid temperature 
and volume decrease rapidly, the vapor void fraction 

in the wick increases at a relatively uniform rate (see 
Figs. 5 and 10). and so is the difference between the 
vapor and liquid pressures (Fig. 6). The difference 

between the vapor void fraction in the evaporator and 
the condenser is governed by the evaporation/ 
condensation rates, or the power transported through 
the heat pipe. As the heat pipe cools down. the wick 
void fraction along the heat pipe becomes more 
uniform and returns to its initial value of 0.15. 

Figure 12 shows the transient variation of the center- 
line vapor velocity at the exit of the evaporator. 
During the heatup and cooldown transients, the vapor 

velocity increases above its full-power steady-state 
value of 10 m SY’, for a short period of time. The first 

peak occurs because the heat transport capability of 
the heat pipe increases faster than the mass of vapor 
in the core. The second peak occurs at the beginning 
of the cooldown phase and is related to the inbalance 
between evaporation and condensation. As the elec- 
trical power in the evaporator is shut off, the rate of 
evaporation decreases faster than the rate of con- 
densation. As a result. the vapor travels faster toward 
the L-V interface along the condenser section, result- 
ing in a rapid decrease in vapor mass in the evaporator 
and increase in the vapor velocity. 

After 2000 s of transient, steady-state operation is 
established again : however, the temperatures are 
slightly different from the initial condition. As Fig. 2 
shows. the steady-state power throughput is about 13 
W, with a centerline vapor velocity of 2.5 m sag’ (Fig. 
12). Also, Fig. 5 shows a vapor void fraction dis- 
tribution that is not quite uniform. This is because the 
temperature is not uniform along the heat pipe. After 
cooldown. the temperature of the evaporator wall 
equals room temperature (296.2 K), while the con- 
denser wall is slightly cooler because the cooling water 
enters the condenser jacket at 294.5 K. 

CONCLUSION 

A two-dimensional, heat pipe transient analysis 
model, ‘HPTAM’. which incorporates liquid com- 
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FIG. 10. Calculated axial distributions of the vapor pore void 
fraction at different times during the cooldown transient of 

the water heat pipe. 

pressibility, energy and momentum discontinuities at 
the L-V interface, and the capabilities to determine 
the radius of curvature of the liquid meniscus at the 
L-V interface and liquid pooling is developed and 
benchmarked against experimental data of a water 
heat pipe. The model predictions of the transient 
values of the vapor and wall temperatures as well 
as the effective power throughput are in reasonable 
agreement with experiments. The results show that at 
steady-state a liquid pool that is 1.7 mm thick forms 
at the end of the condenser section, where the total 
vapor and liquid pressures are equal. In addition to 
water pooling, the transient axial distributions of the 
vapor and liquid pressures, void fraction in the wick 
and the effective radius of curvature of the liquid 
meniscus at the L-V interface are calculated and pre- 

sented. Also presented is the recession of the liquid 
pool during the cooldown period of the heat pipe. 
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