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Transport in Flat Heat Pipes at
High Heat Fluxes From Multiple
Discrete Sources

A three-dimensional model has been developed to analyze the transient and steady-state

Unnikrishnan Vadakkan performance of flat heat pipes subjected to heating with multiple discrete heat sources.
Three-dimensional flow and energy equations are solved in the vapor and liquid regions,
Suresh V. Garimella along with conduction in the wall. Saturated flow models are used for heat transfer and
fluid flow through the wick. In the wick region, the analysis uses an equilibrium model for
Jayathi Y. Murthy heat transfer and a Brinkman-Forchheimer extended Darcy model for fluid flow. Averaged
properties weighted with the porosity are used for the wick analysis. The state equation is
Cooling Technologies Research Center, used in the vapor core to relate density change to the operating pressure. The density
School of Mechanical Engineering, change due to pressurization of the vapor core is accounted for in the continuity equation.
Purdue University, West Lafayette, Vapor flow, temperature and hydrodynamic pressure fields are computed at each time step
IN 47907-2088 from coupled continuity/momentum and energy equations in the wick and vapor regions.

The mass flow rate at the interface is obtained from the application of kinetic theory.
Predictions are made for the magnitude of heat flux at which dryout would occur in a flat
heat pipe. The input heat flux and the spacing between the discrete heat sources are
studied as parameters. The location in the heat pipe at which dryout is initiated is found
to be different from that of the maximum temperature. The location where the maximum
capillary pressure head is realized also changes during the transient. Axial conduction
through the wall and wick are seen to play a significant role in determining the axial
temperature variation.[DOI: 10.1115/1.1737773

Keywords: Electronics, Heat Pipes, Phase Change, Three-Dimensional, Transient

Introduction into vapor flow patterns were presented, the study did not consider
%oupled wick/vapor flow, and the evaporator/condenser mass flow

Heat pipes are widely used in electronics cooling appllcatlonr&%tee was assumed to be knovanpriori. Chen and Faghjd]

both as efficient heat spreaders and to transport heat to remotEJdied both single and multiple heat sources, albeit in a two-

heat sinks for dissipation. The analysis of the operation and p Hensional axi-svmmetric cvlindrical heat pioe. A counled analy-
formance of heat pipes has received a lot of attention, as review g y y PIPE. P y

in Garimella and Sobhdri]. For the most part, attention has beer'> of the wall, wick and vapor regions was conducted. Both so-

focused on the study of either flat or round heat pipes, typicalplum. and water were congldered as the working fluids. The
%yglrytlons are compared against experimental results for the vapor

with single heat sources. Recently, there has been increased in § wall temperature at high and low operating temperatures. For

est in exploring the use of flat heat pipes as substrates upon wil . o . L
multiple heat generating components would be mounted. In suc gnc()jpteorat)tg]g\;/ecror}gqltl%r;;r?tonsmered, compressibility effects were
fp% y Imp :

configuration, the heat pipe acts both as a heat spreader as we nsteady analyses of heat pipe operation have also been pub-

a conveyer of heat, while also providing the mechanical substrqc-hed_ Issacci et a[5] analyzed the transient behavior of vapor

ture. The performance of flat heat pipes under these types of it in heat pibes. taking vanor bressurization into account in

erogeneous and distributed loads is not well understood and for - PIpes, 19 vapor pres

the subject of the present study etermining the change in vapor density. The absolute pressure of
; e vapor was used as the interface pressure in calculating the

A number of steady-state analyses of heat pipes, mostly WHPI A ) "
single heat sources, have been published. Tien and RéBani temperature at the interface from the saturation condition, and the

investigated the effects of vapor pressure distribution on vap fessure difference between the vapor and the interface to allow

temperature in a cylindrical heat pipe with a single heat sour Qr vaporization or condensation at the interface was not consid-

using a stream function vorticity formulation. The analysis indigred' The analysis studied the effect of input heat flux and con-

cated that in certain situations the vapor pressure variation play. gsation temperature on vapor core response. _Tran5|_ent two-
limensional computations of cylindrical heat pipes including the

significant role in the performance of heat pipes; this work as- )
sumed a constant datum pressure at the liquid-vapor interfacitK: vapor and wall were .performed by Cao and Faglifi A

the end of the evaporator section. Approximate solutions basedwprgss'ble flow formula_tlon was use_d to account for the_ pres-
parabolic boundary layer equations were shown to yield inaccgiifization of the vapor during the transient. The study also inves-
rate predictions of the vapor pressure variation at high evaporatitiggted the transient response of heat pipes to a pulsed heat input.
and condensation rates. Van Ooijen and Hoogend@8rpre- Issacci et a_l[7] studied vapor dynamlcs during heat pipe start-up.
sented a steady two-dimensional numerical analysis of the vagdte @nalysis neglected the convection through the liquid wick and
core in a horizontal flat heat pipe. The computations were pé}(__)nductlon _through the yvall. The liquid flow in a homogeneous
formed at different radial Reynolds numbers and the results weiiek heat pipe was studied by Ambrose and CH@ The tran-

compared with a porous plate model. Though interesting insigrﬁ@m axial distribution of qu_uid in the wick was analyzed and the
results compared to experiments. Dryout was observed when the

Contributed by the Heat Transfer Division for publication in tt®UBNAL OF heat transport was greater thf.‘” the. caplllary limit. Toumler.and
HEAT TRANSFER Manuscript received by the Heat Transfer Division June 30, ZOOJ;EI'Gen_k[g] developed a two-dimensional model for the transient
revision received February 6, 2004. Associate Editor: J. H. Lienhard V. analysis of heat pipes. The analysis determined the radius of cur-
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vature of the liquid meniscus at the liquid-vapor interface. A

model for liquid pooling was included. The study assumed a con- romm oy
stant temperature in the vapor core. The results were compared 1 S
experiments which studied the effect of inclination on the tran- st ST
sient performance of heat pipg$0]. The experiments provided st

temperatures on the wall and the vapor core of the heat pipe in th:

Wall —

axial direction. Zhu and Vafdill] studied the start-up transients w.—=— :
in an asymmetrical flat heat pipe, using transient heat conductiorsa - C T
equations for the heat pipe wall and wick, and a pseudo-three- o o .
dimensional approximation in the vapor region. More recent e 'Ig'trllickigs]gnc]l?rﬂgn%ﬁ)%rargsogégg ﬂraeta?leaéxgpee'rr;‘t’sst'i%attﬁg?
perlmenta] and numerical analyses of heat pipe performance ni ?ematic to delineate the different%artsyof thg?’leat pipe
be found in[12-18.

Although these studies have established useful models and
methodologies for the steady as well as transient simulation of ]
thermal transport in heat pipes, sound models representing fi¥@porator. As a result, dryout would occur as soon as vapor dis-
heat pipe performance under transient conditions and with malaces the liquid in the _wn_ck. This unsaturated condition need not
tiple discrete heat sources on the evaporator section are not reaﬂﬂl\fo”s'dered for prediction of the onset of dryout.
available. he physical dimensions of the flat heat pipe investigated are

In recent work by the authof49], a complete two-dimensional shown in Fig. 1. The heat pipe dimensions, 47 mm width and 58
mathematical model was developed to analyze the transient 4R length with a wall thickness of 0.8 mm on all six sides,
steady-state performance of flat heat pipes. The model accourgégulate those of typical commercially available flat heat pipes.
for the pressurization of the vapor core and the coupling of tHe condenser covers 20 mm of the heat pipe as shown in the
continuity, momentum and energy equations in the wick and vgure. The wall and wick are made of copper and the working
por regions. A stable numerical procedure was devised to sofffdid is water. The porosity, permeability and thermal conductivity
the resulting governing equations. The procedure improved upoh the sintered copper wick are 0.5, 1:430° ™ m?, and 40
the standard sequential solution scheme by recognizing the seM#$imK [20], respectively. The wick is present only on one side of
tivity of the mass flow rate at the phase change interface to tkee heat pipe, and the heating and cooling boundary conditions are
interface temperature and pressure, as well as the system pres@glied only on this wicked side. Two discreteX00 mm heat
The improved method was shown to perform well over a range 8purces are mounted at a separation distance of 5 mm in the base-
heat inputs, and the predictions showed satisfactory agreemi@ case. The heat input to each heat source is 15 W. Those
with experiments. portions of the heat pipe surface not exposed to the condenser or

The present work utilizes the numerical method developed @vaporator boundary conditions are assumed adiabatic. The ther-
[19] to study the performance of flat heat pipes with multiplenophysical properties of the heat pipe wall, wick and vapor core
discrete heat sources. The effect of heat source strength and s@p@-given in Table 1. The coolant water temperature and the heat
ration and their effect on steady as well as transient performaritansfer coefficient on the condenser are 287 K and 26043K/m
are studied. The simulations are used to assess the possibilityesfpectively. The initial temperature all through the heat pipe is
dryout as well as the location at which dryout might first be o287 K and the vapor is assumed to be saturated.
served. The maximum pore radius necessary to support the presfo accommodate changes in the vapor and liquid mass during
sure drop at the evaporator interface is obtained from the hydi®e transient under the assumption of a liquid-saturated wick, the
dynamic pressure variation at the interface. mass balance of the liquid is handled by modifying the volume-
averaged density of the liquid in the wick. All thermophysical
. properties are assumed constant except for the vapor density,
Mathematical Model which is found from the operating pressug, and the local

The present three-dimensional analysis includes the liquid witémperature using the perfect gas law. Under these assumptions,
and the wall in addition to the vapor core. An equilibrium modethe governing equations may be written as shown below, follow-
for heat transfer and a Brinkman-Forchheimer extended Darirg the development ifil9]. The continuity equation for the wick
model for fluid flow in the wick region are employed. The densitand the vapor core is
change in the vapor due to pressurization is calculated using the
ideal gas state equation. The mass flow rate, temperature and pres- (9_p —

. ; ; e—+V.(pV)=0 1)

sure at the interface are determined using an energy balance at the at
interface in conjunction with kinetic theory and the Clausiu%

odmm _ FO8™M

T

: . ] e termdp/dt accounts for mass addition or depletion in the
Clapeyron equation. The energy balance at the interface inclu or and liquid spaces. The three-dimensional momentum equa-
convection and conduction on the liquid and vapor sides. Vapgg s in the wick and the vapor core are
flow, temperature and hydrodynamic pressure fields are computed
from coupled continuity/momentum and energy equations in the
vapor and wick regions, and a conduction analysis in the wall. The _ ) ) )
flow of the vapor is assumed as laminar and incompressible. /gPle 1 Thermophysical properties of the heat pipe material
high heat fluxes, the vapor velocity may be high enough for corfind the working fluid

pressibility effects to become important; these are not accountggpper Thermal conductivity 2401 W/m K
for in the present development. Compressibility effects are beingll/wick Specific heat 385 J/kg K
included in the formulation as part of ongoing work. Density » 8933 kg/th
The boundary conditions are of the Neumann type on the Wick conductivity 40 W/m K
- . ter Thermal conductivity 0.6 W/m K
evaporator side and of mixed type at the condenser. The mode Specific heat 4200 J/ka K
assumes that the wick is saturated with liquid throughout, which is Density 1000 kg/
required to prevent dryout. The initial volume fraction of the lig- Viscosity N 8% 10 * N s/n?
uid in the wick is 0.5(liquid-saturated wick If the wick were not Water vapor Thermal conductivity 0.0189 W/m K
PR Specific heat 1861.54 J/kg K
fully saturated with liquid, vapor would occupy the unsaturated Density 0.01 kg/rh
portion of the wick. Estimates of the force needed to expel this Viscosity 8.4%10-5 N s/n?
trapped vapor from the liquid show it to be significant compare@ater/vapor Latent heat 2473 kJ/kg

to the force required to move liquid from the condenser to the

348 / Vol. 126, JUNE 2004 Transactions of the ASME



dpu dep ne  Ceo 810
—+V.(pVU)=— —+V.(uVUu)— —u— —5p|V|u |
ot (VW) IX (VU K K12 p| | 60 x 32 x 30 grid points
(2) | 19 x 9 x 12 grid points
305
dpv dep ne Ceo < r 31x16 x 15 grid points
—+V. =——+V. -— - — =
o T V-(PVo) oy Vo(uVo)=——v=ip p|V]v e |
?3) T 300
g [
ﬁpW+V(V ) r?<P|0+V( W) ne  Ceo vl g I
—_— (pVW)=———+V. W)— —W— —— w L
ot P 9z H K K7z P 205
4)
In the vapor core, permeabiliti{ =c and porositye=1. The [
energy equation in the wall, wick and the vapor core is O T ?'o§ b
x(m
K0T G [(pCIVT) =V (keg¥ T 5
ot L(PCIVT) =V.(kerVT) ®) Fig. 2 Steady-state axial wall temperature variation for differ-

ent mesh sizes at 15-15 W input power  (z/ W=0)
Here, (0C),, assumes different values in the wall, wick, and vapor

core
. _ In addition, the following initial conditions are imposed:
Wall: (pCn=(pC)s T(x,y,0)=T, andP,,(t=0)=Py(T,).
Wick: (pC)m=(1—¢)(pC)s+ ¢(pC), Details of the numerical method may be found[it8]. The
governing equations are discretized using the finite volume
Vapor core: (pC),=(pC), method. The SIMPLE algorithni22] with a collocated grid is

) ) . ) i employed. An up-winding scheme is implemented for the convec-
Also, ket is the effective conductivity in the region of interest angjye flux and central differencing for the diffusive flux. The linear
assumes appropriate values in the wall, wick and vapor core. dfyations resulting from the discretization are solved by a line-
the wick, an effective value of 40 W/mK is assurried]. by-line TDMA. An Euler implicit scheme is used for time differ-
The following boundary conditions are imposed on the doma@hcing.
[19]. A variety of tests were run to establish mesh and time-step
1. Wick-Vapor InterfaceChange of phase from liquid to va- independence. A baseline case with a heat input to the left and
por is assumed to occur at the wick-vapor core interfagéght heat sources of 15 W eachenceforth denoted as 15-15 W
(Fig. 1). The interface temperatui® is obtained from the for the left-right valueswas used. Three different meshes<(y
energy balance at the interface Xz) were evaluated: 199X 12, 31X 16x 15, and 6 32X 30.
JT JT The dependence of the evaporator wall temperature on the mesh
—KpicA— +MCTi=—k,A— +mC, T+ mhg, (6) size is shown in Fig. 2. The results indicate that changing the
% % number of grids from 189X 12 to 60x 32X 30 changes the wall
Here,m;<0 denotes evaporation, amd >0 denotes condensa-temperature by 0.10 percent. The corresponding average differ-
tion. The interface pressurg; is obtained from the Clausius- ence in the total evaporator mass flow rate was 1.22 percent at

Clapeyron equation, witl, and T, being reference values steady state. As a result of this grid-independence study, the 31
R P; 1 1 X 16X 15 mesh was used for all the results shown here; the wall,
E'“ 50 =-|To_f (7)  wick and vapor regions include 8, 4, and 4 grid points, respec-

g i

) . ) o tively, in they-direction. Similar tests varying the time step indi-
The interface mass flux is calculated using kinetic thean) cate that a time stepfd s isadequate. The attainment of steady
( 20 ( 1 ( Py Pi ) , g Stte is identified in this work as the time at which the heat trans-
— ! e 0
2—o)\2aR)2 (Tv)llz (T,) 2 i fer rate on the conder)ser side rgaches within 0.1% of thg value at
the evaporator. Within each time step, the computations are

A value for o of 0.03[21] is used in this work. The evaporatedsiopped when the sum of the absolute values of the residuals for
and condensed mass is assumed to flow normal to the |nterf@é:

: . ﬁ]peratureu, v, andw velocities are less than or equal to 18
when accounting for momentum transport due to evaporation
condensation. In the present formulation, no attempt is made to . .
track the free surface; as a result entrainment effects cannot BgSults and Discussion
computed. Since the velocity computed in the wick region is av- The transient variation of wall temperature under the center of
eraged over both fluid and solid, the mean tangential velocity iAe far-left heater is shown in Fig. 3. The heat flux supplied to the

the wick at the wick/vapor interface is approximately zero.  two heat sources is varied while the heat source separation is held
2. Wick-Wall and Vapor-Wall Interfacea=0, »=0 constant at 5 mm. The numerical results reveal a time constant for
3. Top Wall: the heat pipe under consideration to be 6 s. This compares well to

an estimated response time of the system from a lumped capaci-
tance analysis of 7.1 s. The relatively low time constant results
from the small thermal mass of the heat pipe and the relatively
JT high heat transfer coefficient at the conden&ehieved in the
Adiabatic section:— =0 u=v=0, L.<x<L,+L, experiments with a cooling water jackefrhe time constant is

d independent of the heat flux applied at the evaporator.

It is clear from Fig. 3 that the temperature under the left heater
decreases as its heat input is reduced from 15 to 5 W. In all three
cases, the system reaches a steady state at 100 s, independent of
4. Lateral Wallsu=v=9T/dx=0 the heat input. The transient variation of heat transfer rate on the
5. Bottom Wall:u=v=9T/dy=0 condenser side for the three different sets of heat input is shown in

aT
Evaporator section:kwa—y =0 0=x=L,

aT
Condenser section= kWW =h(T—T,) Xx>LgtL,

Journal of Heat Transfer JUNE 2004, Vol. 126 / 349
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Fig. 3 Transient wall temperature under the far-left heater
(x/L=0.093,y/ H=1,z/ W=0.5) for different power input combi-
nations to the two heaters

Fig. 6 Temperature distribution at the mid plane (z1W=0.5) of
the heat pipe for the baseline case with 15-15 W heat input
(d=5mm)

not occurring at the left end of this heat source. The temperature
decreases with distance away from the heated zone.

The temperature distribution along the vertical midsectian (
=23.5 mm) of the heat pipe is shown in Fig. 6. Again, the highest
temperatures are in the vicinity of the discrete heat sources. In the
vapor region, a significant drop of 12°C in temperature along the
axial direction is observed, indicating continual energy transfer
into the vapor across the liquid-vapor interface. In cases where the
effect of convection in the vapor may be dominant over diffusion
at the liquid-vapor interface, the vapor temperature variation
would be significantly smaller. The Peclet numbeuC,H, /k

Fig. 4. Itis clear from the figure that the condenser heat transferL0—20 in the present woykf the vapor space governs which of
rate is the same for all three distributions of heat input.
Contours of the wall temperature variation on the wicked sidgrop in temperature through the wi¢kdirection, attributable to

of the heat pipey(=2.8 mm) at steady state are shown in Fig. She low wick thermal conductivity.

The baseline case is again considered, with equal heat inputs tThe velocities in the wick and vapor core at steady state are
the two sources. As observed earlier, the maximum temperatgt@own in Fig. 7. It is clear that there is no “adiabatic” section
occurs at the center of the heat source on the left. Conductipizide the heat pipe. The-velocities at the liquid-vapor interface
down the side wall is responsible for the maximum temperatuegiow a delineation of the actual length of the evaporator and

Q (W)

LAN] LAaa) LARR! ALY Laa) AREES L

L) A LAY ALY LN LALE) U
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Heat transfer rate at the
evaporator side

Heat transfer rate at the
condenser side
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distance between heaters = 5 mm

| I ol L L
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Fig. 4 Transient variation of the heat removal rates at the

evaporator (constant @;,) and condenser

(Qout) sections for

the three heat input combinations

&@;

o

lenser
on

ot
secti

these processes is dominant. The figure also shows a significant

condenser regions at the wick-vapor interface. In the vapor core,
the velocity increases in the evaporator region along the axial
direction because of mass addition from the interface; similarly,
the velocity decreases in the condenser region along the axial
direction because of mass depletion. The average liquid velocity is
much smaller than the average vapor velocity because of the large
differences in density. The analysis also shows that there is no
region in the liquid-vapor interface where the interfacial velocity
is zero.

Figure 8 shows the transient variation of liquid and vapor pres-
sure drop at the liquid-vapor interface. The pressure drop at any
point is calculated by subtracting the absolute pressure at the right
end of the condenser section from the actual pressure at the de-
sired location. The sum of the liquid and vapor pressure drops at
the liquid-vapor interface gives the capillary pressure head. It is
clear from the figure that the maximum pressure drop occurs at
the left end of the evaporator. Even though the maximum tem-

0.002
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§0A0016 k111707000 i
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>o0014d {1 114200 /07~ PN
EL LIV LA AL ASrer TN Y MY

Et 1 47/t e S
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o [Z73006

ol
PN

0.02 0.03

x (m)

Fig. 5 Temperature contours at the wall

(y/H=1) on the

wicked side of the heat pipe at an input power of 15-15 W: the
condenser section is delineated by the dashed line.
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Fig. 7 Velocity vectors inthe (a) wick and (b) vapor core at the
mid plane of the heat pipe (z/ W=0.5, with 15-15 W heat input
and d=5 mm): note that the velocity scale in the two plots is
very different.
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steady state

10,
500

AP, (N/m?)

®)

Fig. 8 Transient development of pressure drop in the
por, and (b) liquid, at the liquid-vapor interface
=15-15W,d=5 mm)

(a) va-
(heat input

perature does not occur at the left end of the evapotatoshown

in Fig. 5), Fig. 8 shows that the maximum pressure drop is real-
ized at the left end of the evaporator throughout the transient and
at steady state.

In the following, the effects of varying the power input to the
two heat sources, as well as the separation between the heat
sources, on the temperature, velocity and pressure distributions in
the heat pipe under transient and steady-state conditions are pre-
sented. The effects of these parameters on the overall performance
of the heat pipe are also discussed.

Effect of Variation of Heat Input to the Heat Sources. The
effect of changing the heat input distribution between the two heat
sourcedfor a fixed total input poweron the temperature contours
is shown in Fig. 9. Of the total input power of 30 W, three cases
with progressively increasing heat input to the right heat source
are considered(a) 15-15 W (baseling, (b) 10—-20 W, and(c)

5-25 W. The end-to-end separation between the heat sources is
held constant in this set of results. When the heat inputs to the
sources are equatase & the maximum temperature in the heaﬁ
pipe (311.9 K occurs at the center of the left heater. However,
when the heat input to the heat source on the right is increased
from 15 to 20 and 25 W, the location of the maximum temperature
(312.5 K for 10—20 W input and 314.2 K for 5—25 W inpshifts

to the right heat source, closer to the condenser section.

Figure 10 shows the axial mass flow rate through the wick for
the different heat input distributions considered in Fig. 9. The
mass flow rate increases with distance away from the condenser
end as mass is added by condensation of vapor. So also, the mass
flow rate decreases as the evaporator is traversed from right to left
due to evaporation of liquid. The effect of the increase in heat
input to the right-side heat source is apparent in the reduction of
mass flow rate to the left-side heat source in the 5-25 W distri-
bution case. The mass flow rate through the left heater is not
tripled when the heat input increases from 5 W to 15 W at this
heater. This is because of the effect of heat spreading through the
wall and the liquid wick.

Effect of Heat Source Separation. The effect of heat source Fig. 10

Journal of Heat Transfer
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. 9 Temperature contours on the wicked-wall of the heat
ipe for heat inputs to the left and right heat sources of
5-15 W, (b) 10-20 W, and (c) 5-25 W (d=5 mm)
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respect to the location of the heat source with respect to the con-
denser illustrates the importance of axial diffusion through the
wall and wick.

Figure 12 illustrates the effect of heat source separation on the
mass flow rate through the evaporator. As the high heat input
source moves closer to the condenser, the mass flow to the left-
separation is investigated next, with the power input to the twaide heat source is significantly reduced. This is because of the
heat sources held constant at 5 and 25 W for the left and rigiffect of heat spreading into the condenser region through the wall
sources, respectively. The heat source separation is varied throagtl the wick when the distance between the heaters is increased.
0, 5 and 10 mm. A change in heat source separation frdm0 to 10 mm results in

As expected, Fig. 11 shows that the maximum temperature alreduction of 54 percent in the mass flow rate to the left-side heat
ways occurs at the center of the right heat source with the higtsmurce. The temperature on the left end of the evaporator is de-
heat input. This maximum temperature reduces from 312.6 K toeased when the heat source separation increases, thus reducing
311.4 K as the distance between sources is increased from 0 tali® rate of evaporation under the left end.

mm. As the separation between the sources is increased, th&he location of the maximum velocity at the interface corre-
source on the right gets closer to the condenser, explaining tejgonds to the location of the maximum interface temperature.
drop in maximum temperature. This temperature dependence wWilso, this v-velocity is higher as the heat source separation is

Fig. 11 Temperature contours in the liquid at the liquid-vapor
interface for different separation between the heaters
(heat input =5-25 W)
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Fig. 14 Transient development of pressure drop in the (a) va-
por, and (b) liquid, at the liquid-vapor interface  (heat input 5-25
W and d=5 mm)

losses. When the heat source separation decreases, the mass flow
rate to the left end of the evaporator increadgég. 12, as do the
dynamic pressure losses as seen in Fig. 15.

In the absence of gravity, the sum of the liquid and vapor pres-
sure drops give the total pressure drop at any axial location along
the liquid-vapor interface. From Fig. 15 it is possible to determine
the required capillary pressure drop by summing the maximum
liquid and vapor pressure drops. From the expression for the cap-
illary pressure dropAP.=20/r,, it is possible to determine the
pore radius of the wick that can provide the required capillary
pressure drop necessary to prevent dryout. For instance, in the
present cases, the steady-state, is found to be 1021, 883, and
742 N/nf for the 0, 5, and 10 mm separation distances, respec-
tively. The pore radii necessary to support these capillary pressure

reduced, since the maximum wall temperature correspondingigads are thus 1.3710 4, 1.58<10 4, 1.89x10 % m, respec-
increases. The-velocity at the liquid-vapor interface is shown intively. For a given pore radius, the present analysis helps to deter-
Fig. 13 at the different heat source separations. As the highemine the time and location of dryout. The location of dryout is
power heat source is moved closer to condenser, the actual “canat at which the capillary pressure head has a maximum value. In
denser section” penetrates deeper and deeper towards the evapo-

rator section. The actual condensing and evaporating areas at the

liquid vapor interface can be determined from Fig. 13.

Figure 14 shows the transient variation of the liquid and vapor
pressure drop at the liquid-vapor interface. It is interesting to note
that the location of the maximum pressure in the liquid and vapor
changes during the transient. The mass flow rate in heat pipe
increases during the transient period and reaches a maximum
value at steady state. As the dynamic pressure loss increases in g0
response to this increase in the flow rate, and becomes significant, 2100
the location of the maximum pressure drop shifts towards the left [T
end of the evaporator. The location of the dryout region during
transient startup would thus depend on the transient path adopted.

The axial variation of the liquid and vapor pressure drop at the
interface at steady-state conditions is shown in Fig. 15. Once
steady state is reached, irrespective of the location of the maxi-
mum temperaturgland the maximum interface velocjtythe
maximum pressure drops in the liquid and vapor always occur

RRARELERRY RRRES LARRN LANRY RRRRS RRE)S LER RS R0

A

S

S
|

SRR ERN VNI R
0.01 0.02 0.03 0.04 0.0
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near the left end of the evaporator. This is because of the signifiy. 15 Pressure drop in the liquid and vapor at the liquid-
cant velocities in the liquid and vapor encountered under the corapor interface at different heat source separation distances
ditions of the present work, which lead to high dynamic pressutkeat input 5-25 W, z/ W=0.5)
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all the three cases studied, the maximum pressure head at steady ¢ = accommodation coefficient; surface tension, N/m
state occurs at the left end of the evaporator, and this is the poﬁUbscripts

where dryout would occur.
0 = reference

Conclusions a = adiabatic section
A complete, three-dimensional mathematical model has been ? z icn(ig(rjfzgzer
developed to analyze the transient and steady-state performance of | _ liquid

flat heat pipes, under the action of discrete multiple heat sources.
The model accounts for the pressurization of the vapor core and
the coupling of the continuity/momentum and energy equations in

m = mean value
op = operating pressure

. ; . . s = solid
the wick and vapor regions. The analysis helps to determine the _ . -
maximum pore radius of the wick allowable while still supporting sat _ \s;ztuor?tlon condition
the total pressure drop in a flat heat pipe. The location of dryout W= wa[I)I

under transient and steady-state conditions can also be estimated.
The analysis highlights the |mp0rtance of considering axial difg
eferences
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