JOURNAL OF THERMOPHYSICS AND HEAT TRANSFER
Vol. 14, No. 2, April-June 2000

Investigations on Transient and Steady-State
Performance of a Micro Heat Pipe

C. B. Sobhan,* Huang Xiaoyang,” and Liu Chang Yu*
Nanyang Technological University, Singapore 639798, Republic of Singapore

A numerical study is presented of the vapor and liquid flow in a micro heat pipe with triangular channels,
utilizing water as the working medium. The governing equations are derived taking into account the variation
in the flow cross-sectional areas of the vapor and liquid phases and incorporating the phase change during the
process. The velocity, pressure, and temperature distributions in the vapor and liquid, in the transient and steady
states, are obtained from the analysis. The effective thermal conductivity of the micro heat pipe is calculated, and
its dependence on the heat input and the heat transfer coefficient at the condenser section is investigated. The
results of the analysis are compared with those availablein literature and discussed in the light of the assumptions

made and the extensions incorporated in the present model.

Nomenclature

A, = area of cross section of the heat-pipe channel, m?

C, = specific heat of the liquid, J/kg K

C, = specific heat at constant volume of the vapor, J/kg K

Dy = hydraulic mean diameter of the channel, m

d = one side of the triangular channel, m

E, = total energy of the liquid per unit volume,
p(CT + % u?), Jm?

E, = total energy of the vapor per unit volume,
po(C, T + 1u?), Jm’

f = friction coefficient

h s = latent heat of vaporization, J/kg

hy = heat transfer coefficient at the condenser, W/m? K

k = thermal conductivity, W/mK

K copper = thermal conductivity of copper, W/mK

ket = effective thermal conductivity of the heat
pipe, W/mK

k* = thermal conductivity ratio, kes/ keopper

L = length of the heat pipe, m

P = pressure, Pa

P, = saturation pressure, Pa

Oin = heat input at the evaporator, W

[on = heat dissipation at the condenser, W

q = heat flux, W/m?

R = gas constant, J/kg K

r = radius of curvature of the meniscus, m

o = initial radius of curvature of the meniscus, m

T = temperature, K

Tt = ambient temperature, K

t = time, S

u = axial velocity, m/s

Va = interfacial liquid velocity, m/s

V; = interfacial vapor velocity, m/s

X = axial coordinate
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Bi, Bi, Bw = geometric area coefficients (Appendix)
AT = temperature difference, T — Typp, K
u = viscosity, N s/m?

o = density, kg/m®

o = surface tension, N/m

Subscripts

amb = ambient

c = condenser

e = evaporator

i = interface

[ = liquid

li = liquid interface

Iw = liquid wall

v = vapor

vi = vapor interface

2 = vapor wall

Introduction

HERMAL control is a crucial aspect in ensuring reliable per-

formance of microelectronic devices. Heat dissipation from
such devices is an important problem, with the high levels of heat
flux intensities encountered in miniature components, leading to a
high surface temperature. It is required to keep the devices at op-
timum operating temperatures by dissipating the heat generated in
them. The extent to which this can be accomplishedby conventional
heat sinks is limited, requiring novel techniques. An interesting al-
ternative method is to make use of the latent heat transfer associated
with the phase change of a working fluid in a closed circulation
device such as the micro heat pipe that can be attached directly to
the electronic chip.

The construction and operation of the micro heat pipe have some
essential differences from those of the conventionalheat pipe. In the
conventional heat pipe, a wick structure is used either in the form
of a mesh or as grooves, providing the wicking or capillary effect
for the circulation of the liquid phase. The micro heat pipe consists
of microchannels, defined as channels where the capillary radius is
comparablewith the hydraulicradius of flow. A single channelor an
array of such channelscan be used as a micro heat pipe, eachchannel
serving as an individual heat transport device. The channels are of
polygonal cross section, the corners of which provide the capillary
action for flow of the liquid. Thus, under operation, the vapor fills
the central portion of the microchannel, and the liquid flows back
adjacent to the corners.

Experimental and analytical investigations on single trapezoidal
micro-heat-pipe channels were conducted by Babin et al.! In the
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analytical work, a steady-state, one-dimensional model imposed
the extremely small characteristic dimensions of the micro-heat-
pipe channel on the conventional-heat-pipemodel, and the effects
of these were examined. The analytical results were compared with
the steady-stateexperimentalresultson copper and silver heat pipes.
Ma and Peterson® presented analytical expressionsfor the minimum
meniscusradiusand maximumcapillaryheat transportlimit in micro
heat pipes, incorporating the shear stress at the interfaces, contact
angleeffects, vaporpressuredrop, tiltangle, groovedimensions,and
channel angle effects. Comparisons were made with experimental
data from triangular grooves and micro heat pipes, to verify the ex-
pressions. A one-dimensionalmodel of the evaporatorand adiabatic
sectionsof a micro heat pipe operatingunder steady-stateconditions
was developed by Longtin et al.> This model incorporated the inter-
facial and vaporshearstress and the convectionand body force terms
in the momentum equation, but assumed that the vapor temperature
is constant throughout the length of the heat pipe, thus requiring
solution of only the energy equation for the liquid phase. Numerical
solutions were obtained for the pressure, velocity, and film thickness
distributionsalong the length of the pipe. The analysis was restricted
to the evaporator and adiabatic sections of the micro heat pipe. A
transient numerical model capable of predicting the maximum heat
transportcapacity priorto dry outin a micro heat pipe was developed
by Wu and Peterson.* The accuracy of this model has been verified
by Wu et al.,’ comparing it with the transient experimental results
on tapered micro heat pipes specifically designed for use in the ther-
mal control of ceramic chip carriers. It was found that the numerical
model accurately predicts the steady-state behavior, but underesti-
mates the transientresponse. Khrustalev and Faghri® developeda de-
tailed mathematical model for the heat and mass transfer processes
in micro heat pipes with polygonal cross section that describes the
liquid distributionand thermal characteristics. The predicted results
were compared with available experimental data. The importance
of the liquid fill, the minimum wetting contact angle, and the shear
stressesat the liquid-vaporinterfacein predictingthe maximumheat
transfer capacity and thermal resistance was discussed. Peterson and
Ma’ presented a mathematical model of the liquid friction factor for
flow in triangular grooves, considering the interfacial shear stresses
due to liquid-vapor frictional interactions for countercurrent flow.
The governing liquid flow equations were solved, for cases where
the liquid surface is strongly influenced by the vapor flow direction
and velocity, to yield the velocity distribution for countercurrent
liquid-vapor flow. Numerical solutions for channel angles of 20,
30, 40, and 60 deg were compared with the corresponding exper-
imental data. Swanson and Peterson® presented a thermodynamic
model of the vapor-liquid interface in micro heat pipes where the
axial pressure and temperature differences and the changes in local
interfacial curvature were considered. The analysishas been utilized
to develop relationships useful in defining quantitative restrictions
and requirements for the operation of micro heat pipes.
Experimental investigations to verify the micro-heat-pipe con-
cept and to determine the potential advantages of constructing an
array of micro heat pipes as an integral part of semiconductor de-
vices have been reported by Peterson et al.” Temperature gradients
and maximum localized temperatures in silicon wafers with inte-
gral micro-heat-pipe arrays were compared with those for a plain
ungrooved silicon wafer. Increased effective thermal conductivity
of approximately 25% was obtained for the wafer with the micro-
heat-pipe array. Chen et al.'” reported visualization experiments on
glass micro heat pipes. They studied the variation of flow patterns
andits dependenceon charge and heatinputand presentedmeasured
temperature distributions for various flow patterns. They also mod-
eled the micro heat pipe employing the concept of two-phase flow
in porous media. Experimental investigations on micro heat pipes
have also been conducted by Zhou et al.!! and Zhang et al.,'* and
results of external measurements reported. Advances in the devel-
opment and testing of micro heat pipes fabricated as an integral part
of semiconductorwafers have been discussedby Peterson.!* A sum-
mary of the analytical and numerical techniques used to model and
to predictthe performanceof integral micro heat pipes has also been
presented. A comprehensive review of literature related to minia-

ture and micro heat pipes and discussions on the various limits of
operation of these heat pipes are presented by Cao et al.'*

In the present work, numerical solutions are obtained for the tran-
sient and steady-state operation of a micro heat pipe that consists of
an evaporatorand a condensersection. The model does not assume a
constantvapor temperaturealong the heat pipe and solves the energy
equation along with the other governing equations to yield the tran-
sient and steady-statedistributionsof the temperature, pressure, and
velocity. The influences of the heat input at the evaporator section
and the convective heat transfer coefficient at the condenser section
are investigated. The effective thermal conductivity of the heat pipe
is calculated,and the influence of the parameterson the performance
is studied. The results are compared with those reportedin literature,
and the similarities and differences are discussed.

Formulation

A flat micro heat pipe with a number of microchannels in an
array is a compact heat dissipation device that can be effectively
utilized to dissipate heat by attaching it to an electronic chip. Each
individual channel in the array serves as an independentmicro heat
pipe. Figure 1a shows the overall dimensions of one such device.
The micro-heat-pipe channels are of triangular cross section with
0.3-mm side as shown in Fig. 1b. The channels are formed by fabri-
cating grooves on a copper plate of thickness 0.65 mm and covering
them with another copper plate of thickness 0.35 mm, so that the
overall thickness of the heat pipe is 1 mm, as shown in Fig. 1c. The
flow and heat transfer in one channel is analyzed.

The micro heat pipe considered in the present study consists of
the externally heated evaporator section and the condenser section
subjected to convective cooling. The channel considered is part of
a flat micro heat pipe with an array of 40 triangular channels. The
maximum heat load capacity per channel in copper-water systems
has been obtained by researchers? and accordingly, heat load lim-
ited to a maximum of 0.25 W at the evaporator has been used in
the present analysis. The system has been analyzed for various val-
ues of heat transfer coefficients at the condenser, assuming forced
convection cooling by air, with a coolant temperature of 300 K.
The transientanalysis presented starts with an initial temperature of
300 K everywhere in the heat pipe and proceeds until steady state.

As the field variations in the channel are significant only in the
axial direction due to the geometry, a one-dimensional model is
expected to give fairly accurate results and is used in the present
analysis. Analysis of micro heat pipes using one-dimensional mod-
els have been reported extensively in literature >* It is assumed that
the thermophysical propertiesof the working fluid both in the liquid
and vapor phases do not change significantly with temperature. The
variation of the vapor density with temperature is incorporated in
the calculation by interpolating from the available thermophysical
property data.

The flow and heat transfer processes are governed by the con-
tinuity, momentum, and energy equations for the liquid and vapor
phases. As phase change occurs, the local mass rates of flow of the
two individual phases are connected through a mass balance at the
interface between them. The areas of cross section of the vapor and
liquid portions and the interfacial area vary along the length, due
to progressive phase change as the fluids flow along the channel.
The area variations are incorporated by suitable area coefficients,
following the derivations presented in literature® (see Appendix).
The local meniscusradius at the liquid-vapor interface to be used is
calculated using the Laplace-Young equation, with a quasi-steady
assumption. Refer to Fig. 1 for the configuration and the x direction
used in the formulation and the Appendix for the area coefficients;
the governingdifferentialequations, after simplification, are written
as follows.

1) Laplace-Young equation:

P,— P =o/r (1)
2) Vapor phase, the continuity equation for the evaporatorsection:
NG ou, or o

(_d2 - ﬂl’z) — - zﬂluvra_ + B

Vi = 2
4 0x X pt,rl 0 @
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Fig. 1 Schematic diagram showing the arrangement and details of the channels (dimensions in millimeters) in the microheat pipe.

and for the condenser section: Vapor phase, the energy equation for the evaporator section:

3 ou, 0
B prr) 2 g —p vy =0 3
4 0x 0x Py (

Note that the continuity equation for the vapor is written in terms
of the liquid velocity, relating the liquid and vapor velocities at the
interface using the mass balance. That is, {

Vi =p, Vi ) ox

Vapor phase, momentum equation:

0 3
a_x[uv (T\/_dz - ﬂer) (Ev + Pv)]

o [( V3
+k,—|| —=d*>-Br*|T,| } +q3d - +h,V
Py (ﬁdz - 51’2) - =2p, (ﬁdz - ﬂ;’z) ”'—au“ fox [( 4 hr ) ] } 4G Pory e hreapibir

4 ot 4 0x
0 3 0P, 1 1
- 2pvﬂlru§_r + £d2 - ﬂlrz - + _Pvuz,fkuv(?’d - ﬂlwr) + _puz,vaiuvﬂir (6)
0x 4 0x 2 ! 20
20,2 fus3d = Bur) + P2 fufir 5)
oy v oI and for the condenser section:
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1
+ Epvuifviuvﬂir (7)

3) Liquid phase, the continuity equation for the evaporator sec-
tion:

ou or i
P2 By o (8)
0 ox B
and for the condenser section:
0 0 i
ri+2u,—r+EVil=0 9)
0 ox B

ou,; ) ou; oyl or 0P
r— =- ru— — r—
P ot P Tox "ox 0x
1 ﬂlw 1 2 ﬂi
+ =puf frv—+ =it} fi— (10)
27T 2,
Liquid phase, energy equation for the evaporator section:
oFE 0
227l 2
re—+ —|u,Br-(E, + P,
Bi T ax[ 1Bir (K, z)]
0|4 0 N 0
=—| =—pu,— + k— T
3x 3l~1ulax(”1ﬂzr ) ax(ﬂl’ 1)

1 1
+qBwr — hpVap Bir + Eplulzflwulﬂlwr + Eplulzﬁiulﬂir
(11)
and for the condenser section:

oFE 0
ﬂzrza—tl + a—x[uzﬂzrz(Ez +P)]

0|4

k) 0
Tox Sﬂula_x(uzﬂzrz) + ka_x(ﬂzrsz) +hyVapipir

1 1
— hoPwr AT + Eplulzflwulﬂlwr + Eplulzfliulﬂir (12)

Thus, in the present work, a formulationusing the continuity, mo-
mentum, and energy equationsis utilized, and the field variationsare
obtained for both the evaporator and condenser regions of the heat
pipe, proceeding on the lines suggested in literature > The interfa-
cial, liquid to wall, and vapor to wall friction coefficients utilized in
the analysis were also calculated according to the discussions pre-
sentedin literature ® These are calculated from the Reynoldsnumber
and the constant in the relation f =k/Re, where k depends on the
geometry of the duct and accounts for the variation in geometry.
The constant k is chosen as 13.3 for the liquid, assuming a trian-
gular cross section and 14.7 for the geometry of the vapor channel
varying from nearly triangular in the evaporator to almost circular
where the interfaces meet.?

The vapor and liquid pressures are computed as follows. The
equation of state is utilized for computing the pressure in the vapor.
Because the vapor is either saturated or superheated, the ideal gas

state equation is reasonably correct and is used extensively in heat
pipe analysis.!> For the liquid phase, as a first approximation, the
Hagen-Poiseuielleequationis used, with the local hydraulic diame-
ter for the wetted portion of the channel wall adjacentto the corners.
The values of pressure are substituted back in the momentum equa-
tions and iterated for spatial convergence. The equations used are
as follows.
Equation of state in the vapor:

P, =pR,T, (13)

The Hagen-Poiseuielle equation is used as a first approximationin
the liquid:

0P _ Spu,;

= = > (14)
(D3 /4)

The boundary conditions at x =0 and L are u; =0 and u, =0,
ando7T/ox =0.

The initial conditions at ¢t =0, for all x are P, =P, =Py, T, =
T; =Tump, and r =ry. At x =0 and r =0, then P, — P, = o/ ry.

The value of ry, the initial radius of curvature of the interface
meniscus for the copper-water system, is adopted from literarture >
Detailed discussionson the selectionof ry and the dependenceof the
solution on this are presented by Longtin et al.> In the present case
also, as observed by them, it was found that the solutionis unaffected
by theinitial selectionof ry becausein the subsequentstepsthe radius
of curvature is calculated using the Laplace-Young equation.

Numerical Solution

The governing differential equations were solved using a finite
difference scheme. In the finite difference formulation, central dif-
ferences were used for second-order derivatives, and upwind dif-
ferences were used for the convective terms. An explicit scheme is
used with a time step size of 107® s, and stable, converged solutions
were obtained by successive spatial grid refinement.

The steps involved in the solution procedure are summarized as
follows.

1) Obtain the local meniscus radius from the Laplace-Young
equation.

2) Obtain the interfacial vapor velocity from the vapor continu-
ity equation and calculate the interfacial liquid velocity using the
interface mass balance.

3) Use the vapor momentum equation to obtain the axial vapor
velocity.

4) Obtain the vapor energy and vapor temperature from the vapor
energy equation.

5) Calculate the vapor pressure using the equation of state for the
vapor.

6) From the liquid continuity equation, obtain the liquid velocity
derivativein terms of the interfacial liquid velocity obtained at step
2 and substitute into the liquid momentum equation.

7) Solve the liquid momentum equation to obtain the axial liquid
velocity.

8) Obtain theliquidenergy and temperature fromthe liquidenergy
equation.

9) Calculate the liquid pressure using Hagen-Poiseuille equation.

10) Substitute the liquid pressure back in the liquid momentum
equation and iterate for spatial convergence.

11) The time steppingis continued until the systemreaches steady
state.

The primary results obtained from the calculation are the instan-
taneous local velocity, temperature, and pressure in the domain.
Parametric studies were performed varying two input parameters,
namely, the heat input at the evaporator and the convective heat
transfer coefficient at the condenser, to study the dependence of the
field variables on them. An effective thermal conductivityis defined
for the heat pipe as follows, using an analogy with one-dimensional
heat conductionin a solid rod:

Qin
b = AT - o7 4>
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The effective thermal conductivity is normalized with respect to the
thermal conductivity of copper as

k* = kcff/ kcoppcr (16)

The dependence of the effective thermal conductivity ratio at
steady state, on the heat input at the evaporator was studied. The
instantaneous effective thermal conductivity, using Q in place of
Q;, in Eq. (15) was also obtained, to study its transient variation.

Results and Discussion

Transient analysis of a micro heat pipe with triangular channels
is performed in this study. The micro heat pipe analyzed utilizes
water as the working medium and has evaporator and consenser
sections. The transient period under analysis starts when the heat
input is applied to the evaporator section with the heat pipe at the
initial temperature of 300 K. The condenser section is cooled ex-
ternally with an imposed heat transfer coefficient that is varied in
the analysis, with a fixed coolant temperature of 300 K. Heat input
values 0f 0.07,0.11, 0.16, 0.2, and 0.25 W and heat transfer coeffi-
cients of 120, 130, and 150 W/m? K were used at the evaporatorand
condenser sections, respectively. The primary results of the analysis
are the velocity, temperature, and pressure distributionsin the vapor
and the liquid. The effective thermal conductivity of the heat pipe
was determined in all of the cases and normalized with the ther-
mal conductivity of copper. The variations of the effective thermal
conductivity ratio with respect to the input heat and the transient
variations of the instantaneous effective thermal conductivity ratio
were studied. Detailed discussions on the computational results are
given.

Velocity Distribution

The distributions of the vapor and liquid velocities in a micro
heat pipe are mostly determined by the following factors: 1) mass
addition or depletion in the vapor and liquid streams and 2) the
local variation of the cross-sectional areas of the vapor and liquid
streams. In the present case, the micro heat pipe consists of only
the evaporator and condenser sections. Figure 2 shows the local
variation of the vapor velocity at various time instants and at steady
state. The case presented is for an input power of 0.25 W to the
channel and a convective heat transfer coefficient of 120 W/m? K
at the surface of the condenser section; the nature of the variation
is typical for all input power values and heat transfer coefficients
used. The vapor velocity increases monotonically along the length
of the evaporator section until its end. In the condenser section, it
falls almost linearly. Even though there is a variation in the vapor
flow area along the channel, this change is not significant enough
to affect the linear velocity variation produced by the progressive
mass additionand depletion processesdue to the phase change at the
evaporator and condenser sections. Similar variations are observed
in the transient as well as steady states.
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Fig. 2 Vapor velocity distribution along the channel at various time in-
stants.
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Fig. 3 Liquid velocity distribution along the channel at various time
instants for the case presented in Fig. 2.

The distribution of the liquid velocity along the length of the heat
pipe is shown in Fig. 3, for the same case as presented in Fig. 2.
The velocities shown are in the negative x direction. The liquid
velocity distributions show different trends in the condenser and
the evaporator sections. The liquid formed at the condenser section
flows to the evaporator section along the corners of the channel.
In the early transient period, a flow reversal is noticed toward the
condenserend. This is in accordance with the computationalresults
presented previously in the literature*> The effect is due to the
forcing of liquid from the evaporatorregion to the condenserregion,
asaresultof lower evaporationrates at the early transientperiod. The
phenomenon of flow reversal disappears when the process proceeds
in time. In the evaporatorsection, the variation of the liquid velocity
is a linearly decreasingone in the direction of flow. In the condenser
section, the variation is not linear.

The deviation of the velocity profile from a linear one at the con-
denser section is attributed to the pronouncedeffect of the variation
in the liquid cross-sectional area in this section. Because the liquid
portion in the heat pipe is very small, this has a substantial effect
in the flow velocity at the condenser section, where the area varia-
tion is maximum. However, at the evaporator section, the relatively
smaller area variation does not produce any significant effect on the
linear nature of the liquid velocity distribution that results due to the
mass depletion.

Temperature Distribution

Efficient operation of a micro heat pipe is characterized by an
almost uniform temperature along its length. This results in a high
value of effective thermal conductance for the heat pipe. Tempera-
ture distributionsin the vapor, along the heat pipe for three different
conditions, are shown in Figs. 4-6. These are the distributions at
various time instants for a typical case analyzed, steady-statedistri-
butions for differentheat input values with the same convective heat
transfer coefficient at the condenser, and the steady-state distribu-
tions for the same input power value at the evaporator with different
heat transfer coefficients at the condenser. In all of the cases, it is
found that the major drop in the vapor temperature takes place at
the junctionbetween the evaporatorand condensersections. A slight
drop in temperature occurs along the evaporator, but except at the
region near its beginning, in the condenser section, the temperature
remains almost constant.

Figure 4 shows the transient variation of the vapor temperature
distribution. In the initial transient period, the evaporator section
where the input heat is applied heats up much faster, producing
a larger drop of temperature across the sections. As the process
continues, the vapor temperature drop becomes smaller, due to im-
proveddissipationat the condenser, which in effectarrests the rate at
which the evaporatortemperature grows, and by the time the system
reachessteady state, the dropbecomes very small. In the case shown,
with aheatinputof 0.25 W at the evaporator, which is the maximum
value used in the present study, and with a heat transfer coefficient
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Fig. 4 Vapor temperature distribution along the length of the micro-
heat-pipe channel, at various time instants, for a heat input of 0.25 W
at the evaporator and a heat transfer coefficient of 120 W/m? K at the
condenser.
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Fig. 5 Steady-state vapor temperature distribution along the micro-
heat-pipe channel for various heat inputs at the evaporator.
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Fig. 6 Steady-state vapor temperature distribution along the channel
for a heat input of 0.25 W at the evaporator for various heat transfer
coefficients at the condenser section.

of 120 W/m? K at the condenser, the drop in the vapor temperature
is less than 1 K along the evaporator and condenser sections of the
heat pipe, indicating a high effective conductance of the device.
The influence of the input power at the evaporator section on
the local vapor temperature is shown in Fig. 5. All of the graphs
correspond to steady state, with the same heat transfer coefficient
(120 W/m? K) applied to the condenser section. At a lower input
power value, the temperature dip across the interface between the
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Fig. 7 Comparison of the liquid and vapor temperature distributions
at 10 s from the start and at steady state.

evaporator and condenser sections is more than that in the case of a
higher heat input. This effect is attributed to the existence of higher
velocities in the vapor when higher heat inputs are applied that
make the phase change and heat transport processes more efficient,
as expected, in the heat pipe. This result indicates that the effective
conductance increases with the heat input, when the heat transfer
coefficient at the condenser is kept constant. Figure 6 shows the
influenceof the heattransfercoefficientat the condenseron the vapor
temperature distribution, for the same power input at the evaporator.

It is found that the liquid temperature is more or less uniform
along the heat pipe. Figure 7 shows a comparison of the vapor and
liquid temperatures, at 10 s from the start and at steady state, for
the case of 0.25-W input power and a heat transfer coefficient of
120 W/m? K at the condenser. The vapor temperature is higher than
the liquid temperature everywhere, and this indicates that the vapor
is at a superheatedstate at the evaporator section. Because the liquid
portion is confined to the corners of the channel, at the evaporator
section, the vapor is directly heated to temperatures higher than that
of the liquid. Along the condenser section, the vapor and liquid
temperatures are very close to each other.

Transient Variations of Vapor Temperature and Heat Dissipation

The evaporator temperature is the most significant value to be
monitored because the evaporator section of the heat pipe is at-
tached to the component to be cooled. The purpose of the heat pipe
is to dissipate the heat such that this temperature is kept moderate
or as low as possible. The transient variation of the vapor tem-
perature at the evaporator for a typical value of the heat input and
convectiveheat transfer coefficientis shownin Fig. 8. The inputheat
and the dissipation equalize at steady state. The transient variation
of the heat dissipation at the condenser section, from the start until
the attainment of steady state, is shown in Fig. 9. This case corre-
spondsto a heatinput of 0.25 W at the evaporatorand a heat transfer
coefficient of 120 Wm?/K at the condenser. It is seen from the com-
putationalresults that, for the case presentedin Fig. 9, steady state is
attained in about 30 s from the start. In the practical case, however,
with the influence of the heat pipe material, it is expected that the
attainment of steady state would be much slower. This effect has
been noticed and discussed in the literature’

Pressure Distribution

The distribution of the liquid and vapor pressure along the micro
heat pipe at steady state is shown in Fig. 10. Heat input to the
evaporatoris 0.25 W, and convective heat transfer coefficient at the
condenseris 120 W/m? K. The variation of the vapor pressure along
the heat pipe is not very significant when compared to that of the
liquid. The differencebetween the vaporand liquid pressuresis large
in the evaporatorsection, the liquid pressure being much lower than
the pressure of the vapor. The vapor pressure distribution mirrors
the vapor temperature distribution. The nature of the vapor pressure
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Fig. 8 Transient variation of the vapor temperature at the evaporator
for a heat input of 0.25 W at the evaporator and a convective heat
transfer coefficient of 120 W/m? K at the condenser.
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Fig. 9 Transient variation of the heat dissipation at the condenser sec-
tion.
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Fig. 10 Vapor and liquid pressure distributions along the micro-heat-
pipe channel at steady state.

variation is as expected, due to an almost constant temperature of
the vapor along the heat pipe. The variationsare in accordance with
those discussed in the literature.

Overall Performance of the Micro Heat Pipe

To compare the overall performance of the heat pipe under var-
ious operating conditions, a performance parameter, namely, the
effective thermal conductivity, has been defined in Eq. (15). This
is normalized with respect to the thermal conductivity of copper,

1200

1000 -

800 +

X 600

400 +

200 +

t(s)

Fig. 11 Transient variation of the instantaneous effective thermal con-
ductivity ratio.
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Fig. 12 Dependence of the steady-state effective thermal conductivity
ratio on the input power to the evaporator, for a constant heat transfer
coefficient at the condenser.

the material of the micro heat pipe. The transient variation of
the effective thermal conductivity and the variation of its steady-
state value with respect to the heat input to the evaporator section
are interesting to study because this parameter gives a picture of the
temperature uniformity along the heat pipe in comparison with the
heat throughput.

The transient variation of the effective thermal conductivityratio,
foraninputpower of 0.25 W to the evaporatorsectionof the channel
and a convective heat transfer coefficient of 120 W/m? K applied to
the condensersection,is shown in Fig. 11. In the transientcondition,
the effective conductivity is calculated based on the heat dissipation
fromthe condenserand notthe inputpower becauseonly a partof the
input power is dissipated. The effective conductivity has a transient
increase. Figure 12 shows the dependence of the effective thermal
conductivity at steady state on the power throughput. All of the
cases correspond to a heat transfer coefficient of 120 W/m? K at the
condenser.There is a significantincreasein the value of the effective
thermal conductivitywith the power throughput,with a constantheat
transfer coefficient applied to the condenser. The dependence of the
effective thermal conductivity on the power input, for cases where a
constanttemperatureis maintainedat the condenserby adjustingthe
coolingrate, has been presentedby Wu et al.* and shows a decrease
in the value with increasing heat input. The situation is different
in the present case from that presented by Ref. 4 because, in the
present case, the heat transfer coefficient is kept constant and the
temperature is not controlled externally.

Comparison of Results

The vapor temperature drop along the heat pipe obtained through
the solution of the energy equation in the present model provides
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Fig. 13 Comparison of the variation of the vapor temperature at the
midpoint of the evaporator section, with respect to the heat input, with
results presented in the literature.

a means of calculating a performance parameter for the micro heat
pipe, namely, the effective thermal conductivity. This is an advan-
tage of the present model over models that assume a uniform vapor
temperature along the heat pipe.

The presentmodel is developed on the same lines as discussed by
Longtin et al.> but solves the energy equation and extends the solu-
tion to the condenser section. The heat pipe analyzed by the authors
of Ref. 3 has an extremely small evaporator section of 0.28 mm
length, compared to 20 mm length of the adiabatic section. Further,
the condenser section is not included in this analysis. Assumption
of a uniform vapor temperature along the heat pipe seems to be
appropriate in that case. However, it is not justifiable to assume a
uniform vapor temperature in the present study because the evapo-
rator length is not of negligible length compared to the total length
of the heat pipe. A temperature drop along the heat pipe is expected
and is obvious from the calculations.

Even though the physical dimensions and operating conditions
differ, a comparison of the present results is made with cases pre-
sented by Longtin et al.> and Wu et al.’> Note that the distributions
of the field variables and the performance of the micro heat pipe
depend on the geometry and the operating conditions such as the
surface and cross-sectionalareas, the heat input, and the cooling co-
efficient. However, the comparison presented here would be useful
in checkingthe trend and the orders of magnitude of the quantitative
results obtained from the present model.

The dependence of the temperature level of the vapor, indicated
by the temperature at the midpoint of the evaporator section, on
the applied heat input is shown compared with results presented in
literature in Fig. 13. The nature of the variation is linear in all of
the cases. The temperatures obtained from the present analysis are
greater than those calculated by Wu et al.’> for the same heat input
levels, as expected, due to much smaller peripheral dimensions of
the channel and higher heat fluxes associated with the present case.
The case reproduced from Wu et al.> corresponds to a fixed con-
denser temperature of 24.5°C, whereas, for the results shown from
the present analysis, the heat transfer coefficient and the tempera-
ture of the cooling stream at the condenser are fixed at 120 W/m? K
and 300 K, respectively. The analysis by Longtin et al.® is differ-
ent in that the effects of the vapor and liquid flow velocities and
the external cooling of the condenser are not reflected in the va-
por temperature because a uniform temperature model is used and
the condenser section is not analyzed. Because the cooling condi-
tions at the condenser differ among the three cases presented, the
comparisons are mostly of a qualitative nature.

Conclusion
A transient analysis of the vapor and liquid flow in a micro-heat-
pipe channel is performed to obtain the distributions of the vapor
and liquid velocities, pressures, and temperatures. From the analysis
and parametric studies, the following conclusions are drawn.

1) The vapor velocity distributions in the evaporator and con-
denser sectionsare linear. The liquid velocity distributionis linearin
the evaporatorsection, but deviates from this nature in the condenser
section. This effectis due to the variation in the flow cross-sectional
area.

2) A flow reversalis observed near the condenserend at the initial
transient period. This is in accordance with what has been observed
in the literature. This effect is due to the forcing of liquid from
the evaporator region to the condenser region, as a result of lower
evaporationrates at the early transient period.

3) The pressure drop in the liquid is larger, compared to that in
the vapor. The difference between the liquid and vapor pressures
is large in the evaporator section. Toward the end of the condenser
section the pressures are almost equal.

4) Most of the temperature fall in the micro heat pipe occurs near
the interface between the evaporator and condenser regions. In the
condenser region, the temperature is nearly constant.

5) The variations of the effective thermal conductivity of the heat
pipe have been studied. The instantaneouseffective thermal conduc-
tivity increases in the transient period. Also, there is a substantial
increasein the effective thermal conductivity with an increase in the
heat input at the evaporator, within the operating limits of the micro
heat pipe, when the heat transfer coefficient at the condenseris kept
constant.

Appendix: Geometric Area Coefficients
(Reproduced from Ref . 3)

Fig. A1. Cross-sectional geometry for area coefficients.

The cross section is an equilateral triangle with ¢ =60 deg — o
and n=rsin ¢ (Fig. Al). The total area of the liquid in the cross
sectionis A; = B2, where

B =3[ VBsin*(n/3 — &) + 0.5sin2(x/3 — @) — (7/3 — &) ]
The total area of the interface in length dx is A; = §;r dx, where
Bi =6(n/3 —a)
The total wetted perimeter for the three corners = B, 7, where

B, = msin(n/3 — )
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