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Abstract

A mathematical model for heat and mass transfer in a miniature heat pipe with a grooved wick structure is de-
veloped and solved analytically to yield the maximum heat transport rate and the overall thermal resistance under
steady-state conditions. The effects of the liquid—vapor interfacial shear stress, the contact angle, and the amount of
initial liquid charge have been considered in the proposed model. In particular, a novel method called a modified Shah
method is suggested and validated; this method is an essential feature of the proposed model and accounts for the effect
of the liquid—vapor interfacial shear stress. In order to verify the model, experiments for measuring the maximum heat
transport rate and the overall thermal resistance are conducted. The analytical results for the maximum heat transport
rate and the total thermal resistance based on the proposed model are shown to be in close agreement with the ex-
perimental results. From the proposed model, numerical optimization is performed to enhance the thermal performance
of the miniature heat pipe. It is estimated that the maximum heat transport rate of outer diameter 3 and 4 mm heat
pipes can be enhanced up to 48% and 73%, respectively, when the groove wick structure is optimized from the existing
configurations. Similarly, the total thermal resistance of these heat pipes can be reduced by 7% and 11%, respectively, as

a result of optimization.
© 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

Miniature heat pipes with a small outer diameter
(OD hereafter) of 3 or 4 mm have been widely used in
cooling microprocessors in notebook and desktop PC
applications due to their powerful heat transfer capa-
bility and small size. As the power density of critical
electronic components is increased, the need for a heat
pipe with a higher heat transport rate and a lower
thermal resistance is greater than ever in the develop-
ment of future electronic equipment. In order to cope
with this practical demand, it is necessary to enhance the
thermal performance of a miniature heat pipe, by opti-
mizing the wick structure of a heat pipe.

* Corresponding author. Tel.: +82-42-869-3043; fax: +82-42-
869-8207.

Since Cotter [1] introduced the concept of a micro
heat pipe, many investigations have been conducted to
characterize the thermal performance of micro/minia-
ture heat pipes used as a chip/module-level cooling de-
vice for electronic packaging. In the early stage of this
research, Babin et al. [2] developed a simplified numer-
ical model and conducted experiments for measuring the
maximum heat transport rate of a micro heat pipe,
which served as a foundation for subsequent research.
Wu and Peterson [3] investigated the transient behavior
of a micro heat pipe numerically and compared their
numerical results for the maximum heat transport rate
in steady-state operation with the experimental data of
Babin et al. Khrustalev and Faghri [4] developed a nu-
merical model for heat and mass transfer characteristics
occurring in a micro heat pipe with triangular grooves.
Their results showed that the liquid-vapor interfacial
shear stress and the contact angle could significantly
influence the maximum heat transport rate of micro heat
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Nomenclature

D diameter

f skin friction factor

h heat transfer coefficient

hy, container wall thickness in Fig. 2

hig latent heat of vaporization

hy groove height in Figs. 1 and 2

Pin meniscus height in Figs. 1 and 2

k thermal conductivity

K permeability of wick structure

L length

N total number of groove

P pressure

0 heat rate

r radius

R thermal resistance

Ry ideal gas constant

Re, Reynolds number in radial direction

ty groove bottom width in Fig. 1(b)

t groove land width in Fig. 1(b)

T temperature

u velocity

X distance from beginning of the evaporator
section

Greek symbols

p tilt angle of heat pipe

& porosity of wick structure

y half angle of a groove (= nt/N)
u viscosity

0 solid-liquid contact angle
o density

g surface tension coefficient

T shear stress

4 groove land angle in Fig. 1(b)
¢ groove wall inclination angle in Fig. 1(b)
Subscripts

a adiabatic section

b liquid block

c condenser section, capillary
crit critical

D Darcian

€ evaporator section

eff effective

exp experimental

h hydraulic

i liquid—vapor interface

ini initial

1 liquid

p pore

] solid

v vapor

w wall

work  working

Superscript
- average

pipes. Also, Khrustalev and Faghri [5] investigated the
effect of the thin film evaporation at the evaporator
section using a mathematical model developed for con-
ventional and flat miniature axially grooved heat pipes.
Hopkins et al. [6] conducted a numerical and experi-
mental investigation on a flat plate heat pipe with a
grooved wick structure, which is similar to the wick
structure of the circular miniature heat pipe in the
present study. Recently, Zhu and Vafai [7] developed a
two-dimensional analytical model for low-temperature
cylindrical heat pipes with a porous wick and obtained a
closed-form solution based on the assumed velocity
profiles of liquid and vapor. Oomi et al. [8] investigated
the maximum heat transport rate of miniature heat pipes
with a grooved wick structure using an experimental
method disregarding the heat loss in the experimental
apparatus.

If a mathematical model for predicting the thermal
characteristics of a heat pipe with a specific wick struc-
ture were developed, it would be a useful tool for de-
signing an optimized heat pipe with a higher thermal

performance. Even though there already exists a nu-
merical code developed by NASA to predict the maxi-
mum heat transport rate of a circular heat pipe with a
grooved wick structure, it is not appropriate as an op-
timization tool because its numerical results do not agree
well with the experimental results, as pointed out in [9].
The main objective of the present study is to develop a
new mathematical model by which one can predict the
thermal characteristics of the grooved wick heat pipe
with reasonable accuracy. The proposed model includes
the effects of the liquid-vapor interfacial shear stress,
the contact angle, and the amount of initial liquid
charge. In particular, a novel method called a modified
Shah method is suggested to account for the effect of the
liquid—vapor interfacial shear stress on the thermal
performance of a heat pipe. In order to verify the pro-
posed model, experiments for measuring the maximum
heat transport rate and the thermal resistance are con-
ducted and the experimental data are compared with the
results obtained from the proposed model. Finally, the
proposed model is applied to optimize the maximum
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heat transport rate and the thermal resistance of the
miniature heat pipe with a grooved wick structure, re-
sulting in the enhancement of thermal performance.

2. Mathematical modeling
2.1. Model for the maximum heat transport capability

When a meniscus is formed at the liquid—vapor in-
terface as shown in Fig. 1(b), the capillary pressure P,
can be calculated by the well-known Laplace-Young
equation

Yel re2

Pc:Pv—a:a(i+i), (1)

where r.; and r., are the principal capillary radii of the
meniscus. Since r,, is much larger than r., it is quite
reasonable to assume that 7 ~ r¢(x) and r» ~ co. The
differential form of Eq. (1) then becomes

dp, dR _ o dr(x) 2)
dx  dx g (x)? dx

r.(x)

Fig. 1. Schematic diagram of the grooved wick structure: (a)
cross-sectional view and (b) geometric shape and variables in a
groove.

If we express the liquid and vapor pressure gradient
terms in Eq. (2) using geometric variables and the cap-
illary radius, Eq. (2) can be solved numerically.

By modeling the grooved wick structure in Fig. 1(a)
as a porous medium, the liquid pressure gradient can be
expressed by

dA  pup

which is known as Darcy’s law. Using the relationship
between the Darcian velocity (up) and the averaged pore
velocity (up), up/u, = ¢, and the mass flow rate in the
wick structure, i = pdpup,N, Eq. (3) becomes

dA _ mewy e
dx K pANK

4)
where the permeability of a groove with an arbitrary

cross-section, K, can be written as [10]

2
Dhypa

" 2fReny’

()

For a closed circular flow passage, fRen, (called the
Poiseuille number) equals 16, while for a flow passage
with a different cross-section the Poiseuille number is
different. However, the liquid flow passage of a heat pipe
is not enclosed but open to the vapor core region where
vapor flows in the direction opposite to the liquid flow.
These counter-flows of liquid and vapor cause an addi-
tional shear stress at the liquid—vapor interface, which
makes analysis of the liquid flow difficult. The effect of
the counter-flows on the interfacial shear stress can be
accounted for by introducing a correction factor, o,
when substituting Eq. (5) into Eq. (4), which results in
the following Eq. [11]:

dp 2 e it .
where the last term is included for a pressure drop due to
gravity. In Eq. (6), the Poiseuille number, fReyp, the
correction factor, o, the actual liquid flow area, 4,, and
the mass flow rate of liquid, 7z need to be expressed in
terms of the geometric variables and thermo-physical
properties of the liquid in order to quantitatively eval-
uate the liquid pressure gradient.

Note that fRey,, in Eq. (6) is the Poiseuille number
for an open trapezoidal channel without liquid—vapor
interfacial shear stress and o is the ratio of an actual
liquid pressure gradient with the counter-flow effect in-
cluded to an ideal liquid pressure gradient with zero
vapor flow. This ratio can be expressed as

o=1+Fy, (7)
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where

l// _ Dh.pfv,i _ Dh,prv (dpv)
Hyup 2y \ dx )’

F is a function of the geometric variables and the con-
tact angle and  is the non-dimensional shear stress at
the interface.

Quantitative evaluation of fRe,, and « using the
conventional CFD method is involved since the liquid
flow passage is geometrically complex due to inclined
walls and a curved interface. Moreover, the character-
istics of counter-current flows make it even more com-
plicated and require much effort and computational
time. In order to overcome these difficulties, we suggest a
powerful method called a modified Shah method, which
is the essential feature of present model. Details are
explained in Appendix A because it is rather involved
mathematically. It is worth mentioning that the modified
Shah method can be applied for an open channel with an
arbitrary cross-section. Based on the modified Shah
method, we suggest the correlations of fRe,, and F at
various contact angles for a trapezoidal open channel
with a wall inclination angle { of 84° and 76° (for each
OD 3 and 4 mm) in Table 1.

If we take into account the contact angle, which is an
interfacial property of the solid-liquid pair (the grooved
wall and the liquid), an actual liquid flow area below the
meniscus, 4,, can be written for r.(x) < 7eerit as

Ap = re(x) cos(0 + & — 9){21 + re(x) sin(0 + & — 7)}
flztan((ffy)frc(x)z{g*(QJrf*V)}v 8)

Table 1
Correlations for Poiseuille number and F in Eq. (7)

where

_ 2re(x)cos (04 E—p) — by

B 2tan (¢ —y) '

2hg tan (& — ) + 4
2cos(0+¢&—7)

I

Veerit =
On the other hand, for r.(x) > reerit

1 ) .
Ay = hy{hgtan( =) + 1} =5 (0 —sinn), ()

where

o1 [ 2hgtan(E—yp) 48
n = 2sin {—2rc(x) }

and 7. is defined as a critical capillary radius beyond
which the radius of curvature for the meniscus cannot
increase without changing the given contact angle [6]. In
other words, r.(x) becomes r.;; when / in Eq. (8) equals
hg, as shown in Fig. 1(b).

The mass flow rate of liquid, sz, which is the final
information required to determine the liquid pressure
gradient, can be obtained from the energy balance at
each section as

v = .
hig

| = —

In the present study, it is assumed that a uniform heat
flux is applied at the evaporator (condenser) section for
heating (cooling). Note that the present model includes
the effect of a liquid block [4] that is formed at the

Aspect ratio (4;)* < 1.5

Aspect ratio > 1.5

W +axexp(—b x 4s) + ¢ X 4

a x exp(—0.5 x (log(4s/x0) /b))

Poiseuille number

Groove wall inclination angle ({) = 84° (OD 3 mm heat pipe)

o 5.75300.1841
a 173.9 — 5.373760 + 0.06216* — 0.00026°
8.899 — 0.15110 + 2.196E — 36*> — 7.866E — 66°
c 2.172+0.00110
Groove wall inclination angle ({) = 76° (OD 4 mm heat pipe)
I 6.3916%172!
a 137 — 5.0080 + 0.073120° — 0.00038086°

4.901 4+ 0.014480

a 14.11 00.06009
b 2.0839“'0372

X0 22 .22~ 0-3366
a 11.239°938
b 2.40600'01303
Xo 19.2907035%¢

¢ —0.8141 4 0.1416 — 2.762E — 30*> — 1.758E — 50°

Wall inclination angle ({) = 84° (OD 3 mm)

Wall inclination angle ({) = 76° (OD 4 mm)

FinEq. (7)
Yo +a x exp(—b x 4s)

n 0.029 — 1.475E — 40 + 1.331E — 60° + 3.059E — 46° i 0.057 — 5.749E — 40 + 6.12E — 60>
a 0.247 — 3.35E — 30 4 2.396E — 50° a 0.250 — 4.87E — 30 + 4.068E — 50°
b 1.528 — 0.01680 + 1.417E — 46° b 2.054 — 0.042276 + 4.156E — 46°

# Aspect ratio is defined as (Wetted groove depth)/(Bottom groove width, #,).
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condenser section end cap due to a slight overcharging
of the working fluid. Because the thermal conductivity
of the liquid block is much lower than that of the solid
wall, the liquid block acts as a thermal barrier for the
condensation heat transfer. Accounting for the liquid
block length, we can express heating and cooling con-
ditions as follows:

£0n, 0<x<L
O, Le<x<Le+Ly
Ox) = <1 +L62»CI;..:V>QIH7 (11)
Le+ Ly <x<Le + Ly + Legr e,
where
Letre = Lo — Ly.

The vapor pressure gradient appeared in Eq. (2), on
the other hand, depends on the condition of heat loading
because mass transfer associated with evaporation and
condensation affects the vapor flow characteristics. For
a two-dimensional incompressible vapor flow with
evaporation and condensation at the liquid—vapor in-
terface, Faghri [12] developed an analytical model for
the vapor pressure distributions at each section using the
continuity and momentum equations as

2( — 8|Rec| — £ Re?) <pu§4 >x,
0<x< L,
dx L.<x<L.+L,
2(8lRed - 867) (3 e+ (¥lRed - 8) (452
LetLasx<SLetLa +chf.cv
(12)
where
Rer.e = Qin Rer,c Qin _ . Qin

2nLehrgpt,’ D 2nlehgp,” Y pymrhyg

Assuming the vapor as an ideal gas, we can calculate
P,(x) at x = 0 using the ideal gas law.

Combining Egs. (2), (6), and (12) yields an ordinary
differential equation for r.(x) as

dro(x) e (x)2 2y fRen . dP,
& o pApND; Fpgsing | = dx |’

(13)

Using Eqs. (7)—(12), the correlations of fRe,, and F' in
Table 1, Eq. (13) can be cast into the following form of
which the right-hand side is a function of several para-
meters:

dr.(x)
dx

Once all the variables are specified, Eq. (14) can be
solved numerically using the fourth-order Runge-Kutta
method. Note that all the thermo-physical properties are
assumed to be constant and evaluated at the working
temperature of the heat pipe.

In solving Eq. (14), an initial value of r.(x) at x =0
and a convergence criterion are necessary, and can be
determined from physical insight. When a heat pipe
transports heat in a steady-state, r.(x) and &, (x) in Fig.
1(b) increase non-linearly from the evaporator section to
the condenser section. If a heat pipe is to transport a
maximum amount of heat, a minimum capillary radius
should be formed at the beginning of the evaporator
section and a maximum capillary radius at the point
where the liquid block starts in the condenser section [6].
In this situation, the minimum capillary radius can be
evaluated from the groove geometry as in Eq. (15),
which is used as the initial condition for r.(x) at x =10
for Eq. (14).

= f(rc(x),x, Qin: Tworka 97 geometry, Miniy ﬁ) (14)

— b
femin = 3lcos(0+ & — ) — tan(é — 1) {1 —sin(0 + ¢ — )]

(15)

Also, it is assumed that the maximum capillary radius
equals the vapor core radius at x = Lo + L, + Loy [4],
which is regarded as the convergence criterion of the
capillary radius for Eq. (15). The entire calculation
procedure may be summarized as follows:

(1) Assume an initial value of Q;, = 0.1 W in Eq. (14).

(2) Determine r i, using Eq. (15).

(3) Calculate r(x) using the fourth-order Runge-Kutta
method.

(4) From 0 to x, calculate the total mass of the liquid in
the grooves, my, and the vapor, m,. Assume the re-
mainder of the inner volume of the heat pipe is filled
with the liquid my;,.

(5) If the overall mass balance condition, m; + m, +
Myir = Min;, 1S not satisfied, increase x = x + Ax and
return to step (3).

(6) If the overall mass balance condition holds but the
convergence criterion fails (r.(x) <), increase
O = O + AQ;, (typically, AQ;, = 0.01 W) and re-
turn to step (2). If both the mass balance condition
and the convergence condition are satisfied at x, cal-
culate the liquid block length using Ly = (L, +
L.+ L;) —x and regard O, as the maximum heat
transport rate Qn,x for the specified working temper-
ature.

For numerical simulations, Ax is chosen to be L. /100,
which is shown through grid tests to be small enough not
to affect the numerical results.
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2.2. Model for the thermal resistance

The total thermal resistance is another important
figure-of-merit of a heat pipe in addition to the maxi-
mum heat transport rate. To evaluate the total thermal
resistance, a simplified model for the averaged thermal
resistance of each section can be written as [13]

Q' _ Tw‘e - T;/,e _ Tv,e - T;/,c _ T;/.,c - Tw‘c
" R. R, R.
Tye — Twe AT

" R.+R,+R. R

(16)

If we consider the vapor as an ideal gas, the vapor
temperatures in the middle of the evaporator section and
the condenser section can be related to the vapor pres-
sures of each point by the Clausis—Clapeyron equation
because the phase change occurs at these points. Because
there is no heat transfer in a radial direction along the
adiabatic section, we can express the relation among
various temperature as

T;/,c + R,c

Il

Twork = Tv7a = Tw,a (17)

Because P, and P, are obtained in Section 2.1 and Tyork

is given, R, can be derived using the Clausius—Clapeyron
equation and Eq. (17) as

*7Z/‘e7Tv‘c7 2 / 2
fa= Qin B CQin ( 1+ (CTWOl‘k) 1)7 (18)

where
c=feyp (Pv‘e).
hfg P, v,e

In order to simplify the determination of the aver-
aged thermal resistance of the evaporator section, R.,
and the condenser section, R, as shown in Fig. 2(a) and
(b), the groove structure is approximated to be rectan-
gular rather than trapezoidal because ( is greater than
76° for all cases under consideration. Also, the temper-
ature difference between the vapor and the liquid at the
liquid—vapor interface is assumed to be small and neg-
ligible [1].

The local thermal resistance of the evaporator and
condenser sections varies since the meniscus height,
hm(x), changes along the axial direction. In this case, the
averaged thermal resistance of the evaporator and con-

denser sections can be determined by introducing an
averaged heat transfer coefficient as

1L
heff.eAe Ae j;) ¢ heff,e (x) dx
— 1 Leff,c

c = =

herede A, /; Letlatbere e o(x) dx

Le+La

: (20)

T T,
\ »\ . ,K’ w
R, (x) Ri(x) h,(x R,
T, T, .,
Rl $ T R4$ Rl é I hb
Q,(x) 0,(x)
(a) t,=a t,=b
0,(x) T,
Bos---. P a1
e 2
R, % R |k, () R | |"
T,;Y

‘( T Rgé Ihh

le »le
<

" t,=a " t =b

K

gl

(b)
Fig. 2. Heat flow paths and the thermal resistances: (a) evap-
orator section and (b) condenser section.

where
Ae = N(tS + tb)l‘€7 Ac = N(ts + tb)Leff,c~

For the heat flow in the evaporator section, Chi [13]
assumed that heat travels through two parallel paths:
one is through the groove fin and then through a
microfilm region formed at the liquid-fin interface,
0 (x) in Fig. 2(a) and the other is directly through the
liquid in the groove, O,(x) in Fig. 2(a). In that case,
the heat flux and the local heat transfer coefficient at the
evaporator section reduce to

=22 = N(QI(3) + 0:()
= hcff‘c(x)N(ts + tb)(Tw,c - Tv,c)7 (21)
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1
Re(x)
Ry + Ry(x) + Rs + Ry + Rs(x)

heff.e(x)(ts + tb) -

- Y
R Ro) T R R - R0 2
where
P R()_hm(x) e
kb Y T b P Ty
hb hm(x)
Ri=2b  py) =
4 ksll7 5(x) kla

The evaporation heat transfer in a groove is mainly due
to evaporation in the microfilm region. Chi [13] ac-
counted for this thin film evaporation by introducing the
film heat transfer coefficient, A, as

h = k/(0.185b). (23)

In the condenser section, on the other hand, the
vapor is assumed to condense over the entire surface as
shown in Fig. 2(b). In this case, heat is conducted
through two separate paths: one is through the thin
liquid film on top of the fin and the through the fin, and
the other is through the liquid in the groove. The heat
flux and the local heat transfer coefficient in the con-
denser section can be formulated as

g = 2% = NIOs(x) + 0s(x)]
Leff.c
= heff‘c(x)N(ts + tb)(Tw,c - Tv.c)7 (24)
heff.c (x)([s + tb) = %(X)

R¢(x) + R7 + Rg(x) + Ry

TR TR R TR )
where
Re(x) = %, R; = —(hgk_:bhb) 5
o hm(x) o hb
Rg(x) = kla 5 R9 == m .

In the present study, the averaged condensate film
thickness (x) is evaluated from the heat transfer model
at the condenser section suggested by Khrustalev and
Faghri [4].

Using Egs. (22), (23), and (25), numerical integration
in Egs. (19) and (20) can be performed to produce
the averaged thermal resistance of each section based
on the information about h,(x) which can obtained
from the results of Section 2.1.

3. Experimental investigation

In order to verify the proposed mathematical model,
experiments for measuring the maximum heat transport

Data Acquisition Unit

....... = HP34970A
------- =
Desktop PC oooooooao

Plate Heat Sink
o

¥~ Heat Pipe

Heating Block

Vacuum Tube

Cooling Fan

DC Power Suppl
7 HP E3632A

Film Heater o

oooao

Fig. 3. Schematic diagram of the experimental apparatus.

rate and the thermal resistance are conducted and the
experimental data are compared with the numerical re-
sults obtained from the model. An experimental appa-
ratus for the heat pipe performance test is composed of
the evaporator section, the adiabatic section, and the
condenser section as shown in Fig. 3. Dots in Fig. 3
denote locations for temperature measurement.

At the evaporator section, a thin film heater provides
uniform heat flux to the upper and lower heating blocks
attached to the heat pipe. Three thermocouples are
soldered onto the outer wall of the evaporator section,
rolled around the heat pipe and pass through the holes
through the upper heating block. In order to reduce the
contact resistance, thermal grease (OMEGATHERM
201) is applied at all the contacting surfaces of the heat
pipe. A plate heat sink is mounted at the condenser
section. Three thermocouples are also instrumented on
the outer wall of the condenser section as in the evap-
orator section. Although two thermocouples were in-
stalled on the adiabatic section (x = 0.13 and 0.17 m) in
the early stage of the experiments, the temperature dif-
ference between the two locations was found to be so
small that the adiabatic section could be assumed to be
an almost isothermal region. Therefore, one thermo-
couple is attached to the center of the adiabatic section
(x = 0.15 m) and the working temperature is regarded as
the temperature at that point.

All the thermocouples are K-type (36Gage, 0.0127
mm in wire diameter, produced by OMEGA Engineer-
ing, Inc.) and rolled circumferentially around the wall to
minimize conduction heat losses through the thermo-
couple wires. The film heater is a standard Kepton
thermofoil heater (MINCO Products) with a resistance
of 23.3Q £ 10%. It is powered by a DC power supply
with an accuracy of +0.023% to the full-scale range,
which is manufactured by Agilent Technologies. Tem-
perature distributions of the heat pipe and the insulation
layer were observed and recorded by HP34970A, a data
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acquisition unit with an accuracy of 1.0 °C manufac-
tured by Agilent Technologies.

The evaporator section and adiabatic sections are
insulated by ceramic fiber, the thermal conductivity of
which is 0.055W/mK., and a vacuum tube in order to
reduce the heat loss from the experimental apparatus.
Although there are insulation layers enclosing the
evaporator and the adiabatic sections, the associated
heat loss increases as the working temperature of the
heat pipe increases. To account for this heat loss, tem-
peratures are measured at 16 points on the ceramic fiber
insulation layer that covers the vacuum tube with K-
type thermocouples (30Gage, 0.0254 mm in wire dia-
meter, produced by OMEGA Engineering) as shown in
Fig. 3. The total heat loss from the apparatus is calcu-
lated using a one-dimensional conduction equation.

The maximum heat transport rate is regarded as the
maximum heat input rate minus the total heat loss that
does not cause partial dry-out at the beginning of the
evaporator section at the specified working temperature.
The experimental procedure can be summarized as fol-
lows:

(1) Warm up the heat pipe by supplying the power to
the film heater until the temperature at the adiabatic
section reaches a specified working temperature.

(2) Once the working temperature is obtained, increase
the heat load and adjust the speed of the cooling
fan carefully to maintain the working temperature.

(3) Repeat step (2) until dry-out at the beginning of the
evaporator section is observed, which can be de-
tected by a sudden temperature rise in the evapora-
tor section.

(4) Record all the temperatures of the experimental ap-
paratus and the heat input rate. Calculate the max-
imum heat transfer rate and the overall thermal
resistance.

The working temperatures are chosen to be 40, 50,
60, and 70 °C, which are in a typical temperature range
for electronic equipment cooling applications of heat
pipes. Two samples of each a 3 and 4 mm heat pipe, for
a total of four heat pipes, are tested. To verify the reli-
ability of the experimental results, the experimental
procedure for each heat pipe is repeated three times per
the specified working temperature. All experimental re-
sults are averaged values of six experimental results from
two heat pipes with the same outer diameter at the
specified working temperature.

Geometric parameters of the grooved wick structure
and other relevant specifications of the experiment are
summarized in Table 2. In order to measure the precise
values of the geometric variables, Scanning Electron
Microscope (SEM) pictures are used. Also, the initial
liquid charge rate is measured by a high precision-
weighing machine with an accuracy of 10~ g.

Table 2
Specifications of the heat pipe with the grooved wick structure

OD3mm OD 4 mm

Number of groove (N) (ea.) 26 40
Vapor core radius (R,) (mm) 1.091 1.588
Groove depth (/) (mm) 0.131 0.141
Groove bottom width (#,) (mm) 0.123 0.0915
Groove wall inclination angle ({) (°) 84 76
Working fluid Water

Initial amount of liquid charge (g) 0.15 0.20

Solid material Copper
Solid/liquid contact angle (°) [14] 33

Evaporator section length (cm) 10

Adiabatic section length (cm) 10

Condenser section length (cm) 9.5

Inclination of heat pipe (°) 0

Working temperature (°C) 40, 50, 60, 70
Manufacturer Furukawa Electric

4. Results and discussion

In Fig. 4(a), the numerical results are compared with
the experimental data for the maximum heat transport
rate of OD 3 and 4 mm heat pipes with a grooved wick
structure. For experimental data reduction, we consider
both the bias error from the thermocouples and the
precision error from the repeatability of the experi-
mental data. The uncertainty evaluation is performed in
accordance with a 95% confidence interval. Also, the
amount of heat loss with respect to heat input rate for
OD 3 and 4 mm heat pipes is about 28-32% and 15-21%
for the temperature range tested. When the experimental
data for the maximum heat transport rate are compared
with the numerical results, the maximum error is 3.8%.
The close agreement between the numerical results and
experiment data demonstrates the appropriateness of the
proposed model in the working temperature range of
40-70 °C.

Also, we can manifest the importance of the models
for the Poiseuille number and the correction factor o in
Fig. 4(b). Hufschmidt et al. [11] derived the analytic
solutions for the Poiseuille number and o in an open
rectangular channel with counter and co-current vapor
flow at the flat liquid-vapor interface. However, their
solution is restricted to a rectangular channel, and does
not account for the effect of the meniscus curvature and
the contact angle. If we use their solution to calculate the
Poiseuille number and « instead of the present model,
the maximum error is 99% compared with experimental
data as shown in Fig. 4(b).

Fig. 5(a) shows the liquid and vapor pressure distri-
butions along the axial length of the heat pipe obtained
from the mathematical model. Note that the vapor
pressure gradient equation (12), takes three different
forms; one equation for each section, to account for
mass transfer phenomena at the evaporator section and
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Fig. 4. Results for the maximum heat transport rate: (a) com-
parison of the numrical results with the experimental data and
(b) comparisons of the results using the Hufschmidt’s solution
with experimental data.

condenser sections. These mass transfer phenomena in-
fluence the velocity and pressure distributions along the
vapor core: the evaporated particles accelerate the vapor
flow and cause an additional pressure drop, while con-
densing particles decelerate the vapor flow and cause a
pressure recovery. However, there is no mass transfer in
the radial direction in the adiabatic section, and the
vapor flow in the adiabatic section becomes a Hagen—
Poiseuille flow. A close look at the vapor pressure dis-
tribution in Fig. 5(a) reveals these phenomena well.

Fig. 5(b) shows that the capillary radius increases
non-linearly along the axial direction and begins to in-
crease rapidly at the beginning of the condenser section.
This implies that the difference in the pressure gradient
between the liquid and the vapor begins to decrease
rapidly at the condenser section because the capillary
radius is inversely proportional to the pressure difference
between the liquid and the vapor.

800 R
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o
o
T

500+ Block

400

300
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—— Liquid pressure
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N
o
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Fig. 5. Liquid and vapor pressure and capillary radius distri-
butions along the axial length of the heat pipe obtained from
the mathematical model: (a) liquid and vapor pressure distri-
butions and (b) capillary radius distribution.

Table 3 compares the experimental data with the
numerical results for the thermal resistance of the mini-
ature heat pipe between the evaporator and condenser
sections at the specified working temperature. The
maximum error in the total thermal resistance of OD 3
and 4 mm heat pipes based on the proposed model is
within 12.0% and 16.2%.

In order to enhance the thermal performance of the
heat pipe under consideration, an optimization of the
wick structure for the maximum heat transport rate and
the thermal resistance is performed. If we reduce f,
without changing { and the number of grooves in Fig.
1(b), t; will be increased and the groove will eventually
be formed in a narrower fashion. This leads to higher
capillary pumping force. At the same time, however, the
reduction of #, causes the reduction of 4,, which results
in higher flow resistance. This counteraction finally
contributes to either an increase or a decrease in the
performance of the heat pipe. Also, changes in the
groove design influence the total thermal resistance of
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Table 3
Comparison of the numerical results with the experimental data
for the thermal resistance

OD 3 mm heat pipe

Tyork (°C) 40 50 60
R. CCIW) 0.069 0.068 0.068
R, (°CCIW) 0.064 0.021 0.012
R. CCIW) 0.0079 0.0083 0.0084
Rt CCIW) 0.14 0.097 0.088
AT, (°C) 0.33 0.31 0.37
Ruotexp CC/W)  0.15 0.11 0.10

OD 4 mm heat pipe

Tyork (°C) 40 50 60

R. (°C/W) 0.039 0.039 0.039
R, (°C/W) 0.014 0.0055 0.0024
R. (°C/W) 0.0076 0.0077 0.0077
Rior (°CIW) 0.061 0.052 0.049
AT (°C) 0.30 0.29 0.31
Rigrexp (°CIW)  0.066 0.049 0.043

the heat pipe. Since the heat pipes in the present study
are commercial ones and have fixed grooved wick de-
signs, a parametric experimental study on the effect of
various t, is impossible. However, it is regarded that the
proposed model is valid for optimizing Opax and Ry
with different values of #,.

The effects of the optimization parameter #, on the
heat pipe performance are evaluated numerically and
shown in Fig. 6. From the result of the thermal opti-
mization, a narrow and deep groove has higher heat
transport capability and higher overall thermal resis-
tance. The maximum heat transport rate of an OD 3 and
4 mm heat pipe with an optimized groove wick structure
can be enhanced up to 48% and 73% and the total
thermal resistance can be reduced up to 7% and 11%
from the existing configurations.

5. Conclusion

A one-dimensional mathematical model for a min-
iature heat pipe with a grooved wick structure has been
developed to predict the thermal performance charac-
teristics including the effects of shear stress at the liquid—
vapor interface, the initial liquid charge, and the contact
angle. In particular, a novel method called a modified
Shah method is suggested and validated; this method is
an essential feature of the proposed model and accounts
for the effect of the liquid—vapor interfacial shear stress.
The analytical results based on the modified Shah
method are compared with those of previous investiga-
tions and excellent agreement is achieved. In order to
verify the proposed model, experiments for measuring
the maximum heat transport rate and the thermal re-
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Fig. 6. Thermal optimization of OD 3 and 4 mm heat pipes
(Tyork = 50 °C) ((solid line) maximum heat transport rate and
(dashed line) overall thermal resistance): (a) OD 3 mm heat pipe
and (b) OD 4 mm heat pipe.

sistance are conducted. The analytical results for the
maximum heat transport rate and the total thermal re-
sistance based on the proposed model are shown to be in
relatively good agreement. From the numerical model,
we obtain the capillary radius distribution, as well as the
liquid and vapor pressure distributions along the heat
pipe under steady-state operation. Also, the model is
used for the thermal optimization of the grooved wick
structure with respect to the width and the groove
height. As a result, the maximum heat transport rate of
OD 3 and 4 mm heat pipes with an optimized groove
wick structure can be enhanced up to 48% and 73%,
respectively and the total thermal resistance can be re-
duced up to 7% and 11%, respectively, from the existing
configurations.
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Appendix A. Mathematical formulation and verification
of the modified Shah method

For simple flow passages with a circular or rectan-
gular cross-section, the velocity field and pressure dis-
tributions can be derived using an analytic method.
However, it is difficult to obtain the flow characteristics
analytically for an open channel with an arbitrary cross
section, which in turn requires heavy reliance on exten-
sive CFD simulations or expensive experiments. In order
to eliminate this difficulty, a new method based on the
one proposed by Shah [15] is suggested to determine the
flow characteristics for an open channel with an arbi-
trary cross section where counter-current flow exists
across the open interface.

The governing equation and boundary conditions for
fully-developed liquid flow along an open channel with
an arbitrary and constant cross section, and counter-

Fig. 7. Schematic view of a channel with an open and arbitrary
cross-section.

current flow at the open interface (shown in Fig. 7) can
be expressed by

10 [/ 0w
2 —_ - — JE—
vulir@r(rar)_‘—

BCs

1 62u1 1 dP1
=1 Al
200 g dz <, (A1)

uy =0 on [y
TT=—Ty On 1—‘imcrfa\cc
By applying the following transformation in Eq. (A.2),

as Shah [15] suggested, the governing equation and the
boundary condition can be reduced to Eq. (A.3)

5
Uy r-
A A2
CI U 4 ) ( )
Vi =0, (A.3)
BCs
2
v
u;‘ = Zl on l"wau

Ow \ Ouy on T
12 o Hy on interface

where n represents the normal direction to the liquid—
vapor interface. Assuming that the vapor velocity at the
interface equals zero, the liquid velocity gradient term in
the above boundary condition becomes

Ouy u,  Ouy fReny 1, _

— | =-= = = . A4
(6'1) t (@n) Dy 1" (a4
In the meantime, Eq. (A.3) has a series solution in the
form of

N
ul =ao+ Y _ ' (a;cos(j0) + b, sin(j0)) (A.5)
J=1
or
2 N
_ur9) _ “ra+ 7 (a; cos(j0) + b; sin(j)).
G 4 -
(A.6)
Differential form of Eq. (A.6) yields
1 Buy(r,0)
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(A7)
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From Eq. (A.5), uf can be evaluated as long as we de-
termine the 2N + 1 unknown coefficients ay,a;, and b;.
This can be done by applying boundary conditions at
the wall and the liquid—vapor interface. Along the wall,
n points are selected to conform to the geometry of the
open channel and a no slip condition is applied to gen-
erate n boundary conditions for Eq. (A.6). Similarly, m
points are selected along the liquid-vapor interface
where the continuous shear stress condition is applied to
generate m boundary conditions for Eq. (A.7). Since
n+m = 2N + 1, these 2N + 1 equations generated from
Eqgs. (A.6) and (A.7) can be solved using linear algebra.
Also, two gradient terms in Eq. (A.7) can be derived
from a geometric relationship by assuming a circular
interface as

dr =sinfcosy F cosOsiny, (A.8)
dn

do 1 N
&—;(COSQCOS“/:ESIHQSIH)/), (A.9)
where

cos~—kz+r%7r2 siny = 4/1 k2+rffr2 ’
T T 2k, V= Dkery :

To evaluate the ratio of the actual liquid pressure
drop with the counter flow effect included to the ideal
liquid pressure drop with no vapor flow effect, as in Eq.
(7), iterative calculations are needed and the entire cal-
culation procedure can be summarized as follows (a
primed variable denotes that it is affected by non-zero
vapor flow).

(1) Generate 2N + 1 equations and solve these equa-
tions for, ag, a; and b, in Egs. (A.4), (A.6), and
(A.7) for a no vapor flow case.

(2) Calculate —i;/C,.

(3) Assume the averaged vapor velocity #, and the aver-
aged liquid velocity # =, and take C; as C.

(4) Solve the equations for, ag,a; and b; in Egs. (A.4),
(A.6), and (A.7).

(5) Recalculate C| based on ag,a; and b; and replace
Cl oiq With C;

1,new*

(6) Repeat (3) to (5) until C} 4 = C} -

(7) Calculate the pressure drop ratio along the open
channel relative to the closed channel with an arbi-

trary cross-section from following equation.

! i (r,0)d4.
(&) /(&) B0k —o (a0

dz /, dz ), m fAcf’(Vﬁ)dAc
In order to check the validity of the modified Shah
method, numerical results based on modified Shah

method are compared with those presented by Ayya-
swami et al. [16] and Hufschmidt et al. [11]. In com-

Ayyaswami et al. [15]
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Fig. 8. Verification of the modified Shah method: (a) Com-
parison of numerical results for Poiseuille number and (b)
comparison of results for Poiseuille number and F.

parison to numerical results by Ayyaswami et al., the
maximum error for the Poiseuille number is 0.2% as
shown in Fig. 8(a). Also, in comparison to analytic re-
sults by Hufschmidt et al., the maximum errors for the
Poiseuille number and o are 0.02% and 2%, respectively,
as shown in Fig. 8(b). This excellent agreement confirms
the validity of the modified Shah method.

References

[1] T.P. Cotter, Principles and prospects for micro heat pipes,
in: Proceedings of the 5th International Heat Pipe Confer-
ence, Tsukuba, Japan, 1984, pp. 328-335.

[2] B.R. Babin, G.P. Peterson, D. Wu, Analysis and testing
of a micro heat pipe during steady-state operation, in:
Proceedings of ASME/AIChE National Heat Transfer
Conference, Philadelphia, Pennsylvania, 1989, 89-HT-17.

[3] D. Wu, G.P. Peterson, Investigation of the transient
characteristics of a micro heat pipe, J. Thermophys. Heat
Transfer 5 (2) (1991) 129-134.

[4] D. Khrustalev, A. Faghri, Thermal analysis of a micro heat
pipe, J. Heat Transfer 116 (1994) 189-198.



S.J. Kim et al. | International Journal of Heat and Mass Transfer 46 (2003) 2051-2063 2063

[5] D. Khrustalev, A. Faghri, Thermal characteristics of
conventional and flat miniature axially grooved heat pipes,
J. Heat Transfer 117 (1995) 1048-1054.

[6] R. Hopkins, A. Faghri, D. Khrustalev, Flat miniature heat
pipes with micro capillary grooves, J. Heat Transfer 121
(1999) 102-109.

[71 N. Zhu, K. Vafai, Analysis of cylindrical heat pipes
incorporating the effects of liquid—vapor coupling and non-
darcian transport-a closed form solution, Int. J. Heat Mass
Transfer 42 (1999) 3405-3418.

[8] M. Oomi, T. Fukumoto, T. Sotani, A heat-pipe system for
cooling a desktop computer, Adv. Electron. Packaging 2
(1999) 1951-1955.

[9] B & K Engineering, Summary Report for Axially Grooved
Heat Pipe Study, NASA Contract No. NAS5-22562, 1977.

[10] A. Faghri, Heat Pipe Science and Technology, Taylor &
Francis, Washington, 1995, pp. 124-125.

[11] E. Hufschmidt, E. Burck, G. Di Cola, H. Hoffman, The
Shearing Effect of Vapor Flow on Laminar Liquid Flow in
Capillaries of Heat Pipes, NASA TT-F-16601, 1975, pp. 1-
21.

[12] A. Faghri, Performance characteristics of a concentric
annular heat pipe Part II Vapor flow analysis, J. Heat
Transfer 111 (1989) 851-857.

[13] S. Chi, Heat Pipe Theory and Practices: A Sourcebook,
Hemisphere Publishing, New York, 1976, pp. 49-51.

[14] V.G. Stepanov, L.D. Volyak, Y.V. Tarlakov, Wetting
contact angles for some systems, J. Eng. Phys. 32 (1977)
1000-1003.

[15] R.K. Shah, Laminar flow friction and forced convection
heat transfer in ducts of arbitrary geometry, Int. J. Heat
Mass Transfer 18 (1975) 849-862.

[16] P.S. Ayyaswami, I. Catton, D.K. Edwards, Capillary flow
in triangular grooves, J. Appl. Mech. 41 (1974) 332-336.



	Analytical and experimental investigation on the operational characteristics and the thermal optimization of a miniature heat pipe with a grooved wick structure
	Introduction
	Mathematical modeling
	Model for the maximum heat transport capability
	Model for the thermal resistance

	Experimental investigation
	Results and discussion
	Conclusion
	Acknowledgements
	Mathematical formulation and verification of the modified Shah method
	References


