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Abstract

The paper presents a detailed simulation of a V-shaped micro heat pipe. The effect of the substrate temperature on the
model has been considered. A new method for calculating dry-out length has been proposed. The sensitivity of the model
to variations in thermophysical properties and design parameters has been studied. The variations in the contact angle for
the substrate—coolant liquid system, surface tension and viscosity of the coolant liquid, inclination, groove angle, length
of adiabatic section and radius of ungrooved substrate have been considered. The effect of design and operating para-
meters on the performance of the heat pipe has been studied. The variations in contact angle have been found to signif-
icantly affect the performance of a micro heat pipe. The performance of a micro heat pipe is susceptible to ungrooved area
of a V-shaped micro heat pipe. If the groove is not sharp enough i.e., the radius of ungrooved substrate is more; the micro
heat pipe may cease to work even before it reaches its other operating limits. The various sensitivity studies made in this
work gives better understanding of variations in thermophysical properties and design parameters of a micro heat pipe.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction ing higher levels of device integration. During the last

thirty years, component density on integrated circuits

Micro grooved heat pipe is a reliable and efficient
heat transport device and is currently an active area of
research. Advances in integrated circuit technology have
spurred micro heat pipe development. The current con-
cept in integrated circuits packaging are motivated by
the development of MOS and VLSI technologies, requir-
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has grown from about six thousand transistors on Intel
8080 microprocessor to over five million transistors on a
similar-sized Intel P6 microprocessor. Power and com-
ponent densities on these integrated circuits correlate
and required power dissipation will result in increased
thermal gradients and higher mean operating tempera-
ture of devices. Thus, it is necessary to develop new ther-
mal control schemes capable of removing heat from
electronic chips and reduce the mean-time-between-
failure of these devices. In cases where large amounts
of heat must be removed, the use of two-phase heat
transfer can prove to be a wise choice. Therefore, micro
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Nomenclature

a side length of a V-shaped groove, m

A’ ungrooved area of substrate

Aes area of cross section of substrate, m>

A total liquid cross-section area, m>

B, constant in expression for A4,

B, constant in expression for % [Eq. (3)]

Cp specific heat of the coolant liquid, J/(kg °C)

Dy hydraulic diameter, m

f friction factor

g acceleration due to gravity, m/s

K’ constant in expression for B,

Ks thermal conductivity, W/(m K)

L length of heat pipe, m

Ly half of total wetted length, m

Nre Reynolds number

P liquid pressure, N/m>

r non-dimensional liquid pressure

Pr reference pressure, N/m?

Py, pressure in vapor region, N/m?

(0] net heat flux supplied to coolant liquid,
W/m?

Q' net heat supplied, W

O, heat flux for vaporization of liquid, W/m?>

R radius of curvature, m

R non-dimensional radius of curvature

Ry reference radius of curvature, m

R meniscus surface area per unit length, m

Teon temperature at the cold end, °C

Ty temperature of the coolant liquid, °C

Ty dimensionless temperature of the coolant
liquid

Tr reference temperature, °C

Ts temperature of substrate, °C

T dimensionless substrate temperature

" axial liquid velocity, m/s

41 magnitude of axial liquid velocity, m/s

V* non-dimensional liquid velocity

Vr reference liquid velocity, m/s

Wy groove pitch, m

X coordinate along the heat pipe, m

X non-dimensional coordinate along heat
pipe

Greek symbols

o half apex angle of groove, rad

p inclination of substrate with horizontal, rad
Y contact angle, rad

¢ curvature, m™!

A latent heat of vaporization of coolant liquid,

Jikg
U viscosity of coolant liquid, kg/m/s
) density of coolant liquid, kg/m*
o surface tension of coolant liquid, N/m
Tw wall shear stress, N/m?

grooved heat pipe is one of the promising options for
microelectronics cooling because of its high efficiency,
reliability and cost effectiveness.

Micro heat pipe, as first proposed by Cotter [1], is de-
fined to be ““so small that the mean curvature of the
liquid—vapor interface is necessarily comparable in
magnitude to the reciprocal of the hydraulic radius of
the total flow channel.” It has three sections, namely,
evaporative, adiabatic and condenser. Heat input is
through the evaporative section, vaporizing the coolant
liquid. The vapor then passes through the adiabatic to
the condenser section. In the condenser section, the
vapor releases it latent heat and gets liquefied. The liquid
flows towards the evaporative section, due to capillary
pumping, generated by the change in the radius of cur-
vature of the liquid meniscus. The net capillary force is
generated by the combined effect of the evaporating
and the condensing menisci [2]. The flow of fluid is pri-
marily governed by the pressure jump at the liquid—
vapor interface. The pressure jump at the interface is a
function of the radius of curvature of the liquid menis-
cus, surface tension and the wettability of the coolant
liquid and substrate system [3-12].

Micro heat pipes, which could be embedded directly
onto the silicon substrate of an integrated circuit, have
been investigated in several studies conducted by Mallik
and Peterson [13,14] and Peterson et al. [15]. They have
also reported experimental data taken on several water-
charged micro heat pipes with a cross-sectional dimen-
sion of about one millimeter. Babin et al. [16] have also
developed a steady-state micro heat pipe model to quan-
tify heat transport capacity. Longtin et al. [17] has devel-
oped a one-dimensional steady state model of the
evaporator and adiabatic sections of a micro heat pipe,
which calculated working fluid pressure, velocity, and
film thickness along the length of the pipe. Peterson
and co-workers [16,18] have successfully used the
Young-Laplace equation to describe the internal fluid
dynamics of such devices. The minimum meniscus ra-
dius and the maximum heat transport in triangular
grooves have also been studied [19]. A detailed thermal
analysis and different limitations of a micro heat pipe
have been studied by Khrustalev and Faghri [20]. Xu
and Carey [21] have developed an analytical model for
evaporation from a V-shaped micro groove surface
assuming that the evaporation takes place only from
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the thin film region of the meniscus. Ravikumar and
DasGupta [22] have presented a model of evaporation
from V-shaped micro grooves. Later, researchers have
investigated the concept of using micro heat pipe as
effective heat spreader [23,24] as well as determination
of dry-out length [25,26]. Cotton and Stores [27] pre-
sented one-dimensional semi-analytical model for
prediction of wetted length, supported by inclined
triangular capillary groove. They have introduced the
concept of accommodation theory for the change in
radius of curvature at the liquid-vapor interface. Suman
et al. [28] has presented a generalized model of a micro
grooved heat pipe of polygonal shape. They have per-
formed detailed study of triangular and rectangular heat
pipes. They have also done transient analysis of a trian-
gular micro grooved heat pipe [29]. Technical issues re-
lated to micro heat pipes investigated so far include
liquid distribution and charge optimization [30-32],
interfacial thermodynamics in micro heat pipe capillary
structures [33,34] and micro heat pipe transient behavior
[35]. Two reviews of micro heat pipe literature have been
conducted: one by Peterson [36] and another by Cao and
Faghri [37].

In this work, the existing model for a polygonal heat
pipe by Suman et al. [28] has been modified for a V-
shaped micro heat pipe. The boundary condition has
been modified, which makes the model computationally
efficient and evaluation of the dry-out length and the pre-
diction of onset of dry-out point become easier. Addition-
ally, substrate temperature profile has been generated and
its effect on the model has been considered. The property
of heat pipe to transfer heat with small temperature gra-
dient has been studied. The developed model is capable
of handling different systems e.g., any coolant liquid
and substrate combination, heat flux distribution, heat
input, inclination etc. The sensitivity of micro heat pipe
to design and operating parameters have been studied.

2. Theory

A V-shaped micro grooved heat pipe is considered
here. The fabrication of a very sharp apex of a groove
is difficult and therefore, a roundness of an ungrooved
substrate has been assumed to study the effect of round-
ness or ungrooved substrate on the performance of a
heat pipe. The schematic of the heat pipe is shown in
Fig. 1(a). The hot and the cold ends are specified as
the farthest end of the evaporative and the condenser re-
gion, respectively. The heat flux absorbed/released by
the liquid from the substrate in the evaporative and con-
denser regions is assumed to be constant although the
model is capable to handle any type of heat flux distribu-
tion. Optimal amount of the coolant liquid is charged to
the system so that at the steady state, the cold end re-
mains filled with the coolant liquid, such that the radius
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Fig. 1. Schematic of a V-shaped micro heat pipe.

of curvature can be calculated from the geometry of the
system (R = Ry).

The modified model simulates the steady fluid flow
and heat transfer, and relates them to the capillary forces
present in the system using Young-Laplace equation.
The model equations have been developed for all the
three regions i.e., evaporative, adiabatic and condenser
encompassing the complete heat pipe. The governing
equations are derived under the following assumptions:

(i) one-dimensional steady incompressible flow along
the length of heat pipe; (ii) negligible heat generation
due to viscous dissipation; (iii) negligible flow due to sur-
face tension; (iv) constant pressure in the vapor region in
the operating range of temperature; (v) one dimensional
temperature variation along the length of heat pipe;
(vi) shear stress at the liquid vapor interface has been
neglected; (vii) predefined heat flux distribution used by
the coolant liquid and (viii) negligible convective loss.

The mass, momentum and Young-Laplace equations
are taken from the previous work of Suman et al. [28].
These equations are adjusted for the V-shaped micro
heat pipe and the modified geometric parameters have
been presented in Appendix A. The energy balance
equation for the coolant liquid has been modified. The
following equation has been obtained after considering
sensible heat change in the volume element (Fig. 2):
pCoVA ST = oW, — OB (1)
where Q is the input heat flux taken by the coolant liquid
from its substrate. Q is positive when added (in the evap-
orative section) and is negative when extracted (in the
condenser region). The first term in Eq. (1) represents
the sensible heat rise of the element; the heat supplied
to the element is represented by the second term while
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Fig. 2. Volume element of a V-shaped micro heat pipe with all
forces specified.

the heat leaving the element by evaporation is given by
the third term.

The steady state energy balance in the substrate is
given by

d’Ts

ACSKSW - QWb = 0 (2)
where the first term is the net change in the conductive
heat in the control volume and the second term is the
heat taken up by the coolant liquid.

2.1. Non-dimensionalization

The modified governing equations have been non-
dimensionlized choosing appropriate characteristic
dimensions. The dimensional parameters have been dis-
cussed in Suman et al. [28]. The final set of non-dimen-
sionlized equations are as follows:

. OVRRIV*  ByVRpV*
dr* [pg sin(ff) + =7 —(;0;;)2} )
dx* - VﬁV*z}

o __ _R___
{ROLR*Z 2[) LR

ar { ORL .V dR*} @
& |paire TR a0

e )
0= o, - PP (©
&’Ty  owL* 0 ™)

dx*? TrAcsKs

where, A;, Wy, R, B> and B are defined in Appendix A.
Egs. (3)-(7) are valid for all the three regions of the
heat pipe namely, evaporative, adiabatic and condenser.

Q is zero in the adiabatic section. It is negative in the
condenser region (heat is extracted) and is positive for
the evaporative zone (heat is supplied). These equations
have been solved numerically taking predefined heat flux
distribution for the heat that is being transferred be-
tween the coolant liquid and the substrate i.e., Q.

2.2. Boundary conditions

There is no evaporation and condensation beyond
the hot end (X* =0) and the cold end (X" =1) of the
heat pipe, respectively. Therefore, the liquid velocity is
zero at both ends of the heat pipe. The cold end is com-
pletely filled with the coolant liquid. Therefore, the
radius of curvature of the liquid meniscus at the cold
end (x = L) can be obtained from geometry and is dis-
cussed in Appendix A. The boundary conditions for
substrate temperature are (i) substrate temperature at
the cold end is known i.e., condenser temperature and
(ii) heat input at the hot end is known. The dimension-
less boundary conditions are as follows:

P,
atcold end(X* =1), R =1, P =-22_1;
Pr
T
Vt—0: T con
3 S TR

KsAcsTr OT;

at hot end(X* = 0)7 thatcr = L oxX*
X*=0

2.3. Numerical solution

The set of coupled ODEs (3)—(7) are model equations.
They have been solved numerically. The model inputs are
groove dimension, heat pipe length, Q profile and thermo
physical properties of coolant liquid and substrate as a
function of temperature. First of all, the second-order
differential equation (7) has been solved independently
since it is decoupled with other equations to obtain the
substrate temperature profile. Finite difference technique
is used to discretize and a tridiagonal matrix has been ob-
tained. The axial coordinate has been discretized into 40-
coupled non-linear equations. The equations are further
solved by using gauss—seider method. The temperature
variation obtained has been used in Eqgs. (3)-(6). Then,
model equations (3)-(6) are solved using Runge-Kutta
fourth-order integration routine. A variable step size
has been taken for the above iteration with maximum
step size of less than 1.0 x 1073, It is confirmed that the
obtained result is independent of step size.

3. Results and discussion

The sensitive analysis of micro heat pipe using the
modified model for a V-shaped heat pipe has been
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presented. The silicon substrate is 0.8 cm wide and
2.3cm long. A portion of the length, 0.3 cm, is not
grooved, which is used by the heater to supply the heat
to the system. Hence, the effective length of the heat pipe
is 2 cm. The lengths for the evaporative, the adiabatic
and the condenser regions are assumed to be equal. A
V-groove width and groove spacing are taken to be
0.1 mm. Apex angle of groove is 60°. Ten such grooves
have been considered in the study. The temperature at
the condenser end and T&y is taken as 32 °C. The inclina-
tion of the heat pipe is 10°. A constant heat flux distri-
bution has been taken. Pentane is taken to be the
working fluid and silicon as the substrate. Pentane wets
silicon completely i.e., y (contact angle) is taken zero
unless it is specified.

The substrate temperature profiles as a function of
axial position for different heat inputs has been pre-
sented in Fig. 3. It has been seen that the temperature
difference along the heat pipe decreases with decreases
in heat input. This difference is less than one-third of
the corresponding difference with the substrate of same
dimensions, which looses heat only by axial conduction.
For heat input of 2 W, the temperature difference with
heat pipe is 1.16 °C and that with a solid substrate is
3.25°C. It can be claimed that heat pipe can remove
heat without generating much temperature difference
and this property of a heat pipe makes it a promising
candidate for many potential applications.

The radius of curvature has an important role in the
performance of a micro grooved heat pipe. The profiles
of the dimensionless radius of curvature along the length
of the heat pipe (R* vs. X™) for different values of heat
input are presented in Fig. 4. Fig. 4 clearly shows the
gradual decrease in R* as the hot end is approached sig-
nifying higher curvature at the hot end. R* at any loca-

33.2
1:Q'=2.0W
2:Q'=1.0W
3:Q=05W
329} 4:Q=01W
o
< 326} !
-
323k 2
3
4
32 n n n e —
0 0.2 0.4 0.6 0.8 1

*

X

Fig. 3. Variation of substrate temperature, 75 (°C) with
di-mensionless position, X* with different values of heat input.
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Fig. 4. Variation of dimensionless radius of curvature, R* with
dimensionless position, X* with different values of heat input.

tion also decreases with increase in heat input. The
behavior of the radius of curvature gives a qualitative
idea of the capillary pumping. The value of R* at the
hot end or the gradient R* can also predict the operating
limit of a heat pipe i.e., the critical heat input for a sys-
tem controlled by capillary pumping. The critical heat
input for such a system, where the flow is sustained by
capillary pumping, is defined as the heat input where
the flow resulting from the curvature change will not
be able to meet the flow requirement due to higher rates
of evaporation. For such a case, the radius of curvature
of the liquid meniscus at the hot end reaches a value very
close to zero and the device approaches its operating
limit. This limit is called capillary limit and it reaches
first in many practical application. The lower limit of
the radius of curvature at the onset of dry-out is taken
as 0.005. Small variation in the lower limit of radius of
curvature does not have significant effect on the critical
heat input and the dry-out length. For the specific case
considered for this study, the critical heat input is found
to be 0.0115 W for an inclination of 10°.

The heat pipe inclination has substantial effect on the
performance of a heat pipe. The critical heat inputs, as
calculated, vary significantly with inclination (Table 1).
It is observed that with increase in inclination, the

Table 1
Variation of critical heat input (W) with inclination (°) for a
V-shaped micro heat pipe of length 2 cm

Inclination (°) Critical heat input (W) x 10%

0 1.24
10 1.15
30 0.94
45 0.84
60 0.78
90 0.72
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Table 2
Variation of critical heat input (W) with length (cm) for a
V-shaped micro heat pipe of length 2 cm

Table 4
Variation of the critical heat input with the fraction of length as
adiabatic section of a V-shaped micro heat pipe of length 2 cm

Length (cm) Critical heat input (W) x 107

Fraction of adiabatic length Critical heat input (W)

1 24

2 1.15
3 0.71
4 0.51
5 0.385

0.8 0.0085
0.375 0.010

0.33 0.0125
0.20 0.0124
0 0.0149

critical heat input decreases due to the opposing (relative
to capillary forces, in this configuration) effect of body
force (gravity). Therefore, the capillary limit will be
reached earlier for a heat pipe with a higher inclination
angle. The rate of change of critical heat input w.r.t.
inclination decreases with increase in inclination.

Micro heat pipe is a microscale heat transfer device.
Maximum heat transport capacity of a heat pipe de-
pends on its length. The variation of critical heat input
as a function of length of a V-shaped micro heat pipe
is given in Table 2. It is found that longer is the heat
pipe, lesser is the critical heat input. This is because
the friction loss is more in longer heat pipe. Therefore,
with increase in length of a heat pipe, the performance
of a heat pipe goes down. The rate of change of critical
heat input w.r.t. length decreases with increase in length.

The apex angle of a V-shaped micro heat pipe plays
an important role in capillary pumping. The variation
of the critical heat input for a 2 cm long V-shaped micro
heat pipe as a function of apex angle (and thus effec-
tively the number of sides) is presented in Table 3. The
critical heat input is found decreasing with increase in
apex angle. The difference in curvature provides the cap-
illary pumping capacity of a micro heat pipe. To pump
the same amount of liquid more dimensionless curvature
difference between the hot and the cold ends are required
since the curvature at the cold end (I/R,) decreases with
increase in the apex angle. Moreover, the friction factor
loss increases with apex angle. The capillary pumping
capacity, therefore, decreases with increase in the apex
angle.

Adiabatic section of a heat pipe can be considered as
the length we want to transport the heat. The variation

Table 3
Variation of the critical heat input with groove apex angle of a
V-shaped micro heat pipe of length 2 cm

Groove apex angle (°) Critical heat input (W) x 103

40 12.8
60 11.5
80 7.5
120 1.2
150 0.08
160 0.026

in critical heat input as a function of the fraction of the
adiabatic length has been presented in Table 4. In this
case, the length of evaporative and the condenser section
have been taken to be equal and its length of a heat pipe
taken to be the same. It is obtained that with increase in
the fraction of the adiabatic section; the critical heat
input decreases. This is because more is the adiabatic
length, higher is the friction loss.

The variation of axial liquid velocity of the liquid is
presented in Fig. 5. The direction of velocity is from
the cold end to the hot end. Only the magnitude of the
liquid velocity is considered. The absolute value of the
axial liquid velocity is zero at the hot end and increases
in the evaporative region. This is due to the cumulative
effect of replenishing the amount evaporated throughout
the evaporator region. In the adiabatic region, although
there is no evaporation and condensation, the liquid
velocity decreases slightly. This is because of slight in-
crease in the radius of curvature in the adiabatic section
(and hence an increase in the liquid flow area) and the
friction loss. In the condenser region, there is further fall

0.005

1:Q'=001W

0.004

0.003

0.002

0.001

Magnitude of Liquid velocity, m/s

C L
0 02 0.4 0.6 0.8 1

X*

Fig. 5. Variation of magnitude of axial liquid velocity, |V
(m/s) with dimensionless position, X* with different values of
heat input.
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of liquid velocity because condensation results in a shar-
per increase in the value of radius of curvature and
finally, at the end of condenser region, the liquid velocity
becomes zero. It can also be observed from the figure
that with increase in heat input, evaporation increases
and to replenish the enhanced amount of evaporated
liquid, the velocity increases at a fixed location.

The total mass flow rate (flow rate of liquid + flow
rate of vapor) at any cross section is zero. This equation
gives us a vapor velocity in a heat pipe. It is important to
calculate it to check the sonic limit. It is seen that the
vapor velocity is much below the sonic velocity. The vapor
velocity as a function of length for different heat inputs
has been presented in Fig. 6. The direction of vapor
velocity is from the hot end to the cold end. It has the
similar trend as that of magnitude of liquid velocity in
evaporative and condenser sections, which is expected.
In adiabatic section, the radius of curvature increases
and areas available for the liquid flow decreases. There-
fore, a slight increase in vapor velocity has been ob-
tained. But, they are opposite in direction. The
magnitude of vapor velocity is more than that of liquid
velocity. This is because of very low density of vapor
compared to the liquid.

To sustain evaporation, liquid should flow from the
cold end to the hot end. This requires the liquid pressure
should decrease from the cold end to the hot end (dP*/
dX™* is positive for coordinate system used herein). The
variation of liquid pressure with position is presented
in Fig. 7. With increase in heat input, more liquid gets
evaporated in the evaporative section for evaporation.
Therefore, requirement of more liquid at the evaporative
section demands more pressure drop between the cold
end and the hot end to sustain increase in fluid flow.

0.08

1:Q'= 0.01W
F2: Q'=0.005W
3:Q'=0.001 W

0.07

o
o
»

o
o
a

Vapor velocity, m/s
o o
o o
w I

X*

Fig. 6. Variation of axial vapor velocity, V, (m/s) with
dimensionless position, X* with different values of heat input.
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Fig. 7. Variation of liquid pressure, P, (N/m?) with dimension-
less position, X* with different values of heat input.

A part of the total heat supplied to the heat pipe is
used by liquid to raise its temperature while remaining
is used for evaporation. Only a small fraction of the heat
input is used to increase the sensible heat of the liquid. It
is found that the amount of heat used for sensible heat is
negligible compared to the heat used for evaporation
and condensation. Hence, sensible heat has negligible ef-
fect on heat pipe performance. The heat flux Q, used for
evaporation of liquid as a function of position for con-
stant heat flux distribution is presented in Fig. 8. In
the evaporative region, the evaporation of coolant liquid
takes place and so Q, has positive value. No evaporation
and condensation take place in the adiabatic region and
hence Q, is zero. In the condenser region, the condensa-
tion of the coolant liquid takes place and therefore, Q, is
negative.

The effect of variation in contact angle on radius of
curvature has been presented in Fig. 9. Only axial vari-
ation of curvature has been used in this study. Increase
in contact angle by even one degree can give a much
higher performance. More liquid can be accommodated
in a smaller groove as the contact angle increases, and
therefore, more liquid is available for evaporation. This
increases the performance of the micro heat pipe. This
finding can be used for the selection of heat pipe sub-
strate and coolant liquid. It is advisable that the sub-
strate and the coolant liquid combination has non-zero
contact angles. By considering two dimensional curva-
ture model, the above result for contact angle variation
may change.

The effect of variation in surface tension on the
radius of curvature has been presented in Fig. 10. It is
obtained that with increase in surface tension of the
coolant liquid, the performance of the heat pipe im-
proves. Higher is the surface tension. More is the pres-
sure jump at the vapor-liquid interface and therefore,
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Fig. 8. Variation of evaporative heat flux Q, (W/m?) with
dimensionless position, X* with different values of heat input.
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Fig. 9. Variation of dimensionless radius of curvature, R* with
dimensionless position, X* with variation in contact angle.

more capillary pressure will be available to pump the li-
quid from the cold end to the hot end.

The effect of variation in viscosity on the radius of
curvature has been presented in Fig. 11. It is obtained
that with increase in viscosity of the coolant liquid, the
performance of the heat pipe goes down. This is due
to increase in friction loss at higher viscosity. Therefore,
the performance of a heat pipe will go down.

It is well known that the surface roughness does not
affect the laminar flow in macrochannels. However, as
the channel size decreases to the order of few microns,
the effect of surface roughness microchannels becomes
important. It is said that Nusselt number and the fric-
tion factor of a high roughness microchannel increase
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Fig. 10. Variation of dimensionless radius of curvature, R* with
dimensionless position, X* with variation in surface tension.
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Fig. 11. Variation of dimensionless radius of curvature, R* with
dimensionless position, X* with variation in viscosity.

faster than that of low roughness microchannel with
increasing Reynolds number. This is because the distur-
bance in the boundary sub layer by the roughness is
more significant at high Reynolds numbers. The design
constraint restricts the fabrication of a heat pipe with
very sharp corners. The corner at the vest becomes circu-
lar. An attempt has been made to capture its effect by
subtracting the area of ungrooved circular section from
the total available groove area. Its area is taken as a
fixed percentage of the total available area for fluid flow.
In Fig. 12, its effect on the radius of curvature has been
shown. It is found that with increase in the ungrooved
area, the performance of the heat pipe goes down. It is
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Fig. 12. Variation of dimensionless radius of curvature, R* with
dimensionless position, X* with variation in radius of ungro-
oved rounded substrate.

expected that it would reach dry out faster and even cap-
illary pumping would go down. But, if the ungrooved
portion increases a limit, dR*/dX™ is no more monoton-
ically increasing to provide the capillary pressure for
fluid to flow from the hot end to the cold end and the
heat pipe ceases to operate. From the Young-Laplace
equation, it is clear that for the device to operate prop-
erly (no generation of dry spot) the radius of curvature
should decrease monotonically from the cold to the
hot end (dR*/dX™ should be always positive according
to the coordinate system used herein). Thus, the design
constraints may become the limiting operating limit of
a heat pipe.

In real situation, the variations in viscosity, surface
tension, contact angle etc will appear. Therefore, their
combined effect has been shown in Fig. 13. They have
been combined one by one. It is observed that the effect
of variation in viscosity and surface tension is roughly
equal. The variation in contact angle dominates the var-
iation in surface tension and viscosity. The variation in
sharpness of a corner has comparable effect.

The previous work of Ha and Peterson [25], Anand
et al. [26], Suman et al. [28] for dry-out calculation is com-
plex. The theoretical development presented herein can
effectively be used to predict the onset and propagation
of the dry-out length for a set of process variables. The
modification in boundary condition makes is easy to
handle. At the critical heat input, the radius of curvature
at the hot end becomes very close to zero. Any higher
value of heat input will propagate the dry region to-
wards the cold end, as capillary pumping will not be able
to sustain the increased rate of evaporation. In the dry

0.4 A A ' 1
0 02 0.4 0.6 0.8 1

X*
Fig. 13. Variation of dimensionless radius of curvature, R* with
dimensionless position, X* with combined variation in process
and design variables: (1) no variation in any variables, (2) 5%
variations in surface tension and viscosity, (3) 5% variations in
surface tension and viscosity and contact angle = 1°, (4) 5%
variations in surface tension and viscosity and contact
angle = 1° and radius of rounded ungrooved substrate is 0.01%.

region, coolant liquid is no more available for evapora-
tion and hence two-phase heat transfer does not take
place. The length of this region is known as dry-out
length. The location of the dry-out point can be esti-
mated numerically by calculating the value of X, where
radius of curvature goes close to zero. The X* value
(where, R* — 0) thus obtained, denotes the non-dimen-
sional dry-out length of the heat pipe corresponding to
the particular set of process variables. Using this meth-
odology, the dry-out length for a V-shaped micro heat
pipe has been evaluated as a function of heat input
and is presented in Table 5. It can be seen from the table
that the dry-out length increases with increase in heat

Table 5
Variation of dry-out length with heat input (W) of a V-shaped
micro heat pipe of length 2 cm

o' (W) Dry out length (mm)
0.02 9.0
0.03 11.5
0.04 12.7
0.05 13.5
0.08 14.9
0.1 15.4
0.5 17.9
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input for a particular heat pipe geometry and for an
inclination of 10°. It is found that the dry-out length cal-
culated by the proposed method matches satisfactorily
with the dry-out length obtained by Suman et al. [28],
which is experimentally validated. Thus, the methodol-
ogy developed herein can be effectively used to predict
not only the formation of the dry region but a quantita-
tive estimation of its propagation as well.

4. Conclusions

The present model for a V-shaped micro heat pipe
gives a satisfactory result for heat, mass and momentum
transfer coupled phenomena considered herein. An in-
crease in the apex angle, inclination, viscosity, sharpness
of the corner and length of heat pipe reduces the perfor-
mance of the heat pipe. On the other hand, increase in
surface tension and contact angle increases the perfor-
mance. The effect of variations in contact angle, radius
of rounded ungrooved substrate, apex angle and inclina-
tion are found to be prominent. To operate a heat pipe,
a coolant liquid with higher surface tension, lower vis-
cosity, higher latent heat capacity with few degree of
contact angle should be preferred. The sharpness of
the groove is found to be very critical. If the groove is
not sharp enough i.e., the radius of ungrooved substrate
is more; the heat pipe may cease to work even before it
reaches its other operating limits. The developed model
with modified boundary condition can easily estimate
the dry-out length. The developed model can also be
use to predict the onset of dry out. The present study
can be extended by considering two-dimensional varia-
tions in fluid flow, heat transfer and radius of curvature,
and by eliminating the predefined heat input
distribution.
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Appendix A
_ asing
"7 cos(a+7)

where a is side length of V-shaped groove.

Wb=2a

0 = 3Q'/(W,L) (for equal evaporative, adiabatic and
condenser region) where W, is groove pitch.

Geometry of a V-shaped micro heat pipe is presented
in Fig. A.1. The ungrooved area, 4’ taken as a fixed per-
centage of a total available area. It is not shown in this
Fig. A.1. Fig. 1 can be referred.

The shaded area, in Fig. A.l1 is the cross-sectional
area of the liquid in the heat pipe. The cross-section area
of one corner is expressed as

Ay = Area of ACBD + Area of AABC

— (Area of sector AOB — Area of AAOB) — 4’
The line diagram of section OBC in Fig. A.1 is presented
in Fig. A.2 in detail. From Fig. A.2, AC and BC are the
tangents to the liquid meniscus.
/CAD =y
ZADC =«
ZACB =2(0+7)
ZAOB=¢p=n—-2(a+7y)

cos(o + )

Lh :R "
S o

R =R¢

D
Fig. A.1. Geometry of a liquid filled corner.
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Fig. A.2. Line diagram of section OBC in Fig. A.1.

R*cot(a 4 7) cos(a + ) siny
sin o

Area of ACBD =

Area of AABC = R*cot(a + y)cos? (2 + 7)
Area of sector AOB = ¢pR?/2

Area of AAOB = R?cos(a + 7) sin(a + 7)

Hence,

A=K [{cotw 1) - g2y 4 2t cos(@ +7)sin v}

sin o
—A =BR -4

where

B — {{cot(oc ) — /2t 4 cot(a + y) cos(o + y) sin y]

sin o

wK'cos? (o +7)
. 2
zsin2a|:cot(a+7) cos(a+y) siny + {COt((X + ”/) _ @/2}]

sin o

B, =
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