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Abstract

One-dimensional transient model for fluid flow and heat transfer is presented for a micro-grooved heat pipe of any
polygonal shape utilizing a macroscopic approach. The coupled non-linear governing equations for the fluid flow, heat
and mass transfer are developed based on first principles and are solved simultaneously. The transient behavior for var-
ious parameters, e.g. substrate temperature, radius of curvature, liquid velocity, etc. are studied. The effects of the
groove dimensions, heat input and Q-profiles on the studied parameters have been evaluated. The steady state profiles
for substrate temperature, radius of curvature, liquid velocity etc. have also been generated. The model predicted steady
state substrate temperature profile is successfully compared with the experimental results from the previous study. The
general nature of the model and the associated parametric study ensure the wide applicability of the model.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Micro-grooved heat pipe is a reliable and efficient
heat transport device and is currently an active area of
research. The heat pipe has been used in several techno-
logically important processes requiring augmented heat
transfer e.g., in the electronic packaging industry, in mi-
cro-gravity environments, and spacecraft thermal con-
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trol because of its high efficiency, reliability and cost
effectiveness. It is best described by dividing it into three
sections. Heat is input 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 curvature of the liquid meniscus.

Cotter [1] first proposed the concept of micro-heat
pipe. That is essentially a wickless heat pipe for the uni-
form temperature distribution in electronic chips. The
flow of fluids inside the pipe is caused by the change in
pressure (due to changes in capillary and intermolecular
force field) along the length of the heat pipe. The net
capillary force is generated by the combined effect of
the evaporating and condensing menisci [2]. The flow
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Nomenclature

a side length of a regular polygon or smaller
side of a rectangle, m

a larger side length of a rectangle, m

Aes area of cross-section of substrate, m?

Ay total liquid cross-section area, m?

A liquid cross-section area of one corner, m?

By constant in expression for 4,

B, constant in expression for gﬁi [Egs. 6 and 11]

Cpi specific heat of the coolant liquid, J/(kg K)

Cps specific heat capacity of the substrate, J/
(kg K)

Dy hydraulic diameter, m

friction factor
acceleration due to gravity, m/s’

g

K constant in expression for B,

K thermal conductivity, W/(m K)

L length of heat pipe, m

Ly half of total wetted length, m

L half of wetted length for one corner, m

n number of sides of a polygon

Nz Reynolds number

P liquid pressure, N/m?

P* non-dimensional liquid pressure

Pr reference pressure, N/m>

Py, pressure in vapor region, N/m?

0 net heat flux supplied to the liquid, W/m?
o’ 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

Ry, meniscus surface area per unit length, m
t time, s

r* dimensionless time

Teon temperature at the cold end, °C

T temperature of the coolant liquid, °C

Ty dimensionless temperature of the coolant
liquid

Tr reference temperature, °C

T reference temperature used by Anand et. al.
[23]

T temperature of substrate, °C

T; dimensionless substrate temperature

" axial liquid velocity, m/s

141 magnitude of axial liquid velocity, m/s

v non-dimensional liquid velocity

Vr reference liquid velocity, m/s

Wp polygon pitch, m

X coordinate along the heat pipe, m

X* non-dimensional coordinate along heat
pipe

Greek symbols

o half apex angle of polygon, rad

p inclination of substrate, rad

Y contact angle, rad

¢ curvature, m~'

A latent heat of vaporization of coolant liquid,
J/kg

I viscosity of coolant liquid, kgm™'s~!

01 density of coolant liquid, kg/m*

Ds density of substrate, kg/m>

4] surface tension of coolant liquid, N/m

T time constant, s~

Tw wall shear stress, N/m?

of fluid is primarily governed by the pressure jump at the
interface of the liquid and the vapor. The pressure jump
at the interface is a function of the radius of curvature of
the liquid meniscus, surface tension and the wettability
of the coolant liquid and substrate system [3-12].
Peterson and his co-workers [13,14] have made signif-
icant contributions to the related area of heat transfer
from small devices. They successfully used the Young—
Laplace equation to describe the internal fluid dynamics
of such devices. From these studies, it has been con-
cluded that the longitudinal groove design is crucial to
increase the heat transport capacity of these miniature
devices and the small grooves provide the necessary cap-
illary forces for the liquid to flow back into the evapora-
tive zone. The minimum meniscus radius and maximum
heat transport in triangular grooves have also been stud-
ied [15]. A detailed thermal analysis and different limita-

tions of a micro-heat pipe have been studied by
Khrustalev and Faghri [16]. Xu and Carey [17] devel-
oped an analytical model for evaporation from a
V-shaped micro-groove surface assuming that the evap-
oration takes place only from the thin film region of the
meniscus. Stephan and Busse [I18] have presented a
model for the calculation of the radial heat transfer coef-
ficient in heat pipes with open grooves and have shown
that the assumption of an interface temperature equal to
the saturation temperature of the vapor leads to a large
over-prediction of the radial heat transfer coeflicient.
Ravikumar and DasGupta [19] presented an integrated
model of evaporation from V-shaped micro-grooves.
Their model incorporates the evaporation from the cap-
illary as well as the transition region of the extended
meniscus as a function of groove length. Later, research-
ers have investigated the concept of using micro-heat
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pipe as effective heat spreader [20,21] as well as determi-
nation of dry-out length [22,23]. Recently, Cotton and
Stores [24] presented one-dimensional semi analytical
model for prediction of wetted length, supported by in-
clined triangular capillary groove. They have used the
concept of accommodation theory to account for the
change in radius of curvature at the liquid-vapor inter-
face. Suman et al. [25] have presented a generalized stea-
dy state model for micro-grooved heat pipe of any
polygonal shape.

The study of transient phenomena is important for
the startup and shutdown applications and to under-
stand the capillary behavior. The transient behavior of
heat pipes under various operating conditions has been
under study for quite some time [26-32]. It has been
shown that the transient behavior of the heat pipe is af-
fected by the thermal capacity and conductance of the
substrate, capillary phenomena and the coolant liquid.
Chang and Colwell [26] and Faghri and Chen [27] used
two dimensional heat conduction equations for the sub-
strate, which were coupled with the fluid flow. Tounier
and El-Genk [28] have taken transient in all transfer
processes i.e. heat, mass and momentum. Later, Zhu
and Vafai [29] have used transient in heat transfer
process and steady state in other transfer processes
reasoning that the heat transfer is the slowest process.
Most of the transient heat pipe studies carried out so
far is for the wicked heat pipe. The potential
applicability of micro-grooved heat pipe emphasizes
the importance of the study of the unsteady state
behavior.

In this work, one-dimensional transient equations are
developed for micro-grooved heat pipe. The model
developed is capable of handling different operating con-
ditions e.g., any groove geometry, heat flux distribution
etc. The coupled non-linear governing equations for the
fluid flow, heat and mass transfer under transient condi-
tion are solved numerically. The transient behavior of
various parameters e.g., substrate temperature, radius
of curvature of the liquid meniscus, liquid velocity, li-
quid pressure, etc. are studied. The effects of the groove
geometry, groove dimensions, heat load and Q-profile
on the studied parameters have been evaluated. The
steady state profiles for substrate temperature, liquid
velocity etc. have also been developed. The model pre-
dicted steady state substrate temperature profiles have
been successfully compared with the results available
in the literature.

2. Theory

The micro-grooved heat pipe considered here can be
of any polygonal shape. Though the model equations
are general in nature and can handle any polygon, an
equilateral triangular heat pipe has been studied as a test

case. The schematic of the heat pipe is shown in Fig.
1(a). The hot and the cold ends are specified as the far-
thest end of evaporative and the condenser region,
respectively. The heat flux absorbed/released by the li-
quid from the substrate in the evaporative and con-
denser regions i.e. Q-profiles are assumed to be either
linearly distributed or a constant although the model is
capable to handle any type of Q-profiles. Sufficient
amount of the coolant liquid is charged to the system
so that at the steady state, the grooves at the bottom
of the heat pipe i.e., the cold end remains filled with
the coolant liquid, such that the radius of curvature
can be calculated from the geometry of the system
(R = Ry).

The model developed simulates the transient fluid
flow, heat transfer and relates them to the capillary
forces present in the system. The effects of thermal resis-
tance in the coolant liquid and temperature variation are
neglected since the thickness of liquid pool is very small.
The thermal conductive resistance of the liquid pool will
be considerably small compared to the other resistances.
This is principally due to the very small thickness of the
liquid pool. A representative calculation for the maxi-
mum resistance (for the lowest heat input) shows the
resistance is approximately 7.5 x 10~* mK/W, whereas
the axial thermal resistance is at least several orders of
magnitude higher. The model equations are developed
for all three regions i.e., evaporative, adiabatic and con-
denser encompassing the complete heat pipe. The gov-
erning equations are derived under the following
assumptions:

() One-dimensional unsteady incompressible flow
along the length of heat pipe; (ii) uniform distribution
of heat input to the solid substrate; (iii) negligible vis-
cous dissipation; (iv) at unsteady state, sensible heat
accumulation by the substrate is negligible compared
to the heat taken up by the coolant liquid from the sub-
strate; (v) constant pressure in the vapor region in the
operating range of temperature. The constant pressure
assumption is valid in this case as the vapor flow space
in the channels is quite large specially considering the
low heat fluxes used in this study. The vapor pressure
drop required for flow has been calculated and found
to be very small; (vi) one-dimensional temperature vari-
ation along the length of heat pipe; (vii) shear stress at
the liquid vapor interface has been neglected; (viii) pre-
defined heat flux distribution used by the coolant liquid;
(ix) convective loss is neglected and (x) thermal resis-
tance perpendicular to liquid-vapor interface is
neglected.

It has been assumed that the nature of the meniscus
in each corner is identical irrespective of its orientation.
Body force is small compared to the force due to pres-
sure jump at the interface of liquid and vapor (Suman
et al., [25]). One corner of a section of a heat pipe of
any polygonal shape of length Ax is taken as the control
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Cold End

Liquid

(@)

START

INPUT :- Groove geometry, heat pipe length, thermophysical
properties of coolant liquid and substrate as a function of
temperature, initial substrate temperature profile as a function of
location, Tol

Q-profile is assumed

l

Solve equation (9) using the method of lines. Discretise the equation along position
and obtain a set of ODEs in time domain. The ODEs are solved by Gear’s 1% order
method and the temperature profile as a function of time and position is generated

J

Assume R"at X" =0 —

l

Solve equations (10) to (13) by
Runga-Kutta 4™ order

Ab*solute
(R -1.0) < Tol

Repeat the above loop with different time intervals to obtain parameters
such as substrate temperature, liquid velocity etc. as a function of time and

position
()

Fig. 1. (a) Schematic of the triangular micro-grooved heat pipe. (b) Schematic of a volume element with all forces specified. (c) Flow
chart of the numerical technique.

volume and is shown in Fig. 1(b). The liquid pressure is given by the Young-Laplace equation in the differential
a function of radius of curvature and the relationship is form,
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6P1 (4] OR

=g ()
ox R? Ox

The terms (P = and are the pressure gradient and radius
of curvature gradlent respectively. The unsteady state
momentum balance in differential form is,

o) op

oAV —— o +4, F 2Lyt — pig Sin BA,
A(pAiV)
+ ot
=0 2)

The first term in the above equation represents the con-
vective momentum change, the second term is the pres-
sure force acting on the element, the third term
represents the wall shear force, the fourth term is gravity
force and the fifth term is the rate of accumulation of the
convective momentum. The parameter A, signifying the
liquid area at the corner depends on the number of cor-
ners and position, and is presented in the Appendix A.

At unsteady state, the difference between the mass
entering and leaving the volume element is equal to
the mass evaporated from that volume element and the
mass accumulated in the control volume. Thus the differ-
ential form of the mass balance is,

A(p4)) a(plAlVl) ORn
ot ox A

The first term in Eq. (3) represents the rate of the accu-
mulation of mass, the second term is the change of the
liquid mass due to convection and the third term repre-
sents the mass of the liquid evaporated. R,, represents
the meniscus surface area per unit length of the heat pipe
and is presented in the Appendix A. All the terms in the
above equation are functions of the radius of curvature
(R) and therefore, vary along with the length of the heat
pipe.

A part of the heat taken up by the coolant liquid is
used to raise the temperature of the liquid while the
remaining heat is used for evaporation and the accumu-
lation of the heat as sensible heat in the control volume.
Therefore, the unsteady energy balance equation in the
differential element becomes,

=0 3)

oTy oT,
p1Cpidi—— + p,Cpi V1A1

- 0w, +ORn =0 (4
where Q is the heat flux taken up by the coolant liquid
from the solid substrate.

Q is positive when taken up by the coolant liquid (in
the evaporative section). It is negative when it is released
by the coolant liquid (in the condenser region) to the
substrate. It is zero in the adiabatic section, no evapora-
tion and condensation take place in this region. The first
term in Eq. (4) represents the rate of accumulation of
sensible heat, the second term is the sensible heat rise
of the element. The heat added (from outside) to the ele-

ment is represented by the third term while the heat leav-
ing the element by evaporation is given by the fourth
term.

The unsteady state energy balance in the substrate is
given by:

2

ACSKS% — Ow, — pCpsAcsaa—z;S =0 (5)
where the first term is the net change in the conductive
heat in the control volume, the second term is the heat
taken up by the coolant liquid and the third term is
the rate of accumulation of thermal energy in the control
volume.

2.1. Initial and boundary conditions

The boundary conditions at the cold end (x = L):
R=Ry, Pi=Py——: T,=Tcom forallt
Ro
Ry, the radius of curvature at the cold end is obtained
from the groove geometry. The temperature at the end
of the condenser region, Ty, is taken to be 32 °C.

At the hot end (x = 0):

oT,
Qhealer =-K Acs 5 V= 0; for all ¢
ox |,
The initial conditions:
att=20 Ts:TCon§ Vlz();
P =Py, —%—plg(L—x)sinﬁ;
0
o
R=——— forallx
(PV() - Pl)

2.2. Non-dimensionalization

The Egs. (1)-(5) are non-dimensionalized using the
following parameters: friction factor, f'= K'/Ng., Rey-
nolds number, Ny, = DypV/ 1y, where, hydraulic diame-
ter, Dy =4A4/(2Ly), wall shear stress, ty, = lezf/Z
reference velocity, Vr = Q'/(pR24), reference pressure,
Pr = ai/Ry, reference temperature, Tr = 32 °C (ambient
temperature taken in this work), time constant,

T=on c - The dimensionless parameters are defined

as follows: R* (dimensionless radius of curvature) = R/
Ry; X* (dimensionless position) = x/L; V* (dimension-
less liquid velocity) = V)/Vr; P* (dimensionless liquid
pressure) = Py/Pg; T; (dimensionless substrate tempera-
ture) = T/Txr; T} (dimensionless coolant liquid tempera-
ture) = Ty/Tg; t* (dimensionless time) = ¢7. K’ is used in
the expression of the friction factor, f (Wu and Cheng
[33]), and is a constant for a specific geometry. Ry is
the radius of curvature at the cold end and is a function
of side length, the contact angle for the substrate and
coolant liquid system and the apex angle of the polygon.
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After non-dimensionalizing and rearranging, Eqs. (1)
(5) result into the following equations:

. O VrRa V" ByVRV* v
sin(f) + — — o VrRT—
- [mg () " (RoR' ) VRS
X y2p+
|: d 2 2pl R * :|
RoLR* LR
(6)
o [ ORnL V* OR* N 2Lt OR* ™)
ox*  |pAdiVr TR OXT R'Vy Ot
1 P ColVRV*A TR OT" or*
QV = E [wa - lpf @Xl* - plcplAlTRTait*l}
(8)
oT: T  Owl? o)
o X2 TrALK,
oP* OR*
i (10)

X"~ RoPrR> 0X*

In the formulation and non-dimensionalization of the
governing equations, all transfer processes have been
considered to be unsteady. The heat transfer by conduc-
tion is the slowest transfer process and it is assumed that
this process will govern the transient behavior and other
transfer processes can be treated at steady state. There-
fore, the time derivatives of liquid velocity and radius of
curvature have been neglected in Egs. (6) and (7), respec-
tively. The similar type of model reduction based on
above assumption is available for asymmetrical flat-
plate and disc-shape wicked heat pipe [26,29]. In Eq.
(8), the sensible heat content terms are very small com-
pared to the other two terms since other terms are re-
lated to two-phase heat transfer and the sensible heat
content term is multiplied by 4;, which makes it even
smaller. A similar conclusion is drawn by (Ravikumar
and DasGupta [19]). Hence, the simplified governing
equations (Egs. (6)—(8)) can be written as,

. O VRRa V" ByVgV*

sin + —
aR* |:plg (ﬁ) Al}~l (R()R*)z 1 1
X a vive (1)

R()LR*Z P1 LR*
o [ ORwL V* OR* (12)
X |pdihVr TR X
1

0y = [0, (13)

where A;, Wy, Ry, B> and By are defined in the Appendix
A.

Eqgs. (9)—(13) 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). Linear and con-
stant Q-profiles have been used in this study. For
constant Q-profile, the heat flux is constant throughout
the evaporator region and the effective input heat flux is
8 x 103 W/m?. In the case of linear heat flux distribution,
the maximum heat flux is at the beginning of the evapo-
rator region and it reduces to zero at the junction of the
evaporator and the adiabatic region. The heat flux at the
liquid vapor interface is a function of time and position.
These equations have been solved numerically taking
predefined heat flux distribution i.e. Q-profile for the
heat that is being transferred between the coolant liquid
and the substrate. The dimensionless initial and bound-
ary conditions are as follows: The boundary conditions:

Py
atcoldend (X*=1), R"=1; P =-"_1;
Pr
. Tc .
T: = Tl:“ for all ¢

KAsTr OT
athotend (X*=0), Opyer = — ——o- R s

L X,
V' =0 for all ¢
The initial conditions:
TCon
at =0T'=——; V" =0;
d S TR ? )
pr— P pel(1—X")sin(p)
Pr Pr '
R = . for all X*

(Py, — PrP")Ry

2.3. Numerical solution

The model equations (9)—(13) are a set of PDEs and
algebraic equations. The model inputs are groove geom-
etry, heat pipe length, Q profile and thermophysical
properties of coolant liquid and substrate as a function
of temperature. Eq. (9) has been solved using method
of lines independently since it is decoupled from the
other equations. The discretization of the equations is
done along position and a set of ODEs in time domain
has been obtained. The ODEs have been solved using
Gear’s 1st order method. The Gears 2nd order is also
tried but significant change in result has not been ob-
served. Gear’s 1st order works well since its one-dimen-
sional problem and the step size can freely be decreased
to obtain stable result. The dimensionless step size of
time is taken as 107° and step size for dimensionless
length is 5x 1072, With this step size, the results are
found to be independent of step sizes.

Once the temperature profile is obtained as a func-
tion of position and time, Egs. (10)—(13) have been
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solved using Runga-Kutta 4th order integration tech-
niques to obtain the radius of curvature, liquid velocity
etc. as a function of position. They have been solved tak-
ing different temperature profiles for different times. The
radius of curvature, liquid velocity etc, for a particular
position at different values of time has been calculated
and plotted against time to obtain the transient profiles.
For Egs. (10)-(13), boundary conditions for R* and P*
at the hot end i.e., X* =0 are not known. The value of
R* at the hot end (X* =0) is assumed. P* at the hot
end i.e. X* =0 can be calculated since it is solely a func-
tion of the radius of curvature. Then Egs. (10)-(13) are
integrated from X* =0 to 1. R* should be equal to 1 at
the cold end (X* = 1) as the cold end is completely filled
with the coolant liquid. If the obtained value of R* at
the cold end is not equal to 1, a new value of R* at
the hot end is assumed and the integration process is re-
peated till the conditions R* =1 at X* =1 is achieved.
The results produced are independent of step size and
step size of 10~* has been used. In this way, the transient
profiles for substrate temperature, radius of curvature,
liquid velocity etc., have been calculated. The computa-
tion flow chart describing the numerical approach in
brief is shown in Fig. 1(c).

3. Results and discussion

The transient behaviors of a micro-grooved heat pipe
have been studied by considering triangular groove
though the developed model is capable of handling a
heat pipe of any polygonal shape. The silicon substrate
is 0.8 cm wide and 2.8 cm 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 2.5 cm. The lengths for the evapora-
tive, the adiabatic and the condenser regions are as-
sumed to be equal. The groove width and groove
spacing are taken to be 0.2 mm. Ten such grooves have
been considered. The temperature at the condenser end
is taken as 32 °C and the angle of inclination is 10 °. A
heat input of 2 W with linear and constant Q-profiles
has been taken. For the constant Q-profile, the effective
input heat flux is 8 x 10° W/m>. Heat is given to the sys-
tem with a heater and therefore, Qpcaer 1S taken as equal
to the heat input. In the case of linear heat flux distribu-
tion, maximum heat flux in the evaporative region is at
the hot end and minimum heat flux in the condenser re-
gion is at the cold end. Pentane is taken to be the work-
ing fluid and silicon as the substrate. Pentane wets
silicon completely i.e. y (contact angle) is zero.

In Fig. 2(a), the substrate temperature is plotted as a
function of time for different heat inputs at two different
locations, L/4 and 3L/4. L/4 and 3L/4 are in the evapo-
rative and condensing sections, respectively. It is found
that lower the heat input, lower is the difference between

36
35k
L 1: L/4 Location with 0.5 W
Z
- 34 2: 3L/4 Location with 0.5 W

3: /4 Location with 2.0 W
4:31/4 Location with 2.0 W
5: L/4 Location with 3.0 W

33
6: 31/4 Location with 3.0 W
32 1 1
0 4 8 12 16 20
(a) Time (sec)
39
1: Heat Input=0.5 W
38 2:Heat Input=2.0 W
3:Heat Input=3.0 W
37 +
036
C
- 3
935 L
2
34 r
33 1
32 1 1 1 1
0 0.2 0.4 " 0.6 0.8 1
(b) X

Fig. 2. (a) Variation of substrate temperature (°C) versus time
(s) for different heat inputs with two different locations for
triangular heat pipe (0.2 mm x 0.2 mm x 0.2 mm) with constant
Q-profile. (b) Variation of the steady state substrate tempera-
ture (°C) versus dimensionless position for different heat inputs
for triangular heat pipe (0.2 mm x 0.2 mm x 0.2 mm) with
constant Q-profile.

the steady state and the initial temperature. The time re-
quired to reach the steady state increases with increase in
the heat input value. They are found to be roughly 7.05 s
and 11.30 s (Fig. 2(a)) for 0.5 W and 3.0 W, respectively.
Fig. 2(b) is a steady state substrate temperature profile
i.e. temperature as a function of location for different
heat inputs. The temperature in the adiabatic region re-
mains the same since there is no exchange of heat be-
tween the substrate and the coolant liquid. The
temperature is decreasing in the evaporative and con-
denser regions with length. Heat is taken by the coolant
liquid in the evaporative section and therefore, the sub-
strate temperature profile is concave upward in this
section. Heat is released by the coolant liquid in the con-
denser section and therefore, the substrate temperature
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profile is convex upward in the condenser section. The
slope of the temperature profile at the junction of evap-
orative and adiabatic regions is zero, since the amount
of heat supplied to the substrate by the heater has been
utilized by the coolant liquid in the evaporative region.
It can be observed from the figure that the non-linearity
of the substrate temperature increases with increase in
the heat input value. Higher the heat input, larger is
the temperature difference between initial and the steady
state.

In Fig. 3(a), the transient profiles for substrate tem-
perature at locations L/4 and 3L/4 have been shown
for different groove dimensions. The temperature differ-
ence between the initial and steady state is more for
smaller groove dimension. It is clear from the figure that
the time required to reach steady state is more for smal-
ler groove dimension. In Fig. 3(b), the steady state sub-
strate temperature profiles for different groove
dimensions have been presented. It can be said that for

37
: L/4 Location with Groove Side Length= 0.1 mm
361 2: 3L/4 Location with Groove Side Length=0.1 mm
1 3: L/4 Location with Groove Side Length=0.2 mm
g ocation with Groove Side Length=0.2 mm
o 35r 5: L/4 Location with Groove Side Length=0.5 mm
N : 3L/4 Location with Groove Side Length=0.5 mm
w
=
34
33
32 1 1
0 4 8 12 16 20
(a) Time (sec)
42

1: Groove Dimensions = 0.1 mm x 0.1 mm x 0.1 mm
2: Groove Dimensions = 0.2 mm x 0.2 mm x 0.2 mm
40 3: Groove Dimensions = 0.5 mm x 0.5 mm x 0.5 mm

34

32
0 ’ ’ %
(b) X

Fig. 3. (a) Variation of substrate temperature (°C) versus time
(s) for different triangular groove dimensions with constant Q-
profile. (b) Variation of the steady state substrate temperature
(°C) versus dimensionless position for different locations for
different triangular groove dimensions with constant Q-profile.

smaller groove dimension, the temperature difference re-
quired to transfer the same amount of heat is more since
the area available for heat transfer due to conduction is
less for a groove with lower dimension. The area avail-
able for the heat conduction is 1.67x 107> m” and
8.29 x 10> m? for groove dimensions of 0.1 mm and
0.5 mm, respectively.

In Fig. 4(a), the effect of Q-profiles on the substrate
temperature profile as a function of time is presented.
The linear and constant Q-profiles have been considered.
It can be observed that from the figure that the difference
between the initial and the steady state temperature is
less with constant Q-profile than with linear one. It
can be said that the time required for reaching the steady
state for both Q-profiles are roughly the same. The

36
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2: 3L/4 Location with Linear Q-Profile
35r 1 3: L/4 Location with Constant Q-Profile
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Fig. 4. (a) Variation of temperature (°C) versus time (s) for two
different locations for different Q-profiles at two different
locations  for  triangular  micro-grooved heat  pipe
(0.2 mm x 0.2 mm x 0.2 mm). (b) Variation of the steady state
substrate temperature (°C) versus dimensionless position for
two different Q-profiles for the triangular micro-grooved heat
pipe (0.2 mm x 0.2 mm X 0.2 mm).
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steady state substrate temperature profiles for different
Q-profiles are plotted in Fig. 4(b). From the figure, it
is evident that the temperature profile for linear Q-pro-
file is always higher than profile with constant Q-profile.
The change of slope of the temperature profile with con-
stant Q-profile is distinct at the juncture of evaporative
and adiabatic sections. With linear Q-profile, the heat in-
put itself goes to zero as evaporative section is about to
end and therefore, there is not distinct change in slope at
the juncture of evaporative and adiabatic sections has
been observed.

The radius of curvature has an important role in the
performance of micro-grooved heat pipes. In Fig. 5(a),
the transient profile of the dimensionless radius of cur-
vature at location, X* = 0.5 is presented. The cold end
is completely filled i.e., R* =1 at the cold end and the
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R =0.95148 at =10
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(a) Time (sec)
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&~ 0.7
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0.4 . . . .
0 0.2 0.4 0.6 0.8 1

(b) X

Fig. 5. (a) Variation of dimensionless radius of curvature at L/2
location versus time (s) for a triangular micro-grooved
(0.2 mm x 0.2 mm x 0.2 mm) heat pipe with constant Q-profile
and 0.02W heat input. (b) Variation of the steady state
dimensionless radius of curvature versus dimensionless posi-
tion, X* for a triangular micro-grooved (0.2 mm X 0.2 mm X
0.2 mm) with constant Q-profile and 0.02 W heat input.

liquid pressure at the cold end can be evaluated. At
t =0, fluid inside the heat pipe is static and therefore,
the liquid pressure along the length of heat pipe can be
calculated. With the help of liquid and vapor pressures
at t =0, R* at r =0 has been evaluated. The transient
behavior of radius of curvature is because of dependency
of thermophysical properties of coolant liquid on tem-
perature. Initially, the groove is optimally filled and
therefore, radius of curvature is close to one, considering
complete wetting principle. As the heater starts supply-
ing the heat to the substrate, the coolant liquid starts
evaporating in the evaporative section and it starts con-
densing in the condenser section. Result is that the liquid
poor starts depressing and the radius of curvature starts
decreasing in the evaporative section. The radius of cur-
vature is one at the cold end and the difference in radius
of curvature between the evaporative and condenser sec-
tions generates the driving force for the liquid pool to
move towards the evaporative zone. Once the driving
force generated by the change in radius of curvature is
able to pump necessary amounts of the coolant liquid re-
quired for evaporation in the evaporating section, the
radius of curvature reaches its steady state. The time
needed to reach steady state is within 10 s for all the
cases studied herein. If the amount of heat taken up
by the substrate to increase its sensible heat is taken into
account i.e. removing assumption (iv), qualitatively the
same conclusion for variations in radius of curvature
and liquid velocity (discussed in next section) will be
drawn since the input heat to the heat pipe will be less
and therefore, the radius of curvature will decrease from
close to one value (its initial value) to the steady state
value. The steady state profile of the dimensionless
radius of curvature along the length of the heat pipe is
shown in Fig. 5(b). The value of the radius of curvature
at the cold end is more and at the hot end is less. The
variation of radius of curvature along the length of
the heat pipe provides the necessary driving force for
the capillary pumping required for steady flow from
the cold end to the hot end.

In Fig. 6(a), the transient profile for liquid velocity at
location, X* = 0.5 is presented. At ¢ = 0, fluid inside the
heat pipe is static and therefore, V* =0 at t=0. The
direction of flow of coolant liquid is from the cold end
to the hot end. Initially, the liquid pool is at rest and
once the evaporation starts and liquid starts flowing to-
wards the hot end. The driving force for the fluid flow is
generated due to change in the change in the radius of
curvature with position. The liquid velocity keeps
increasing till the fluid flow meets the evaporation
requirement at the evaporative section and then it
reaches its steady state value. It can be seen that the li-
quid velocity reaches its steady state value within 10 s.
The transient behavior in liquid velocity is also affected
by the dependency of thermophysical properties on tem-
perature. The steady state profile of the liquid velocity
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Fig. 6. Variation of magnitude of liquid velocity (m/s) at L/2
location versus time (s) for a triangular groove
(0.2mm x 0.2 mm x 0.2 mm) with constant Q-profile and
0.02 W heat input. (b) Variation of magnitude of the steady
state liquid velocity (m/s) versus dimensionless position, X* for
a triangular groove (0.2 mm X 0.2 mm X 0.2 mm) with constant
Q-profile and 0.02 W heat input.

along the length of the heat pipe is shown in Fig. 6(b). It
may be observed from the figure that liquid velocity in-
creases in the evaporative section. This is due to the
cumulative effect of replenishing the amount evaporated
throughout the evaporation region. It decreases moder-
ately in the adiabatic section. This is because of increase
in liquid area and the loss due to friction factor. It shar-
ply decreases in the condenser region.

In Fig. 7(a), the transient profile for liquid pressure at
location, X* = 0.5 has been presented. The cold end is
completely filled i.e., R* =1 at the cold end and the li-
quid pressure at the cold end can be evaluated. At
t =0, fluid inside the heat pipe is static and therefore,
the liquid pressure along the length of heat pipe can be
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Fig. 7. (a) Variation of magnitude of liquid pressure (N/m?) at
L/2 location versus time (s) for a triangular groove
(0.2mm x 0.2 mm x 0.2 mm) with constant Q-profile and
0.02 W heat input. (b) Variation of magnitude of the steady
state liquid pressure (N/m?) versus dimensionless position, X*
for a triangular groove (0.2mm x0.2mm x 0.2mm) with
constant Q-profile and 0.02 W heat input.

calculated. Once the evaporation starts, the radius of
curvature and the temperature of the coolant liquid start
changing with position and liquid pressure start chang-
ing. The transient liquid profile is increasing with time
because the effect of variation in surface tension on the
liquid pressure is more than the effect of variation in ra-
dius of curvature on liquid pressure. The variation in ra-
dius of curvature is small because the transient behavior
in radius of curvature is only due to dependency of ther-
mophysical properties on temperature. If the sensible
heat taken by the substrate is considered, the variation
in radius of curvature will be more and that will result
in decrease in the transient liquid pressure. It is clear
from this work as well since initial liquid pressure is
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more than its steady state value. The difference in liquid
pressure between the evaporative and condenser sections
is the driving force for the fluid flow. It reaches its steady
state value within 10 s. The transient behavior in liquid
pressure is because of the dependency of thermophysical
properties on temperature. In Fig. 7(b), the steady state
liquid pressure has been presented. The steady state li-
quid pressure is the direct outcome of the radius of cur-
vature. The equation relating these parameters i.e. Eq.
(10) suggests that the trend for radius of curvature and
the liquid pressure should be the same. The presented li-
quid pressure profile is of similar nature that of radius of
curvature.

In the study by Anand et al. [23], experiments were
carried out in a specially designed cell to study the onset
and the propagation of dry out point on a micro-grooved
silicon surface with pentane as the coolant liquid. Chem-
ical machining method was used to fabricate V-shaped
axial micro-grooves on a silicon substrate. Controlled
heat was supplied to the top of the substrate and axial
temperature distribution was accurately measured as a
function of input heat and inclination of the substrate
to the horizontal. The comparison between the dry (with-
out liquid) and wet (with liquid) temperature profiles was
used to locate the dry-out point and its propagation as a
function of inclination angle and supplied heat flux. 33
V-grooves of 2cm length with groove depth of
68.82 pm, groove width of 100 um and a groove pitch
of 200 pm were used. Pentane was used as the coolant.
A resistance heater was used as the source of heat and
the backside of which was carefully insulated to ensure
that all of the supplied heat went into the system. Careful
design of the system excluded the possibility of any vapor
loss from the system. A series of small thermocouples
accurately measured the temperature profiles as func-
tions of heat input to the system and inclination angle.
The steady state substrate temperature profile for this
system is calculated for a heat input of 1.52 W and
1.31 W with inclination of 14.93° and 43.16°, respec-
tively. The convective loss is neglected, as it is small com-
pared to the two-phase heat transfer. The comparison of
calculated and experimental temperature profile is pre-
sented in Fig. 8. The figure shows reasonable agreement
between the experimental and the theoretical predictions.
The maximum discrepancy is in the adiabatic section
though less than 7%. The possible causes of this discrep-
ancy are as follows. Firstly, the heat flux taken up by the
liquid is assumed to be constant, which may be in error.
However, the exact nature of the distribution cannot be
determined without taking recourse of the experimental
data [23], thereby compromising the independent nature
of the developed theoretical model. Secondly, neglecting
the convective losses can also result in the over-predic-
tion of temperature. However, the generalized model,
based on first principle, proposed in this study, correctly
predicts the behavior of micro-groove heat pipes in terms

20

Curve 1 and = : Heat Input = 1.52 W, Inclination 14°

Curve 2 and A : Heat Input = 1.31W, Inclination 43°

0 2 4 6 8 10 12 14
Dimensional Position (mm)

Fig. 8. Comparison of the theoretical and experimental (Anand
et al. [23]) steady state substrate temperature profiles. The
points are the experimental data and the solid lines are
theoretical predictions.

of trends in radius of curvature, axial liquid velocity and
pressure and satisfactory agreement with the experimen-
tal results for substrate temperature of a previous study.

4. Summary and conclusion

A transient model for a micro-grooved heat pipe of
any polygonal shape is presented using a macroscopic
approach. The triangular micro-heat pipe has been
taken as a test case. The coupled equations of heat, mass
and momentum transfer are solved to obtain the tran-
sient as well as the steady state profiles of various
parameters namely, the substrate temperature, the liquid
velocity, the liquid pressure, etc. The time required to
reach the steady state for the substrate temperature is
found to be less than 20s. The time required is more
for higher heat load and smaller substrate area. The ob-
tained results give a qualitative description of the tran-
sient phenomena in the fluid flow and mass transfer
processes as well. The transient profile for radius of cur-
vature is decreasing with time and reaches steady state
within 10s. The transient profiles for liquid velocity
and liquid pressure are increasing with time and reach
steady state within 10s. The steady state for substrate
temperature results are successfully compared with the
experimental results available in the literature.
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Appendix A

For polygonal heat pipe with equal sides:
_ asing
"7 2cos (a4 7)

where « is side length of the polygon or smaller side of
rectangle

0 =30 /nal

where, Q' is the heat input per channel and Q is the heat
flux.

a=(n—2)n/2n

where « is half apex angle and # is the number of sides of
the polygon

Wy = na

where W} is groove pitch.

For the rectangular heat pipe (side ratio 1:2):

_ asina
"~ 2cos (o +17)
0=30/2(a+a)L
where a; is the larger side of rectangle.
a=mn/4
Wb = 2(61 -+ al)
For the triangular (equilateral) heat pipe:
n=73

in
" Seon(a )
Wy = na
0 =30'/(WyL)
a=mn/6

Geometry of one corner of the polygonal heat pipe is
presented in Fig. Al.

The shaded area in Fig. Al 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)

The line diagram of section OBC in Fig. Al is presented
in Fig. A2 in detail.

Fig. Al. Geometry of a liquid filled corner.
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32
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D

Fig. A2. Line diagram of section OBC in Fig. Al.

From Fig. A2,
AC and BC are the tangents to the liquid meniscus.
/CAD =y
/ADC =«
ZACB =2(0+ )
ZAOB = ¢ =m—2(a+7)

_ asina
* " 2cos(a+7)
L =R cos(.a( +79)
sin o
Lh = }’lL;1
Ry = nR¢o

R? cot(a 4 y) cos(o 4 y) siny

Area of ACBD = -
sin o

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

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

Hence,

A =R {{cot(oﬂ +7)—@/2} +

cot(o + y) cos(a + ) sin y}

sin o
and
Ay = nd,
= nk? {{cot(a ) — g2y 4 MY Zﬁfi +7)sin y}
= B/R?
where

cot(a + y) cos(o + y) sin y}

B =n |:{COt(0( +7)—0/2} + sin o

., 1K cos*(1+7)
2= . 2
, t(o+7 7)siny
2sina {co (o+7) c.()s(a +7y)siny + {oot(a+7)— <p/2}}
sino
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