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Abstract

A model for the fluid flow and heat transfer in an electrohydrodynamically (EHD) augmented micro-heat pipe is presented utilizing a
macroscopic approach. Coulomb and dielectrophoretic forces have been considered in the model. The coupled non-linear governing
equations for the fluid flow, heat and mass transfer are developed based on the first principles and are solved numerically. The effects
of Coulomb and dielectrophoretic forces have been studied together and the effects have been compared. The analytical expressions
for the critical heat input and for the dry-out length have been obtained, which show that with an increase in the electric field intensity,
the critical heat input increases and the dry-out length decreases. It is found that using EHD, the critical heat input can be increased by
100 times. The contribution of Coulomb force is observed stronger than that of dielectrophoretic force. Also, the critical heat input and
the dry-out length have been successfully compared with the experimental results available in the literature. The general nature of the

model and the associated parametric study will be useful to understand the EHD pumping in a micro-heat pipe.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The micro-scale heat exchange is an active area of
research due to its possible potential applications in elec-
tronic cooling, thermal treatment of some diseases, temper-
ature management in fuel cell, microgravity environments,
and space craft thermal control [1-4]. The micro-grooved
heat pipe is widely acceptable because of its simple design
and direct integration on the substrate. In a micro-grooved
heat pipe, the flow of liquid is due to the difference in the
radius of curvature between the hot end and the cold
end. One of the factors that limit the heat transport capac-
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ity of a micro-heat pipe is the large viscous losses associ-
ated with the transport of the coolant liquid from the
condenser to the evaporator [5,6]. Therefore, its heat trans-
port capacity is less than that of a wicked heat pipe. Several
attempts have been made in the past to increase the heat
transport capacity of a heat pipe [7-13]. These methods
have been compared [13]. The arterial modification was
proven successful and other experienced problems associ-
ated with vibrations and/or size limitations. The electrohy-
drodynamic (EHD) pumping is new and offers a promise to
improve the heat transport capacity of a micro-heat pipe.
Only the EHD-assisted heat pipe provides an overall mass
saving, which is a prime NASA concern [14]. It is more use-
ful where space limitation is the main issue like laptop com-
puter and other small electronic devices.

The micro-heat pipe, as first proposed by Cotter [15],
is defined to be so small that the mean curvature of
the liquid-vapor interface is necessarily comparable in
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Nomenclature

a side length of a V-groove, m

Aes area of cross-section of substrate, m>
A, vapor cross-section area, m>

Ay liquid cross-section area, m>

Ay V-groove cross-section area, m>

B constant in expression for 4,

B,, ¢ constant

Bo Bond number

Ci specific heat of the coolant liquid, J/(kg °C)
Cos specific heat capacity of the substrate, J/(kg °C)

Dy, hydraulic diameter, m

d liquid hydraulic diameter, m
d, vapor liquid diameter, m

E electric field, N/C

Fe electrical force, N

friction factor
acceleration due to gravity, m/s*

g

K constant in expression for B,
K, thermal conductivity, W/(m °C)
L length of heat pipe, m

Ly half of total wetted length, m
L effective liquid length, m

L, effective vapor length, m

Nre Reynolds number

Py liquid pressure, N/m?

Py non-dimensional liquid pressure
Pr reference pressure, N/m”

Py pressure in vapor region, N/m?

APgyp available pressure due to electrohydrodynamic
pumping, N/m?

AP, available pressure due to capillary, N/m?

AP, available pressure due to gravity, N/m?

AP pressure loss due to liquid flow, N/m?

AP, pressure loss due to vapor flow, N/m?

q charge, C

0 heat flux supplied to the coolant liquid, W/m?
Q' heat supplied to the coolant liquid, W

0o, heat flux for at the interface, W/m>

R radius of curvature, m

Ry, radius of curvature, m

R non-dimensional radius of curvature
Ry reference radius of curvature, m
R meniscus surface area per unit length, m

R e radius of curvature at the hot end, m
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 temperature of substrate, °C

Ty dimensionless substrate temperature

V potential, V

Ve axial vapor velocity, m/s

|14 axial liquid velocity, mm/s

vy non-dimensional liquid velocity

Ve non-dimensional vapor velocity

VR reference liquid velocity, m/s

Wy V-groove pitch, m

X coordinate along the heat pipe, m

X non-dimensional coordinate along heat pipe

Greek symbols

o half groove angle, rad

B inclination of substrate, rad

Y contact angle, rad

€ permittivity, C*/N m?

€ absolute permittivity, C*/N m?

& liquid permittivity, C*/N m?

&y vapor permittivity, C*/N m?

¢ curvature, m~ !

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

I viscosity of coolant liquid, kg/m s

p charge density, C/m’

0o charge density in coolant liquid, Coulomb/m?

o1 density of coolant liquid, kg/m?

s density of substrate, kg/m®

Oy density of vapor, kg/m?

0] surface tension of coolant liquid, N/m

Tw wall shear stress, N/m>

magnitude to the reciprocal of the hydraulic radius of the
total flow channel. It should be distinguished from a min-
iature heat pipe which has a larger hydraulic radius to
liquid—vapor interface curvature ratio. A typical micro-
heat pipe has a hydraulic diameter ranging from 10 pum
to several millimeters and a length of up to several centime-
ters. By definition), a micro-heat pipe requires the Bond
number (Bo =~ 1§]Rg) to be of the order of less than or equal
to one. Several steady state models for a micro-heat pipe
have been presented in literature [16-29]. These models
have used Young-Laplace equation to relate liquid and
vapor pressure using curvature of the liquid menisci.

The EHD pumping results from the application of an
electric field to a dielectric fluid. It has a number of advan-
tages over other active techniques in enhancing a micro-
heat pipe performance: (i) does not require much space;
(ii) simple design, non-mechanical, and lightweight; (iii)
rapid control of enhancement; (iv) suitable for special envi-
ronments (space); (v) minimal power consumption; (vi)
applicable to single or two phase flows; (vii) uniform pres-
sure distribution across pumping section and (viii) temper-
ature and heat to be transported, is tunable. But, the
implementation of the EHD phenomena to fluid dynamics
and heat transfer introduces a complex interaction of many
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interdependent variables. These variables are (i) electrical
and thermophysical fluid properties; (ii) electrical field
strength; (iii) fluid medium, single or multi-phase; (iv)
geometry of micro-heat pipe; (v) geometry and configura-
tion of electrodes; (vi) properties of electrodes and insula-
tors; and (vii) operating environment.

Few researchers have attempted to improve the heat
transport of a heat pipe using EHD phenomena. Jones
[30] proposed to replace the capillary wick structure in a
heat pipe with an EHD pump that utilized polarization
forces to generate pumping. Jones and Perry [31] used the
EHD heat pipe successfully, but the performance was
poorer than the existing capillary driven heat pipe. Loehrke
and Debs [32] improved the electrohydrodynamic (EHD)
heat pipe of Jones and Perry and were able to achieve
equivalent thermal performance of conventional axial-
groove heat pipes. Bologa and Savin [33] used the dielec-
trophoretic force to enhance the heat transport capacity
in an experimental heat pipe operating as a two-phase ther-
mosiphon and obtained 53% increase in the heat transport
capacity after using 36 kV. The enhancement of the heat
pipe transport capacity utilizing the coulomb force was
investigated by Babin et al. [34]. They used an ion-drag
pump to generate the Coulomb force and to increase the
capillary limit of the heat pipe. They have also mentioned
that the ion-drag pumps are capable of providing continu-
ous pumping and require a low power input. They have
power efficiency of approximately 5-10% and appear to
be well suited as an alternate active pumping mechanism
for a micro-heat pipe. Sato et al. [35] proposed the use of
the electrostriction force to generate pumping to increase
the heat pipe capillary limit, but did not provide any exper-
imental evidence. Melcher [36] discussed the phenomena
that dielectric liquid tended to fill the region where the elec-
tric field is the strongest. Bryan and Seyed-Yagoobi [37]
performed an experimental study on a monogroove EHD
heat pipe and obtained 100% increment in the heat trans-
port capacity. Hallinan and his co-workers [38,39] pro-
posed an analytical model of an EHD-assisted micro-heat
pipe, which can be used to predict the maximum heat trans-
port capacity and the optimum geometry. They have
obtained six times increase in the heat transport capacity.
They have used electric field to enhance the heat capacity
of a heat pipe using electrodes. Their electrode pair sand-
wiched the groove in the evaporator section. The electrodes
were directly attached to the 1-mm-thick cover slide
adhered to the open side of the grooves. This way, the elec-
trode was in intimate contact with the liquid. The ground
electrodes were attached to the exterior surface of the
grooved slide. Therefore, the spacing between two elec-
trodes of different levels was very small (~1 mm). The
electrodes were fashioned out of aluminum foil. The appli-
cation of the high voltage across the electrodes was
achieved using a high-voltage dc power supply. The voltage
was monitored using a high-voltagemeter. Later, Yu et al.
[40] presented a semi empirical model of a system cooled by
a micro-heat pipe array that will permit analytical investi-

gation of the efficacy of employing an electric field in
response to heat input variations.

Thus in recent years there has been a great interest in
EHD pumping heat pipes. The mathematical modeling of
EHD assisted micro-heat pipe is a way to start to under-
stand it and is further important in the design and optimi-
zation of a heat pipe. A mathematical model for the fluid
flow and heat transfer of an EHD assisted micro-heat pipe
is yet to be developed. Comparison between the benefits of
the Coulomb and dielectrophoretic forces has not been
reported. First of all heat pipe limits, the capillary limit
reaches in most of real life applications. The theoretical cal-
culation of the dry-out length has not been addressed for
an EHD assisted micro-heat pipe. Therefore, an important
extension of the EHD assisted micro-heat pipe research will
involve modeling of the heat, mass and momentum transfer
in an electrodynamically augmented micro-heat pipe con-
sidering the Coulomb and dielectrophoretic forces and
obtaining the analytical expressions for the critical heat
input and for the dry-out length. This extension of the
EHD assisted micro-heat pipe research has been the subject
of this work. Finally, the experimental results have been
successfully compared with the results available in the
literature.

2. Theory

The system being studied herein is a V-shaped micro-
grooved micro-heat pipe, though the model equations are
general in nature in terms of the shape of the grooves.
The micro-heat pipe is inclined at an angle to provide a
body force. Due to capillary pumping, the liquid will be
pushed towards the hot end. The liquid will travel along
the corners and the vapor passes through the open space
(Fig. 1). The hot and the cold end denote the farthest
end of evaporative and the condenser region, respectively.
The heat flux interaction between the substrate and the
coolant liquid in the evaporative and the condenser regions
is considered to be of constant value.

The dielectrophoretic force in an EHD micro-heat pipe
has been designed to augment the liquid flow from the con-
denser to the evaporator. This force results from applica-
tion of an electric field at a liquid—vapor interface. The
physical explanation of the force derived from the polariz-
ing effect of the electric field, which is greater in the liquid
phase due to the larger electrical permittivity. When an

Vapor

Coolant Liquid

20,

Fig. 1. Schematic of a V-shaped micro-heat pipe.
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electric field is applied, the molecules of the dielectric field
present within the micro-heat pipe are polarized and
dipoles are formed. In the electric field, the dipoles are
formed and other polarized molecules tend to become sta-
tistically more ordered and, therefore, exhibit a minimum-
energy state. Therefore, the liquid tends to flow in the
regions of higher electric field intensity due to the require-
ment of minimizing energy.

The EHD phenomenon involves the interaction of the
electrical field and the flow field in a dielectric fluid med-
ium. This interaction can result in electrically induced fluid
motion that is caused by an electrical body force. The elec-
trical body force acting on the molecules of a dielectric
fluid in the presence of an electric field consists of three
terms. Mathematically, it is given as [41]:

1, 1 o[ Oe
F.=¢qFE 2E Ve+2V{E <ap>p} (1)
In Eq. (1), the force due to electric field has been related to
three different kinds of forces. The first term on the right
hand side represents the Coulomb force, which acts on
the free charges in an electric field. The second term on
the right hand side stands for the dielectrophoretic force,
which is created by a local change of the permittivity in
an electric field. A change in the permittivity occurs at
the interface between a liquid and a vapor. The third term
on the right hand side is called the electrostriction force.
The electrostriction force occurs primarily when a non-uni-
form electric field is applied on a dielectric fluid. The dielec-
trophoretic and the electrostriction forces act on polarized
charges and are called as polarization forces. In the present
model, first and second terms of right hand side have been
utilized. Both terms (for Coulomb force and dielectropho-
retic force) promote the flow of coolant liquid from the
cold end to the hot end.

The model equations are developed for all three regions,
i.e., evaporative, adiabatic and condenser encompassing
the complete heat pipe. The governing model equations
are derived under the following assumptions. (i) One
dimensional steady incompressible flow along the length
of a heat pipe, since the flow along the transition region
is small [42]. (i) Negligible heat dissipation due to viscosity.
(iii) One dimensional temperature variation along the
length of a heat pipe. (iv) Negligible shear stress at the
liquid vapor interface because the channel area for vapor
flow is relatively large and at the low heat fluxes used in this
study, the vapor velocity will generally be small. This justi-
fies the assumption of no shear stress at the liquid vapor
interface [20]. (v) Predefined heat flux interaction between
the substrate and the coolant liquid (Q) with position.
The fluid flow is governed by the pressure difference
between the hot and the cold ends. The vapor pressure also
affects the evaporation and condensation. However, a suc-
cessful formulation of dependency of heat fluxes on vapor
pressure has not been done. Therefore, in this work the pre-
defined heat flux interaction between the substrate and the
coolant liquid has been considered similar to the one used

in [23,25]. (vi) Convective heat loss has been neglected since
two phase heat transfer is orders of magnitude higher than
the natural convection. (vii) Disjoining pressure has not
been considered. (viii) Constant pressure in the vapor
region. The constant pressure in the vapor region assump-
tion is valid in this case, as the vapor flow space in the
channels is quite large especially considering the low heat
fluxes used in this study. The vapor pressure drop required
for flow has been calculated and was found to be very
small. (ix) Uniform electric field is considered. However,
it is difficult to maintain the uniform electric field in an
EHD assisted heat pipe. The magnitude of the force due
to non-uniform field is small because the force depends
on the rate of change of electric field with position and
the rate of change of permittivity with charge density.
The permittivity change due to the charge density is small
and hence, the force due to the non-uniform electric field
is expected to be small, provided the rate of change of elec-
tric field is not large.

A V-shaped micro-heat pipe of length Ax is shown in
Fig. 2 with all forces specified. The liquid pressure as a
function of the radius of curvature can be estimated from
the Young-Laplace equation, which is given in differential

form as follows:

dP] @] dR

da_adt 2

dX R2 dx ( )
dry

The terms ! and ‘fER are the pressure and the radius of cur-
vature gradients, respectively. The steady state momentum
balance in differential form is given as

d(v, dp, 1 d4
P1A1V1 Eixl) +A1 al + 2Lh‘EW — EEZ(SV — 81) al
+ AipoE — pig sin(B)4; = 0. 3)

The first term in the above equation represents the convec-
tive momentum change, the second term is the pressure
force acting on the volume element, the third term
represents the wall shear force, the fourth term is the dielec-

Hot End

Cold End

Vx+Ax

Px+Ax

X + Ax

Fig. 2. Volume element of a V-shaped micro-heat pipe with all forces
specified.
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trophoretic force, the fifth term is the Coulomb force and
the sixth term is the gravity force. The electric field and
the maximum charge density in the liquid are given by
Crowley’s formula [43]:

&V
Cgh+ale —a)’ 4)

2gV
me (20). )

whereh:R[M+sin(oc+y)—l .

tano

The detail derivation of /4 is given in [44].
The differential form of the mass balance is given as

d O.R
3(01V1A1)+ 7 L=

0. (6)

The first term is the difference in the convective flow of
liquid and the second term is the amount of liquid evapo-
rated from the differential volume. The quantity R, is the
meniscus surface area per unit length of a heat pipe.

The mass flow across the heat pipe is zero and therefore,
the expression for the vapor velocity can be given as

_ pidiV

oA, (7)

v =
The energy balance equation for the coolant liquid, after
considering the sensible heat change in the volume element,
is given as

dr
al = QWb - QVR17 (8)

where Q is the heat flux interaction between the coolant li-
quid and the substrate. The quantity Q is positive when
added (in the evaporative section) and is negative when
extracted (in the condenser section). The quantity R; is
the meniscus surface area per unit length of a heat pipe.

The steady state energy balance in the substrate is given
as

01CoV14,

d&’r
AcsKsKZS - QWb = 07 (9)
where the first term is the net change in the heat conduction
in the control volume and the second term is the heat inter-

action between the substrate and the coolant liquid.
2.1. Boundary conditions

There is no evaporation after the hot end of a heat pipe
(x = 0), and hence, the liquid velocity is zero at the hot end.
The radius of curvature at the hot end is given by Ma and
Peterson [45]. Here the fluid flow is governed by the electro-
static forces and hence the curvature at the hot end does
not have much effect. Hence, the radius of curvature at
the hot end, R e, is taken as 0.05 of the reference radius
of curvature. The coupled differential and algebraic equa-
tions (2)—(9) can be solved by using the following boundary
conditions:

Atx=0, V=0,
R=Re= OOSR(),
—p. 0 g
Pl - on Re 2E (81 8V)7
dTs
Qhealer = _KSACSE x:()' (10)
Atx=1L, Ts= Teon. (11)

2.2. Non-dimensionalization

The following non-dimensional and associated parame-
ters have been used: friction factor (f) :%, Reynolds
=2 “L’:V‘, hydraulic diameter (Dy,) = ;Li:,’

2
shear stress (ty,) = %‘f, shear at the liquid—vapor interface

reference velocity (V) = reference pressure, (Pr) =

wall

number (Ng.)

pRSA’
reference temperature (7r) = T.on and Ry is taken as

o]
Ry’
the side length of a V-groove. This is different from our
previous work [26-29] since here the fluid flow is not only
because of the capillary pressure, but also because of the
electric forces and therefore, the scaling has been changed.

The dimensionless parameters are defined as follows:
dimensionless radius of curvature (R*) = %, dimensionless
position (X*) =, dimensionless liquid velocity (V}) = VL]‘{,
dimensionless vapor velocity (V) = g—i, dimensionless
liquid pressure (P}) = 1%, dimensionless substrate tempera-
ture () = TT—; The quantity K’ is used in the expression of
the friction factor (f), which is a constant for a specific
geometry [46]. The final set of non-dimensionlized equa-
tions are as follows:

. OVRRYV]  ByVRV]
dr* {plg st ﬁ — Pk + Ak F- (RoR‘)zl}

R 12
dx* |: o 201VE{V1*2 _ Ez(cvfsl):| ’ ( )
RoLR*? LR, LR*
dv; ORL Vi drR
= — v 2— e m— 1
dX* |:pA])LVR R* dX* ’ ( 3)
dp* a dr*
= _-_ - = 14
dX* ROPRR*Q dX* ) ( )
* plAl VIF
_ 1
Vv vav ) ( 5)
- 1 p]CPl VRA]V;F dT1
O =% {QWb el (16)
g
0=——, 17
WL (17)
&’ ow,t (18)

d/\/*2 B TRACSKS -

Eqgs. (12)—(18) are valid for all three sections of a heat pipe
namely, evaporative, adiabatic and condenser. The quan-
tity Q is zero in the adiabatic section, negative in the con-
denser section (heat is extracted) and is positive in the
evaporative section (heat is supplied). These equations
can be solved numerically taking a predefined heat flux
(Q), which is being transferred between the coolant liquid
and the substrate.
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The geometrical parameters A;, W, and B, are taken
from Suman et al. [27], taking zero ungrooved area. They
are given as

T
==

i3 (19)

cot(a+y)cos(a+y)siny

Ay =R*|{cot(a+7y) —¢p/2} +

bl

sino
(20)
Ay =4 — 4, (21)
W, = 2a, (22)
Ry=a, (23)
By— wK' cos?(o+7y) (24)

. 2°
Zsinz o |:cot(oc+}!)cos(oc+y)smy + {COt(OC + '))) _ ¢/2}

sino

The dimensionless boundary conditions can be written as
follows:

At cold end (X" = 0),

Re
R =—=0.05
Ry ’
Vi =0,
on RO 1 2
Pr=-2 2 B —s),
=Py Re 2Py )
KA Tr dTg
. - . 25
Qhedter L dX* o ( )
TCOIl
At hot end (X" = 1), ngT—. (26)
R

of less than 1.0 x 1072, It is confirmed that the obtained
result is independent of the step size. The reliability of
numerical solution has been confirmed by reproducing
results of [26].

2.4. Critical heat input and dry-out length

The critical heat input for a micro-heat pipe is the heat
input when the pressure difference required for the fluid
flow in a heat pipe is equal to the available pressure due
to the capillary and the electrohydrodynamic pumping.
The pressure balance equation at the critical heat input is
given as

APc+APEHD:APg+API+APv; (27)
(o] g
AP, = L 2
c=Re R (28)
1
APgyp = _EEZ(SV — &) + poEL, (29)
AP, = pigLsin(f). (30)

The pressure gradient in the liquid and the vapor passage is
given by Chi [47], which are as follows:

1284 L
1= 4'ul ! Q> (31)
nd| pi /1
2/L,
AP, = Y o (32)

Solving Egs. (27)—(32), the expression for the critical heat
input is given as

nd* 2 .
—128uLy + \/(128u1L1)2 — 81L, (;Lp”') (plgL sin(B) +

e, — &) — poV — (R— ,R_)>

ch =

4fL,nd} py

2 7,
dypy/y

2.3. Numerical solution

The coupled model equations are solved numerically.
The inputs are Q-distribution for the evaporative and the
condenser regions, geometry of the heat pipe, contact angle
for the substrate and coolant liquid combination and ther-
mophysical properties of the coolant liquid. First of all, the
second order differential equation (18) has been solved
independently since it is decoupled with other equations
to obtain the substrate temperature profile. Finite differ-
ence technique is used to discretize and a tridiagonal matrix
has been obtained. The axial coordinate has been discret-
ized into 40-coupled non-linear equations. The equations
are further solved by using Gauss—Seidel method. Then,
model equations (12)—(17) are solved using Runge-Kutta
fourth-order integration routine. A variable step size has
been taken for the above iteration with the largest step size

(33)

The quantity AP, is small compared to AP,. Neglecting
AP, and using L) = L, Q.. becomes:

nd, p\s (—plgLsin(ﬁ) —LE*(ey— &)+ poV + (ﬁ —1‘;—:)))
ch* 128/1114 '

(34)

The expression for the critical heat input in Eq. (34) has
been used in this work. The value of R e has been taken
as 0.05R, for the critical heat input calculation.

When the heat input is higher than the critical heat
input, the flow of fluid required for evaporation and con-
densation is not met and then, a portion of the heat pipe
becomes dry. The length of the dry-region is known as
dry-out length. The dry-out length propagates from the
hot end towards the cold end. Using Eq. (27), the dry-
out length (L4) for a set of process variables can be



B. Suman | International Journal of Heat and Mass Transfer 49 (2006) 3957-3967 3963

obtained. While finding the critical heat input, length of a
heat pipe is taken as a known variable and the value of
the heat input is obtained, which is termed as critical heat
input. In the same way, for a given heat input, the largest
length of the heat pipe can be obtained. If the length of
heat pipe is higher than the largest length of the heat pipe,
the difference in the two lengths will give the dry-out
length. Neglecting AP, and using L; = L, the expression
for the dry-out length is obtained utilizing the above meth-
odology, which is given as

R e N
d — - N 128y ° ( )
plg Sln(ﬁ) - pOE + Qﬂ?dfp]/l]

3. Results and discussion

A V-shaped micro-heat pipe has been considered here to
present a model for the fluid flow and heat transfer in an
electrohydynamically augmented micro-heat pipe. The sili-
con substrate is 0.8 cm wide and 3.1 cm long. 0.3 cm of this
length is not grooved and is used by the heater to supply
heat to the system. Hence, the effective length of the heat
pipe is 2.8 cm. The lengths of the evaporative, the adiabatic
and the condenser sections have been assumed to be equal.
The V-groove width and the groove spacing are taken as
0.1 mm and the apex angle of a V-groove is 60°. The tem-
perature at the condenser end and the reference tempera-
ture have been taken as 32 °C. The inclination of the
micro-heat pipe is 10°. The 0.5 W heat input for 3 V-
grooves has been taken. The thermophysical properties of
the coolant liquid used in the numerical calculations have
been presented in Table 1.

The radius of curvature has an important role, when a
micro-heat pipe operates because of capillary pumping.
The profiles of the radius of curvature along the length
of the heat pipe for different electric field strengths have
been presented in Fig. 3. The radius of curvature is increas-
ing from the hot end to the end of the adiabatic section.
Therefore, in this portion of the heat pipe, the capillary
pressure also promotes the flow of coolant liquid. At the
beginning of the condenser section, the condensation of
the vapor starts and therefore, the mass flow rate of the
coolant liquid decreases. But, due to the external electrical
forces, the liquid velocity does not decrease so fast. This

Table 1
Thermophysical properties of a coolant fluid

Thermophysical quantities Numerical values

o 636 kg/m*

Py 2.5 kg/m?

o1 0.0171 N/m

m 0.000259 kg/m s
A 377,800 J/kg

Y 0 rad

& 1.8341¢y C*/N m?
&y &o CZ/N 1’1’12

5 kV/mm
0.8 |
10 kV/mm
0.6 |
o \
0.4 15 kV/mm
0.2
O 1 1 1 1
0 0.2 0.4 . 06 0.8 1
X

Fig. 3. Variation of the dimensionless radius of curvature (R*) with the
dimensionless axial position (X*) with different electric field strength.

results into a decrease in the coolant liquid flow area and
hence, we have decrease in the radius of curvature in the
condenser section. It is also obtained that with an increase
in the electric field intensity; the increase in the radius of
curvature is also less. This is because that lesser is the elec-
tric field intensity; higher is the capillary pumping required
for the fluid flow. This results into a higher radius of curva-
ture at the cold end.

The variation of the magnitude of the liquid velocity is
presented in Fig. 4. The calculated value of the axial liquid
velocity from the simultaneous solution of the governing
equations is negative due to the coordinate system used
herein (origin at the hot end). The absolute value of the
axial liquid velocity is zero at the hot end and increases
in the evaporative region. The sharp increase in the liquid
velocity at the hot end is because of a very low value of
the radius of curvature. The increase in the liquid velocity

15 kV/mm

10 kKV/mm

WA
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0 . . . .
0 0.2 0.4 0.6 0.8 1

*

X

Fig. 4. Variation of the magnitude of dimensionless axial liquid velocity
(V7)) with the dimensionless axial position (X*) with different electric field
strengths.
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Fig. 5. Variation of the dimensionless axial vapor velocity (V) with the
dimensionless axial position (X*) with different electric field strengths.

is due to the cumulative effect of replenishing the amount
evaporated throughout the evaporator region. Even
though there is no evaporation and condensation in the
adiabatic region, the liquid velocity still decreases. This is
consistent with the increase in the radius of curvature in
the adiabatic section (and hence an increase in the liquid
flow area). In the condenser region, there is a further fall
of the liquid velocity since the condensation results into a
sharp increase in the value of radius of curvature. It can
also be observed in Fig. 4 that with an increase in the
electric field intensity, the liquid velocity increases. This is
because of the higher electrical forces, which promote the
flow from the cold end to the hot end. This can also be
explained using Fig. 3. In Fig. 3, the radius of curvature
is smaller for a higher electric field intensity and hence from
the continuity equation, the velocity should be higher for a
higher electric field.

The mass flow rate (flow rate of liquid + flow rate of
vapor) at any cross-section of a micro-heat pipe is zero.
The mass conservation equation (15) gives the vapor veloc-
ity in a heat pipe. It is important to calculate to check the
sonic limit for a proper operation of a heat pipe. It is seen
that the vapor velocity is much below the sonic velocity in
all cases. The vapor velocity along the length of a heat pipe
has been presented in Fig. 5. The direction of vapor veloc-
ity is from the hot end to the cold end. It has the similar
trend as that of the magnitude of the liquid velocity in
evaporative and condenser sections, which is expected. In
the adiabatic section, the radius of curvature increases
and area available for the vapor flow decreases. Therefore,
a slight increase in the vapor velocity has been obtained.
The magnitude of the vapor velocity is more than that of
the liquid velocity since the density of the vapor is lower
than that of the liquid. With an increase in the electric field,
the vapor velocity decreases. This is because of lower
radius of curvature (refer to Fig. 3) with a higher electric
field and hence, higher vapor flow area.
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Fig. 6. Variation of the dimensionless liquid pressure (P}) x 1072 with the
dimensionless axial position (X*) with different electric field strengths.

The liquid pressure along the axial length of the heat
pipe has been presented in Fig. 6. The liquid pressure is
more at the cold end and less at the hot end. The difference
in the liquid pressure between the hot end and the cold end
is due to the change in the liquid menisci curvature along
the length of a heat pipe. It is also found that with a lower
electric field, the liquid pressure is higher is at the cold end
so that the coolant liquid flows towards the hot end. This is
because that at a lower electric field, higher capillary pres-
sure is required and the pressure at the hot end is fixed and
hence, the liquid pressure at the cold end is increased.

A part of the total heat supplied to the heat pipe is used
by the liquid to raise the liquid temperature while remain-
ing is used for evaporation. Only a small fraction of the
heat input is used to increase the sensible heat of the cool-
ant liquid. It is found that the amount of heat used for the
sensible heat is negligible compared to the heat used for the
evaporation and the condensation, which is in agreement
with previous results published in the literature [42]. Hence,
the sensible heat has a negligible effect on the heat pipe per-
formance. The heat flux at the liquid—vapor interface (Q,),
which is a function of position is presented in Fig. 7. In the
evaporative region, the evaporation of coolant liquid takes
place and so it has a positive value. No evaporation and
condensation take place in the adiabatic region and hence
Q. is zero. In the condenser region, the condensation of
the coolant liquid takes place and therefore, it is negative.
With an increase in the electric field, Q, increases. This is
because that R; decreases with a higher electric field. Near
the hot end, Q, is high because the meniscus area is very
small.

The critical heat input is the maximum heat transport
capacity of a heat pipe. In Table 2, the critical heat inputs
for different electric field strengths have been presented.
They have been reported taking both electrical forces
together and separately. The critical heat input values
reported in the literature [26,28,29] for a micro-heat pipe
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Fig. 7. Variation of Q,x 107 (W/m? with the dimensionless axial
position (X*) with different electric field strengths.

Table 2
Variation of the critical heat input (W) with the electric field intensity
(kV/mm)

Electric field Calculated

Calculated critical Calculated

(kV/mm) critical heat input heat input critical heat
(W) using (W) taking input (W) taking
both effects Coulomb dielectrophoretic
force only force only
2 1.58 1.57 0.34
4 2.86 2.81 0.37
6 4.15 4.05 0.43
8 5.47 5.3 0.51
10 6.81 6.54 0.69

without an electric field. They are of the order of 1072, On
the other hand, from Table 2 it is seen that the critical heat
input is of the order of one. Hence, it can be concluded that
using an electric field, the heat transport capacity can be
improved by 100 times. The heat transport capacity can
be improved more using Coulomb force than that using
dielectrophoretic force. This is because that Coulomb force
acts on complete volume of the coolant liquid, which pulls
the liquid to move towards the hot end. On the other hand,
the dielectrophoretic force is due to change in permittivity
and acts at the liquid vapor interface surface, which pushes
the coolant liquid to move from the cold end to the hot
end.

In the study of Yu et al. [39], the micro-heat pipe array
has been used. It has been from a 1-mm-thick glass, 28 mm
long and composed of 7 parallel grooves that terminated in
plenums on both ends. The grooves and plenums were
machined using an ultrasonic milling process. The cross-
section of each channel was 1 mm wide by 0.6 mm deep,
and the spacing between the channels was 1 mm. The
working fluid was pentane, a dielectric fluid with a high
vapor pressure. The heat pipe inclination was 9 degree.
In Table 3, the model predicted critical heat input has been
compared with the experimental results obtained by Yu

Table 3
Comparison between the experimental [39] and the theoretical critical heat
input (W)

Electric field

Calculated critical Experimental critical

(kV/mm) heat input (W) heat input [39] (W)
4 2.32 2.0
5 2.56 2.5
6 2.86 2.8
7 3.21 3.0
8 3.62 32
9.5 4.32 4.1

et al. [39]. The experimental and the model predicted values
are in good agreement. The minimum error is 2% with
5kV/mm and 6 kV/mm and the maximum error is 20%
with 8 kV/mm. The experimental value for 8 kV/mm seems
to be lower in comparison with other data points. It is evi-
dent that the predicted values are higher than the experi-
mental values since the pressure drop due to vapor has
been neglected.

The analytical expression developed for the dry-out
length has been used to calculate a dry-out length for dif-
ferent heat inputs. They have been reported in Table 4,
considering both electrical forces together as well as sepa-
rately. The dry-out length is lower for Coulomb force than
that with dielectrophoretic force. This is because Coulomb
force acts on complete volume of the coolant liquid, which
pulls the liquid to move towards the hot end. On the other
hand, the dielectrophoretic force is due to change in per-
mittivity and acts at the liquid vapor interface surface,
which pushes the coolant liquid to move from the cold
end to the hot end. It can also be said that at a higher heat
input, the dry-out length is roughly the same for Coulomb
force and dielectrophoretic force. This is because, when the
amount of the coolant liquid in the heat pipe is less, the
charge is less and therefore, the Coulomb force is less. It
is obtained that the dry-out length is always smaller when
both electrical forces are considered. This is because both
electrical forces are available for the coolant liquid flow
from the cold end to the hot end. It is to be noted that
the contribution of two electrical forces are not additive
since they are coupled using the radius of curvature.

Table 4
Variation of the dry-out length (mm) with the heat input (W) for a heat
pipe of length 28 mm and electric field strength 10 kV/mm

Heat Dry-out length
input (mm) using

Dry-out length
(mm) taking

Dry-out length
(mm) taking

(W) both effects Coulomb force only dielectrophoretic
force only
7 6.4 16.0 25.5
8 18.4 22.7 25.8
9 21.8 24.6 26.1
10 23.4 25.5 26.8
11 24.4 26.0 26.4
12 25.0 26.4 26.6
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Table 5
Comparison between the experimental [24] and the theoretical dry-out
length (in mm) without electric field

Power  Inclination  Calculated Experimental Tamb (°C)
(W) (°) dry-out dry-out length
length (mm)  [24] (mm)
1.52 43.16 14.8 14.2 35.0
1.71 38.66 15.92 16.5 32.6
1.71 90.00 15.95 16.5 32.6

In the study by Anand et al. [24], experiments were car-
ried out in a specially designed cell to study the onset and
propagation of a dry out point on a micro-grooved silicon
surface with pentane as the coolant liquid. Chemical
machining method was used to fabricate V-shaped axial
micro-grooves on a silicon substrate. 33 V-grooves of
2 cm length with groove depth of 68.82 pm were used
together with the top most groove depth of 100 um and a
groove pitch of 200 pm. Controlled heat was supplied on
the top of the substrate and the axial temperature distribu-
tion was accurately measured as a function of input heat
and inclination of the substrate. The comparison between
the dry (without liquid) and wet (with liquid) temperature
profiles were used to locate the dry-out point and its prop-
agation as a function of inclination and supplied heat
input. The comparison of the calculated and the experi-
mental dry-out length is presented in Table 5. It may be
observed from the table that the model predicted values
of dry out length are in very good agreement with the
experimental data. The error is around 5%. Thus the rela-
tively simple analytical expression for the dry-out length,
proposed in this study, correctly predicts the dry-out
length.

4. Conclusions

A model for the fluid flow and heat transfer in an elec-
trohydrodynamically augmented micro-heat pipe is pre-
sented utilizing a macroscopic approach. Coulomb and
dielectrophoretic forces have been considered in the model.
The coupled non-linear governing equations for the fluid
flow, heat and mass transfer are developed based on the
first principles and are solved numerically. The contribu-
tions of Coulomb and diclectrophoretic forces have been
studied together and separately. The analytical expressions
for the critical heat input and the dry out length have been
obtained. It is observed that with an increase in the electric
field intensity, the critical heat input increases and the dry-
out length decreases. The critical heat input can be
increased by 100 times using an electric field. The dry-out
length increases with an increase in heat input, viscosity
and friction factor. The effect of Coulomb force is found
stronger than dielectrophoretic force. The critical heat
input and the dry-out length values obtained using the
expression developed in this work have been successfully
compared with the experimental results available in the lit-
erature. The general nature of the model and the associated

parametric study will be useful for the electrohydrody-
namic (EHD) pumping in a micro-heat pipe. The present
study can be extended to study the effects of wettability
and viscosity on the performance of a heat pipe and in
designing of a heat pipe.
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