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Abstract

Advanced thermal management for future electronics has promoted the development and investigation of two-phase heat
transfer devices (i.e., micro heat pipes, vapor chambers, capillary pumped loops, etc.). Electrohydrodynamics (EHD) pumping
is an attractive solution to insufficient liquid supply and dry-out occurrence in the wicks of such devices. In this study, the
wicking performance of rectangular microgrooves is characterized and evaluated by an axial maximum capillary wetting
length at a steady state and dynamic rise rate at a transient state during rate-of-rise experiments. Two planar electrodes are
used to generate an electric field. The maximum axial capillary wetting length under EHD effects at steady state is
experimentally conducted and theoretically analyzed, and the predicted results agree well with the experimental data. The

dynamic wicking characteristics considering the electric field are investigated at the transient state, and the empirical
t

. . . - . N h _t
correlations are obtained according to the fitting experimental data as h2~ ¢ curve at the initial stage, and ;~ke T curve at

the long-term stage. The EHD pumping mechanism is also analyzed. EHD effects can decrease the wall temperature of
microgrooves. There exists an optimal electric voltage to obtain the highest economic efficiency and wicking performance in

this study.
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1. Introduction
Micro heat pipes, vapor chambers, and capillary pumped loops
are well-known simple and effective two-phase heat transfer
devices,[*? that use capillary pressure flow and phase change
heat transfer to dissipate heat. It has great application
prospects in energy conversion and thermal management of
high-power electronic devices and microelectronic equipment
cooling.Bl However, the generation of capillary pressure
requires capillary structures, such as porous materials or
porous structures in the required flow direction, and the total
heat transfer capacity of which is usually limited by the
amount of capillary pressure generated by capillary
structures.*l

Among the structures of those two-phase heat transfer
devices, the open microgrooves wicks are particularly
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attractive because of two orders of magnitude higher liquid
permeability compared with the conventional sintered porous
wicks,>7 which results in small viscous friction at high heat
flux.®9 As shown in Fig. 1, when the microgrooves wick is
located vertically or inclined in a liquid pool, the liquid in open
microgrooves is driven by the capillary force and disjoining
pressure generated by its geometric structure, and forms an
extended meniscus upward along the axial direction of
microgrooves.['%1 However, at a relatively high heat flux, the
wetting liquid would gradually dry out down along the
microgrooves, which could result in the low efficiency and
instability of the two-phase heat transfer device.
Electrohydrodynamic (EHD) effects have been
significantly proven to enhance the wicking capability and
heat transfer characteristics. For instance, Tang et al.*1213
used pin-plate electrodes pair to control the wetting flow of
the liquid film in the open microgrooves, and found that the
liquid film increased greatly in the local area of the
microgrooves. Results show that the capillary wetting length
increases with the increasing electric field intensity, and the
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Fig. 1 Schematic of experimental apparatus.

microgrooves wall temperature decreases with the increasing
electric field intensity. Yu et al. studied the heat transport
capability of EHD augmented micro heat pipes by conducting
experiments, which indicates that the heat transport capability
of the EHD micro heat pipes was increased by up to six times
than that of conventional ones. Migliaccio et al.*® applied
electric field to study the evaporation of liquid droplets on a
heated surface, and found that EHD effects can increase the
equilibrium wetting area of liquid to 170%, which makes the
liquid drop has a higher evaporation rate (increased by about
57%). Bahadur et al.'¥ studied different technologies based on
EHD effects in microelectronic thermal management: one is
to control the movement of liquid droplets on the chip surface
by an electric field, and then cool the heating chip; The other
is to control the shape of droplets on the surface by an electric
field, to realize the thermal management of heat source.

As one of the inspiring structures for two-phase heat
transfer devices, the wicking ability of open microgrooves is
limited by the capillary pressure, which affects the heat
transfer performance of the two-phase heat transfer devices.!'”-
201 However, when the heat flux becomes higher, the
evaporation thin liquid film may dry out, resulting in the
deterioration of the phase change heat transfer of the two-
phase heat transfer devices. To maintain the stability of the
highly intense phase change heat transfer capability of the
devices, it is necessary to replenish the capillary wetting liquid
to the dried area, insuring continuous high-intensity phase
change heat transfer.?*?1 Because the high-intensity
evaporation or boiling of the wetting liquid film in the open
microgrooves is mainly concentrated on the extended
meniscus near the three-phase contact line,? the
electrowetting tension in the EHD effect is acting on the three-
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phase contact line of the liquid film. Furthermore, it is proven
that the electric field can reduce the contact angle between the
liquid film and the heating wall surface.® Therefore, we can
say that the EHD effects can increase the wetting area of the
liquid film, strengthen the wetting ability of the liquid film,
and facilitate the high-intensity evaporation or boiling of the
liquid film.

In this paper, we develop a planar electrodes pair, namely
plate-plate electrodes, to produce the electric field, and study
the EHD effects on the rectangular microgrooves (RMs). The
wicking performance of RMs is characterized and evaluated
by the axial maximum capillary wetting length at steady state
and the dynamic rise rate at transient state during rate-of-rise
experiments, which is important to know but not referred to in
previous studies. Especially, the capillary wetting length is
defined as the length from the level of the liquid pool to the
dry-out point,[*2 which is characterized by the capillary force
of microgrooves, 1226271 together with affecting the amount of
liquid in microgrooves, intensive evaporating area of the thin
liquid film, and critical heat flux in microgrooves.310%I In
addition, the dynamic rise rate can evaluate the flow rate of
liquid replenished from the liquid reservoir to the dried area of
microgrooves in time. Thus, the axial capillary wetting length
and the dynamic rise rate of microgrooves play a key role in
determining the thermal performance as well as understanding
the heat transfer mechanism, and further developing the
advanced thermal strategies for the wick structures of
microgrooves.*%122627 Furthermore, theoretical analysis on
the axial capillary wetting length and the rising rate in the RMs
are also performed to promote the understanding of the axial
capillary flow characteristics. The calculation results agree
well with the experimental data.
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2. Experimental system

2.1 Experimental apparatus

Figure 1 illustrates the schematic of the experimental
apparatus and measured layout in the experimental
applications, which is similar to that in our previous
studies.*!? It is mainly composed of microgrooves
experimental components, high-voltage generator, data
acquisition system and lighting component. The RMs samples
were fabricated with dimensions of 90 mm % 20 mm x 1 mm
using precision milling techniques by CapitalBio Co., and the
dimensions are shown in Table 1. As shown in Fig. 1, we can
see that the RMs heat sink was held by a sample holder. A
liquid reservoir made of quartz glass was directly open to the
ambient condition, which can ensure that the experiments
were performed under atmospheric pressure. A direct current
(DC) power supply was used to provide heat to the RMs
sample. A ceramic heater (20 mm % 20 mm x 1.7 mm) as the
heating element was adhered tightly to the back of the RMs to
conduct heat flux. High performance heat conduction silicate
grease, with thermal conductivity of 6 W (m'K)' was used
between the microgrooves and ceramic heater to minimize the
thermal resistance. A PTFE (Polytetrafluoroethylene) thermal
insulation cover plate is adhered over the backside of
microgrooves and the heating element to reinforce them and
reduce the heat loss. A high-power supply (BOHER 73030PA)
was utilized to generate electric field. A planar electrodes pair
was configured to produce the electric field. The high voltage
electrode (immersed in the liquid reservoir of the lower
position one in Fig. 1) termed as emitter electrode was
connected to the high power supply, while the grounded
electrode was placed at the top of the grooves. The enlarged
part of electrodes pair of the electrode pair viewed from the y-
z plane is shown in Fig. 2. The applied high voltage can be
adjusted from 0 kV to 30 kV continuously, and the
corresponding current could be read from the high-power
supply simultaneously. The maximum output current (1 mA)
is far below the safe current level for human contact. The data
acquisition system includes the computer, data logger, high-
speed camera. Agilent (34970A) connecting thermocouples is
used as the data logger to record the temperatures of the back
of the RMs with EHD effects. A K-type armored thermocouple
connected the data logger was inserted a preserved hole
located between the ceramic heater and PTFE plate with heat
conduction silicate grease to determine the temperature (7) of
RMs wick sample under EHD effects. A light emitting diode
(LED) lighting device, which was used for capturing the axial
wetting length in microgrooves. High-speed camera was used
to visualize and measure the wetting length. Distilled water
was selected as the working fluid in this study due to its safe,
good stability, cheapness, easy to be obtained and widely
applied in industries, which is also motivated by other
previous studies®?lunder electric field conditions.
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Fig. 2 Electrodes configuration of EHD pumping with planar
electrodes pair on the microgrooves for the y-z plane.

Table 1. The actual dimensions of rectangular microgrooves
(RMs) for different wick samples by an optical microscope.
Number The actual dimensions of microgrooves

Width wg (mm)  Depth dg (mm) Pitch sq (mm)
No.1 0.23 0.45 0.44
No.2 0.23 0.55 0.44
No.3 0.23 0.65 0.44
No.4 0.35 0.55 0.44
No.5 0.35 0.65 0.44

2.2 Experimental procedures

Prior to each experiment, the RMs wick sample was washed
in an ultrasonic cleaner with detergent, then washed with
distilled water, and dried at last, so that the oil and impurity
inside the RMs could be cleaned thoroughly. Subsequently, the
RMs were vertically or inclined placed in the liquid reservoir
with the PTFE plate fixed on the holder. The inclination angle
of the sample (inclined at an angle § to the horizontal) can be
regulated by the fixture of the PTFE plate in the sample holder.
Once the preparatory works were done, the capillary rate-of-
rise experiment was conducted in such an open system shown
in Fig. 1. The RMs wick was dipped vertically into the liquid
reservoir, and the liquid spontaneously rise along the RMs
wick due to the capillary pressure. The liquid level of the
reservoir is thought to be constant during the capillary rise
process due to the very small amount of absorbing liquid in
the wicks. Meanwhile, the input power is low, ranging from 0
to 5 W, only evaporation is considered in this study. The rate-
of-rise process and the equilibrium axial wetting lengths of
liquid in microgrooves were recorded and extracted through
the high-speed images recorded by the high speed camera in
combination with the adjacent ruler. Thus the capillary rise
height over time can be obtained, and the capillary rise time
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for each test run is recorded as 40 s. For the basic case of
without EHD, the rate-of-rise process and equilibrium axial
wetting lengths at steady state curve was measured by
repeatedly incrementing the prescribed inclination angles,
applied heat flux, and recorded the rate-of-rise process and
microgrooves wall temperature (7) at each set-point once the
steady state was reached. The procedure was repeated when
the EHD was applied.

2.3 Data reduction and uncertainty analysis

The detailed uncertainty of each measurement is listed in
Table 2. When R(x) is a function of several independent
variables x;, x2, ... xn, the uncertainty of R is given by the
following Table 2[3:

Table 2. Uncertainties of instruments and properties.

. Acc  Maximum
Experimental .
Name Range urac  uncertainty
range
y (%)
Applied 0.01
PP 0-30 KV 0-8 kv 1.25
voltage (Ue) kv
Corona
0-1000 pA 0-75 pA 1 A 13
Current (le) " " "
Heatin 0.01
g 0-60 vV 242V 0.5
voltage (Vh) \Y
Heatin 0.01
g 0-5A 0.6-1.6 A 1.67
current (In) A
Th 0.2
SISO go-1250c  20-65°C : 1
ple (T) C
Wettin 0.16
™ 0_90mm 22-60 mm 0.73
length (h) mm
3. Theory

During the capillary rate-of-rise experiments, once the RMs
wick contacts the working fluid, a rise of working liquid in the
RMs occurs. The electrodes configuration is shown in Fig. 2,
and the action of an electric field is generated by the planar
electrodes pair. The capillary pressure generated by the liquid-
vapor interface considering the EHD effects plays the driving
force to pump the liquid flow in the microgrooves.

The description of the liquid rise over time by
mathematical methods and its prediction are of great interest,
which can be seen in this section. When the liquid is brought
into contact with a vertical, or inclined microgrooves, it
spontaneously rises up to a final height 4,... The rising liquid
flows fast at first and slows down later, until reaches a steady
state finally.[53-%81 The following assumptions hold in the
present study?”*1: (1) one-dimensional flow along the
microgrooves; (2) the heat transfer conducted through the
microgrooves wall is neglected. (3) The vapor pressure is
constant since the experimental setup is in an open system. (4)
The bubble flow is not considered since only evaporation with
low heat flux is taken into account.

The mechanism governing the EHD phenomenon requires
an analysis of forces acting on a dielectric fluid. The equation
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of electric force per unit volume is widely expressed as,F!
Fe = qeE —EPVe +VelEF (37) p M
where g, is the volume of electric charge density. € and p
are the fluid permittivity and the fluid density, respectively.
The three terms on the right-hand side of Eq. (1) represent the
Coulomb force, the dielectrophoretic force, and the
electrostrictive force, which is due to the non-uniformity of the
electric field in the dielectric medium in this study,
respectively.
With these assumptions the forces balance of the RMs in
the liquid can be given:

F.+F, = F;+F )

where F, and F, is EHD force and capillary forces,
respectively. Fj ¢ is liquid-wall shear stress. Fy is the gravity
component. Hence, the working fluid pumped by EHD force
along the microgrooves works properly if the capillary forces
F, and the EHD forces F, are able to overcome the pressure
losses Fyz.

The liquid-vapor interface equilibrium can be written as
the Laplace-Young equation,

F.+F =2

= 3)
The arrangement of the electrodes in Fig. 2, is referred to as
“horizontal electrodes”. In this case, by neglecting the electric
field distortion caused by the liquid-vapor interface, the
dielectric constant with density varies little, and the
electrostrictive force can be ignored. Only coulomb force and
dielectric force are considered to pump the liquid.® Hence,
the liquid-vapor interface equilibrium with a modified Young-
Laplace equation is written as 7.3

1
FotFo= o+ aE+3E(a—8) (4

Here, 7.(z) is the equivalent meniscus radius of curvature of
the liquid, o; is the surface tension of the liquid. ¢ and ¢,
is the dielectric constant of liquid and vapor, respectively. E; is
the electric field intensity in the liquid phase. It is given by the
Crowly formulal*®7as follows:

E, = %[(1 — <) (5)

de
V is the applied voltage, d. is the depth of the groove, and e(r.)
is a function of the radius of curvature 7.(z) and contact
angle 6 that can be expressed as %1

& e(n-)]_1
€y de

_ cos(9+g) i T\
e(r,) = [—tan(g) + sin (9 + 4) 1]r.(2) 6)
The gravity component Fj is expressed as:
Fy = pigsinp @)

where [ is the inclined angle to the horizontal plane, p; is
the liquid density.

The term of liquid-wall shear stress F; ; can be treated as
2 ways: For the capillary rise process at transient state, it
relates to the dynamic wicking characteristics with a function
of rising time. While for the capillary wetting at steady state,
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it presents the maximum wetting length that the microgroove m = Wi_Jrsg J‘thax q(2)dz (12)
can reach. 9

Based on the assumption of Poiseuille flow, the viscous
friction force (£7y) can be obtained as follows, 673

dz
b = 871qu (8)

By integration of Egs. (4, 7-8) into Eq. (2), the following can
be obtained as,

8uzd
+ q.E; + - El (g —&y) = Zuzzdtz

" (Z) +pgsing (9)

where p is the viscosity of liquid, z is the capillary rise
length in grooves with the time. The whole capillary rise
process is governed by Eq. (9), whereas different flow
dynamics may exist. In this study, we will discuss the EHD
effects on the axial capillary wetting length at steady state and
transient state respectively in section 4 in detail.

The rising liquid flows fast at first and slows down later,
while for a longer time, when the liquid reaches at steady state,
the axial capillary wetting length reaches its maximum, and it
does not vary with time. In that case, the liquid-wall shear
stress F;r can be derived from Darcy Weisback equation
from open microgrooves is expressed as follows®:
2Pojmv
Fl'f - ACIDPZL l

(10)

Here m and v, are mass flow rate and kinematic viscosity
of liquid, respectively. A, is the cross-sectional area of liquid
in the microgrooves. While D, is the corresponding
hydraulic diameter, which can be expressed by A, and the
wetted perimeter P, of the liquid in the cross section of
microgroove: D, = 4A./P,. Po; is the Poiseuille number
of liquid flow.

The Poiseuille number Po;, depends on the microgroove
geometry, 27401

32wy

-1
2dg\“ [ 1
Po, = 32d2[ (1+ g) (5——5‘1 tanh(”d9)>l 1n)

The heat flux is assumed to be uniformly applied to the
underside of the groove, therefore, the axial mass flow rate at
any z-position can be expressed as[*®!

| K9

Accommodation flow region

Here wy, s, are the width and pitch of grooves, q(z) is the
heat flux and hy, is the liquid latent heat of evaporation.
As aresult, Eq. (2) can be further presented as:

2P
St aeE B (e — &) = T2+ pugsing (13)
Based on the accommodation theory illustrating

fundamental features of the axial flow in an open microgroove
structure partially dipped in a liquid reservoir,®841 the
capillary flow can be divided into two regions, i.e.,
accommodation flow region and triangular corner flow
region.®l As shown in Fig. 2, the accommodation flow region
(Figs. 3(a)-(c)) Z, refers to the region starting from the flow
entry of the groove in Fig. 3(a), where the liquid completely
fills the grooves and the air-liquid interface is flat, and
terminating at the fully conformed position in Fig. 3(c), where
the liquid film completely accommodates the microgroove
geometry and the height of the centerline film. While the
triangular corner flow region Z; indicates that the liquid flows
in two identical triangular sections until it dries out in Fig. 3(d).

In the accommodation flow region (0 < z < hy,), the
geometric conditions are given as,

1 5 .
A = Wghlw - (¢rcz - ErCZSan(/)) (14)
le'a = Wg + Zhlw (15)
and the boundary conditions are as follows,
z=0,1(2) = o (16)
w
z = ho 7o) = S (17)

he, hie are auxiliary drawing distances, which can be seen in
Fig. 3, here ¢ is equal to m/2—6, and A;, P}, 4 is the
wetting cross-sectional area and perimeter of the liquid-wall
interface.

In the triangular corner flow region (0 < z < hyg), the
geometric conditions are given as,

Ay = 2(sin*@ — @ + 0.5sin2¢)r? (18)
Pue = o2 (19)
4

WL

| Triangular corner
flow region

Fig. 3 Liquid flow configuration in the cross-section of microgroove.
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and the boundary conditions are given as,
w
)

z = hy, 1(2) = (20)

21)

Here, half of the apex angle ¢ is m/4 — 6. The liquid
hydraulic diameter D; equals to 44;/P;,,. Tmin 18 determined
by the manufacturing method used to produce the
microgrooves, and 100 um is selected here in this study due
to precision milling techniques.®?1 From the iterative
calculation of Eq. (13) by combining geometric conditions and
boundary conditions of Egs. (14-21) in the accommodation
flow region and triangular corner flow region, the total
capillary wetting length in these two regions along the axial
direction can be obtained by the Runge-Kutta method of order
4.

2cos6

Z = hpmax, rc(Z) = Tmin

4. Results and discussion

4.1 EHD effects on the axial capillary wetting length at
steady state

When the liquid is brought into contact with vertical, or
inclined microgrooves, it spontaneously rises up to a final
length /4y The rising liquid flows fast at first and slows down
later, until reaches at a steady state finally.[®! So the capillary
wetting length is defined as the length from the initial level of
liquid to the dryout point along the axial direction of
microgrooves, which is one of the key parameters to evaluate
the wicking performance of microgrooves wick. It determines
the dryout of capillary rise limit and heat transfer performance

that may usually encounter in the situations of high heat fluxes.

It is critical to evaluate this performance to ensure the good
design and thermal management of the microgrooves.

The capillary wetting lengths under different electric field
voltages at steady state were experimentally investigated. Fig.
4 illustrates the experimental results of capillary wetting
length as a function with different inclined angles under
different electric voltages for No. 1 and No. 4 microgrooves.
It is noted to see that the wetting length decreases with the
increased inclined angles. When the inclination angle of the
microgrooves is small, that is, in the horizontal situation, it is
obvious to see the greater importance of electric field force

(@)

65

than that in the vertical situation. When the inclined angle is
30°, the wetting length in the microgrooves under the action
of electric field increases by 38.4% compared to without an
electric field (0 kV), and the increasing rate is more than 6
times which under vertical conditions. The reason is that with
the increase of the inclination angle, the force of the electric
field on the fluid remains unchanged, while the component of
gravity along the axial microgrooves gradually strengthens, so
the relative importance of the electric field, compared with the
gravity component, to the wetting enhancement in the
microgrooves is weakened.

When the microgroove is subject to an input heat flux, a
large amount of liquid is lost due to evaporation heat transfer,
resulting in stable axial supplementary flow, which produces
viscous friction on the microgrooves wall opposite the flow
direction. The visualized capillary wetting length
experimental results under the electric field (in the range of 0-
8 kV) at different heat flux (in the range of 2-4.5 kW m) for
No. 1 microgrooves are illustrated in Fig. 5. At this time, the
electrode distance between the positive electrode and the
negative electrode is 55 mm. It is found that the electric field
enhances to a greater extent at the smaller heat flux. When the
heat flux is 2 kW m™, the capillary wetting length is 23.2mm
without an electric field; while the electric voltage increases
to 7.5 kV, the liquid in the microgrooves is driven by the
electric field flows upward along it, and the maximum
capillary wetting length reaches 52.4 mm, with a growth rate
of 125.9%. However, it is found that the wetting length
gradually decreases with the increase of input heat flux.

2Pom’wl (E
AcD} q-

(10)), the mass flow rate m is directly proportional to the heat
flux (Eq. (12)),12%1 so the flow resistance is directly
proportional to the heat flux. Therefore, with the increase of
heat flux, the fluid flow resistance increases, correspondingly,
the ability to enhance the wetting liquid in the microgrooves
decreases.* It is found that there is an optimal strengthening
voltage, which corresponds to the maximum wetting length
that can be achieved in the microgrooves, which has a similar
trend as Yu’s research.*!

According to Darcy Weisbach's equation F; ¢
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Fig. 4 The experimental data of the relationships between axial capillary wetting length and inclined angle for (a) No. 1 RMs and (b)
No. 4 RMs with different applied electrical voltages of 0 kV and 5 kV under unheated conditions.
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Fig. 5 The experimental data of the relationships between axial
capillary wetting length and applied electric voltages(in the range
of 0-8 kV) for No. 1 RMs with different applied input heat fluxes
(in the range of 2-4.5 kW m™) under heated conditions.

The maximum axial capillary wetting length are also
predicted and analyzed by the theoretical model at steady state
proposed in the theory part in section 3, in order to understand
the EHD effects on the capillary wetting length at steady state.
As Eq. (2) descripts, when there is no electric field applied, the
liquid in the microgrooves is driven by capillary force to
overcome the resistance and gravity and climb along the axial
direction of the RMs. While the electric field is applied,
besides the driving action of capillary force, the electric field
force also becomes the force driving the liquid to climb force
also becomes the force driving the liquid to climb along the
microgrooves. The comparisons of wetting length between the
theoretical values and experimental data of No. 3 RMs at a
heat flux of 2 kW m™ at vertical situation are presented in Fig.
6 and Table 3. It is calculated that the maximum error is 9.2%
at the voltage of 5.7 kV, while the error 8.9% at the voltage of
5.6 kV. The predicted results agrees well with the experimental
data. The error between them is mainly due to the
underestimated calculated results based on the previous

assumptions in the theoretical model.
80

B Calculation results
- I Experimental data 4

-
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Fig. 6 The experimental data and calculation results of axial
capillary wetting lengths for vertical No. 3 RMs samples with 2
kW/m? input heat flux under different applied electric voltages (0
kV and 5.6 kV).
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Table 3. The calculation results are based on the proposed
theoretical model by different applied electric voltages and the
measured axial wetting lengths for vertical RMs samples under 2
kW m heating conditions.

Applied electric voltages

0 kv 5.5 kV 5.6 kV 5.7 kV
Experimental 325435 61.044.2 61.624.0 61.843.8
data hmax
(mm)
Calculation 30.55 55.70 56.09 56.1
results hmax
(mm)

4.2 EHD effects on the dynamic wicking characteristics at
transient state

When the liquid is brought into contact with vertical, or
inclined open microgrooves, it spontaneously rises up a
transient state. Fig. 7 shows the capillary rate-of-rise processes
under 3 types of electric voltages. It can be seen that the
successive flow of the liquid in the axial microgrooves at the
transient state reaches the maximum equilibrium capillary
wetting length at a steady state finally. For the same
microgrooves under different electric field actions, larger
electric voltage provides better capillary pressure to sustain
the capillary rise process for the long-term time. Fig. 7(a)
shows the variations of capillary wetting length % in a vertical
situation during the 40s in the presence of the electric field
and in the absence of the electric field. It can be seen from the
figure that the capillary wetting length increases exponentially
with time regardless of the electric field. It increases sharply
in the first 5s and increases slowly in the last 5s-40s. As
expected, the microgrooves under a larger electric field exhibit
much quicker capillary rise characteristics than that under less
electric field action or without it. However, we can find that
the electric field has little effect on the wetting length at the
initial stage of the rise-of-rate process, with time passing by,
the influence of the electric field on wetting length is gradually
obvious. The reason for this phenomenon is related to the
arrangement of the electrode pair shown in Fig. 2. The parallel
planar electrodes pair is utilized to generate the electric field,
and the dielectric constant of deionized water is relatively high
at 78.4g9. Here, the distance between the highest point of the
wetting length of liquid and the negative electrode can be
regarded as the "real electrode spacing". When the wetting
length is small, the electrode spacing is large and the electric
field intensity is small, resulting in less influence of the
electric field. With the increase of time, the liquid gradually
climbs along the microgrooves, and the wetting length
gradually increases, which is equivalent to the decreasing
electrode spacing. It makes the electric field strength gradually
increases, and thus the influence of the electric field increases.
In order to see the influence of different electric voltages on
the capillary wetting length, the time needed to reach the
capillary wetting length of 36 mm under different electric
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voltages (0 kV, 4 kV, and 4.5 kV) are shown in Fig. 7(b).
Results show that the application of an electric field increases
the wetting length in microgrooves, and the stronger the
electric field, the longer the capillary wetting length of liquid
at the same time. This is because the electric field drives the
liquid to flow upward along the microgrooves. Fig. 7(c) shows
the rising rate at different electric voltages over time. The
rising rate of liquid decreases exponentially with time,
reaching the highest at the initial stage within 5s and
dramatically declining, and basically leveling off after the 20s.
In order to clearly see the comparisons between rise rate and
time at different electric voltages, 3-period intervals were
selected (¢ = 2s, 4s, the 20s) as shown in Fig. 7(d). We can find
that at ¢ = 2s, with the increase of electric field intensity, the
rising rate of liquid in microgrooves increases higher, while ¢
= 20s of the long-time stage, the rising rate is not obvious with
the increase of the electric field, which is due to the gradual
decreasing curvature of the liquid film along the axial
direction of microgrooves based on Eq. (5), E; = d%[(l -
e(re)

i)
angle 6 and the curvature of liquid film 7,.(z), thus leading
the electric field intensity £ (Eq. (5)) in the liquid to decrease
along the axial direction of RMs. However, for the later period

2y

. _et(irc)]—1.[44] It decreases with the decreasing contact
4

e
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of the rise-of-rate process (¢ = 20s), the electric field did not
improve the rising rate obviously due to the little varying
radius of curvature.

In order to understand the rate-of-rise process of the
capillary pumping mechanism under EHD effects, here, some
classical equations of dynamic wicking characteristics are
introduced to describe the fluid flow characteristics in
capillary tubes. Washburn et a/.f% put forward the Lucas-
Washburn equation as early as 1921, which is expressed as:

h? = rc(z)acos(9t (22)
2u

That is to say, capillary flow follows the rule that the square
of wetting length is linear with time. However, after
verification by later scholars, it was found that this formula
was only in the initial stage of capillary climbing when the
gravity factor could be ignored.[! Actually, with the increase
of time, the gravity term became non-negligible, and this Eq.
(22) lost its guiding value in real situations. Deng et al.l'l

t

proposed the correlation as h(t)~ke = with considering the
gravity term that the wetting length / was related to the power
of time ¢, and it was fitted by experiments data.

In this section, we will also investigate the dynamic
wicking characteristics with considering the action of electric
field, and obtain the empirical correlations according to the
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t
electric field (0 kV): (a) h>~¢ curve at the initial stage (0~5s); (b) %~ke_? curve at the long-term stage (0~40s).

fitting experimental data. Fig. 8 shows the h’~¢ curve at the
initial stage (Fig. 8(a)) and %~ke_5 curve at the long-term
stage (0~40s) (Fig. 8(b)) of the capillary rate-of-rise flow in
the presence of the electric field (4.5 kV) and in the absence
of the electric field (0 kV). Furthermore, the following Table
4 and Table 5 list the detailed parameters of fitting correlation.
Little error is calculated between fitting line data and
experimental data, which also verifies that the experimental
data agree well with the theoretical model at such two stages.
We can see that the initial stage and the long-term stage more
or less have the same trend regardless of the electric field. It is
seen that at the initial stage of rising flow, the square of wetting
length in microgrooves (k%) is linear with time () without
considering the influence of inertia and gravity according to
Eq. (22) within 0~5 5.9 In the initial stage, the rising rate of
liquid in the RMs decreases exponentially with time, while in
the long-term stage, the flow rate tends to be stable until it
reaches a steady state.

Regarding the EHD pumping mechanism, as the applied
electric field intensifies, the Coulomb force in the liquid is
activated. Coulomb force, as one of the EHD pumping
mechanisms, can be incorporated as conduction pumping,
induction pumping, and ion pumping.[*! For conduction, the
current is generated from the positive and negative ions
generated by molecular dissociation used to neutralize the
electrode. Because there is no injected charge on the electrode,
the positive and negative ions generated by dissociation are
attracted to the electrode with the opposite polarity, forming a
charge layer with a polarity different from that of the adjacent
electrode, which is also called “heterocharge layers”.[*]
Therefore, an electric force is generated on the electrodes, and
then the Coulomb force generated on the positive and negative
electrodes can be asymmetric through the electrodes with
specific shapes, so as to avoid mutual cancellation. Under such
a difference, the Coulomb force can realize the driving effect
on the fluid. For a neutral species of our working fluid, H,O,

Table 4. Fitting correlation form /#?~t as shown in Fig. (8a) for dynamic wicking characteristics of the capillary flow in the presence
of the electric field (4.5 kV) and in the absence of the electric field (0 kV) at the initial stage (0~5s).

Fitting Correlation Form

h’=a+b*t

0 kv 4.5kV h2~f(t) (fitting correlation)
Intercept (a) 238.9 223 h?=238.9+96.1t
Slope (b) 96.1 127.5 h?=223+127.5t
Pearson’s R (correlation coefficient ) 0.99546 0.99286

t
Table 5. Fitting correlation form %~ke_? as shown in Fig. (8b) for dynamic wicking characteristics of the capillary flow in the

presence of the electric field (4.5 kV) and in the absence of the electric field (0 kV) at the long-term stage (0~40s).
t t

it h _t _t
Fitting — = yo+Ae b+ Ae b
Correlation L _ -
Form Yo A1 t1 Az t2 Adj. R-Square Mean Square of Residual
0 kv 0.0961 2.9794 6.4153 77.4447 0.2867 0.9617 0.0700
4.5 kV 0.1973 3.7495 5.2249 13.3420 0.6513 0.9407 0.1863
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the space charge is generated by the molecular dissociation
caused by the electric field and is adsorbed on the electrode
with the opposite polarity. Its positive and negative ions, H"
and O%, there is a reversible process of dissociation and
recombination. 54l
H,0 < 2H*+ O* (23)
Another electrical force, dielectrophoresis (DEP), is also
found to be effective to control the liquid flow. When an
electric field is applied, the positive charge inside the particle
moves along the electric field direction, while the negative
charge moves along the opposite direction of the electric field
direction. Thus, a reverse electric field is formed inside the
particle, which generates an induced dipole moment,“1 which
is called the polarization phenomenon. If the applied electric
field is uneven, the induced dipole moment will interact with
the electric field to form a dielectrophoretic force, which
makes the particles move to the stronger or weaker side of the
electric field. Therefore, an electric coulomb force and DEP
are generated between the planar electrodes pair, and then the
Coulomb force generated on the positive and negative
electrodes can be asymmetric through the electrodes with
specific shapes, so as to avoid mutual cancellation. Under such
a difference, the Coulomb force can realize the driving effect
on the fluid. While for the DEP, when the polarizability of the
ions is greater than that of the suspended medium, the ions will
be attracted to the high electric field and tend to move in the
direction of high electric field intensity. Consequently, the
physical mechanism contributing to improving the capillary
wetting length and the rate-of-rise process under an electric
field is probably because the ions of liquid moving towards the
high potential and electric field intensity direction driven by
the coulomb force and DEP as shown in Fig. 9, the electric
field intensity at the top of the vapor region contacting with
the negative electrode is much larger than that in the liquid
region, and the dielectric fluid tends to flow to the region with
higher electric field intensity driven by the electric field force.
Therefore, this is also the reason that the lower plate is used as
the positive electrode, while the upper electrode is the ground
electrode in this experiment as shown in Fig.1 and Fig. 2.
Therefore, the mechanism of the wicking enhancement under
EHD effects results from the dynamic disequilibrium between
the dissociation rate and recombination rate of working fluid
under high electric field.

4.3 EHD effects on the evaporating heat transfer
performance

In order to analyze the temperature variation caused by the
electric field intuitively, this study defines the temperature
difference AT between the average surface temperature of
microgrooves in the presence and in the absence of an electric
field. As shown in Fig. 10, with the increase of heat flux,
temperature differences AT gradually increase, which
indicates that the electric field has a more significant effect on
the heat transfer of microgrooves under the input high heat
flux. It is noted to see that the maximum temperature drop is
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about 30 °C when the heat flux is 13.5 kW m under the action
of 6 kV electric voltage.

Here in this paper, a dimensionless temperature (77%) is
introduced to scale the temperature variation from 0 to 1
because of different initial temperatures under the electric field
in the experimental application. It quantifies the temperature-
changing rate under the electric field. 7* is expressed as:
T(O)-T(to)

T(te)=T(to)

where T is the temperature of microgrooves, # is the
temperature at a certain time, # is the initial time.

Fig. 11 illustrates the effects of the electric field on the
temperature  distribution of the microgrooves under
interelectrode spacing of 48 mm (Fig. 11) during experiment
applications. It can be shown that the temperature increases
with time variation. However, the growth range decreases
along with the increase in electric field intensity. As illustrated
in Fig. 11(a), the growth range is 7.8 °C in the absence of an
electric field, and 9.2 °C, 12 °C, and 11.5 °C in the presence of
the electric field of 0.5 kV, 1.5 kV and 2 kV. While the scaled
temperature changing rate in Fig. 11(b) also shows the gentlest
variation of 0 kV and the highest variation slope of 2 kV
compared with that under EHD effects. Therefore, it can be
concluded that the EHD effects can decrease the wall
temperature of the microgrooves, which is mainly due to the
increasing wetting length, and the corresponding enhancing
convection heat transfer in the presence of the electric field.

T* = (24)

4.4 EHD effects on the economic efficiency
In order to quantify the gains brought by EHD effects in
enhancing wicking characteristics and heat transfer
performance in microgrooves structure, it is necessary to
discuss the economic efficiency, namely the proportion of
joule heat consumed by EHD in enhancing effects. Fig. 12 (a)
depicts the current-voltage characteristics under different
applied electric voltages. It is seen that when the electric
voltage increases to 5.5 kV, the current is thus generated in the
fluid. At this time, the fluid in the microgrooves is driven by
the electric field action to flow upwards, and the capillary
wetting length increases during the experiments. Such current-
voltage characteristic also explains the reason that the electric
field has a polarization effect on the particles in the fluid
introduced in section 4.2. Ions are absorbed into the fluid and
flow directionally under the electric field action to form
current,*2%%1 which in turn drives the fluid in the microgrooves
to flow, thus increasing the wetting length. When the electric
voltage reaches over 7 kV, the fluid in microgrooves contacts
the grounding electrode due to the limitation of the electrode
arrangement in this experiment. It is observed that the corona
wind generated by the grounding electrode inhibits the fluid
flow during the experiments, resulting in a decrease in
capillary wetting length.

The benefits brought by the electric field are taken into
account here. An economic factor ¢ is defined in this study
to study the ratio of heat taken away by EHD effects g; to
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microgrooves under different applied electric voltages (4 kV, 5
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the power consumption P, expressed in Eq. (25).
a4
Pe

€ (25)

When the economic factor is greater than 1, it is considered to
be economical to introduce an electric field to enhance liquid
capillary wetting performance and heat transfer characteristics
in the microgrooves. Fig. 12(b) shows the variations of the
economic factor of microgrooves No.4 with applied electric
voltage. It is found that the exists highest benefit when the
electric voltage increases to 5 kV. While it increases to 5 kV
or even higher, the benefit factor weakens because the
increasing rate of electric power consumption is greater than
that of capillary wetting and heat transfer enhancement. It
results from the dynamic equilibrium of dissociation and
recombination rate of working fluid H,O at lower electric
voltage, while, when the electric voltage exceeds a certain
threshold value, the rate of dissociation begins to exceed the

110 | Eng. Sci., 2022, 19, 100-113

rate of recombination discussed in section 4.2.12%1 [t is
calculated that the economic factor is 11.5 when an electric
voltage of 5 kV and the power consumption of 0.048 W is
applied, which has a considerable effect in total.

In conclusion, in this section, not only the experimental
system of energy efficient utilization is proposed
experimentally, but also the mechanism of energy efficiency
improvement is analyzed theoretically, and the evaluation
factors of wicking performance under EHD effects are
characterized in detail, which is supplied as follows:

(1) The maximum axial capillary wetting length under EHD
effects at steady state is experimentally conducted and
theoretically analyzed, and the predicted results agree well
with the experimental data, with the maximum error is 9.2%
at the voltage of 5.7 kV. The wetting length decreases with the
increased inclined angle, and the electric field enhances at a
greater extent at the smaller heat flux. There exist an optimal
strengthening voltage, which corresponds to the maximum
wetting length that can be achieved in the microgrooves.

(2) The microgrooves under a larger electric field exhibit
much quicker capillary rise characteristics than that under a
less electric field or without it during the rate-of-rise
experiments. The dynamic wicking characteristics considering
the action of the electric field are investigated at the transient
state, and obtained the empirical correlations according to the

fitting experimental data as 4°~¢ curve at the initial stage, and
t

%~ke_? curve at the long-term stage, which has a similar
trend as no electric field.

(3) Two planar electrodes are used to generate the electric field.
EHD pumping mechanism has been analyzed. The mechanism
of the wicking enhancement under EHD effects results from
the dynamic disequilibrium between the dissociation rate and
recombination rate of working fluid under high electric field.
(4) EHD effects can decrease the wall temperature of the
microgrooves, and the scaled temperature changing rate shows
the gentlest variation of 0 kV and highest variation slope of 2
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Engineered Science

Research article

(@) u

42 4

—— OKV/5W
—&— 0.5KV/5W
—#— 1.5KV/5W
—+— 2KV/5W

T (Temperature/T)

10
Time t(s)

—e— OkV/5W

®) . I

—&— 0.5kV/5W
- 1.5kKV/5W

*

T (Scaled Temperature)

10
Time,t(s)

Fig. 11 Effects of electric field on the temperature distribution of the microgrooves at 48 mm interelectrode spacing during experiment
applications: (a) the real temperature distribution for different initial temperatures, (b) the scaled temperature changing rate.

(a) 10 (b) T T T i T T T T T j T T T
12 ; : ; ; : : :
8 L
10
- =
> 6 -
2 s 8
< g I
=4 E 6
%)
= S
22 : 3 4
0 b 7 ——
0 1 2 3 4 5 8 7 8 o9 35 40 45 50 55 6.0 65
Electric voltage (kV) Electric voltage (kV)

Fig. 12 EHD effects on the economic efficiency: (a) current-voltage characteristics under different applied electric voltages, (b)

variations of an economic factor with applied electric voltage.

kV compared with that under EHD effects.

(5) The EHD effects on the economic efficiency is also
considered in this study. The exist a highest benefit at the
electric voltage of 5 kV during the experimental conditions.

5. Conclusions

In summary, this work investigated the characterization of
capillary performance of rectangular microgrooves under
EHD effects in a two-phase heat transfer device, the wicking

© Engineered Science Publisher LLC 2022

performance of rectangular microgrooves is characterized and
evaluated by axial maximum capillary wetting length at steady
state and dynamic rise rate at transient state during rate-of-rise
experiments. The steady state model of maximum capillary
wetting length is achieved and verified by experimental data,
with the maximum error is 9.2% at the voltage of 5.7 kV.
While, the transient state model is obtained through the fitting

experimental data as h>~t curve at the initial stage, and
h _t
—~ke =

: curve at the long-term stage, which can be
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generalized predicted at different stages by the interested
engineers. The mechanism of the wicking enhancement under
EHD effects results from the dynamic disequilibrium between
the dissociation rate and recombination rate of working fluid
under high electric field. In addition, there exist a highest
benefit of economic efficiency at the electric voltage of 5 kV
during the experimental conditions. This paper could be of
guiding importance when interested engineers design the
thermal management devices of power electronics, and some
infrared cloaking systems.
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