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ABSTRACT

Electric field-assisted technologies show prospects for heat removal in electronic cooling scenarios with electro-thermo-convection phenom-
ena. The coupled multiphysics field model is built using the finite volume method, and two configurations (depending upon the orientation
of the electric field and gravity) are investigated for different shear-thinning properties and polymer elasticities. The results demonstrate a
remarkable impact on the heat exchange efficiency, energy budget, plume morphology, and force distribution features. Two key partitions
(buoyancy or Coulomb force-dominated regions) can be divided by Rayleigh number Ra < 10* and electric Reynolds number Reg < 1.57. A
heat transfer boost of 13.9 times and 5.0 times was obtained in the two arrangements vs no electric reinforcement. The shear-thinning shows
a noticeable positive contribution, and the heat transfer efficiency can be modulated by polymer elasticity within a wide parameter range. A
detailed evaluation of the interfacial forces reveals the nonmonotonic curves of fluid convection and energy inputs.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0174095

I. INTRODUCTION

The contemporary widespread usage of microelectronic devices
in space and on earth puts new demands on both actively and passively
enhanced means of heat transfer."” Compact electronic devices often
suffer from the pending difficulties of high-level heat fluxes and local
islands, and efficient thermal management has emerged as the key
objective for the electronics industry. Electrohydrodynamics (EHD),’
as a new controllable means of regulatory techniques, not only shows
great potential for enhanced heat transfer but also plays an important
role in the fields of actuated devices,”” two-phase flow pumping,’ elec-
trostatic dedusting,7 jet printing,w etc.

EHD technology, regarded as inducing the movement of dielectric
fluids, is a discipline that studies the interaction between electrostatic
forces and flow. EHD-related studies can be divided into three categories
depending on the generation of free charges: injection,'”'" induction,'”
and ionic conduction."” Each has its own advantages, drawbacks, and
suitability for different industrial scenarios.* Compared to the former
two mechanisms, the ionic conduction mechanism allows the pumping
capacity to be effectively regulated by naturally occurring impurity

molecules or additional added electrolytes. Over time, EHD has been
applied in broad industrial scenarios due to its height adjustable, noise-
less, and frictionless features,'* as opposed to mechanically manipulated
equipment. Numerous jon transport mechanisms and inducing flows in
weakly dielectric fluids have been studied in experimental and numerical
surveys. The reinforcing benefits of Coulomb force-induced electrocon-
vection (EC) in liquid film boiling,15 1% jon wind,"”"® and two-phase
pumping”'” have been proven, with accompanying quantification of the
flow rate and pressure generation.”” ** Several investigations have
extended to electrode arrangements™’ and particle image velocity (PTV)
measurements, dealing with the different electrode pairs and field-
enhanced dissociation effects (Onsager-Wien effect).”"** Furthermore,
versatile flow distribution”>*" has been demonstrated to modulate direc-
tion and mass rate in an active and passive manner. Different types of
microscale tests'”*”** indicated possible implementations in aerospace
and micro/flexible components.

In the context of heat exchange enhancement based on EHD
techniques [also known as electro-thermo-convection (ETC)], Singhal
et al” have reported an induced flow circulation for cooling
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microprocessors. Nourdanesh et al.”’ examined the average velocity,
electrode current, and pumping efficiency of free-surface liquid films
at different thicknesses and temperatures under optimum operating
conditions. Golsefid et al.’' determined the fitting electrode configura-
tion for enhanced ETC in a rectangular enclosure. In addition, the new
Joule heating imposed in the control volume shows a dominant effect
at low Reynolds numbers. Wang et al.”” also obtained the heat removal
effect in a hot sink with two symmetrical evanescent fins with EHD
reinforcement. The average convective heat transfer coefficient can be
increased by a factor of 3.5 compared to natural convection conditions.
Not long ago, Jafari et al.' experimentally assessed the heat transfer
manifestations of ionic conduction pumping with two types of dielec-
tric liquid films. The higher the ionic mobility ratio and operating tem-
perature are, the lower the density/viscosity, thus increasing the
removed heat flux.

Although the aforementioned ETC surveys cover an extensive
experimental scenario, the uniqueness of numerical simulations lies in
a deeper insight into the multiphysics field coupling with the driving
mechanism and heat reinforcement. EHD conduction has shown
abundant flow phenomena in numerical investigations with various
geometrical configurations, including single cylindrical electrodes,”
three cylinders,j'l coplanar electrodes,” flush electrodes,”® and planar
electrodes.” In terms of exploring physical aspects, the first predic-
tion' " of the characteristic thickness of DSLs (heterocharge layers or
dissociation layers) has been resolved. The Onsager-Wien effect has
been used to explain some numerical deviations that do not match
experimental settings.”*”” Two limiting operations of EHD conduction
pumping have also been represented by Ohmic and saturation
regimes."’ The literature review reveals that ETC, driven by Coulomb
forces and buoyancy, is a frontier scientific problem of widespread
interest in EHD perspectives. Due to the highly complex coupling of
multiple physical fields, ETCs display abundant flow phenomena that
have not yet been widely investigated. Additionally, the dual action
implemented for coupling thermal buoyancy with Coulomb forces is
not well understood.

Foreseeably, the nature of fluid properties has a substantial influ-
ence on the flow pattern and dynamic properties in engineering.
Relevant theories are not fully established, and the mechanism explora-
tion is still at a preliminary stage with diverse rheological phenomena.
Most of the available reports on ETC relate to Newtonian fluids."" >
Whereas having apparent relevance to industrial applications, to our
knowledge, there are no published accounts of ETC problems in non-
Newtonian fluids."' ** Non-Newtonian properties are more universal;
for example, some silicone oils, greases, polymer solutions in industry,
blood and organism fluids in animals, salt solutions, and molten poly-
mers are non-Newtonian fluids. In certain defined circumstances,
Newtonian fluids may also have non-Newtonian properties, such as
shear-thinning,"* extrusion expansion,” and rod climbing effects."’
Most literature related to non-Newtonian properties has been widely
discussed in various contexts, such as electroosmotic flow,"” turbulent
drag reduction,***” Li-cells and stable electrodeposition,”””" and elec-
troelastic instability.”””” In the realm of EHD, the insightful aspects of
non-Newtonian rheological properties have been considered in liquid
film flow,”” pressure-electro-osmotic  dual  driving systemsfS
Rayleigh-Bénard convection,”® jet printing,”” electrothermal trans-
port,f‘8 nonlinear bifurcation,”” etc. Hence, our study is motivated by
two main aspects. First, the non-Newtonian ETC problem indicates
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promising prospects for active heat transfer enhancement in microde-
vices, which facilitates expansion to diversified fluid media and indus-
trial scopes. Second, it is also conducive to deepening the knowledge
construction of EHD and thermophysics. The ETC problem of non-
Newtonian properties belongs to the unexplored and innovative fron-
tier, with a broader correlation to our daily life.

Despite the presence of several efforts to perform non-Newtonian
flows with rheological properties, ETC problems have not been
addressed for targeting the complex implementation of
temperature-Coulomb force-viscous forces—fluid flow and polymer
elasticity. In this chapter, we investigate the ETC problem in non-
Newtonian weakly dielectric liquids, extending the enhanced heat
transfer capability in two configurations. The set of electro-thermo-
convection equations is implemented in our direct numerical simula-
tion (DNS) by a finite volume approach. The physical mechanisms
associated with heat transfer are then elucidated. Next, we depict the
ETC program for viscoelastic dielectric fluids with corresponding
dimensionless governing equations in Sec. II. Boundary constraints
and numerical implementation are displayed in Sec. III. The heat
transfer performances assisted by the electric field are presented in Sec.
1V, and we conclude in Sec. V by summarizing the relevant key
findings.

Il. PROBLEM STATEMENT

The ionic conduction-enhanced ETC of parallel plate structures
is shown in Fig. 1 with two configurations. We consider an enhanced
heat transfer program with high-temperature hot chips located at the
bottom. The height between the two planes is d, with a computational
width of 3d. Equally sized heat chips (0.4d) are assumed to be located
at the bottom center in both configurations with a cold wall on the
upper surface, creating upward natural convective plumes due to the
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FIG. 1. Geometrical configuration of electro-thermo-convection: (a) Config. 1: grav-
ity g in the same direction as the net Coulomb-inducing F;; (b) Config. 2: gravity g is
reversed with F;.
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thermal buoyancy forces. Config. 1 has the direction of gravity g in the
same direction as the net Coulomb-inducing F;.”*"**” Config, 2 shows
that gravity is reversed with F;. In general, EHD conduction devices
are designed with asymmetric electrodes, where positive and negative
charges migrate toward the opposite polarity electrodes in response to
the electric field E, resulting in differential thickness DSLs, which cre-
ate a combined Coulomb force to produce a net flow in the desired
direction.”® Therefore, the heat transport and dynamic properties in
relation to electro-thermo-convection (ECT) are investigated in Secs.
[T and IV with two configurations.

A. Hydrodynamic, energy, and electric equations

The hydrodynamic, energy, and electric equations are mainly
regarded to depict the ETC system in our setting. The Navier-Stokes
equations consider thermal buoyancy forces, non-Newtonian addi-
tional stresses, and Coulombic driving forces. Furthermore, because
the current in the dielectric liquid is so modest, electromagnetic
impacts and Joule heating can be ignored,”°" and the flow satisfies the
Boussinesq approximation. By considering the aforementioned
hypotheses, the subsequent list of governing equations can be
determined:

0
pm(—u+u-Vu> =-Vp+2n,V-D+V -1+ pE

ot
+ 0,080 — GTEf)’ (1)
V-u=0, 2)
%-ﬁ—u~v0:aV207 3)
E=-V¢, 4)
V- (eV) = —pg, (5)

where u, p, p; = eo(z4.c4 +z_c_), z+, c+ and e are the fluid velocity,
pressure, space charge density, ionic valence, concentration, and ele-
mentary charge, respectively. #; is the solvent dynamic viscosity, and
D =1[Vu+ (Vu) "] is the ratio of the deformation tensor. t is the
non-Newtonian polymeric stress tensor described by different consti-
tutive models. g = (0, —g) is the gravitational acceleration, 0, is the
reference temperature, and ¢ is the thermal expansion coefficient. 0 is
the temperature, and a is the thermal diffusivity. ¢ is the voltage, E is
the electric field, ¢ = &, is the fluid permittivity, and & is the vacuum
permittivity.

B. lon dissociation-recombination

Next, we need to explore the ion generation and transport conser-
vation conditions.”” Dissociation and recombination of neutral sub-
stance concentration ¢, are regarded as a charge source in the ionic
conduction mechanism. The common reaction process can be
described’”"” as follows:

dis
AB AT+ B, (6)

—
where AB is generally a naturally soluble neutral species or an exter-
nally added electrolyte. A" and B~ are cations and anions dissociated
from the neutral substances. Applying an electric field, the electroneu-
tral equilibrium of the bulk volume is disturbed, which results in the
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formation of DSLs (heterocharge layers or dissociation layers) in the
vicinity of the electrodes, with a thickness:**’

KE,
PN )
g

where K, ¢, and ¢ are the ionic mobility, fluid permittivity, and fluid
conductivity, respectively. E, is the field amplitude perpendicular to
the electrode plane. The Ay dimension relies upon the fluid nature and
imposed electric field.

Notably, an external field strength is far from producing ion
injection from nonflat surfaces or electrode tips’” in the ion conduc-
tion mechanism. The reaction equilibrium (reversible) for a neutral
species (c) within a dielectric fluid can be expressed as

kpeo = krc1et = kp(c)?, ®)

where ¢! and ¢* stand for the concentrations of dissolved anions and
cations at an equilibrium state. kp and kg denote the dissociation and
recombination rates, respectively, at which the reaction occurs.

The Onsager-Wien effect has been reported to explain the devia-
tion between experimental and numerical results."”®* With an applied
external electric field, the dissociation rate of neutral substances is
noticeably higher than the ionic recombination rate in DSLs. The cor-
relation with the electric field E is

kp(|E|) = k)F(b), ©9)

where k9 refers to the dissociation rate at thermodynamic equilibrium
in the absence of an electric field. F(b) = I;(4b)/2b is known as the
Onsager function, and b represents the enhanced dissociation rate fac-
tor. I is the modified Bessel function of the first kind and order 1. b
can be calculated by b = Ig/l,, with the Bjerrum distance and the
Onsager distance:*"*

Iy = e} /AmcksT, 1, = \/ey/4me|E). (10)

To further simplify the EHD conduction problem, both anions
and cations are given equivalent mobilities (Ky = K_ = K,D,
= D_ = D). The recombination rates reveal a kr = 29K /¢ relation-
ship for liquid properties depending on Langevin’s approximation.
The altered Nernst-Planck equation of ion transport follows the form

Oc 2e0Kc? _
L—‘—V-(uci + z+c=KE — DV ) :% (F(b) _&e )

ot 2

o
(11)
The left-hand side presents the time derivative, ion convection,

ion migration, and ion diffusion. The right-hand side characterizes the
discrepancy between ion dissociation and ion recombination.

C. Non-Newtonian Giesekus model

Briefly, the non-Newtonian polymeric stress tensor T in
Navier—Stokes equations is related to the conformational tensor,

t="(c-1), (12)

A
where 1, is the polymeric viscosity coefficient and / is the relaxation
time. / denotes the characteristic scale for polymer molecules to
recover to their initial equilibrium state after being deformed by a
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perturbation. Based on the above definition, the conformation tensor
is symmetric positive definite (SPD) and is equal to the identity matrix
I when the polymers are in the equilibrium state, which guarantees the
realization of the log-conformation reformulation (LCR)® that will be
introduced later.

Although the intrinsic form of the conformational tensor
depends on different viscoelastic constitutive models (determined by
semiempirical and theoretical methods), its generalized form is

%—f+u-VC—(C~VuT+Vu~C) :—% (C),
where function g(C) is specified by the selected model. For example,
the Oldroyd-B model describes the relation g(C)=C-1L
Nevertheless, the introduction of a maximum elongation in FENE-
type models may lead to numerical collapse if the trajectories of the
conformational tensor are beyond the threshold.”” More stable consti-
tutive forms are alternative options. Both the Phan-Thien-Tanner
(PTT) and Giesekus models are useful for recognizing the shear-
thinning and viscoelasticity of polymer fluids. The PTT model consists
of more parameters for recovering the complex properties of the mate-
rial; however, this poses difficulties for data analysis. Therefore, the
Giesekus model is adopted in the present study with a single parame-
ter, which helps distinguish the shear-thinning and elasticity
effects,””  making it suitable for concentrated polymer solutions. In
addition, a quadratic form of the stress is incorporated into the model
g(C) = aC* + (1 — 20)C — (1 — &)1, which allows for cross-polymer
interactions. The evolution of the Giesekus conformation tensor is

8_C
ot
_ %@cuu —22)C — (1 - 1. (14

(13)

+u-VC-(C-Vu' +Vu-C)

The parameter o in Eq. (13) is a mobility factor, and the term containing
o has been attributed to anisotropic Brownian motion or anisotropic
hydrodynamic drag on the constituent polymer molecules.”’ It is
required that 0 <o < 0.5, as discussed in Refs. 69 and 71. Setting o0 =0
changes the format to a typical Oldroyd-B model. Giesekus studied the
sensitivity in some simple viscometric flows and showed the ability of
the model to characterize the following viscoelastic features:”’ shear-
thinning, nonvanishing first and second normal stress differences,
extensional viscosity with finite asymptotic value, nonexponential stress
relaxation, and startup curves. The properties in simple shear are also
investigated to demonstrate its accuracy in predicting stress overshoot,
which fits well with experimental observations.

D. Dimensionless governing equations
The equations and results in this paper are dimensionless in
terms of the following quantities:
x,y~d ¢+ ~c, En~Ey,
¢~ (¢1 - ¢0)7 0~ (9;,0[ - Omld)
MNKE(), tNd/KEONdZ/K((bI*QSO),
P~ p, KE2.

(15)

Therefore, the set of dimensionless control equations involved are as
follows (labeled with *):

pubs.aip.org/aip/pof
Ou’ * * * /3 2 1— ﬁ
6t*+u Vu' = -Vp -‘rReEVu +Wi-ReEV C
+ CoM? (¢}, — ¢ )E + Rag: (16)
o Pr
V-u =0, (17)
80* * * 1 2
oy U VO =V (18)
(3% +V - (e (0 =E) — Ve = 26 (FB(ET) — ),
(19)
V' = —Go(c, — ), (20)
E' = *Vdf, (21)
aC

+u*-VC:C~Vu*+C~(VU*)T

ot*
1
——[eC+(1-20)C— (1 —)I]. (22)
Wi
The dimensionless numbers in the above equations are summa-
rized as

ecd0d kgT meEOd
0 = , Y= s (e )
¢E, eoEod Mo
. A
M= VolPu e g W (23)
K d s + nP
Ra— pmg5(9hgr - Hcald)d3 , Pr = Z
Mo a

The conduction number C, characterizes a ratio of two typical
times, the ion transport time fx = d/KE, and the Ohmic time
10 = &/, and it is a key parameter for distinguishing the two limiting
states in the EHD conduction phenomenon.””*’ The diffusion number
y is the ratio of the thermal electric field (Er = kzT/eod) to the
imposed electric field (E,). Reg (electric Reynolds number) represents
the ratio between the Coulomb force and the viscous force, determined
by the speed of ion migration (u= KE,). M is defined as the ratio of
hydrodynamic mobility to ionic mobility. The Weissenberg number
Wi describes a measurement of the polymer relaxation time with
respect to the system timescale, and f§ is known as the viscosity ratio
between solvent viscosity and total viscosity. The Rayleigh number Ra
identifies the ratio of the buoyancy force to the viscous force, and the
Prandtl number Pr indicates the ratio of momentum diffusivity to
thermal diffusivity. For the sake of simplicity, superscripts * are omit-
ted in subsequent chapters.

11l. BOUNDARY CONDITIONS AND NUMERICAL
IMPLEMENTATION

Based on Fig. 1, we consider a program for EHD-enhanced heat
transfer with high-temperature hot chips located at the bottom with
two electrode configurations. The boundary constraints on each
boundary for the governing equations (15)-(22) are summarized in
Table I. The bottom center is setup as a hot chip with a constant tem-
perature, and the bottom rest is considered adiabatic. The lateral left
and right borders are considered to be symmetric, which is suitable for
the spacing of the heat slices that are long enough in the x-direction.
We also summarize the fluid properties and thermal parameters used
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TABLE I. Boundary conditions in two configurations.

Region Computational boundaries

Config. 1
L.V electrode/hot chip c.=0,n-Vey =0,0=0,u=0,0=1
H.V electrode/cold wall ¢, =0,n-Ve_ =0, =1,u=0,0=0
Top wall n-Ver=0,n-Ve. =0,u=0,
n-V¢=0,0=0
n-Ver=0,n-Veo =0,u=0,
n-Vo=0,n-V0=0

Bottom wall

Left and right Symmetry
Config. 2
H.V electrode/hot chip ¢y =0,n-Ve_ =0, =1,u=0,0=1

L.V electrode/coldwall ¢ =0,n-Vec, =0, =0,u=0,0=0
Top wall n-Ver=0,n-Veo =0,u=0,
n-V¢=0,0=0
n-Vey =0,n-Veo =0,u=0,
n-Vo=0,n-VO=0
Symmetry

Bottom wall

Left and right

for dodecane in Table II, which is a dielectric fluid widely implemented
in industry and has been validated by several experiments and numeri-
cal simulations.””””* Suppose polymer polyisobutylene (PIB) is added
to the dodecane to form a viscoelastic fluid in our letter.

The numerical iterative process of non-Newtonian fluid flows
often involves the high Weissenberg number problem (HWNP),””"”
in which the use of the log-conformation reformulation (LCR) method
has been implemented. A new variable ¥ is introduced, defined as the
matrix logarithm of the conformation tensor C,

¥ = log (C) = R" log (A)R. (24)

Above, R is an orthogonal matrix composed of the eigenvectors
of C, and A is a diagonal matrix whose diagonal elements are the
eigenvalues of C. Equation (13) of the conformation tensor is refor-
matted as

6{9—\;+ﬁ-V‘I‘—(Q-‘I’—‘P-Q)—2B

= —%R[M—O—(l —20)I — (1 —a)A'|RT, (25)

where B is a symmetric traceless matrix and € is an anti-symmetric
matrix. Thus, the conformational tensor C can be recovered by ¥ as

TABLE II. Thermophysical and dielectric properties of dodecane.
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C=exp (¥). (26)

The LCR has the advantage of eliminating the deviation between
the polynomial fitting of the tensor C and the exponentially changing
curve. The non-Newtonian ETC problem we studied cannot be
derived analytically due to the strongly nonlinear nature of the control
equations. For stability and efficiency, the numerical study is per-
formed via the finite volume method (FVM) in the open-source
OpenFOAM® toolbox. Furthermore, details of the numerical imple-
mentation and some verification cases can be found in our previous
publications”®” and will not be repeated here. The benchmark vali-
dates the ion conduction mechanism in a line-plate structure with fit-
ting curves of the experimental data™ in Appendix A (Fig. 13). The
Giesekus model is specified with the parameters of weak elasticity
Wi=10"% viscosity ratio f=0.98, and o= 1073, Relevant curves
show that the peak velocities of the Newtonian model are in high
agreement with the predictions of the Giesekus model, with minor
errors of no more than 5%. Grid-independent verification using a finer
mesh in electrode regions to capture DSLs with the total mesh num-
bers M1 =88800, M2 = 125000, and M3 = 150000. Three grids are
available to satisfy the demands of solving the fluid flow and ion trans-
port accurately, with M2 serving as the option in our numerical
implementation.

IV. RESULTS AND DISCUSSION

The effect of enhanced heat transfer by the electric field is
highlighted in Secs. IV A-IV C with two configurations (Config. 1—F;
in the same direction as gravity and Config. 2—F; in the opposite
direction as gravity), as well as the influence of the non-Newtonian
properties on the heat transfer. The wide range parameters of 10"
< Ra < 10° and 0 < Reg < 8 are the predominant driving forces that
regulate the thermal buoyancy and electric field strength. For ease of
analysis, the other dimensionless parameters are set to Pr=21.15,
M=55,7=5x10"%, and C,=59 unless noted specifically. C, is a
prominent parameter that distinguishes the operating regimes of the
ionic conduction flow, and the relevant details can be found in
Appendix B.

Below, we analyze the flow regimes of pure natural convection
and EHD flow in Sec. [V A. We also demonstrate the natural convec-
tion profile and ETC performance enhanced by electric fields in Sec.
IV B. The heat transfer and flow properties with the addition of poly-
mers are investigated in Sec. IV C. Polymer elasticity is tuned by the
dimensionless Weissenberg number and viscosity ratio . Then, the
mobility factor o in the Giesekus model is used to modulate the shear-
thinning properties.

Parameters Value (unit)

Parameters Value (unit)

1.6022 x 1071(C)
1.3806 x 10723(J/K)

Elementary charge, e,
Boltzmann constant, kg

Density, p,, 749.5 (kg/m?)
Dynamic viscosity, 1, 1.34 x 1073(Pa - s)
Relative permittivity, &, 2

Temperature, 0, 275 (K)

2.81 x 107°[m?/(s - V)]
7.16 x 10711 (m?/s)
2.21(kJ /kg - K)
0.140 (W/m - K)
7.8 x 1074(1/K)
2.96 x 1078S/m

Tonic mobility, K
Ionic diffusivity, D
Specific heat capacity, C,
Thermal conductivity, k
Thermal expansion, &
Electrical conductivity, o
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A. Natural convection alone and EHD-induced flow

The basic flow patterns of EHD conduction flow and pure natural
convection are discussed in this section. The anisotropic effect
o =0.01, maximum Wi=1 x 1073, and viscosity ratio =0.98 are
maintained to strongly approximate the Newtonian properties in the
Giesekus model. Figure 2 illustrates the flow patterns induced by full
natural convection (Ra = 10'-10°, with Rep=0) and the EHD conduc-
tion mechanism (Reg= 0.8-8, with Ra=0). Under pure
Rayleigh-Bénard convection (RBC) conditions, Fig. 2(a) shows the
thermal plume formed on the surface of the hot chip, which becomes
more integrated as the Ra number increases, gradually forming a
mushroom-like morphology with a stalk. Two counterrotating flow
units are formed in Fig. 2(b), and the higher the Ra number is, the
higher the maximum velocity is concentrated in the central region
with an upwards jet. In ECF induced by pure conduction mechanisms,
two electrode arrangements will produce differences in the net
Coulomb force direction, thus changing the pumping orientation with
flexible active manipulation capabilities.”**” In our setup, the net
charge density distribution and streamlines for two different configura-
tions are shown in Fig. 2(c) and Fig. 2(d), and F; represents the direc-
tion of the main flow induced by the net Coulomb force.”**** In both
configurations, four main vortex pairs are shaped. As Reg increases,
the sizing pattern of the mainstream and secondary vortices changes
on the symmetrical centerline. Under Config. 1, the F; direction is

0 05 1 min max
- 020 OO E——— :
(a) Temperature, RBC, Re;=0 (b) Velocity, RBC, Re;=0

pubs.aip.org/aip/pof

accompanied by the main vortex pointing downwards toward
the ground electrode in Fig. 2(c). However, F; is associated with the
main vortex pointing upwards toward the high voltage electrode in
Fig. 2(d).

The velocity and temperature profiles along the center of the
x-direction for the two configurations are displayed in Fig. 3. In
Figs. 3(a) and 3(b), the spike-like velocity curves become more pro-
nounced, matching the contour map in Fig. 2(b). The emergence of a
spike-like velocity distribution demonstrates that the thermal convec-
tive effect outweighs the diffusion effect. For Ra > 10°, the steep gradi-
ent at the center marks a thermal plume structure with a high-
temperature jet to the upper cold wall. The strong thermal convective
effect induced a radical gradient shift, as shown in Fig. 3(b). In the
pure EC scenario, both configurations reveal the presence of a double-
hump distribution in Figs. 3(c) and 3(d). Distinctive features are the
inverted double-hump structure in both configurations, demonstrating
a shift orientation F; dominated by the net Coulomb force. In addition,
the U, magnitude tends to increase monotonically with increasing Reg
in Figs. 3(c) and 3(d), indicative of an increased input power, trans-
lated into kinetic energy within the flow field.”” In summary, we com-
pared full EC flow and RBC flow with two configurations in terms of
net charge density, flow direction, plume morphology, temperature,
and velocity contours, thus facilitating a fundamental understanding
for Sec. IV B.

Ground Elec. Ground Elec.

-04 04 -04 0.4
(c) Net charge density-1, EC, Ra=0  (d) Net charge density-2, EC, Ra=0

92:65:00 720z Aienigad 62

FIG. 2. Natural convection in pure form and EHD-induced flow characteristics. (a) Temperature field, pure RBC, Reg=0. (b) Velocity field-imposed streamlines, pure RBC,
Ree=0. (c) Contour map of net charge density-imposed streamlines, Pure EC, configuration 1, Ra =0. (d) Contour map of net charge density-imposed streamlines, Pure EC,
configuration 2, Ra =0.
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FIG. 3. Temperature and velocity distributions of pure natural convection and EHD-induced flow along the middle horizontal line in the x direction. (a) Velocity distribution of
pure RBCs. (b) Temperature distribution of pure RBCs. (c) Velocity distribution of pure EC with ConFIG. 1. (d) Velocity distribution of pure EC with Config. 2.

B. Heat transfer performance in two configurations

The electro-thermo-convection (ETC) patterns enhanced by the
EHD conduction mechanism in the two configurations are shown in
Fig. 4, with a constant Ra =10°. Apparently, the EHD-enhanced ther-
mal plume morphology was significantly altered in Figs. 4(a) and 4(c)
compared with pure RBCs. In particular, the originally well-defined
plume structure in Fig. 2(a) disappears and is replaced by pair symmet-
ric cells under Config. 1. There are two reasons to explain this phenome-
non. First, the net Coulomb driving flow is downward due to the electric
field, thus suppressing the buoyancy force effect (upward). On the other
hand, the flow field carrying the heat quantity tends to be homogeneous
in the x-direction dominated by EC, resulting in a pair of thermal cells.
With increasing Reg, the velocity field exhibits a central vortex that
increases in Figs. 4(c) and 4(d), with the corner vortices moving toward
the small asymmetric electrodes. The net Coulomb force F; is upward in
Fig. 4(c). Although the full thermal plume is still shown in Fig. 4(c), the
top temperature field gradually tends to be spiky as Reg increases.
The spiky profile indicates that the driving forces are much greater at
the center than at the ends, entraining the heat flux to be ejected upward
before the temperature diffusion produces its effect. At the left and right
sides of the hot chip, the induced ECF is pointing toward its center with-
out carrying heat out of the volume.

Sequentially, we also give the temperature and velocity profiles in
the centerline. Config. 1 shows a homogeneous x-directional tempera-
ture with increasing Reg in Fig. 5(a). Figure 5(c) shows a decreasing
rootstock refinement heat plume in Config. 2 as Reg increases. The dis-
crepancy in temperature profiles from pure RBCs is due to the highly
EC-induced symmetrical dual vortex patterns and driving force. In the
velocity profile, compared to the previous pure EC trends shown in
Figs. 3(c) and 3(d), there is still a double-hump pattern with changing
flow amplitude. We have demonstrated the impacts of temperature
and velocity profiles in a cooperative RBC-EC system. The relevant
results undoubtedly have a deep influence on the heat transfer perfor-
mance, which will be clarified later.

To elucidate the enhanced heat transfer efficiency of ETC, we
defined the Nusselt number on the hot chip and the corresponding
ratio of the EHD enhanced heat transfer Ry, as follows:

Ni
S, Ry=-——r, (27)

Nu = IR Jal
Sbtock (Thot — Tcold) ) on Nug

hot

where Thor, Teold> and S represent the temperature of the hot chip, the
cold wall temperature of the upper surface, and the area of the hot
chip, respectively. Nug refers to the Nusselt number for pure RBCs
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FIG. 4. Electro-thermo-convection pattern enhanced by ionic conduction in two configurations, with a constant Ra =10°. (a) Temperature distribution for Config. 1; (b) velocity
distribution for Config. 1 imposed streamlines; (c) temperature distribution for Config. 2; (d) velocity distribution for Config. 2 imposed streamlines.

without the aid of an electric field. Furthermore, we define the
I?—norm®’ of the velocity field—kinetic energy Ej:

1 , 1 N , 1 N 5
o= — | |ufdV = — Vi = — 28
k ZVJM 7 ;:1 o Vie = 55 > lwl’ @8)

where Vj is the unit mesh volume with V; = NV} and N is the num-
ber of grids. Accordingly, the elastic energy is given here as

1 (2 1 & N

] y) 1
By =gy 04V = 35 Ve = 3> ().

Mp = M=
(29)

The influence of the Rayleigh number Ra and the electrical
Reynolds number Reg on the heat transfer strength Nu for two config-
urations (Ra = 10?) are illustrated in Fig. 6. Under typical RBC condi-
tions in Fig. 6(a), the heat transfer is small at Ra <107, determined by
thermal diffusion. At Ra >10 the heat transfer intensity sharply
increases, and Nu increases by a factor of 4 compared to Ra=10. In
Config. 1 of Fig. 6(b), Nu displays an approximately linear relationship
with Reg. Due to the low-level contribution of Ra, EC flow-dominated
heat transfer is shown. With Config. 2 in Fig. 6(c), Nu first linearly
increases, reaching saturation between Reg = 3-6.5, after which it con-
tinues to reinforce heat transfer. The Coulombic forces carried the heat
rate upward against the cold wall, and the two ends of the hot chip
were squeezed by the EC flow, resulting in a thinner thermal boundary

layer."" A comparison with the U, in Fig. 4(d) demonstrates that the
offset created by the secondary vortices [the double-hump pattern in
Fig. 5(d)], leading to an amplitude on the chip, serves to explain the
heat saturation intensification. The other reason may be due to the
emergence of saturation regimes for the EHD ion conduction mecha-
nism, with no more ion dissociation occurring."**°* Furthermore, the
insets in graphs (a)-(c) reveal the full thermal plume and even the nee-
dlelike morphology and the dominant role played by the EC-
dominated ETC pattern at both ends of the chip in enhancing heat
transfer. In particular, the golden dotted lines are shown in Fig. 6(c),
indicating the double-hump velocity distribution and the alteration of
the EC secondary flow, which results in the saturation effect of the
heat transfer strength in some Rep parameters. In addition, the time
evolution Nu and Ej, are given in Appendix A (Fig. 14). The larger Reg
is, the longer it takes to reach steady state compared to pure RBCs,
which is consistent with most previous numerical predictions."”"** E;
shows an enhancement of one to two orders of magnitude compared
to pure RBCs, indicating a significant EC role in providing an energy
source for the flow field.

Above, we have demonstrated that an increasing Reg has a pro-
found effect on the heat transfer. In light of the above analysis, the heat
transfer Nu over a wide range parameter is needed, as displayed in
Fig. 7. In Fig. 7(a) of Config. 1, two significant partitions can be divided
by the Rayleigh number Ra, namely, the thermal diffusion-dominated
region (Ra < 10%) and the thermal convection-dominated region
(Ra>10%). In Ra< 10° cases, Nu depends on the EC magnitude due
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to extremely weak buoyancy force action. For a weak Coulombic driv-
ing force Reg<1.57 and Ra < 10°, the heat transfer strength does not
increase significantly, as shown in the inset of Fig. 7(a). The Nu rela-
tionship is similar to the phenomenon in Fig. 6(c), where Nu proceeds
through a linear increase, saturation, and a secondary rise for Config.
2. At higher Ra numbers (Ra= 10* and 10°) in Fig. 7(b), Nu is mark-
edly stronger in the linear domain than in other Ra cases, reflecting the
highly synergistic RBCs assisted by EC. In contrast, at high Reg > 6.29,
the whole system is dominated by EC-induced flow, and the heat
transfer capacity tends to a uniformly high value of 7.8.

Obviously, the relevant results of Config. 2 do not exactly match
the results reported by Selvakumar et al”” (the higher Re is, the
higher Nu is accompanied by an increase in the maximum velocity)
in Fig. 7 due to the different conduction numbers C, in this paper.
Furthermore, the EHD conduction flow also increases the heat trans-
fer for all Rayleigh numbers except the robust thermal buoyancy
effect (Ra=10* and 10°). In Config. 1, Ry, is enhanced at low
Rayleigh numbers, with the maximum Rj, = 13.9 higher without
electric field reinforcement [Fig. 7(c)]. Under low Reg and high Ra,
the electroforce is too weak to induce a significant enhancement of
heat transfer. With Config. 2, Ry can reach a maximum of 5.02 times

without the EHD reinforcement [Fig. 7(d)]. At higher Ra, the electric
field enhancement is marginal, with Ry, reaching only 1.33 over a
wide range of Reg. Overall, Config. 1 (F; in the same direction as
gravity) allows higher heat transfer compared to Config. 2 (F; in the
opposite direction as gravity), and the heat exchange capacity in
both arrangements is profoundly influenced by the EHD conduction
mechanism.

To address the investigation of flow and heat transfer mecha-
nisms, we compare the magnitude of Coulomb force pgE, and the
moment contribution of buoyancy force p,,0g(0 — Oy)e, in the y-
direction. Figure 8 illustrates the two limiting cases for Ra = 10" and
Ra=10.In comparison of the near-wall Coulomb force distributions,
both display an increasing order with Reg and do not differ in ampli-
tude. The large values are mainly concentrated within the DSLs, with
an appearing electroneutral bulk. This indicates that the energy input
to the plume thermal boundary layer from the Coulomb force is equiv-
alent. Observing the buoyancy force profiles, the large buoyancy effect
Ra= 10 covers the whole plume structure for Rep < 3.144. Thereby,
revealing that the buoyancy force predominates the flow distribution
(Ra=10°, Rep < 3.144), an agreement with the results (buoyancy-led
regions) in Figs. 7(a) and 7(c) is achieved.
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C. Influence of shear-thinning and polymer elasticity
on heat transfer

As mentioned earlier, although they have apparent relevance to
industrial applications, there are no published accounts of ETC prob-
lems in non-Newtonian fluids.”' ™" Dielectric fluids, which are com-
monly found in industry, will result in viscosity alterations that are
noticeable with increasing shear rates. In addition, the utilization of
low-conductivity liquids, such as refrigerants and transformer oils, is
widespread in industry. By considering the rheological influence of
polymer additions, it is possible to modulate flow rates and power
remarkably, serving adjustable pumping and field-enhanced heat
transfer scenarios in space and on land.”” In Sec. 11 C, we outlined the
Giesekus model for characterizing properties such as shear-thinning
and nonvanishing first and second normal stresses. There is an explo-
ration of rheological properties in ETC problems, including the incor-
poration of elastic dependence and shear-thinning effects. We will
regulate the anisotropic effect o (0-0.5) to discuss different mobility
factors on heat transfer and dynamic properties, with the fixed param-
eters Wi=0.1, § = 0.8, Rey =1.57,and Ra= 10>

The cross-sectional temperature is shown in Fig. 9. With Config.
1, although the temperature remains similar to the double-hump dis-
tribution in Fig. 5(a), the temperature is more homogeneous on both
sides of the hot chip, with a rising o parameter. The temperature pro-
files are due to the structure of the main vortex (Mv) and secondary
vortex (Sv) of the EC, as shown in Appendix A (Figs. 15 and 16). The
center offsets are also shown in Fig. 9(a) for the location and size of the
Mv/Sv. Moreover, the U, amplitudes tend to be higher with increasing
o parameters, resulting in a remarkable reinforcement, as shown in
Appendix A (Fig. 17). For Config. 2, the spiked thermal plume
becomes narrower but covers a larger area as the o parameter increases
in Fig. 9(b), indicating the shift of Sv toward the corners with the larger
size of Mv. Furthermore, the heat transfer Nu subjected to shear-
thinning effects is shown in Fig. 9(c). A sharp surge is induced at
o < 0.1 and a lesser enhancement in heat transfer intensity at o > 0.1.
The average kinetic energy curve in the inset also reveals the favorable
influence of the shear-thinning function on the flow velocity and
kinetic energy gains. The construction of Fig. 9 in terms of the energy
mechanism®® follows:
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First, the Coulombic forces dominate the flow state for Rep=1.57
and Ra =10’ (compare the streamlines in Fig. 2, the pure EC resem-
bles a direction-flipped symmetric pattern with two configurations).
Second, the kinetic energy gains mainly from the electrical input, and
the contributions of the thermal buoyancy forces are subtle. Third, the
effect of polymer elastic energy is small due to the fixed elastic effect
Wi=0.1, #=0.8, and diffusion in the closed system essentially
accounts for two orders of magnitude less than other terms.”””"
Hence, the remaining energy is converted into viscous dissipation of
the whole system. The Nu discrepancy is due to the difference in EC
patterns on the hot chip. From the analysis in Sec. I, the electrocon-
vection above the hot chip is stronger at Config. 1, leading to a larger
Nu number growth in Fig. 9(c). The inset shows the average kinetic
energy in both configurations, where the two curves are highly coinci-
dent with no more than 2% deviation. Collectively, the relevant results
demonstrate the positive promotion role of the vortex pattern and
shear-thinning in ETC systems.

Next, to facilitate an analysis, Weissenberg numbers will be
scanned within a broad range to discuss polymer elasticity effects,

with other fixed sets & =0.1, #=0.8, Rez=1.57, and Ra= 10>, The
heat transfer strength Nu on the hot chip is displayed in Fig. 10. The
arrows in Fig. 10(a) refer to the value for the Newtonian fluid sce-
nario without polymer addition. Ry, represents the ratio of the visco-
elastic fluid Nuy to the Newtonian flow Nuy in Fig. 10(b),
Rynu = Nuy /Nug. Nu shows a 10% reduction (Config. 1) and a 5.5%
reduction (Config. 2) in Fig. 10(a), respectively, with the polymer
added initially. For weak elasticity Wi < 0.1, Nu displays a maximum
reduction of up to 14% as Wi increases. One can interpret that the
polymer absorbs kinetic energy from the flow field at low Wi num-
bers, resulting in a local reduction of the flow strength (kinetic
energy).”®”* When surpassing the threshold Wi, = 0.01, Nu exhibits
a rising stage, suggesting the recovery of kinetic energy, which can be
explained by polymer molecular relaxation at high elasticity, releas-
ing elastic energy into the flow field.”***”* In conjunction with the
ratio Ry, in Fig. 10(b), Ry, = 1 denotes the absence of polymer addi-
tion. The vortex patterns of ETC-induced flow differ in the two con-
figurations for almost equivalent energy input; however, the two
curves have similar trends. The Ry, can be modulated by polymer

Phys. Fluids 35, 113109 (2023); doi: 10.1063/5.0174095
Published under an exclusive license by AIP Publishing

35, 113109-11

92:65:00 720z Aienigad 62


pubs.aip.org/aip/phf

Physics of Fluids

ARTICLE

pubs.aip.org/aip/pof

0.12 o P
—10!
Ra=10 —=— Re,=0.0785
—e— Re,=1.57
—+—Re,=3.144
o008 ——Re,~4.715 = —=—Re,=0.0785
> —+—Re;=6.28 —e—Re,=1.57
3 —<—Re,=7.86 —+—Re,=3.144
N
& 10 —v—Re,=4.715
= : reasi . .
Q 0.04 4 mcreasing order ReE=6.28
—<—Re,=7.86
- l 5 -
Ra=10'
0.00 T T T T T
0.0 0.00 0.02 0.04 0.06 0.08 0.10 0.12
y y
(a) Ra=10"
0.12 04
Ra=10° —s— Re,=0.0785
—e—Re,=1.57 —=— Re,=0.0785
—+—Re,=3.144 ——Re,=1.57
. 0.08 —v—Re;=4.715 =57 —+— Re,=3.144
X —+—Re,=6.28 —v—Re,=4.715
> —*—Re;=7.86 —+— Re,=6.28
% —
E, 10 —<+—Re,=7.86
< 0.04 increasing order
_15 -
Ra=10°
0.00 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.00 0.02 0.04 0.06 0.08 0.10 0.12
y S y
(b) Ra=10

FIG. 8. Coulomb force and buoyancy distribution of near-heat chips with (a) Ra= 10" and (b) Ra = 10°.

elasticity in a range of 14.5% (Config. 1), while it is only influenced
within a range of 11% (Config. 2).

Due to the asymmetric arrangement of the electrodes oriented hor-
izontally and the hot chip in the bottom plate in Fig. 1, both the electric
strength and the buoyancy force act mainly in the y-direction of the
ETC. To visualize the mechanism behind the flow and heat transfer effi-
ciency, we use the momentum equation in the vertical y-direction:

0 Ouy 0 0, Pu, 0
o) o)

ot Ox dy oy Ox?
0ty Oty
* (a*ﬁ ox ) TP
+ pm08(0 — Orep)ey. (30)

The left-hand side pm< 5+ uy 3), Ly, zn) reflects the
momentum increment per unit volume of fluid per unit time, where

du, d .
P (uyai;+ux %) represents the acceleration due to the

inhomogeneity of the flow field, also known as the convective term;

—g—’y’ represents the pressure acting on the volume element;

1, (8 4 ") represents the component of the viscous force term;

Ox?

(d.(;—f + 'Z—f) represents the component of the elastic force in the y-

direction; and pzE, is the y-component of the Coulomb force.
PmO8(0 — O,f)e, is the buoyant force in the vertical direction.

In Fig. 11, we demonstrate the force distribution features at the
interface. The effect of the polymer on the Coulomb force is shown in
the inset of Fig. 11(a), close to the hot chips. The weak distinction is
caused by interfacial ion transport, with ion convection, migration,
and diffusion, where ion migration predominates in the EHD conduc-
tion mechanism. The main source of the buoyancy contribution
shown in Fig. 11(b) is derived from the temperature variance of ther-
mal convection. Although polymer influences are weak, there is signifi-
cant variation in the near-chip region. In contrast to other factors,
fluid convection is the underlying cause of the change in heat transfer
capacity, as shown in Fig. 11(c), accompanied by the plume

Phys. Fluids 35, 113109 (2023); doi: 10.1063/5.0174095
Published under an exclusive license by AIP Publishing

35, 113109-12

92:65:00 720z Aienigad 62


pubs.aip.org/aip/phf

Physics of Fluids

ARTICLE pubs.aip.org/aip/pof

Config. 1

(b)
15204 Config. 2
0.15

0.10

0.05+

0.00 425
X X
(c) T T T T T T 4()
6.0{—=— Config.1 -
—o— Config.2 B
5.5 = 436
16 16
434
504 14 14
12 12
x 432
Z 4.5 10 10 Z
’ & 130
84 18
4.0+ 128
o] —&— Config.1 |
—— Config.2 —12.6
3.5+ . ,
0.01 o™ 124
T T T T T T
0.0 0.1 0.2 03 0.4 0.5

o

FIG. 9. Variation in the temperature distribution and heat transfer Nu subject to the shear-thinning effect. (a) Temperature of Config. 1; (b) Temperature of Config. 2; (c) The Nu

curve, and the inset shows kinetic energy shifts.

T T T T T T m 4.05 0.96
(@ i . (b)”
M_—» Newtonian Newtonian<e— 4 oo
a —a— Config. 1
43.95
\ — o~ Config. 2
6.0 -13.90 0.93 4
3.85
= 3.80 ]
= 5.8 —a— Config. 1 Z
—— Config. 2 & 0204
70
5.64
3.65
X 0.87
- 3.60
5.4 g
[] 4355
T T T T T T T T T T T T T T
1E-4  0.001 0.01 0.1 1 10 100 1E-4  0.001 0.01 0.1 1 10 100
Wi Wi

FIG. 10. The influence of polymer elasticity on heat transfer strength. (a) Nu vs Weissenberg number for two configurations and (b) heat ratio Ry, of the polymer elasticity

effect.

Phys. Fluids 35, 113109 (2023); doi: 10.1063/5.0174095
Published under an exclusive license by AIP Publishing

35, 113109-13

92:65:00 720z Aienigad 62


pubs.aip.org/aip/phf

Physics of Fluids

—s=— Newtonian— e 0.001- -»- -0.01—v— 0.08

— 4 =0.1--4--0.8 > 1-e:=10

ARTICLE

pubs.aip.org/aip/pof

-0.01—v— 0.08
=10

—=— Newtonian—  0.001- -+-
—-+-0.1 cet--0.8 r1

0.06 4

0.(;00 0.(;02 0.604
=3 T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.00
y " 4
—=— Newtonian— = 0.001- -+- -0.01—v—0.08 —s—0.001—* —0.01- 4 - 0.08—v -0.1
-+-0.1 --<¢--08 1 —e-10 —0-08 ===-1 -»-10
(0
= s
< )
=
N 0
N

¥ ooad —e-WALL MAX ‘\
=
S @
E’? ' z 50
< 0.01 5 ' =

L //.' =

Wi 7

v
P 0.001 001 0.1 1 10
Wi
T T T -1 T T
0.04 0.08 0.12 0.00 0.04 0.08 0.12
y i 4

FIG. 11. Forces distribution near the |nterface characterizing the polymer elastic influence. (a) Coulomb force; (b) buoyancy force; (c) convective contribution; and (d) elastic

stress. The fixed Reg=1.57 and Ra =10°.

morphology and the nonmonotonic nature of Nu. The convective
strength as a function of Wi shown in the inset of Fig. 11(c) coincides
with the heat transfer trend in Fig. 10(a).

The role of elastic forces in the momentum equation cannot be
neglected due to the incorporation of polymers. Figure 11(d) displays
the elastic force distribution, mainly focused on the nonzero values in
the DSL altering the local flow pattern and energy budget. In general,
the difference in the first normal stress difference (N1 = 1,, — 7y) of
the viscoelastic molecule is responsible for the turning of the flow
regime, and we also show N; distributions in the insert of Fig. 11(d).
N; from weak elasticity Wi=0.001 displays homogenization in the
solving domain. However, it displays high values in the center thermal
plume jet with high polymer elasticity. The shape and magnitude differ
very little between Wi= 1 and Wi= 10, which is consistent with the
elastic energy E, (E, = 5 J % tr(1)dV) feature shown in Fig. 12. The
elastic 1nteract10n of the polymer molecules, with the absorption and
release of the resultant elastic energy, which alters the fluid circulation
and convection intensities in the localized flow area, is the fundamental

factor responsible for the altered heat transfer capacity. Hence, we also
show the global trend of the elastic energy Ej, and Ej in Fig. 12. One
can interpret that the polymer absorbs kinetic energy from the flow
field at low Wi numbers, resulting in a local reduction of the flow
strength (kinetic energy).(’("74 The plot (U, vs Wi) shown in
Appendix A (Fig. 17) also confirms the evolution of E;. When surpass-
ing the threshold Wi, = 0.01, Nu exhibits a rising stage, suggesting the
recovery of kinetic energy, which can be explained by polymer molecu-
lar relaxation at high elasticity, releasing elastic energy into the flow
field.*>°*"* In overview, we illustrate the positive contribution of
shear-thinning effects and the role of polymer microstructures in ETC
systems that can serve the applications of thermal management devices
with complex fluid properties.

V. CONCLUSIONS

Based on the ionic conduction phenomenon, the electro-thermo-
convection (ETC) problem in non-Newtonian dielectric fluids is inves-
tigated in detail to serve as the active heat removal means with
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FIG. 12. The elastic energy (top) and kinetic energy (bottom) vs Weissenberg num-
bers. The fixed Ree=1.57 and Ra =10°.

complex fluid properties in microelectronic devices. The performance
of heat transfer was evaluated with two differing configurations of
gravity and electric fields (Config. 1 and Config. 2), where the shear-
thinning and polymer elasticity are considered in our numerical imple-
mentation. The relevant results are summarized below:

The discrepancy in temperature profiles from pure RBCs is due to
the different electroconvective patterns of ionically induced flow. The
Nusselt number Nu and the ratio Ry are used to elucidate the enhanced
heat transfer of the ETC. Two significant partitions can be divided by the
Rayleigh number Ra in Config. 1, namely, the thermal diffusion-
dominated (Ra < 10%) and the thermal convection-dominated regions
(Ra > 10%). In Config. 1, Ry is enhanced at low Rayleigh numbers, with
the maximum Ry, = 13.9 higher without electric field reinforcement. In
the cooperative EC-RBC system, Nu proceeds through a linear increase,
saturation, and a secondary rise for Config. 2. Ry, reaches a maximum of
5.02 times higher than that in the absence of EHD. Overall, Config. 1 (F;
in the same direction as gravity) allows higher heat transfer enhancement
rates compared to Config. 2 (F; in the opposite direction as gravity).

The rheological properties in ETC problems are also investigated
in detail with polymer additions, including the elastic dependence
(Wi) and shear thinning effects (o). With a rising o parameter, the
temperature is more homogeneous, resulting from the main vortex
(Mv) and secondary vortex (Sv) structure. Related findings indicate
that the mobility factor has an optimistic impact on the flow rate and
kinetic energy gains. In addition, a sharp surge of heat transfer is
induced at o < 0.1 and a lesser enhancement when o > 0.1. Nu shows
a 10% reduction (Config. 1) and a 5.5% reduction (Config. 2), respec-
tively. The polymer absorbs kinetic energy from the flow field at low
Wi numbers, resulting in a local reduction in the flow strength (kinetic
energy). When surpassing the threshold Wi, = 0.01, Nu exhibits a ris-
ing stage with the recovery of kinetic energy. The Ry, (the ratio of the
viscoelastic Nuy to the Newtonian Nu) can be modulated by polymer
elasticity in a range of 14.5% (Config. 1), while it is only influenced
within a range of 11% (Config. 2). A detailed evaluation of the force
distributions reveals a noteworthy influence on fluid convection and

pubs.aip.org/aip/pof

energy inputs. Nonmonotonic curves of polymers on interfacial stress,
buoyancy contribution, and convective strength, in turn, modifying
heat transfer performances.
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APPENDIX A: BENCHMARK VALIDATION AND
ASSOCIATED DATA

Here, the heat transfer strength Nu and kinetic energy Ej evo-
lution curves with time are given first in Fig. 14.

APPENDIX A
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FIG. 13. Fitting curves of the numerical simulation results by the Giseskus model to
Newtonian fluid and experimental data.
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FIG. 15. Effect of shear thinning on the y-directional velocity U, for two configurations: (a) Config. 1 and (b) Config. 2.

Furthermore, the velocity, streamline, and temperature distribution
characteristics are displayed in Appendix A to clarify the reasons for the
influences on the heat transfer properties. Figure 15 shows that the
amplitude of U, tends to be higher with an increasing « parameter for
both config. 1 and 2. Although the two have a high degree of similarity,
the Nu numbers are dramatically different in Fig. 8, depending on the
internal flow structure and the electroconvection strength on the hot
chips. Figure 15 shows that the position of the center of the primary vor-
tex is invariant, but the amplitude and coverage expand. In contrast, the
size of the secondary vortex decreases as o increases although it increases
in amplitude. We show the structure of the main vortex (Mv) and sec-
ondary vortex (Sv) in Fig. 16. The gold dotted lines indicate the edges of
the sidewall secondary vortices, showing the positive dependence of the
My size and the negative interaction of the Sv size on a parameters.

APPENDIX B: OPERATING REGIMES FOR ION
CONDUCTION FLOW

The EHD conduction phenomenon exists in two distinct types
of operation regimes, which are distinguished by C,,

2 2 2
Co = eocod _ ood _ d /FKA(,b) _ LKO- (B1)
eAp  2eKA¢P ¢/ag 270

Ion transport time tx = d/KE, denotes the time it takes for
ions to drift from one electrode to the opposite electrode. The
Ohmic time 2 = ¢/, denotes the time during which dissolved ions
are recombined to neutral species without an electric field. In the
presence of an electric field-enhanced dissociation (Onsager-Wien
effect),”*"’ the Ohmic time is adjustable:

1, =¢/d =1VF(b), &=0yVFb), Fb)=1+2pE/Cy,
(B2)

where g is the conductivity of the dielectric liquid without electric
field action. Thus, the distance Ay (an ion drifts from one electrode
to the neutral volume for ionic recombination in response to an
electric field) can be expressed as

d d

g~ KBt = ———— = —.
200\/Fb) 2G5

(B3)
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(a) Temperature, Config.1

Above, F(b) = I,(4b)/2b are known as the Onsager function,
CE = Cy+/F(b), and b represents the enhanced dissociation rate factor,

59 b2n

F(b) = _. B4

(&) ;n!(n—f— 1)! (B4)
15.8 3
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FIG. 17. Maximum velocity Up.x trends within the flow field influenced by polymer
elasticity (top) and shear-thinning (bottom).
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FIG. 16. The structure of the main vortex
(Mv) and secondary vortex (Sv) for differ-
ent o parameters with the temperature
contours superimposed streamlines: (a)
Config. 1 and (b) Config. 2.

(b) Temperature, Config.2

I; is the modified Bessel function of the first kind and order 1.
b can be calculated by b = Ig/I,, with the Bjerrum distance and the
Onsager distance in Eq. (9). Therefore, the Ay dimension relies
upon the fluid nature and imposed electric field. The conduction
mechanism acts on the saturation regime:

Co<l, 19>t ig>d (B5)

This indicates that the DSL overlaps without an electroneutral
bulk. Conversely, the following relation exists:

G>1, <y, i<d (B6)

This indicates that ions have time to recombine inside the bulk
volume, so there are net charge densities [py =e (c, — c_)] in the
bulk. Although we have carried out earlier on flow instability within
a wide range of conduction numbers Cy, for the sake of simplifying
the heat transfer analysis in this paper, we fix Cy =59. This is con-
sistent with the setting C, > 1, accompanied by small DSL layer
thicknesses in the vicinity of the electrodes, found in most of the
experimental and numerical investigations.">*' >
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