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Abstract

In the presence of a sharp HV electrode, free charge can build up in a single-phase liquid by ion injection at the metal/liquid
Electrophoretic forces acting on ions can generate strong convective motion, thus augmenting the heat transfer rate.

In a vertical annular duct, uniformly heated on the outer wall, a dielectric liquid is weakly forced to flow upward. Sharp points ar
perpendicularly to the inner cylinder and d.c. voltages as high as 22 kV are applied to it, while the outer wall is grounded.

Prior to the application of the electric field, a regime of turbulent aided mixed convection is obtained. Being in a region of th
developing flow, laminarization effects are observed, with local heat transfer coefficients depending non-trivially on longitudinal
heat flux, and flow rate.

With the electric field on, heat transfer turns out to be only weakly influenced by the heat flux and the flow rate. The heat exchan
to be highly enhanced by this technique and can be modulated by varying the applied voltage. In all cases, the heat transfer impr
accompanied by a slight increase in pressure drop through the test section and a negligible Joule heating.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

In the presence of an electric field, a dielectric fluid
subjected to body forces, which may readily be expres
as [1]:

fE = ρEE − 1

2
E2∇ε + 1

2
∇

[
ρE2

(
∂ε

∂ρ

)
T

]
(1)

Respectively, these forces are commonly identified
electrophoretic (or Coulombic), dielectrophoretic, and e
trostrictive. The Coulomb force is exerted by an electric fi
upon the free charge present in the fluid, while the other
forces act on polarization charges.

In order to solve an electrohydrodynamic (EHD) pro
lem, one needs to insertfE in the momentum equatio
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among the external forces. Besides, the complete se
Maxwell equations, together with free charge continuity
required in addition to the mass, momentum, and energy
ances.

The electrostrictive term, being an irrotational one, m
be lumped in a modified pressure together with the hydro
namic one:

pm = p − 1

2
∇

[
ρE2

(
∂ε

∂ρ

)
T

]
(2)

Furthermore, in single-phase liquids under d.c. fie
dielectrophoresis can be neglected with respect to
Coulomb force. Free charge can be created in the fluid
three main mechanisms: temperature gradients (which
duce electrical conductivity gradients), field-enhanced
sociation of electrolytic species, and ion injection at
electrode/liquid interface via electrochemical reactions
the presence of a sharp electrode and at d.c. electric fiel
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Nomenclature

cp specific heat . . . . . . . . . . . . . . . . . . . . J·kg−1·K−1

D inner diameter of the heated wall . . . . . . . . . . . m
Dh = D − d , hydraulic diameter . . . . . . . . . . . . . . m
d diameter of the inner wire . . . . . . . . . . . . . . . . . m
E electric field . . . . . . . . . . . . . . . . . . . . . . . . . V·m−1

f Darcy–Weisbach friction factor
fE electric body force . . . . . . . . . . . . . . . . . . . N·m−3

Gr = βg(Tw_in−Tb)D
3
h

ν2 , Grashof number
Grh Grashof number based on the wall heat flux
Grτ electrophoretic Grashof number
HV applied high voltage . . . . . . . . . . . . . . . . . . . . . . V
Lh heated length . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
ṁ = ρV̇ , mass flow rate. . . . . . . . . . . . . . . . . kg·s−1

Nu local Nusselt number
〈Nu〉 longitudinal average of the Nusselt number
p hydrodynamic pressure . . . . . . . . . . . . . . . . . . . Pa
pm modified pressure . . . . . . . . . . . . . . . . . . . . . . . . Pa
q heat flux. . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2

Re Reynolds number
s heated wall thickness . . . . . . . . . . . . . . . . . . . . . m
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
u fluid velocity . . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

V̇ volumetric flow rate . . . . . . . . . . . . . . . . . m3·s−1

Greek letters

α convective heat transfer
coefficient . . . . . . . . . . . . . . . . . . . . . W·m−2·K−1

β coefficient of cubic expansion . . . . . . . . . . . K−1

βτ temperature coefficient of relaxation time . K−1

ε electrical permittivity . . . . . . . . . . . . . . . . . F·m−1

η dynamic viscosity . . . . . . . . . . . . . . . . . . . . . . Pa·s
Λ heated wall thermal conductivity . W·m−1·K−1

λ fluid thermal conductivity . . . . . . . W·m−1·K−1

ν = η
ρ

, kinematic viscosity . . . . . . . . . . . . . m2·s−1

Πh heat flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W
ΠP pumping power . . . . . . . . . . . . . . . . . . . . . . . . . . W
ρ mass density . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

ρE free charge density . . . . . . . . . . . . . . . . . . . C·m−3

σ electrical conductivity . . . . . . . . . . . . .
−1·m−1

τ = ε
σ

, free charge relaxation time . . . . . . . . . . . . s

Subscripts

b bulk
f calculated at film temperature
in inlet
out outlet
w_in inner side of the heated wall
w_out outer side of the heated wall
ng
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high as 107 V·m−1, the latter phenomenon is the dominati
one [2,3].

Ion injection is mainly controlled by the high field ele
trochemistry of the interface, which critically depends
the chemical nature of the dielectric fluid and on the sh
(radius of curvature), composition, and polarity of the el
trode. If the liquid is a good insulator, its electrochemi
properties are determined by the extrinsic ions having e
trodonor or electroacceptor qualities.

The phenomenon generally occurs at the sharper e
trode only. The injected charges are homocharges [4],
of the same polarity as the injecting electrode, to which
generally refer as the emitter. Fingers of highly charged
uid coming from the boundary layer of the emitter give r
to a jet-like motion towards the facing electrode [5].

The velocities induced in the bulk of the fluid can be
sessed, assuming a conversion of electric energy into kin
energy:

1

2
ρu2 ≈ 1

2
εE2 �⇒ u ≈ E

√
ε

ρ
(3)

In liquids, the induced fluid velocity is higher than the i
drift velocity. Then, the charge distribution depends dra
cally on the motion it induces.

A high heat transfer enhancement by ion injection
be obtained with fluids of low viscosity and low electric
conductivity [6]. In fact, an increased viscosity of the flu
delays the onset of the electrohydrodynamic motion and
concurrent strong charge injection. Besides, with a high e
trical conductivity, the ions in the liquid cross the space
tween the electrodes before they can thoroughly excha
their momentum with the neutral fluid molecules. This la
of momentum transfer decreases the induced velocity
thus the heat transfer augmentation.

2. Experimental apparatus

In this work we examine the effect of a d.c. electric fie
on turbulent aided mixed convection in a heated vertical
nulus with sharp points added perpendicularly to the in
electrode at various longitudinal locations. According to
map proposed by Metais and Eckert [7], the transition fr
the laminar to the turbulent regime occurs in the Reyno
number range 200–400.

2.1. The working fluid

The dielectric fluid chosen for the experimental campa
is FC-72, a Fluorinert™ Electronic Liquid. FC-72 is the
mally and chemically stable, compatible with sensitive ma
rials, non-flammable, non-toxic, colorless, and has no oz
depletion potential. The physical properties of the fluid
25◦C are reported in Table 1.
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Table 1
FC-72 properties at 25◦C (by courtesy of 3M)

Chemical formula C6F14
Electrical conductivity 10−13 
−1·m−1

Dielectric strength 1.5× 107 V·m−1

Relative permittivity 1.75
Boiling point (at 1 bar) 56◦C
Density 1.68× 103 kg·m−3

Kinematic viscosity 3.8× 10−7 m2·s−1

Specific heat 1.1× 103 J·kg−1·K−1

Thermal conductivity 5.7× 10−2 W·m−1·K−1

Coefficient of cubic expansion 1.56× 10−3 K−1

FC-72 has a low viscosity and an extremely low electr
conductivity, thus being really suitable for EHD process
Moreover, the low viscosity of FC-72 is very attractive a
from a purely hydraulic point of view. In fact, in a pip
of length L and cross section areaA, the pumping powe
needed to compensate for pressure drop, at a given Rey
number, can be expressed as:

ΠP = V̇ �p = 1

2
ρA

Re3ν3

D3
h

f
L

Dh

= χρν3 (4)

beingχ dependent only on geometrical parameters and
the Reynolds number. Thus, it must be taken into acco
that a reduction in viscosity can greatly diminish the requi
pumping power.

2.2. Description of the apparatus

A test loop was built as shown in the schematic of Fig
The fluid, moved by a peristaltic pump, circulated throu
the test specimen at volumetric flow rates in the ra
0.25–1.00 lt·min−1. An asameter measured the flow ra
with an accuracy of±0.011 lt·min−1. The fluid, uniformly
heated in its upward flow along the test section, was co
to the desired inlet temperature by means of a shell-tube
exchanger, with countercurrent chilled water flowing in
shell. The annular test specimen was connected either
a 0–30 kV d.c. positive high voltage power supply, or w
a 0–10 kV d.c. reversible polarity one. An expansion ve
was used to compensate the volume increase in the loop
to temperature variations and to set the pressure of the
sition it was mounted on. An absolute pressure transd
was placed right upstream of the peristaltic pump, in or
to check that the lowest pressure of the loop was above
room pressure, thus avoiding air from being sucked in by
pump. All the tests were performed at an absolute pres
of about 2 bars.

A detailed schematic of the test section is shown in Fig
The inner wire, of diameterd = 1.6 mm, was made of stain
less steel. The outer electrode, also made of stainless
had an inner diameterD = 17 mm and a wall thicknesss =
2 mm. The fluid was warmed up by an electrical resista
heater applied to the outer wall for a lengthLh = 500 mm.
20 thermocouples were placed on the outer wall, under
s

t

e
-

l,

Fig. 1. Schematic of the test loop.

Fig. 2. Detail of the EHD test section in configuration 1 (distances are
pressed in mm).

heater, at five cross sections, 125 mm apart along the he
length. Each section had four thermocouples, one every◦.
To minimize heat losses, the entire specimen was cov
with a thermal insulator (λ = 0.038 W·m−1·K−1). Two more
thermocouples were placed at the fluid inlet and outlet
evaluate the heat flow supplied to the test section in ste
state through the energy balance:

Πh = ṁcp(Tout − Tin) (5)
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w,
having assumed that the electrically generated heat w
the fluid is negligible, since we never measured curre
higher than 10−6 A.

All the thermocouples were type-T and used a zero-p
reference cell, whose temperature was controlled by a r
ence resistance thermometer. The overall accuracy of
thermocouple after calibration in the 15–60◦C range was
±0.3 K.

A differential pressure transducer measured the pres
drop through the test section. At the application of the e
tric field, we could not appreciate order of magnitude va
ations in the pressure drop, with measured values be
10 Pa.

Metallic points were welded perpendicularly to the inn
electrode by means of a silver alloy. The points were s
ply tin-coated copper wires, of diameter 0.6 mm and len
4 mm, sharply cut at the tip with an angle of about 45◦.

In a first series of tests, to which we shall refer as c
figuration 1, two opposite points were placed at each of
longitudinal locations showed in Fig. 2. Further tests (c
figuration 2) were conducted with no points at section C
with two additional opposite points located 40 mm upstre
of section A, thus in an unheated region.

2.3. Test procedure and data analysis

In a preliminary operation, we tested the dielect
strength of the medium. Slowly increasing the applied v
age, we observed that electrical breakdown occurre
24 kV. Therefore, we decided not to operate aboveHV =
22 kV.

Every test was run under constant volumetric flow r
and heat flow and a steady state condition was awa
with or without the electric field. The thermocouples’ s
nals were acquired every 6 seconds by a scanner mou
on a digital multimeter; then the data were sent to a PC
order to be recorded and processed.

The bulk temperature of the fluid at a given axial po
tion was calculated considering a temperature of adiab
mixing for the examined cross section, assuming a lin
trend, from the inlet to the outlet temperature, on the he
length. The temperatures of the inner side of the wall w
obtained from the ones measured on the outer side, pro
accounting for one-dimensional heat conduction within
wall thickness:

Tw_in = Tw_out − Πh

2πΛLh

ln

(
D + 2s

D

)
(6)

The dimensionless numbers describing mixed convec
in uniform heat flux conditions (i.e.:Nu, Re, andGrh) were
calculated as:


Nu= αDh

λf
= qDh

λf (Tw_in−Tb)
= Πh

λf (Tw_in−Tb)πLh

Re= uρinDh

ηin
= 4V̇

π(D+d)νin

Grh = Gr Nu= βingqD4
h

2 = βingΠhD3
h

2

(7)
λinνin λinνinπLh
d

The maximum relative error on the Nusselt number, c
responding to the highest heat transfer rate and the lo
heat flow, was 11.3%.

Even at the highest heat flow, the fluid temperature
correspondence of the inner side of the heated wall w
fairly below the boiling point, never exceeding 50◦C.

3. Discussion of heat transfer results

In every test, the data were obtained averaging 20 m
surements recorded consecutively once a steady state
dition was reached. The local Nusselt number values (Nu)
represent the azimuthal average on the examined cross
tion. The longitudinal average ofNu, which expresses th
overall performance of the heated test section, is indic
as〈Nu〉.

In Fig. 3 〈Nu〉 is plotted againstReat three differentGrh
and atHV = 0, 18.5, and 22 kV; the metallic points a
placed in configuration 1.

Without the electric field,〈Nu〉 increases withGrh and
slightly decreases with an increase inRe.

In a regime of turbulent aided mixed convection, la
inarization may occur along the heated length, penaliz
the heat transfer, and this is actually what happens in
examinedRe and Grh range. At higherRe or lower Grh,
the Nusselt number would invert the trend described ab
increasing in accordance with the Reynolds number [8
Besides, being in a region of thermally developing flo

Fig. 3.〈Nu〉 vs.Rewith differentGrh andHV (configuration 1).
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the laminarized area may occupy either larger or sma
amounts of the test section, depending onGrh and Re. In
fact, the local Nusselt numbers were observed to vary n
trivially with the longitudinal position, the heat flux, and th
flow rate [10].

When electroconvection is established, heat transfer t
out strongly enhanced, with〈Nu〉 at HV = 22 kV about 5
times higher. Fig. 3 also shows that〈Nu〉 is very sensitive to
the applied voltage, while depending only weakly on b
ReandGrh.

Fig. 4 clearly highlights that the EHD heat transfer au
mentation is solely due to the presence of the sharp po
In fact, the Nusselt numbers obtained atHV = 22 kV with
no points in section C (configuration 2) drop to values co
parable to the ones of mixed convection without any app
voltage.

In Fig. 5 〈Nu〉 is plotted againstReat Grh = 3.89× 108

andHV = ±10 kV, with the points in configuration 1. Th

Fig. 4. Nu vs. Re at section C withGrh = 3.89× 108 and HV = 22 kV
(configuration 1 vs. 2).

Fig. 5. 〈Nu〉 vs. Rewith Grh = 3.89× 108 andHV = ±10 kV (configura-
tion 1).
.

difference in the heat transfer coefficients between the o
site polarities is evident, even at 10 kV.

As already stressed in the theoretical introduction of
work, the body force responsible for heat transfer enha
ment is electrophoresis. However, free charge can build
by three different mechanisms, namely temperature gr
ents, field-enhanced dissociation, and ion injection.

Convection due to interactions between thermal gradi
and electric field (also known as electrothermal convect
is described by the dimensionless numberGrτ , called the
electrophoretic Grashof number:

Grτ = εβτE
2(Tw_in − Tb)D

2
h

ρν2
(8)

whereτ is the free charge relaxation time andβτ = − 1
τ

dτ
dT

its temperature coefficient. BeingGrτ proportional toE2,
electrothermal convection cannot be influenced by the po
ity of the electrodes. Also the phenomenon of field-enhan
dissociation of electrolytic species is independent of po
ity, being the difference in mobility between positive a
negative ions absolutely negligible. Thus, only the ion
jection mechanism can explain the results of Fig. 5.

Further tests performed in configuration 2 show that, e
at HV = 10 kV, the heat transfer coefficients on section
are augmented by placing two additional opposite po
40 mm upstream of the heated region, thus, out of any t
mal field in the fluid. Therefore, the observed improvem
(see Fig. 6) cannot be ascribed to the interaction betwee
electric and the thermal fields or, in other words, to an e
trothermal convection mechanism.

In conclusion, the results illustrated in Figs. 4–6 are
in favor of the thesis that heat transfer enhancement is
to the flow modification induced by injection of ions at t
point electrodes.

Fig. 6. Nu vs. Re at section A withGrh = 3.89× 108 and HV = 10 kV
(configuration 1 vs. 2).
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4. Conclusions

Electrohydrodynamics proved to be a very effective te
nique of heat transfer augmentation, without signific
penalties associated with pressure drop and with a neglig
Joule heating. The Nusselt numbers observed atRe= 700 in
the presence of electroconvection are comparable with
ones obtainable, without the electric field, with a forced fl
of Re= 20 000.

With no applied voltage, a regime of turbulent aid
mixed convection was established and laminarization eff
were observed.

At the application of the electric field, the heat trans
coefficients turned out to be only weakly influenced by
heat flux and the flow rate and could be modulated by v
ing HV, reaching values up to 5 times higher than the mi
convection ones.

Experimental evidence has been shown that ion injec
from the sharp point electrodes, which induces a jet-like m
tion of cold mass from the center of the duct towards
outer heated wall, is very likely to be the main cause of
measured heat transfer enhancement.

The indications provided by this experimental campa
are encouraging for practical applications, such as size
pumping power reduction of compact heat exchanger
will be desirable to keep the Reynolds number as low
possible, obtaining laminar flow conditions. In fact, as
perimentally proved in [6,11], inducing an EHD second
flow in the laminar regime does not produce the large p
sure drops typical of turbulence.
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