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Abstract

The problem of electrohydrodynamic (EHD) condensation enhancement has been studied very recently. The electric field is commonly
generated in such case by means of rod and mesh electrodes. The EHD method is suitable for dielectric media used in refrigeration and heat
pump devices. The strong positive EHD effect has been obtained so far for vertical and horizontal bare tubes. However it was found that
this effect for horizontal integral-fin tubes, commonly used in heat exchangers, is negligible small. The mechanism of the EHD condensation
enhancement is discussed in the paper and a novel arrangement of the tube-electrode system is proposed. It consists of a horizontal finned tube
with a rod type electrode placed beneath the tube. The experimental investigations have been carried out for this tube-electrode arrangement
using HCFC-123 as a working medium. The obtained results confirmed the expectations since the application of EHD method for the new
tube-electrode configuration increased the heat transfer coefficient from 27% to 110%, depending on the electrode potential. A simple model
of the EHD condensate drainage has been proposed for the new tube-electrode arrangement. 2002 Éditions scientifiques et médicales
Elsevier SAS. All rights reserved.
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1. Introduction

In many pro-ecological energy applications, suitable heat
exchangers are required to combine economy with maxi-
mum possible performance. Thermal sources of renewable
energy often provide low temperature levels which cannot
be considered as convenient ones in respect to the cycle ther-
mal efficiency. The other limitation of it follows from the
irreversibility which occur due to the finite temperature dif-
ferences in heat exchangers like as: evaporators, condensers.
For example, for a heat pump the working fluid operating
temperature has to be significantly higher than the heat sink
in order to obtain the reasonable size of the condenser. Thus
the temperature differences at the heat sink reduce the coef-
ficient of performance COP.

For a given condenser (the heat transfer area is constant)
improvement of heat transfer leads to the reduction of

✩ This article is a follow-up to a communication presented by the authors
at the ExHFT-5 (5th World Conference on Experimental Heat Transfer,
Fluid Mechanics and Thermodynamics), held in Thessaloniki in September
24–28, 2001.

* Correspondence and reprints.
E-mail address: butrym@imp.gda.pl (D. Butrymowicz).

condensation temperature and by this means the coefficient
COP may increase. On the other hand in the case when the
condensation temperature is kept constant the size of the
condenser may be reduced.

Fins and longitudinal drainage strips can be used in
shell-and-tube condensers as the means of heat transfer
augmentation [1]. The more promising way is the use of
EHD enhancement technique. If it could be combined with
the conventional passive enhancement (e.g. integral finning)
then considerable savings in the cost of the installation might
be achieved.

The paper deals with the enhancement of condensation
heat transfer caused by EHD method for a novel tube-
electrode configuration. The results of experimental investi-
gations are presented for this arrangement. A simple theoret-
ical model of EHD condensate drainage for the considered
configuration is proposed.

2. EHD condensation technique

Velkoff and Miller first reported the effect of electric
field on condensation heat transfer in 1965 [2]. They quoted
the increase of the mean heat transfer coefficient by about
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Nomenclature

a capillary constant= √
σ/(ρg) . . . . . . . . . . . . . m

Ac cross section of the interfin channel, Eq. (9) m2

Do outer tube diameter . . . . . . . . . . . . . . . . . . . . . . . m
E electric field strength . . . . . . . . . . . . . . . . . V·m−1

F force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N
f unit force . . . . . . . . . . . . . . . . . . . . . . . . . . . N·m−3

g gravity acceleration . . . . . . . . . . . . . . . . . . . m·s−2

hc condensate layer thickness (see Fig. 11) . . . . m
he distance of the electrode from the tube

bottom . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
hf height of condensate retention in the interfin

channel (see Fig. 11) . . . . . . . . . . . . . . . . . . . . . . m
Hf height of fin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
KD dimensionless tube diameter, Eq. (17a)
Kf dimensionless width of the interfin channel,

Eq. (17b)
ṁw cooling water mass flow rate . . . . . . . . . . kg·s−1

Neg dimensionless electro-gravity number
pe electrical pressure, Eq. (13) . . . . . . . . . . . . . . . Pa
pv vapour pressure . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
Pi perimeter along interfin channel, Eq. (7a) . . . m
q electric charge density . . . . . . . . . . . . . . . . C·m−3

Ro outer radius of the tube . . . . . . . . . . . . . . . . . . . . m
Twi inlet cooling water temperature . . . . . . . . . . . . K
�Tc difference between saturation temperature

and outside tube wall temperature . . . . . . . . . . K
U electric potential difference between electrode

and tube . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . V
Wb fin spacing at fin base . . . . . . . . . . . . . . . . . . . . . m
Wt fin spacing at fin tip . . . . . . . . . . . . . . . . . . . . . . . m
α film heat transfer coefficient . . . . . W·m−2·K−1

βe ratio defined by Eq. (6)

βNu ratio defined by Eq. (5)
δ̄ average error of the measurement of

condensation heat transfer coefficient by
means of Wilson plot technique

δmax maximum error of the measurement of
condensation heat transfer coefficient by means
of Wilson plot technique

γ ratiohc/he

Γ condensate mass flow rate . . . . . . . . kg·m−1·s−1

χ dimensionless geometrical parameter, Eq. (17c)
χde dimensionless electrohydrodynamic drainage

parameter, Eq. (17d)
ε electric permittivity . . . . . . . . . . . . . . . . . . . F·m−1

εo electric permittivity of free
space= 8.854× 10−12 . . . . . . . . . . . . . . . F·m−1

εr relative permittivity= ε/εo

Φ flooding angle, andΦf = Φ/π . . . . . . . . . . . rad
θ fin tip half angle . . . . . . . . . . . . . . . . . . . . . . . . . rad
ρ condensate density . . . . . . . . . . . . . . . . . . kg·m−3

σ surface tension . . . . . . . . . . . . . . . . . . . . . . N·m−1

Ω parameter in Eq. (4)

Indices

b smooth tube
c condensation; condensate
e electrohydrodynamic; electric
EHD electrohydrodynamic
exp experimental value
f finned tube, flooding
Nu based on the Nusselt model
T constant temperature

200% during condensation of refrigerant R 113 on a flat,
vertical plate upon the application of an intense electric
field perpendicular to the plate. Experimental investigations
of electrohydrodynamic (EHD) enhanced condensation heat
transfer were carried out by many other researches, for
example: Choi [3], Holmes and Chapman [4], Seth and
Lee [5]. In all these cases, the condensation enhancement
was due to an electrically induced destabilisation of the
condensate film. A more recent investigation was carried out
by Didkovsky and Bologa [6,7]. They obtained enhancement
of condensation heat transfer as much as 20 times for the
smooth vertical tube.

It should be mentioned that the most investigations have
been done by application of the electric field to the vertical
plates or vertical tubes [8]. The electric field is then usually
generated by means of coaxial rod and mesh electrodes. The
condensate is then sucked off the heat transfer area. It is
worth to note that the limited data of EHD condensation

enhancement exist for horizontal tubes, especially for the
finned ones.

Allen and Karayiannis concluded [8], basing on their own
experimental investigation, that in the case of horizontal
smooth tube even the best EHD-assisted performance falls
short of that given by using a single low fin profile tube
without the EHD heat transfer augmentation. Thus the idea
of using strong electric field to enhance heat transfer in the
case of smooth horizontal tube seems to be a questionable
problem. Allen and Karayiannis also claimed [8] that for
the horizontal integral-fin tube with the coaxial electrode the
EHD enhancement is negligibly small.

In the absence of the electric field the most important
phenomenon during condensation on low profile horizontal
integral-fin tube caused by the surface tension forces is
called “Gregorig effect”. As it is depicted in Fig. 1(b) the
liquid film at the top of the fin is convex whereas at its base
is concave. Therefore the pressure within the liquid phase is



648 D. Butrymowicz et al. / Int. J. Therm. Sci. 41 (2002) 646–657

Fig. 1. The shape of the condensate film under conditions: (a) the gravity
induced flow; (b) the surface tension induced flow on the fin flank—the
so-called Gregorig effect.

greater at the fin top and lower at the fin base in comparison
with the pressure of the vapour. This leads to the pressure
gradient along the fin flank, which reduces the liquid film
thickness. This is the Gregorig effect. The comparison of the
shape of the condensate film flowing only under gravity and
under the influence of the surface tension forces is shown
in Fig. 1. Due to the Gregorig effect very high heat transfer
coefficient for horizontal integral-fin tubes can be achieved.

For the case, when the strong coaxial electric field is
applied to the integral-fin tube the EHD forces act against
the surface tension forces, i.e., pulling out the condensate
thus reducing the positive Gregorig effect. Therefore it is
not surprising, as claimed by Cooper [9], that the EHD
assisted condensation enhancement applied to the horizontal
integral-fin tube is negligible. It should be stressed here
that this conclusion is valid only for the cases when the
coaxial electric field caused by coaxial wires or coaxial mesh
electrode system are applied. The above considerations shed
more light on the EHD condensation mechanism and are
very helpful in the formulation of a new active method for
EHD enhancement of condensation on a horizontal integral-
fin tube. This method is presented in this paper.

3. Mechanism of EHD condensation enhancement

The physical basis of the electrically enhanced conden-
sation is due to the EHD forcefe generated by an electric
field. It is given by equation [8]:

fe = qE − 1

2
E2∇ε + 1

2
∇
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)
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It may be further written in a more detail form for non-polar
fluids [10] as:

fe = f1 + f2 + f3 + f4

= qE − 1

2
E2∇ε + 1

6
εo(εr − 1)(εr + 2)∇E2

Fig. 2. The idea of proposed EHD condensate drainage.
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The first component represents the electrophoretic force
f1 exerted by an electric field upon electric charges in the
fluid. The second componentf2, comes from the spatial
distribution of electric permittivityε, which are not caused
by electrostriction. This component acts perpendicularly
to the inter-phase surface from the material of higher
permittivity (liquid) to the material of lower permittivity
(vapour). This component acts to disturb the condensate
film. The third componentf3 is the dielectrophoretic force
which is due to the non-uniformity of the electric field.
This force pushes condensate towards higher electric field
strength. The last componentf4 is the electrostriction
force which occurs whether or not an applied field is
uniform. This force depends on non-uniformity of electrical
permittivity. In the case of film condensation this component
is significant at the inter-phase surface only when abrupt
change ofεr occurs. The direction of this force is the same as
direction of increasing permittivity (from vapour to liquid)
and perpendicular to the inter-phase surface.

For the proper tube-electrode arrangement, a significant
area of the tube surface remains unflooded due to the
condensate flow induced by the EHD forces, thus making
favourable conditions for the condensate heat transfer. In
other word the proper application of the EHD condensate
drainage shell lead to an increase of the so-called flooding
angleΦf , a parameter which clearly define the area of the
finned tube free from the condensate.

4. Proposed EHD condensate drainage method

In this paper a new active method of augmentation of
condensation heat transfer by means of EHD condensate
drainage is proposed. The idea of this method is illustrated
in Fig. 2. The tube-electrode system consists of a horizontal
finned tube and a rod-type electrode placed beneath the
tube. In this case the electric field is generated between the
electrode and only the lower part of the finned tube. The
major roles play in such case the componentsf2 andf4 of
the EHD force.
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Therefore, taking into account the EHD mechanism one
may expect that the majority of the tube surface is not
affected by the electric field with the exception of the
small part of it at the tube bottom. This part usually plays
a minor role in heat transfer also without the electric
field since the interfin spaces are usually flooded totally
by the condensate. Thus for the considered case we have
two positive phenomena in respect to the heat transfer
augmentation. The first one follows from the Gregorig effect
which takes place in the upper part of the tube (not disturbed
by the EHD forces) and second one is due to the EHD forces
pulling down the condensate from the bottom of the tube.
It is seen that in this method the EHD forces act only on
the condensate drainage process and not on the condensation
phenomenon itself. This feature express the main difference
between the old methods of the EHD enhancement and the
new one proposed here.

The important parameter describing the condensate reten-
tion between the fins is the so-called flooding angleΦ (see
Fig. 2) which is the angle measured from the top of the tube
to the position where entire fin flanks and the interfin space
are blanked by retained condensate. It has been proved by
Webb et al. [11] that the heat transfer rate across the con-
densate retained zone is less than 1% of the total heat trans-
fer rate for the whole tube for most of the refrigerants. The
dimensionless form of the flooding angle can be calculated
from the formula developed by Honda [12]:

Φf = 1

π
arccos

(
4

a2

WtDo
cosθ − 1

)
(3)

The present authors showed [13], that the majority of the
theoretical models of condensation heat transfer coefficient
on horizontal integral-fin tubes can be described by the
general formula:

αf = αbΩΦf (4)

whereΩ is a parameter taking into account a combined
product of the heat transfer area ratio as well as fin efficiency,
andαb is the Nusselt type heat transfer coefficient for the
bare tube. In this equationαf is referred to the envelope
surface area of diameterDo. Both coefficients are referred
to the same temperature difference�Tc. According to the
above formula the heat transfer coefficient is proportional to
the flooding angleΦf .

5. Apparatus and procedure

The main goal of the experimental investigation was to
provide the data, which could confirm the usefulness of the
proposed tube-electrode arrangement (Fig. 2) in respect to
the EHD condensation enhancement.

The experimental investigation was conducted on the
test rig depicted in Fig. 3. It covered measurements of the
heat transfer coefficient during condensation of refrigerant
HCFC-123 at the average saturation temperature+40◦C.

The rig consisted of two main elements—the condenser
1 with a tested tube 2 mounted inside it and a vapour
generator 12. The length of the testing section was 1.0 m.
The condenser was equipped with six glass windows so the
observation of the condensate flow pattern was possible.
Other elements of the condenser were: a dish 4 to collect the
condensate, a gear 6 to lift the drainage electrode, vapour
supplying tube 7 and air purging valve 18. Thanks to the
lifting gear the electrode could be fitted at any distance from
the tested tube. The test rig was equipped with a calibrating
tank 10 to measure the condensate flow rate and dehydrator
9 filled with molecular sieves of type 4A. Only the liquid
leaving the tested tube could flow down to these tanks, the
remaining condensate flowed down through another separate
pipeline 8 to the vapour generator 12 placed in a hot water
vessel 13 equipped with four heaters. The high potential was
supplied to the electrode by sparking plug mounted at the
backside of the condenser. A detailed description of the rig
is described in [14].

The following quantities were measured in the course of
the investigations:

• inlet water temperature measured in tank 17 and at the
beginning of the test section,

• outlet water temperature measured in tank 17 and at the
end of the test section,

• vapour temperature measured at two points inside con-
denser,

• vapour pressure measured by the use of the mano-
vacuummeter with accuracy class of 0.6,

• vapour pressure measured by the use of the pressure
transducer with accuracy class of 0.1,

• water flow rate measured by the use turbine flowmeter
with accuracy class of 1.0,

• volume of condensate in calibrating tank 10,
• time of filling up the tank 10.

All temperatures were measured by means of thermocouples
of the type K with the use of the acquisition data system. The
temperature measurement error was±0.15 K.

The data were recorded once a steady state was achieved.
Basically from all data points the only ones were taken into
account when the difference of the heat flux calculated from
the heat balances on water as well as on the vapour sides did
not exceed 15%. For 44% of data points this difference was
below 5%.

The condensation heat transfer coefficient was deter-
mined by means of Wilson plot technique very similar to
those one modified by Briggs and Young [15]. It is referred
to the envelope surface area of diameterDo. The details of
the methodology of determination of heat transfer coefficient
are presented in [16].

The dimensions of the investigated tubes are given in
Table 1. The brass rod-type electrode of the outer diameter
5.0 mm was used. The measurements covered the cooling
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Fig. 3. The schematic diagram of the testing rig: 1—condenser, 2—tested tube, 3—electrode, 4—condensate dish, 5—vapour distributor, 6—electrode
mechanism, 7—vapour supplying tube, 8—condensate outflow, 9—dehydrator, 10—condensate calibrating tank, 11—levelling line, 12—vapour generator,
13—hot water vessel, 14—vacummeter, 15—vacuum pump, 16—turbine water flow rate meter, 17—water temperature measurement tank, 18—air purging
valve, 19—mano-vacuum meter, 20—pressure sensor, DM-2—electronic multi-manometer, MRT—digital encounter.

Table 1
Geometry of the tested tubes

Tube Unit 1 2 3 4 5 6

fin density m−1 bare 1026.7 bare 740 bare 1851.7
inter diameter mm 13.0 11.02 15.60 13.80 13.0 13.0
fin root diameter mm – 13.42 – 16.00 – 15.2
outer diameter mm 16.0 16.17 18.76 18.76 16.0 16.0
fin pitch mm – 0.97 – 1.35 – 0.54
fin height mm – 1.38 – 1.50 – 0.40
fin thickness at fin root mm – 0.40 – 0.46 – 0.27
fin thickness at fin top mm – 0.21 – 0.29 – 0.27
heat transfer area ratio – – 3.31 – 3.52 – 2.42
material cooper cooper nickeline nickeline brass brass

water flow rate within the range 3.7–13.0 l·min−1 for each
test tube.

6. Experimental results

The investigation covered the measurement of heat trans-
fer coefficient for the finned tubes and for the smooth ones
for the reference. The average and maximum errorsδ of the
measurement of the condensation heat transfer coefficient by
means of Wilson plot technique are given in Table 2. Details
concerning the calculation of the measurement error are pre-
sented in [16].

The experimental data of heat transfer coefficient were
compared to ones given by the Nusselt theory. Two enhance-

ment factorsβNu and βe were introduced in the analysis.
They are also given in Table 2:

(a) the ratioβNu is referred to the Nusselt model for the
smooth horizontal tube:

βNu = αexp

αNu
(5)

(b) the ratioβe is referred to the measured value of heat
transfer coefficient in the absence of electric field:

βe = αexp

αexp,U=0
(6)

The experimental results of the condensation of refriger-
ant HCFC-123 for tubes No. 1 and No. 2 (of OD 16 mm)
are presented in Fig. 4. It is seen that the heat transfer coef-
ficient for the finned tube increased by 240% in comparison
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Table 2
Results of condensation heat transfer measurement

Tube U [kV] he [mm] βNu βe δ̄ [%] δmax

No. 1 0 9.5 1.09 1.00 6.2 7.5
No. 2 0 9.5 3.71 1.00 10.8 11.2

25 9.5 4.71 1.27 9.9 10.1
No. 3 0 8.6 0.98 1.00 9.6 11.0
No. 4 0 8.6 2.64 1.00 15.4 16.2

22 8.6 5.48 2.08 9.6 9.8
No. 5 0 6.0 1.097 1.00 6.5 7.6
No. 6 0 6.0 2.526 1.00 6.8 7.1

0 9.5 2.731 1.00 5.7 6.2
22 9.5 3.449 1.26 6.2 6.6
25 6.0 2.593 1.03 6.1 6.6
27 9.5 3.382 1.24 12.9 13.5

Fig. 4. Results of the experimental investigations of tube No. 1 and No. 2,
U = 25 kV.

with the bare one in the absence of the electric field (see the
two lower curves). The application of the voltage of 25.0 kV
caused the further increase of the condensation heat trans-
fer coefficient by 27%. The total increase of the heat transfer
coefficient in comparison with the bare tube was found to
be 330%.

The observation of the condensation phenomenon proved
that the condensate was almost completely removed from
the interfin channel (see Fig. 7(c)). In this case the value
of the flooding angle wasΦfe ≈ 1.0. The theoretical value
of the flooding angle calculated from Eq. (3) givesΦf =
0.74 and estimated value from the photograph was equal to
Φf = 0.78. Basing on these results and Eq. (4) one can es-
timate theoretical increase of the condensation heat trans-
fer coefficient due to elimination of condensate retention
asαfe/αf = Φfe/Φf = 1.00/0.78= 1.28 which agrees very
well with the experimental results.

The experimental results obtained for tube No. 3 and
No. 4 (i.e., tubes having OD 19 mm) are presented in
Fig. 5. It is seen that the heat transfer coefficient for the
finned tube increased by 170% in comparison with the bare
one. The application of the voltage of 22.0 kV caused the

Fig. 5. Results of the experimental investigations of tube No. 3 and No. 4,
U = 22 kV.

Fig. 6. Results of the experimental investigations of tube No. 6 and No. 5.

further increase of the condensation heat transfer coefficient
by 110%. This is the very impressive result. The total
increase of the heat transfer coefficient (due to the finning
and EHD effects) in comparison with the bare tube was
found to be 460%.

In spite of a relatively very high fin density of the tube
No. 6 (Fig. 6), the surface area increase for it was low due to
the very low height of fins. Therefore there is no surprise
that the heat transfer enhancement due to the finning in
the absence of electric field was only 160% in comparison
with the bare tube of the same outer diameter and made
of the same material (i.e., tube No. 5). The EHD heat
transfer enhancement at voltageU = 22 kV was found to
be 26% higher in comparison with the same finned tube but
without EHD. It was very interesting that no heat transfer
enhancement was found at higher voltageU = 27 kV. This
effect may be explained mainly by the fact that for this case
the condensate flowed out from the tube bottom in the form
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of a liquid sheet (curtain). The liquid sheet appears here as
a not favourable flow pattern. For the first case (U = 22 kV)
the jet mode was observed, not the curtain one. The results
proved that heat transfer enhancement strongly depends on
the condensate flow pattern. This problem will be discussed
below in more details.

It is worth to note that the experimental data shown
in Figs. 4, 5, 6 was obtained at the same range of the
cooling water flow ratėmw, the same inlet water temperature
Twi and the vapour pressurepv for all tubes used. This
means that the first (or last) data point for one tube
corresponds to the first (or last) data point for the other
tube. It is seen from Figs. 4, 5, 6 that the increase of heat
transfer coefficient was accompanied by the decrease of the
temperature difference�Tc.

The comparison of the heat transfer enhancement for
different tube geometry and supplied voltage should be done
keeping contact values oḟmw, Twi , andpv instead for given
�Tc, as it is commonly applied in the literature. It is evident
that for the first approach the real increase in heat transfer
coefficient is much higher than for the second one.

It can be seen from Figs. 4, 5, 6 that the temperature
difference�Tc may be reduced as much as three times
for the EHD condensation enhancement for tube No. 2,
almost six times for tube No. 4 and almost two times
for tube No. 6 in comparison with the smooth tubes of
the same diameter. Since for the thermodynamic cycles
the temperature difference�Tc in the condenser may be
considered as a part of the total temperature difference
between the heat source and the heat sink then the significant
decrease of�Tc due to the heat transfer enhancement by the
considered method leads to the strong increase of the cycle
efficiency. It is easy to show that this effect of improvement
is more significant for the refrigeration cycles where the
temperature difference between the heat source and the sink
is relatively small.

Generally, the experimental data obtained for the pro-
posed tube-electrode configuration proved it superiority over
the coaxial rod and mesh electrode system. The improve-
ment of heat transfer is significant here and not negligibly
small as claimed by Allen and Karayiannis [8] for the sec-
ond system.

7. Condensate flow patterns

The experimental investigation proved that a very impor-
tant role in the EHD condensation enhancement plays the
flow pattern of the condensate leaving the tube. The con-
densate flow patterns occurred for tube No. 2 and No. 4 are
shown in Figs. 7 and 8, respectively. They were the same
for the given range of the condensate mass flow rate and the
applied voltage.

It is very important to note, that the condensate flow
patterns observed for Tube No. 2 (see Fig. 7(d)) were slightly
different in comparison with Tube No. 4 (see Fig. 8(d)). In

the latter case the condensate jets were formed from each fin
tip. Therefore the jet spacing was the same as the fin pitch. In
the case of Tube No. 2 the jet spacing was as much as 3.0–
5.0 mm, i.e., it was sufficiently larger than fin pitch. This
may be attributed as the main reason for such significant
improvement of condensation heat transfer measured for
Tube No. 4.

The general schematic diagram of the flow patterns of the
condensate leaving the tube at applied voltage is presented in
Fig. 9. Four distinguished modes were observed during the
experimental investigation: drop, jet, cone and curtain mode.
The drop mode occurred in the absence of the electric field.
For a medium voltage range the flow pattern changed from
drop to jet and next to jet-cone modes with increasing the
voltage. It is interesting to note that in the jet-cone mode
very complex condensate flow occurs. There is a vertical
downward flow in the jets accompanied by the stagnation of
the condensate in the cones. As the voltage further increased,
the cones became thicker (see Fig. 9(c), 9(d) and 9(e))
what widen the condensate stagnation zones and weaken
the drainage process. Finally, as the voltage is high enough
the curtain mode occurs (Fig. 9(f)) which almost stop the
drainage process from the tube. This is the worst condensate
flow pattern observed in these experiments.

One may expect that the boundaries between the flow
patterns depend not only on the applied voltage but also on
the electrode type, it distance to the tube and the properties
of the working fluids. This problem needs further more
complex investigation.

8. Modelling of EHD condensate drainage

The experimental data obtained for the EHD condensate
drainage applied to the proposed in Fig. 2 tube-electrode
configuration confirmed it advantage and superiority over
the other ones. It appeared that for the configuration used,
the EHD method caused significant increase in heat transfer.
This result is very promising and encouraging to take an
attempt to develop a theoretical model of the phenomenon.
The problem of condensation heat transfer on the finned
tube under the action of gravity and the electric field forces
is very complex. Thus one has to start first with a very
simple model. Such model is presented below. The following
simplifications are made in the analysis:

• The heat transfer enhancement occurs due to reduction
of condensate retention (see the formula (4)). The
condensate retention is described by the flooding angle
Φ and its corresponding height of retained condensate
levelhf (see Fig. 10).

• The effect of the tube curvature on the condensate
retention as well as on the distribution of the electric
field is neglected so the vertical finned plate replaces the
horizontal finned tube in respect to heat transfer in the
model as it is depicted in Fig. 11. (It is worth to note
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(a) (b)

(c) (d)

Fig. 7. The condensate flow pattern from tube No. 2: forU = 0: Γ = 9.5–19.3 × 10−3kg·m−1·s−1, for U = 10 kV: Γ = 11.4–22.7 × 10−3 kg·m−1·s−1,
for U = 15 kV: Γ = 11.6–22.2 × 10−3 kg·m−1·s−1. (a)U = 0 kV, droplet mode; (b)U = 10 kV, jet mode; (c)U = 15 kV, jet-cone mode; (d)U = 15 kV,
jet-cone mode, silhouette.

that experimental investigations of Rudy and Webb [17]
obtained under gravity and surface tension forces only
revealed that the height of the retained condensate levels
for both finned vertical plate and the horizontal finned
tube of the same fin geometry are the same).

• The distancehe between the electrode and tube bottom
as well as fin density are sufficiently large to treat the
tube bottom as a smooth metal surface.

• The electric field in the space between the electrode and
the very bottom of the tube is uniform.

• The condensate flowing from the bottom of the tube
forms the condensate layer of the average substitute
thicknesshc. The thicknesshc depends on the conden-
sate flow pattern.

Lets consider the forces acting on the condensate retained
in the interfin channel on the vertical finned plate as it is
depicted in Fig. 11. The surface tension forceF1 acts upward
and its value is given by the following formula:

F1 = σPi (7)

wherePi is a perimeter along the interfin channel. For the
integral finsPi can be written as:

Pi = 2
Hf

cosθ
+Wb (7a)

The second surface tension forceF2 acts downwards and
its value is simply given by the formula:

F2 = σWt (8)

The gravity force is easy to calculate since:

Fg = ρgVc = ρgAchf (9)
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(a) (b)

(c) (d)

Fig. 8. The condensate flow pattern from tube No. 4, forU = 0: Γ = 7.0–14.6 × 10−3 kg·m−1·s−1, for U = 22 kV: Γ = 7.5–18.3 × 10−3 kg·m−1·s−1.
(a)U = 0 kV, droplet mode; (b)U = 6 kV, jet mode; (c)U = 16 kV, jet-cone mode; (d)U = 22 kV, jet-cone mode.

where c is the volume of retained condensate between the
adjacent fins andAc is the cross section of the interfin
channel:

Ac = 1

2
Hf(Wb +Wt) (9a)

The electrohydrodynamic forceFEHD acts downwards so
the following force balance equation can be written:

F1 − Fg − F2 − FEHD

= σPi − ρgAchf − σWt − FEHD = 0 (10)

From Eq. (10) one can calculate the height of the condensate
retention in the interfin channel:

hf = σ(Pi −Wt)− FEHD

ρgAc
(11)

In order to calculate the electrohydrodynamic force
FEHD, one can consider the theoretical horizontal capacitor

(see Fig. 11) of the thicknesshe, part of which is occupied
by the liquid layer of the thicknesshc with a relative electric
permittivity εr = εc. The rest space of the capacitor is
occupied by the vapour with relative dielectric permittivity
equal to unity:εr = 1. The electric field for such capacitor
may be calculated from the well-known formula:

E = U

he

[
hc

he
+ εc

(
1− hc

he

)]−1

(12)

It could be showed [18] that in the considered capacitor the
action of all components of the electrohydrodynamic force
is equivalent to the so-called electric pressure, which acts
within the liquid phase:

pe = εoεc(εc − 1)

2
E2 (13)
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Fig. 9. Schematic diagram of flow patterns of condensate leaving the tube—the effect of increase of the electrode potential: (a) drop mode; (b) jet mode; (c),
(d), (e) jet-cone mode; (f) curtain mode.

Fig. 10. Sketch of the condensate retention on a horizontal finned tube.

From Eq. (13) one can calculate then the electrohydrody-
namic force acting on the condensate in the interfin channel:

FEHD = peAc (14)

From Eqs. (9a), (11), (12) and (13) it is easy to obtain the
formula for the height of the condensate retention in the
interfin channel:

hf = 2
a2

Wt −Hf tgθ

1− sinθ

cosθ
− pe

ρg
(15)

Having the heighthf one can simply calculate the flooding
angle (see Fig. 10):

Φ = arccos

(
hf

Ro
− 1

)
(16)

Fig. 11. Physical model of EHD condensate drainage.

Lets introduce now the following dimensionless quantities:

(a) dimensionless tube diameter:

KD = Do

2a
(17a)
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(b) dimensionless width of the interfin channel:

Kf = Wt −Hf tgθ

2a

cosθ

1− sinθ
(17b)

(c) geometrical parameter:

χ = (KDKf)
−1 (17c)

(d) parameter of the electrohydrodynamic drainage:

χde= 1

2

Neg

Kf
(17d)

where the dimensionless electro-gravity number is given
by:

Neg = εoεc(εc − 1)E2

ρga
(17e)

Eq. (17e) could be written with the help of Eq. (12) as:

Neg = εoεc(εc − 1)

ρga

(
U

he

)2[
γ + εc(1− γ )

]−2 (18)

where:γ = hc/he. Then the final formula for dimensionless
flooding angle could be written as:

Φfe = 1

π
arccos

[
χ(1− χde)− 1

]
(19)

Having had the flooding angle for the condensation on
the finned tube under the action of EHD drainage one can
easily obtain the heat transfer coefficient for this situation. It
may be calculated with the help of Eq. (4) for the given fin
geometry withΦf = Φfe.

The simple analytical model presented above clearly
indicates the influence of the flow pattern on the flooding
angleΦf and by it on the heat transfer coefficientαf . This
influence is expressed by the ratioγ = hc/he which appears
in Eqs. (17d), (17e) and (18). The value of it depends on the
condensate flow pattern and may be at present calculating
with the help of the experimental data only. Two limiting
values ofγ may be easily established. The first one appears
when the condensate is absent at the tube bottom. Then,
according to Fig. 11,hc = 0 andγ = 0. The second limiting
value of γ is connected with the curtain mode of the
condensate leaving the tube (see Fig. 9(f)). When the flow
pattern approaches the curtain mode thenhc → he and
γ → 1. But atγ = 1 we have singularity because all the
assumptions of the model fail. For this case the interfacial
surface disappears since the whole tube-electrode space is
filled with the condensate.

The present authors measured [19] the relative permit-
tivity of the refrigerant HCFC-123 and obtained the value
εc = 4.7. On the basis of the measured heat transfer coeffi-
cientαf with the use of Eq. (4) and the above model Eq. (19)
one can calculate the ratioγ = hc/he. It takes the values
γ = 0.251 andγ = 0.443 for the tubes No. 2 and No. 6, re-
spectively. These values ofγ correspond to the jet mode of
the condensate leaving the tube. For the time being it seems
that this mode is the most favourable one for EHD conden-
sate drainage.

9. Conclusions

The experimental results obtained for the EHD conden-
sate drainage applied to the novel tube-electrode arrange-
ment shown in Fig. 2, confirmed it advantage and superiority
over the other ones.

The effectiveness of this method depends on the geometry
of the tube as well as on the applied electrode potential.
The enhancement of heat transfer coefficient ranges from
approximately 30% for tube No. 2 and tube No. 6 to 110%
for tube 4. The total increase of the heat transfer coefficient
in comparison with the bare tube (without the electric field)
was found to be 330% and 460% for tube No. 2 and No. 4,
respectively.

The average temperature difference between condensing
vapour and outside tube wall for finned tube applied with the
EHD condensate drainage was reduced as much as two to six
times for tube No. 6 and No. 4, respectively in comparison
with the bare one without the EHD effect.

The simple analytical model of the EHD condensate
drainage from the horizontal finned tube has been proposed.
It involves among others the influence of the condensate flow
pattern on the heat transfer coefficient expressed by the ratio
γ = hc/he. Two limiting cases of this ratio were evaluated.
The intermediate values of it have to be established basing
on the experimental data.

The process of condensation heat transfer on horizontal
finned tube in the electric field is very complex, so many as-
pects of it need further examinations. One of them concerns
the optimal geometry of the tube-electrode configuration.
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