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MARIAN TRELAr, DARIUSZ BUTRYMOWICZl

Enhancement of condensation heat transfer - a review

A state-of-the.art review on the enhancement ofcondensation heat transfer techniques developed re-
cently is presented in the paper. The classification of enhancement techniques is provided. It encompasses
both the passive and active methods. The particular attention is paid to the problems where the authors
have beerr carried out theoretical as well as experimental research. As an example of the passive technique
the results of condensate drainage enhancement by using the drainage strip are presented. For an active
method of heat transfer enhancement a novel EHD technique is described and some experimental results
are provided.

Nomenclature

Nu
Pr
q-
§-
T
AT. -

a-
c,p

C
Ca
D
E
l-
F}

capillary consLant, ": ł"/Gd,*
specific heat, J/kg.K
constants in Eq. (7), given in Tab. 1
capillary number, Qq: pulłf o
outer diameter of the tube, m
electric field strength, V/rn
unit fqrce, _^i/m3
F}oude number based on film
thickness ó,y, F} = ,2N/b6N),
F}oude number based on
capillary constant, Fr^ : az* 1 1no1
gravitational accelera(,ion, m/s2
Galileo number, Ga : gD3 /u2
latent enthalpy of vaporisation, J/kg
fin height, m
dimensionless fi lm curvature,
K : K,a, see Ęq. (5)
pha§e change number,
K = h1r/keLT)

Nusselt number, Nu: aD/}
Prandti number, Pr : cp1-1/X

elęctric charge density, C/rn3
electrode distance, rn
temperature, oC
difference between satul,ation
temperature and outside tube
wall temperature, l(
electric potential difference
between electrode arrd tube, kV
average velocity for Nusselt-type
film flow, ,N :6?,rs/Gu),m/"
fin spacing at fin tip, rn
Weber number, \Me = pa2*67,1 f a
rectangular coordinate (along
the strip), rn
height of the retained
condensate on tlre strip, rn

Fro

s-
Ga
hfn
Hl
K
K

U

u1,1

Wt
We
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a

(}.

pexp

ó1,.

film heat transfer coefficient,
W/(m2.K)
dimensionless parameter, a : We/FY
ratio defined by Eq. (12), dinensionless
ratio defined by Eq. (11), dimensionless
condensate film tlrickness for Nusselt-type
film flow, óN : [3 lulQg)ll/z, y"
electric permittivity, F/rn
dimensionless parametel} defined by Eq. (2)
drainage parameter, defined by Eq. (3)
electric permittivity of free space,
60 :8.854x Io-I2 F/m
relative permittivity, €r : €/€o
flooding angle, rad; ót:a/lt
dimensionless parameter, 1 : Fro / Caz

|_

u-

K-.\-
p-

mass flow rate per unit length,
kg/(m.s)
film curvature, 1/m
thermal conductivity of conden-
sate, W/(m.K)
dynamic viscosity of condensate,
Pa.s
kinematic viscosity of conden-
sate, m2/s
fin tip half angle, rad
surface tension, N/m
condellsate density. kg/m3
dimensionless heat tratrsfer
enhancement factor, see Eq. (0).

0_
o,
p,
n

€
€
a)
eo

a
1

Subscripts

e,
exp
f,
h*

electrolrydrodynamic (EHD) force,
experimental value,
finned tube, flooding zone
hydrostatic zone on the strip.

Introduction

m - maximum,
Nu - based on tlre Nusselt model
T , constant temperature,

1.

The goais of enhanced heat transfer can be described as the desire to en-
courage or accommodate high lreat fluxes. The heat flux can be increased by
elevating the lreat transfer coefficient for fixed temperature difference, for eithei
Constant heat transfer rate oI constant area. Altelnatively, enhancement permits
accomlnodation of high heat fluxes at moderate tempelature differences with fi-
xed heat generation. Another possibility for a two-fluid heat exchangel is to use
enhancement to reduce the temperature difference for a fixed heai flrrx. This
Ieduces the entropy generation and incleases the secondary law efficiency. Gene-
rally one can consider two different enhancem€nt techniques: passive and active
ones. The passive techniqrres do not requile the application of the exterrral power,
§'hereas the active techniques lequire activator/power supply to bring aboui the
enhancement.

Bergles [1] suggested the following methods of the passive enhancement techni-
ques: treated surfaces, Iough surfaces, extended surfaces, displaced enhancelnent
devices, swirl flow devices, coiled tubes, slrrface tension devices, additives for flu-
ids. Next he proposed the followirrg active techniques: mechanical aids, surface
vibration, fluid vibration, electrostatic fields, stlction or injectiorr, jet impinge-
nent. Bergles [r] aiso suggested tire compound enhancemónt methocls sichls
aPPlication of a rough Sulface with a twisted-tape swirl flow device, for example,

When We attempt to enhance a rate of condensation, what we usually d; is
to enlarge the area of heat transfer sllrface as the first step, and then try to find
a way of increasing the heat transfer coefficient. The fornrer is achieved ty using
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extended surfaces and has been employed for a long time, In order to increase the
heat transfer coefifrcient, the thermal resistance corresponding to the condensate
film should be decreased. The film thermal resistance can be reduced eitlrer by
enhancing turbulent mixing in tlre iiquid layer or by thinning the liquid film. The
most found metlrod of condensation enhancement is using tubes having exten-
ded outer surface, usualiy in tlre form of iow profile fins. The integral fin ttrbes
are avai]able from mantrfacturers with the fin density varying from abotrt 350
to approximately 2000 fins per nreter. The most important phenomenon during
condensation on low profile horizontal integral-fin tube is the so-called Gregorig
effect which is caused by tlre surface tension forces. As it is depicted in Fig. 1b,
tlre liquid fi}m at the top of the fin is convex whereas at its base is concave.
Tłrerefore the pressure wit}rin the liquid phase is greater at the fin top and lower
at the fin base in comparison with the pressure of the vapour. This ieads to the
pressure gradient alorrg the fin flank which reduces the liquid film thickrress. The
comparison of the shape and thickness 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 the thinning of the condensate film is achieved wlrat
provides a very high heat transfer coefficient for horizontal integral-fin tubes. Tlre
described effect was first discovered by Gregorig almost fifty years ago |2]. Since
tlren more eiaborated and sophisticated treatments concerning the optimum fin
profiles have been proposed by rnany investigators [3-5].

}uull

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

Bearing in mind above considerations, the use of low profile fins may be re-
garded, in the terms of Bergles terminology) as a combined method influencing
both tlre surface area enhancement technique and the strrface tension action,

Itrowever, one should be careful about the condensate retention. It is well
known that when a horizontal finned tube comes in contact with a highly wetting
liquid, surface tension force will cause the liquid to be retairred between the fins

b)u)
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at tlre bottom of the tube. This phenomenon is known as liquid "hold-up", "re-
tention" or "flooding". Condensate retention between the fins has been studied
by many investigators, €,8. Honda et al. [6], Rudy and Webb [7], The flooding
may be characterized by the so-called flooding angle, which is nreasured circum-
ferentially from the top of the tube to a position where the inter-fin space is just
conpletely filled with the condensate. The flooding angle depends mainly on the
trrbe geometry and t}re capillary constant.

Based on their own results, Webb et al. [B] found out that t]re heat transfer
rate across the zone of retained condensate was negligible for most practical cases.
Most of the available experimentai data gathered from systematic tests with the
family of finned tubes (e.g, Yau et al. [9]) and analytical models (e.g. Adamek
and Webb [10]) suggest that the optimum fin spacing exists. Fig. 2 presents a ty-
pical variation of the heat transfer coefficient versus the fin spacing according to
Adamek and Webb [10]. It is seen that as the spacing between finsiecreasur,lh"
heat transfer coefficient (based upon the smooth tube surface area) increases to a
nraximum value at the spacing of about 1.5 mm. Further decrease in firr spacing
below this optimum value results in a decrease of heat transfer due to increased
flooding between the fins. Therefore it is evident that the problem of avoiding the
condensate retention is very important since it can easily cancel the advantage
achieved by the application of the low- finned surface. One way to diminish the
retention effect relies on the use of a drainage strip,

89
\il [mm]

Fig. 2. Heat transfer coefficient during condensation of stealrr versus fin spacing for water according to
Adamek and Webb [10],

2. passive method of condensate drainage augmentation - drainage
strip technique

Flooding may be significantly reduced oT even completely removed by trsing
the longitudinal condensate drainage strip placed at the very bottom of the
tube [11], Figure 3 shows schematically two characteristic cases. The first one
(Fig. 3a) depicts the case where at some critical va]ue of fin spacing the tube is
just fully flooded (i.e. the flooding angle O : 0). If the drainage strip is used.
see Fig. 3b, than even at the critical va]ue of the fin spacing the flooding angle

9
d

ś4

*3
L)
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is greater than zero. It is clear that the tube depicted in Fig. 3b should provide
greater heat transfer rate than the partially flooded tube without the strip but
of the same flooding angle 06 since it has more fins per unit lengtlr of the tube.

a)

ą=0

condensa
b)

qp0

drainage
strip

Fig. 3. The horizontal finned tube: a) fully flooded tube having critical fin density, b) the same tube
fitted with the longitudinal solid drainage strip.

Two kinds of the drainage strips are known: the porous drainage strip and
the solid one. The porous strip pulls the condensate into its pores and creates a
low pressure region within the liquid at the base of the tube. This principie is
commonly used in the heat pipe wicks where the pressure difference across the
liquid-vapour interface pumps the liquid from one end of the pipe to another, It
is clear that the efficiency of the porous strip depends mainly on the size of the
pores (usually they vary from 0.02 to 0,05 mm). The solid drainage strip works on
a different principle. It causes a drop of pressure in the liquid at the intersection
of the strip and the fins due to the formation of a concave liquid meniscus. Due
to this effect the liquid drains off the strip along its sides.

Some experimenta] investigations of steam condensation on finned tubes with
solid drainage strips were presented by Marto et al. [12]. The maximurn increase
of the heat transfer coefficient during film condensation was 35%, compared to
that of the tube without the strip. Experimental investigations with solid dra-
inage strips for a horizonta] smooth tubes were carried out by also Yatr et al.
[9]. It turned out that in the case of steam, as a condensing medium, the strip
of 8 mm height provided oniy a slight increase of the heat transfer coefficient,
compared to the strip of 4 mm height, The solid drainage strip of 8 mm height
was also applied to intensify the condensation heat transfer at a smooth tube
by Yemielianov et al, [13]. The increase amounting to 20% of the heat transfer
coefficient was achieved, cornpared to the unstripped tube. Honda and Nozu [14]

105
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investigated the process of condensation of methanol vapour on horizontal finned
copper tubes. They found a noderate increase of the heat transfer coefficient witlr
tlre small increase of the flooding angle,

It is worth to note that experiInental investigations carried out in [9], [12-14]
favour the applicatiorr of relatively lrigh solid strips in belief that in order to as-
sure an appropriate drainage effect the strip should be high enough. However, the
application of strips of the heiglrt between B-14 mm is inconvenient as it neces-
sitates the increase in spacing between the tubes. Honda and Nozu [14] proved
experimentally that in the case of the porous strip the heat transfer en]rarrcement
is greater tlran for the issue of the solid strip of the same height. Due to this
resu]t less attention has been paid so f'ar to the solid strip. However, tlre solid
strip has also some advantages, One of them is the lack of sensitivity to impurities
or oil concentration in tlre working fluid which nriglrt fill the pores and stop the
beneficial action of t}re porous strip. Furthern]oTe, the solid strip is clreaper and
convenient in practical application. Orr the other lrand, the lack of arr analytical
rnetlrod to predict the suction effect of the solid drainage strip causes strong dif-
ficulties in obtaining t}re proper strip geometry.

A theoretica] model of the flooding angle for the finned tube fitted with the
porous drainage strip have been developed by Honda and Nozu [1a]. On tlre otlier
hand the authors of the paper have worked orrt the theoretical model of t]re so]id
drainage strip [11],

A sketch of the considered situation is presented in Fig. 3b, Due to the action
of gravity the condensate flows over the horizontal tube and then along the strip,
The curvature of the liquid filn flowing over the trrbe and the strip varies both
irr the value and sign. It starts from a snrall negative value at the tube bottorn,
then reaches maxinrum and a positive value and finally falls to zero neal the end
of tlre strip, The positive influence of tlre solid strip on tlre drainage process is
therefore caused by the above curvature distribution prodtrcing a suction effect
beneath the finned tube.

Considering the pressure distribtrtion in the retained liquid phase the authors
obtained the fol]owing formtrla for the dimensionless flooding angle [11]

where
e: KpK1,

K- ł LXn
ad 

-

It is important to know that the equation (1) is valid for low profile fins, i.e, when

1ót: i arc cos[e(1 - ea) - 1],

W,<2 "o"0 H,.
1 - sin9 '

(i)

(2)

(3)
K1

(4)



Enhancement of condensation heat transfer - a review 7a7

The dimensionless quantities in equations (2) and (3) correspond respecti-
vely to the curvature of tlre condensate meniscus in the interfin channe] K s, the
ctrrvature of the tube, 1,(p, the maximtrm curvature on the strip, 1(-, and the
hydrostatic region length orr the strip AX7,. The definitions of tlrese dimensionless
parameters are as follows

The coefficient e4 defined by equation (3) is called as a drainage parameter [11].
It describes tlre influence of the geometry of the finned tube and the strip, the
condensate physical properties as well as of the mass flow rate on tlre drainage
effect. The drainage effect is expressed by the difference between the flooding angle
for the tube fitted with the strip and for tlre one without the strip, Tlre knowledge
of the flooding arrgle of the tube fitted with the strip is very important since it
pernits the calculatiorr of the heat transfer rate. It was shown by Butryrnorvicz
and Trela [5], that tlre heat transfer on the finned tube can be described in such
case by the general formula

Nu : 0.725(GaPrK)0'25(-)07, (6)

valid for tlre tubes both witlr and without the strips. The factor f) reflects the
lreat transfer enhancement due to the fin geometry. Details of derivation of Eq. (6)
one can find in [5].

The effect of the ttrbe and strip geometry on the drainage pTocess was studied
both theoreticaily as well as experimentaily by the authors [5, 11]. These investi-
gations provided that the drairrage parameter decreases wit]r the tube curvature
irrcrease, From a physical point of view this mealls, that the meniscus created on
the strip is "more concave" for greater tubes. However the flooding angle incre-
ases with the decrease of geometrical parameter e, This parameter depends on
tlre dimensionless tube curvature * see Eq, (2). From the above cotrsiderations
the authors concluded that for the same fi.n geometry the flooding angle increases
rvith decreasing tube curvature for tubes without a strip. Therefore the rtse of the
solid drainage strip is more profitable for ttrbes with small outside diarneters. Ilre
otlrer important geometrical parameter is the strip height. Numerical calculations
performed by the authors [5] slrow that, for the most practical cases, tłris lreight
eqrrals 2+4 times the capillary constant,

In order to avoid tedious numerical calculations for the condensate drainage
process the authors have developed a correlation for the drainage parameter based
on the database of 594 numerical results [15]

Kl :z"or\ft, Nn :2}, K,n: an(r,n), 
^Xl,: 

ĘŁ

uo: 
Ł {coN$'.C'lC" +exp[/r(r) + fr(ĄKp} ,

(5.)

(7)

(7")
where

f lli : Cą ł CsI0_51,
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tiquiil
,wcaI8e§

Fig. 4, Liquid wedges on the intergal-fin tube.

fz(o) : Cę * Cza * Cga2, (7b)

Tlre constants in the Eq. (7) are given in Tab. 1. The trq, (7) is vaiid for the
following range of dimensionless parameters

Table 1. Valtres of the constants in the Pq. (7)

Co C1 Cz Cs Cł Cs Ca L7 Cs

_ 4,822568 0,493038 0.607955 0.14,1530 0,581317 0.0021 75 - 0,396058 150.389 , 6854.0

0.042<Koś0.756,

0.169. 10-3 < a < 75.49. 10-3,

1.04.105 ślś5.56.105.

Observation of the static liquid retention on finned tubes, done by Masuie
and Rose [16] revealed that tlre liquid is trot only retained at the bottom pa::
of the tube, but also on the upper part of it. In the last case the liquid has tl-.
form of smal} liquid wedges between the flanks of the fins and the tube surface -
Fig. 4, Subsequently they developed a model of these wedges, They also defiue:
an active surface area enhancement as the unblanked area of a finned trrbe ii..
the area of tlre fin tips together with the unblanked portiorrs of the filr flar:i::

(Bo

(8b

(8c
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and the interfin tube surface) divided by the area of a smooth tube of fin root
diameter.

Butrymowicz et aI. [rZ] have developed also the model of the liquid wedges for-
med on the horizontal tube fitted with the solid drainage strip, Basirrg on the own
rnodel as well as own and oth.er investigators experimental results Butrymowicz et
al. [1B] have concluded that the heat transfer augmentation is proportional to the
increase of the flooding angie and not active surface area errhancemerrt. Therefore
the authors suggested that the problem of the effect of the liquid wedges on tlre
condensation heat transfer on horizontal finned tube should be sti}l regarded as
an open qtrestion.

ill

-withstrip',,/, i

"-'-']'r,,
_-,-t

/o ,--_ la_

without strip ]l]il]
theoretical prediction
/mnrlol nf tho łłrin\

456789l011!21314
^T" 

[K]

Fig. 5. Heat transfer coefficient for horizontal finned tube (OD 14.0 mm, fin density 1000 fins per meter).
Dashed iine corresponds to the best fit of the experimental data. The thickness of tlre solid drainage
strip 1.0 mm, the height 4.0 mm.

Figure 5 presents the authors' results of the experimental investigations of
condensation of refrigerant R11 on a single finned tube fitted with the solid dra-
inage strip and witlrout the strip. It appears that the solid strip application causes
the increase of the heat transfer coefficient by about 79To, as com,pared to the tube
without the strip. On the other hand, it follows from the calculations, based on
the strip model, that the heat transfer coefficient should increase by about 13%.
The discrepancy between the theoretical and experimental heat transfer coeffi-
cient is partially due to simplifying assumptions in the theory and partly to the
iimited acculacy of the prediction of the refrigerant capillary constant. Taking
into account the above notes, it may be said that the experimental results agree
reasonably well with the mode] prediction,

3. Active rnethod of condensate drainage augmentation * electrohy-
drodynamical technique

The effect of electric field on condensation heat transfer was fi,rst reported by
Velkoff and Milier in 1965 [19]. They quoted the increase of tire meatr heat tra,ns-

12000
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fer coefficient by about 200% during condensation of refrigerant R113 on a flat,
vertical Plate upon the application of an intense electric field perpendicular to
the Plate. Experimental investigations of electrohydrodynamic (nHn) enhanced
condensation heat transfer have been carried out by many other researches, for
example: Choi [20], Holmes and Chapman [21], Seth and Lee |22].In all these
cases, the condensation enhancement was found to be caused by in electrically
induced destabilisation of the condensate film. Recently very interesting investi
gation has been done by Didkovsky and Bologa I23, 24]. They obtained EHD
enhancement as muclr as 20 times during condenŚation Ón the smooth vertical
tube. It should be mentioned that most investigations deal with tlre condensation
augmentation by application of the electric field to the vertical plate or vertical
tubes [25], The electric field is usually generated by means of Ćoaxial rod and
meslr electrodes. The condensate is drained just from the heat transfer area.

It is worth to note that the limited data on EHD condensation enhancement
exist for horizontal tubes, especially for tlre finned ones. Allen and Karayiannis
concluded [25], basing on their own experimental investigation, that in tńe case
of horizontal smooth tube even the best EHD-assisted performance falls short of
that given by the use of a single internal-fin tube without any active heat transfer
augmentation, Thus the idea of using strong electric field to enlrance heat transfer
irr the case of smooth horizontal tube seems to be a questionable problern. Ailen
and Karayiannis also claimed [25] that for the horizontal integral-fin tube with
the coaxial electrode the EHD enhancement is negligibly smali. They suggested
that the phenomena caused by the surface-tension forces play the dominant role
also in this case.

It is quite obvious that 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 if is noi
now surPrising, as claimed by Cooper |26], that the EHD assisted condensation
enhancement applied to the horizontal integral-fin tube is negligible. It should be
stressed that this conclusion is valid only for the case when tńe coaxial electric
field caused by the use of coaxial wires or coaxial mesh electrode system is used.
The above conc]usions shed more light on the EHD condensation mechanism and
are very helPful in formulation of a new active method for EHD enhancement of
condensation on the horizontal integral-fin tube. This method is presented in a
very short manner in this paper.

The physical basis of electricallv enhanced condensation due to the EHD force
generated by an electric field is given by the equation [25]

f.:QE-}a,v6+łr|u'(ffi),r] (9)

It may be further written in a more detailed form for non-polar fluids [27] as

fu: ftł fz* fs* fa:
: qE -?'ru+}o(." - 1)(e. + 2)v n2 +!,on'v[(e" - 1)(e, + 2)](10)
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The first component represents the electrophoretic force fi exerted by an elec-

tric field upon electric charges in the fluid. The second component /2, comes from
the spatial distribution of electric permittivity e , which are not caused by the elec-

trostiiction. 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 comPo-
,r"rrt 13 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 component /a is the electrostriction force wlrich occurs whether or not
an applied fieid is uniform. This force depends on the non-uniformity of electrical
permittivity. In the case of film condensation this component is significant at the
inter_phase surface only when abrupt change of e" occurs. The direction of this
force coinciding with the is the same as direction of increasing permittivitY (from
vapoul to liquid) and perpendicular to the inter-phase surface.

Due to the condensate flow, induced by the EHD forces, a significant area
of the tube surface remains unflooded, thus making favourable conditions for
condensation heat transfer. In other words the proper application of the EHD
condensate drainage shall lead to an increase of the so-called flooding angle - a
parameter which clearly defines the area of the finned tube free from the con-
densate. The idea of the proposed condensate drainage enhancement technique is
illrrstrated in Fig. 6. The main feature of it is represented by the arrangement of
the tube - electrode system, In this case the electric field is generated between
the rod-type electrode and the lower part of the finned tube. 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. As it is depicted above, this part usually plays a minor
role in heat transfer also without the electric field since the interfin spaces ale
usually flooded totally by the condensate. Thus we have two positive phenomena
with respect to the heat transfer augmentation in the considered case. The first
one follows from the Gregorig effect, wlrich 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 explesses the main difference
between the old methods of the EHD enhancement and the new one) which is
proposed by the authors.

The main goal of the experimental investigations was to provide data to con-
firm the theoretical expectations of EHD condensation enhancement according
to the idea shown in Fig. 6. The experimental investigation was conducted on
the test rig depicted in Fig. 7. Experiments covered measurements of the heat
transfer coefficient during condensation of refrigerant HCFC-t23 at the average
saturation temperature + 40oC. The detailed description of the experimental rig
one can find in [28]. The dimensions of the investigated tubes are given in Tab.2.
The brass rod-type electrode of the outer diameter 5.0 mm was used. Measure-
ments covered the rate of cooling water flow in the range 3.7+13.0 l/min,
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bleetłode

Fig. 6. The novel idea of the condensation errhancement by the EHD condensate drainage.

Fig.7.Theschematicdiagramofthetestrig:l-condenser,2-testedtube,3-electrode,4-condensate
dish,5-vapourdistributor,6*electrodemechanism,7-lapoursupplyingtube,8-condensateoutflorv.
9 - dehydrator, 10 - condensate calibrating tank, 11 - levelling line, 12 - vapouT 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-\,acuum meter, 20 - pressure sensor.
DM-2 - electronic multi-manometr, MRit - digital encounter Minitrol.
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Table 2. Geometry of the investigated tubes

Tube lunitl 1 l 2 l 3 l 4

fin density finlm bare 1026,7 bare 740
inner diameter mm 13,0 11,02 15.60 13.80

hn root
diameter

mm L3.42 16,0

outer
diameter

mm 16,0 16.\7 18.76 19

hn pitch mm 0,97 1.35

fin heieht mm 1,38 1.5

fin thickness
at fin root

mm 0.40 0.46

fin thickness
at fin top

mm 0.21 o.29

material cooDeI cooper nickeIine nickeIine

The experimental data of heat transfer coefficients weTe compared to the ones
given by the Nusselt theory for the smooth horizontal tube. Two enhancement
factors B1.1,., and Ą - given in Tab. 3, were introduced in the analysis

Table 3. Results of condensation heat transfer mea§uTement

Tube IU[kV] |s[mm] |0N" |0""n

is referred to the Nusselt model for the smooth horizontal

0r,_,: b, (11)
0Nu

the ratio Bp.,
ttrbe

No1 0 9,5 1.09 1.00

No2 0 9.5 3.71 1.00
Ątr 9.5 4.71 1 27

No3 0 8.6 0.98 1.00

No4 0 8.6 2.64 1,00

22 8.6 5.48 2.08

o t}re ratio €"*p is referred to the measured value of heat transfel coefficient
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}'ig. 8. Results of experinental investigations of tubes No. 1 and No. 2, U : 25 kV

in the absence of electric fieltl

D
Pexp :

CVexP
(12)

0exp,U:0

Experimental results of condensation of refrigerant HCFC-123 for tubes No. 1

and No. 2 (of OD 16 mm) are presented in Fig. 8. It is seen that the heat transfer
coefficient for the finned tube increased by 240 % in comparison with the bare one
in the absence of the electric field. T]re application of voltage of 25.0 kV caused
tlre further increase of the condensation heat transfer coefficient by 27 %. The
total increase of the lreat transfer coefficient in comparison witlr the bare tube
was found to be 330 %.

The observation of condensation phenomenon proved that the amount of the
retained condensate between the fins was reduced by the EHD effect almost com_
pletely, In this case the vaitre of the flooding angle is O1e ry 1.0. Tlre tlreoretical
value of the flooding angle calculated from the Eq. (i) wiih tlre drainage palame-
ter e4: 0 gives Q l : 0,74 and estimatecl valtre from tlre photograph is equal to
@/ : 0,7B. Basing on these results and the Eq. (6) one can estimate tlre theore-
tical increase of the condensation lreat transf'er coefficient due to elimination of
tlre condensate retentiol as afef a, : Q,"lQl: 1.00/0.78 :1,,28 wlrich agrees
very well with the experimental results.

Experimental results obtained for tubes No. 3 and No. 4 (i.e. tubes having
OD 19 mm) are presented in Fig. 9. It is seen that the heat transfer coefficient
for the finned tube increased by 770 % in comparison with the bare one. The
application of voltage of 22.0 kV caused further increase of the condetrsation heat
tlansfer coefficient by 110 %, This is a very impressive resuit. The total increase
of t]re heat transfer coefficient (due to the fins and trHD effects) in comparisot_
with the bare tube was found to be 460 %.
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Fig. 9. Results of the experimental investigations of tube No. 3 and No. 4, U : 22 kY.

It is evident that the condensation enhancement can significantly reduce mean

temperature difference AĘ between saturated condensing vapouT and the ortter

surface of the tube. This temperature difference may be reduced as lnuch as three

times for the EHD condensation enhancemerrt for ttrbe No, 2 and almost six tinres

for the tube No. 4 in comparison with the smooth tubes of the same diameter.

Sirrce for the refrigeration or heat pump cycles tłre temperature difference AĘ
in the condenser may be considered as a part of the total tempeTature difference

between the heat soulce and the heat sink then the significant decrease of LT.
dtre to the heat transfer enhancement by the trHD method leads to the strong

increase of the cycle efficiency.
The very important role in the investigated phenomenon plays the flow pat_

tern of the condensate leavirrg the tube. The condensate flow patterns for tube

No. 2 and No, 4 are showrr in-nig, 10 and 11, respectively. They are the same for

ihe girrerl range of the condensate mass flow rate and the applied voltage, Tt_is

,r"ry i*portant to note, that the condensate flow patterns observed for tube No,

z ińlg. ioa; *"r" slightiy different in comparison with the tube No. 4 (Fig. 11d),

In'thó latter case thó condensate jet was formed from each fin tip. Therefore the

1ł ,pu"irrg was the Same as tlre fin pitch. In the case of tube No. 2 the jet spacing

*u, ,r.m"i"ntly larger than the fiń pitch, This may be attribrrted as the main

Ieason for sucń sigńficant improvemetlt of condensation heat transfer measured

for tube No. 4,

4. Conclusions

This review has given a short overview of enhanced condensation technology

by applying both passive and active techniques,
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a) U :0 kV, droplet mode b) U : 10 kV, jet mode

c) U - 15 kV, jet-cone
mode

d) t/ : 15 kV, jet-cone
mode, siihouette

F'ig. 10. The condensate flow pattern from tube No. 2: for U :0: f :9,5-19.3 .1o-3 kg/(m.s), forU:70 kV: l:17.4+22.7.70-" Xs/(^.s), for U:15 kV: l: u.6+22.2.7o-" ue,j(^.;i' 
" -'' -*

The passive method may be achieved for instance by the application of the
solid striP. Due to the action of this strip the condensate ńtainedbetween the fins
is drained off, leaving more surfac" a,ruilublu for heat transfer, The own rational
model of the solid striP has been presented, and the importance of its parameters
has been discussed. The most important parameter in the model is tńe drainage
parameter e4, It reflects the influence of fin and tube geometry as wel] as tńe
PhYsical ProPerties of the condensate on the drainage pń""".. The condensation
heat transfer coefficient increased for investigated ńned tube by approximately
20 To as the result of the application of the óud drainage strip. 

" - -

The active technique of condensation enhancement ,''uy łr"L"rrieved by apply-
ing the electrohYdrodynamical condensate drainage u,.g-ńtution. The p"rroi-Óa
exPerimental investigations proved the usefulness of the new idea of condensation
heat transfer enhancement by the EHD condensate drainage, as depicted in Fig.
6, The effectiveness of this method depends on the geometr/ of tlre tube as well as
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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

Fig. 11. The condensate flow pattern from tube No, 2: for I/ : 0: l -- 7.0+14.6.10-3 kg/(rn,s), for
U :22 kV: l, : 7.5+18,3.10*3 kg/(m.s),

on the applied electrode potential. Enhancement of the heat transfer coefficient
raltges from27 % to tt} 7o.Tlne total increase of the heat transfer coefficient in
comparison with the bare tube was found to be even 460 %. The average tem-
perature difference between condensing vapour and otrtside tube wall for finned
tube applied with the EHD condensate drainage was reduced from three to six
times in comparison with the bare tube without the trHD effect. It is obvious that
many aspects of trHD condensate drainage need further investigation. The one
concerns the problem of the optimal geometry of the tube - electrode system,

Received 15 October 2000
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