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A B S T R A C T

In the present trial a suggested statistical model is proposed to find the count and size distribution
of droplets in dropwise condensation. This in turn, together with heat transfer through a single
droplet is important for a thorough understanding of such mode of condensation. Growth due
to natural (direct) condensation on the liquid/vapor interface and that by random coalescences
are both considered. Fitting with early published experimental data is made for comparison.
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1. Introduction

Dropwise mode of condensation has aroused con-
siderable interest of many investigators [1–18]
because during this process the heat transfer coeffi-
cient is much higher than that during filmwise mode
of condensation [1].

A thorough understanding of the dropwise conden-
sation process requires good estimations of heat trans-
fer through a single droplet together with a dropsize
distribution function.

FðRÞ ¼ qN

qR
m�3; ð1Þ

N ¼
ð

FðRÞdRm�2 ð2Þ

defined as the number of droplets of average radius
(R), per unit area per unit radius interval. Where,
N(R), m�2 represents the number of droplets per unit

area having radii in the size range between

R� �R
2 ;Rþ �R

2 . With average value (R).

The resolution power of the optical system
from one side [2] and the capacity and speed of mod-
ern computers [3] which is not sufficient to simulate
realistically high site density (nucleation centers) on
the condensing surface, on the other side, put limita-
tion on the trial to predict the dropsize distribution
function.

Moreover, the coalescence between the neighboring
droplets, complicates the trials to predict the distribu-
tion function analytically. Some of the suggested
empirical formulas for the function F(R) introduced
by different authors [4–8] have been partially success-
ful in predicting the heat transfer coefficient during the
dropwise condensation process.

Due to the above-mentioned complexities, theoreti-
cal prediction of the distribution function is still
required. The aim of the present article is to introduce
a trial to predict the required function through a statis-
tical approach.�Corresponding author
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2. Derivation of the basic equations

It is well known that, vapor condenses on a hydro-
phobic surface in the form of a large number of initial
droplets having critical radius (Rmin) determined by
Thomson equation [9]:

Rmin ¼
2sTs

LrlðTS � TWÞ
;

where TS, K is the absolute temperature of the satu-
rated vapor at a given pressure, TW, K is the absolute
temperature of the condensing surface, s, J/m2 is a sur-
face tension force of saturated vapor at a given pres-
sure, L, J/kg is the latent heat of vaporization and rl,
kg/m3 is the density of the liquid.

The droplets grow either by natural growth or
through coalescence with neighboring droplets.

As a result a wide range of dropsizes are present on
the condensing surface.

The drop grows until it attains a maximum radius
(Rmax), then it starts to roll down the surface, sweeping
it. Thus new generation of small droplets appear on the
nucleation centers screened before by the departing
drop. Thus a certain dropsize distribution function
F(R) is established on the condensing surface.

The process in general is transient process [10], but
it can be studied as quasistationary if the time-
averaged characteristics of the process remain con-
stant. For simplicity, it is assumed that drops have
hemispherical form.

2.1. Derivation of F(R) considering natural growth only

In the following an expression for F(R) considering
natural growth only (growth due to condensation of
vapor molecules on the surface of the considered dro-
plet) is considered.

The rate of volume increase for a single droplet is
given as:

d

dt

2

3
pR3

� �
¼ 2pR2 dR

dt
¼ 2pR2WðRÞ: ð3Þ

The function W(R), m/s is the natural growth rate
function.

The heat transfer coefficient (h) in terms of both
function W(R) and F(R) is given as [10]:

h ¼ q

�T
¼ 1

�T

Z
2pR2 WðRÞrL FðRÞ dR; ð4Þ

where q, W/m2 is the rate of heat flux through a unit
area of the condensing surface.

Following a model introduced by El-adawi [8],
according to which, the condenser surface is assumed
to consist of neighboring boundaries containing

droplets with successive increasing average radii Ri,
Riþ1, Riþ2. . . . . . .

Making analogy with electricity, the continuity
equation can be written in the form:

divNðR; tÞ ¼ qFðR; tÞ
qt

: ð5Þ

For a quasistationary distribution function, Eq. (5)
gives the relation:

WðRÞFðR; tÞ ¼ � qNðR; tÞ
qt

: ð6Þ

This equation shows that the number of droplets
leaving per second the boundary Ri equals W(Ri)F(Ri).

To maintain a quasistationary dropsize distribution
function on the surface [8] a dynamical equilibrium
must be realized.

This condition can be formulated in the form:

2

3
pR3

iþ1FðRiþ1ÞWðRiþ1Þ ¼ 2pR2
i WðRiÞNðRiÞ

þ 2pR2
iþ1WðRiþ1ÞNðRiþ1Þ:

ð7Þ

Differentiating both side with respect to Ri one gets,
the relation:

q
qRi

2pR2
i WðRiÞNðRiÞ ¼ 0: ð8Þ

Hence

NðRiÞ ¼
C1

WðRiÞR2
i

; ð9Þ

where C1 is a constant of integration.
From Eq. (9), we get the following expression for the

dropsize distribution function:

FðRiÞ ¼
qNðRiÞ
qRi

¼ �C1
fW0ðRiÞR2

i þ 2RiWðRiÞ g
fWðRiÞR2

i g
2

ð10Þ

Taking into account that the total temperature drop
from vapor at its saturation temperature to the solid
condensing surface is the sum of temperature differ-
ences due to curvature, interfacial mass transfer, and
conduction [2,11,12]

�T ¼ �Ti þ�Tcap þ�Tcon:

It is possible to write the following expression for
the growth rate velocity:

WðRÞ ¼
�T � 2T

S
s

LrlR

2pR2
1

2pai R2
þ 1

4p�iR

� �
rlL

ð12Þ
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where ai is the instantaneous interfacial heat transfer
coefficient W/m2, and �1 is the thermal conductivity
coefficient of the liquid W/mK.

Substituting from (12) into (10) one gets for F(R), the
following expression:

FðRiÞ ¼ � C1

Tss

L2p
1

2paiR2
i

þ 1

4p�lRi

� �
R4

i r
2
l

�
�T � 2Tss

LRirl

Lp
1

2paiR2
i

þ 1

4p�lRi

� �
R3

i rl

�
� 1

paiR
3
i

� 1
4p�lR

2
i

� �
�T � 2Tss

LRirl

� �

2Lp 1
2paiR2

i

þ 1
4p�lRi

� �2
R2

i rl

0
BBB@

1
CCCAR2

iþ

�T � 2Tss
LrlRi

2pR2
i

1

2paiR2
i

þ 1

4p�lRi

� �
rlL

0
BBB@

1
CCCA2Ri

2
6666666666664

3
7777777777775

�

�T � 2Tss
LrlRi

2pR2
i

1

2paiR2
i

þ 1

4p�lRi

� �
rlL

R2
i

2
6664

3
7775

2

ð13Þ

One further condition is required to determine the
value of C1.

The condition expresses the fact that the area cov-
ered by all droplets existing on the condensing surface
must be less or equal to unity (1 m2) i.e.:

ZRmax

Rmin

pR2FðRÞdR � 1: ð14Þ

Considering the equality sign as a limiting case
one gets:

C1 ¼
�1

L2ð2�l þ aiRÞpR2r2
l

2ai�lð�LR2�Trl þ 2RTssÞ

� �Rmax

Rmin

ð15Þ

In literatures, one finds two limiting cases for W(R),
namely:

1. W(R) ¼ const. This case is applicable for very small
droplets where the interfacial mass transfer
between the liquid and vapor phases controls the
growth rate. In such a case Eq. (10) shows that
F(R) / 1

R3

2. For droplets of large size, where the growth rate
is determined by heat conduction through the
droplet [13].

WðRÞ ¼ const

R
¼ 8:3��T

LrlR
ð16Þ

For such a case, Eq. (10) shows that F(R) / 1

R2
:

These results are in agreement with published
experimental data [9] on dropsize distribution function.

Computations are carried out considering the same
operating conditions as [9] to find F(R) for the follow-
ing parameters:

Ts ¼ 373o C; �T ¼ 0:277 K;Rmax ¼ 1; 250 micron;

Rmin ¼ 0:077 micron; L ¼ 2:256� 106 J=kg

�l ¼ 0:681 W=m:K; ai ¼ 15:33� 106 W=m2:K;

rl ¼ 958:3kg=m3; s ¼ 0:058 N=m:

Eq. (15) shows that C1 ¼ �4:4� 10�8 m=s
The obtained computed values of F(R) are com-

pared with the corresponding experimental values
given by Graham [9].

The comparison is illustrated graphically in Fig. 1.
One can conclude that the fitting is not satisfactory.

This can be attributed to the fact that our model till now
considers natural growth rate only and it does neglect
the role of coalescence between neighboring drops. In
the following this effective factor will be considered.

2.2. Dropsize distribution function F(R) taking the
coalescence between droplets into consideration.

For such a case the dynamical equilibrium can be
formulated as follows:

dNþ þ d�þ ¼ dN� þ d��; ð17Þ
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where dNþ represents the number of droplets crossing
the boundary of the considered zone from the preced-
ing zone due to natural growth. dN� represents the
number leaving the same zone due to natural growth.
While, d�þ is the number of droplets entering the con-
sidered zone from the preceding one due to coales-
cence process between droplets of smaller sizes.
Finally, d�� is the number of droplets leaving the consid-
ered zone due to coalescence of the zone droplets with
each others or with neighboring droplets of any size.

According to the arguments given in the already
discussed in Section 1 the function dN� is given as:

dN�k ¼WðRkÞFðRkÞ: ð18Þ

(1) Determination of dNþk:

Let us assume that it is inversely proportional to the
time required for a droplet to grow naturally from
Rmin ffi 0 up to Rk, i.e:

dNþk ¼ gk

ZRk

0

dR

WðRÞ

0
@

1
A
�1

; ð19Þ

where gk is the constant of proportionality, gk depends
on the density of the nucleation centers and on the
operating conditions governing the condensation
process.

(2) Determination of d�þ:

When two neighboring droplets come to contact,
they coalescence instantaneously. At this moment let
the radius of one of them is Ri while the radius of the
other one is Rj. Thus one gets a droplet with radius
Rk such that

Rk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R3

i þ R3
j

3

q
: ð20Þ

The time required to realize this event satisfies the
following inequality:

tij �
ZRi

Rmin

dR

WðRÞþ
ZRj

Rmin

dR

WðRÞ ð21Þ

Assuming that d�þk / 1
tij

and is proportional also to the

existing number of both types of droplets i.e.:

d�k � NðRiÞ �NðRjÞ ð22Þ

One can thus write:

d�þk ¼
X

i;j

ak

ZRi

Rmin

dR

WðRiÞ
þ
ZRj

Rmin

dR

WðRjÞ

0
B@

1
CA
�1

; ð23Þ

ak represents the constant of proportionality and Ri

ranges from Rmin up to
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R3

k � R3
min

3

q
while Rj ranges

from
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R3

k � R3
min

3

q
down to Rmin.

(3) Determination of d��:
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Fig. 1. Comparative illustration between the computed values [Eq. (13)] and the corresponding experimental values [9] of the
function F(R).
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To determine the number per unit area per second
that leaves the zone of Rk due to coalescence, one
assumes that it is proportional to d��k in the form:

d��K ¼ bk

X
i;j

ak

ZRi

Rmin

dR

WðRiÞ
þ
ZRj

Rmin

dR

WðRjÞ

0
B@

1
CA
�1

; ð24Þ

where bk is the constant of proportionality.
Let us indicate the following cases:

	 For bk ¼ 1, both numbers of droplets entering and
leaving the zone R due to coalescence are equal.
This is equivalent to the case when one neglects the
role of coalescence in the determination of the shape
of the distribution function.

	 For 0 < bk < 1, For such a case, the number that dis-
appears in the considered zone due to coalescence is
less than the number of droplets entering the con-
sidered zone due to coalescence.

To realize the dynamical equilibrium, the accumula-
tion of droplets is balanced by the process of natural
growth. For the considered case the number of droplets
entering the considered zone due to natural growth will
be less than the corresponding number emigrating
(leaving) the zone due to natural growth and vice versa.

	 A similar explanation can be given for the case when
bk > 1:

Substituting the expressions for
dN�; dNþ; d��and d�þ given by equation (18), (19),
(23) and (24) in the dynamical condition (17) and rear-
ranging the terms, one gets for the distribution function
the following expression:

FðRÞ ¼ 1

WðRÞ gk

ZRk

0

dR

WðRÞ

0
@

1
A
�1

0
B@

þ
XRk

i;j

akð1� bkÞ
ZRi

0

dR

WðRÞ þ
ZRj

0

dR

WðRÞ

0
B@

1
CA
�11
CA
ð25Þ

For the limiting cases, when WðRÞ ¼ C3

R
one gets:

FðRÞ ¼ 2gk

Rk
þ að1� bÞ

XRk

Ri;Rj

2Rk

R2
i þ R2

j

; ð26Þ

While for the case WðRÞ ¼ const ¼ C2 one gets:

FðRkÞ ¼
gk

Rk
þ að1� bÞ

XRk

Ri;Rj

1

Ri þ Rj
ð27Þ

Let the functions cðRÞ ¼ að1� bÞ for large droplets
and jðRÞ ¼ að1� bÞ for small droplets, together with
the function gkðRÞ. These functions are determined
through statistical treatment of the experimental data
published by Graham [9] as follows:

The critical radius after which coalescence may take
place is determined assuming a square array of the
nucleation centers [2] with a definite suggested num-
ber �2: In our computation this number is taken as

0:25� 1012 [14,15], this gives a threshold value of

Rth ¼ 1� 10�6 m ¼ 1 micron.
Between Rmin and Rth, the process is wholly due

to natural growth. For such a case bk ¼ 1 and one gets

FðRÞ ¼ gk

R
:

For each experimental value F(R) [9] for small dro-
plets, the function gk(R) is obtained corresponding to
the radius R.

The scatter of such a function makes it possible to
suggest a semi-empirical formula to predict it in the
form: gkðRÞ ¼ AR�B. The parameters A and B are deter-
mined through least square fitting technique [19]. For
larger values of ‘‘R’’ one can find the values of both
functions fðRÞ; and cðRÞ and in the same way one can
obtain the formulas to predict them.

For a certain regime one gets the following
expressions:

gðRÞ ¼ 0:301ðRÞ�1:69 ð28Þ

fðRÞ ¼ �2:3244� 10�5ðRÞ�2:698 ð29Þ

cðRÞ ¼ �3:884� 10�5ðRÞ�2:61 ð30Þ

For the same regime considered before the obtained
computed values of the distribution function is
compared with the experimental data published by
Graham [9] and are illustrated graphically in Fig. 2,
good fitting is now obtained.

3. Conclusions

The obtained results make it possible to indicate the
following conclusions:

1. In general the dropsize distribution function F(R) *
R�n.

2. Colescence plays an important role in determination
the considered function.

3. The statistical trend is promising to understand the
mechanism of dropwise mode of condensation.

Nomenclature

c1 constant of integration
F(R) droplet distribution function, m�3
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h Heat transfer coefficient, W/m2K
L latent heat of vaporization, J/kg
N(R) total number of drops per unit area with

radii between R��R
2 ;Rþ �R

2 , m�2

dNþ,dN- defined in the text,
q heat flux, W/m2

R droplet radius, m
Rth threshold radius value (defined in the

text), m
T absolute temperature, K
Ts the absolute temperature of the saturated

vapor, K
Tw the absolute temperature of the conden-

sing surface, K
�Ti the temperature difference associated

within interfacial resistance, K
�Tcap the capillary depression of equilibrium

saturation temperature, K
�Tcon the temperature difference within con-

duction resistance through the droplet, K
t time, s
W(R) the natural growth rate of the droplet, m/s

Greek letters

aK; function of proportionality,
ai; interfacial heat transfer coefficient,

W/mK
bK; function of proportionality,

gKðRÞ defined in the text,
�; the thermal conductivity of the conden-

sate, W/mK
d�þ;d��; defined in the text,

�2; total number of nucleation centers per
unit area, m�2

r; liquid density, kg

m3

s; the surface tension, J=m2

FðRÞ; defined in the text,
�ðRÞ; defined in the text,

References

[1] E. Schmidt, W. Schurig and W. Sellschopp, TechMech.Thermo-
Dynam, 1 (1930) 53–63.

[2] Y. Wu, C. Yang, and X. Yuan, Drop distribution and numerical
simulation of dropwise condensation heat transfer. Int. J. Heat
MassTransf., 44 (2001) 4455–4464.

[3] B. Burnside and H. Hadi, Digital computer simulation of drop-
wise condensation from equilibrium droplet to detectable size,
Int. J. Heat Mass Transf., 42 (1999) 3137–3146.

[4] E. LeFever and J. Rose, A theory of heat transfer, Int. J. Heat
Mass Transf., 2 (1966) 362.

[5] J. McCormick and J. Westwater, Drop dynamic and heat
transfer during dropwise condensation of water vapour on a
horizontal surface, J. Chem. Eng., 62 (1966) 120–133.

[6] J. Rose and L. Glicksman, Dropwise condensation – the distribu-
tion of drop size, Int. J. Heat Mass Transf., 16 (1973) 411–425.

[7] H. Tanaka, A theoretical study of dropwise condensation,
Trans. ASME., 2 (1978) 72–78.

[8] M. El-Adawi, On dropwise condensation, Egypt. J. Phys., 17(1)
(1986) 185–196.

[9] C.Graham, and P.Griffith, Dropwise distribution and heat
transfer in dropwise condensation, Int. J. Heat Mass Trans., 16
(1973) 337–346.

1

10

100

1000

10000

100000

1000000

10000000

100000000

100001000100101

R (micron)

F
(R

) 
( 

1/
cm

3 )
Graham

Eq. (27)

Eq. (26)

Fig. 2. Comparative illustration between the computed values [Eq. (26), Eq. (27)] and the corresponding experimental values [9]
of the function F(R).

M.K. El-Adawi and T.H. Felemban / Desalination and Water Treatment 24 (2010) 244–250 249



[10] A.P. Solodov and V.P. Isachenko, Statistical model for dropwise
condensation, High Temper. Phys., 5 (6) (1967) 1032.

[11] C. Yamali and H. Merte, A Theory of dropwise condensation at
large sub cooling including the effect of the sweeping, Heat
Mass Transf., 38 (2002) 191–202.

[12] S.J. Gokhale, J.L. Plawsky and P.C. Wayner Jr, J. Coll. Interf. Sci.,
259 (2003) 354–366.

[13] N. Fatica and D.L. Katz, Dropwise condensation, Chem.Eng.
Prog., 45 (1949) 661–674.

[14] L.R. Glicksman and A.R. Hunt, Int. J. Heat Mass Transf., 15
(1972) 2251.

[15] E.E. Gose, A.N. Mucciardi and E. Bear, Model for dropwise
condensation on randomly distributed sites, Int. J. Heat Mass
Transf., 10 (1967) 5–22.

[16] A. Umur and P. Griffith, Mechanism of dropwise condensation,
Trans ASME, J. Heat Transf., 87 (C) (1965) 275–282.

[17] I. Tanasawa, and Ochiai, Experimental study of dropwise
condensation process, J. SME., 38 (1972) 3193.

[18] R.J. Hannemann and B.B. Mikic, An analysis of the rate of heat
transfer in dropwise condensation, Int. J. Heat Mass Transf.,
19 (1976) 1299–1307.

[19] M.R. Spiegel, Statistcs, Schaum Series, McGraw-Hill, 1978,
ch.13.

250 M.K. El-Adawi and T.H. Felemban / Desalination and Water Treatment 24 (2010) 244–250


