
International Journal of Heat and Mass Transfer 52 (2009) 2324–2334
Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier .com/locate / i jhmt
Marangoni condensation heat transfer of water–ethanol mixtures on a vertical
surface with temperature gradients

JinShi Wang, JunJie Yan *, ShenHua Hu, JiPing Liu
State Key Laboratory of Multiphase Flow in Power Engineering, Xi’an Jiaotong University, Xi’an 710049, China

a r t i c l e i n f o a b s t r a c t
Article history:
Received 8 January 2008
Received in revised form 7 November 2008
Available online 7 January 2009

Keywords:
Marangoni condensation
Temperature gradients
Heat transfer coefficient
Concentration gradients
0017-9310/$ - see front matter � 2008 Elsevier Ltd. A
doi:10.1016/j.ijheatmasstransfer.2008.11.011

* Corresponding author. Tel.: +86 29 82665741; fax
E-mail address: yanjj@mail.xjtu.edu.cn (J. Yan).
Marangoni condensation heat transfer of water–ethanol mixture vapours was investigated experimen-
tally on a vertical surface with large and nonhomogeneous temperature gradients. The heat transfer
investigation showed that the local heat transfer coefficients (HTCs) were varied along the surface for
the nonhomogeneous temperature gradients on condensing surface. At the position with greater local
temperature gradient, the HTC was higher. The highest HTC existed at the ethanol vapour concentration
(EVC) of 1% and the HTC decreased with the increase of EVC when the EVC was more than 2%. Compared
to the solutal Marangoni condensation, which was only driven by concentration gradients, owing to the
effect of temperature gradients, the present heat transfer was enhanced by 25–100% for the mixture
vapours (CV < 5% and CV = 50%) and pure steam, and by 0–50% for the other mixture vapours
(5% 6 CV < 20%). In addition, the effect of vapour velocity and pressure was confirmed to be positive to
condensation heat transfer. The preliminary analysis illustrated that, for a positive system with a volatile
component, under the coaction of concentration and temperature gradients, the surface tension gradients
on the saturated condensate surface became greater, leading to the Marangoni condensation heat transfer
to be further enhanced. Meanwhile, the visual observations indicated that condensation modes greatly
depended on EVC and vapour-to-surface temperature difference (DT).

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

When the binary mixture vapours of a positive system, e.g.,
water–ethanol mixtures, condenses on a solid surface, irregular
modes of condensate of uneven thickness appear, such as dropwise
condensation. As Marangoni effect is responsible for the dropwise
condensation, the phenomenon is called Marangoni condensation
or Marangoni pseudo-dropwise condensation. In 1961 Mirkovich
and Missen [1] firstly discovered this non-filmwise condensation
phenomenon for binary vapours, and compared HTCs for the vari-
ous types of binary vapours condensation in 1963 [2]. In 1968 Ford
and Missen [3] demonstrated a criterion for film instability by an
inequality, and established a sign convention dr/db by dr=db 6 0
for stable and dr/db > 0 for unstable, where r was the surface ten-
sion and b was film thickness. A positive system, where the surface
tension of the highboiling-point component was larger than that of
the lowboiling-point component, coagulated on a solid surface, the
sign convention dr/db was positive and the condensation film
would be unstable. Fujii et al. [4] presented an experimental study
of condensation of water and ethanol mixtures on a horizontal
tube. Their group reported five condensation modes: drop, streak,
ring, smooth film and wavy film. For vapour mixtures having eth-
ll rights reserved.
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anol concentrations of 0–20%, the condensation HTC was less than
that of pure steam. In 1994 Hijikata et al. [5] theoretically and
experimentally investigated the condensation mechanisms of
water–ethanol mixture on a flat plate by instability analysis, and
found that the values of HTCs were relatively low. All the studies
above reported that the HTC of binary vapours was less than or
equal to that of pure steam.

On the other hand, in 1997 Morrison and Deans [6] studied the
condensation of water–ammonia mixtures on the outside of a
smooth horizontal tube. Their results showed that condensation
heat transfer was enhanced by as much as 13% when the vapour
concentration of ammonia in steam was in the range of 0.23–
0.88%. The paper by Philpott and Deans in 2004 [7] reported that
on the rates of condensation heat transfer for weak ammonia–
water mixtures in a horizontal, shell and tube condenser, the aver-
age condensation heat transfer for the condenser was enhanced by
up to 14%, for inlet ammonia concentrations in the range of 0.2–
0.9%. Furthermore, local enhancement of the condensation heat
transfer reached up to 34% when the local bulk vapour concentra-
tions of ammonia ranged from 0.2% to 2%. In recent years Utaka
and coworkers performed a series of experiments on Marangoni
condensation for water–ethanol mixtures on a small vertical plane.
They first achieved several times heat transfer enhancement
and found the HTC revealed nonlinear characteristics with peak
values with the increase of surface subcooling. They systematically
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Nomenclature

b film thickness (lm)
C ethanol mass concentration in solution (%)
CV ethanol vapour mass concentration in mixture vapour

(%)
F ratio of heat transfer coefficient
h heat transfer coefficients (kW m�2 K�1)
�h mean heat transfer coefficient (kW m�2 K�1)
l distance (mm)
P vapour pressure (kPa)
q heat flux (kW m�2)
�q mean heat flux (kW m�2)
re latent heat of ethanol (kJ kg�1)
rmix latent heat of mixture (kJ kg�1)
rw latent heat of water (kJ kg�1)
T temperature (K)
TV vapour temperature (K)
U vapour velocity (m s�1)

Greek symbols
Dh heat transfer coefficient difference (kW m�2 K�1)
DT vapour-to-surface temperature difference (K)
Dt local temperature difference (K)
DT mean vapour-to-surface temperature difference (K)
Dr surface tension difference (mN m�1)
k thermal conductivity (kW m�1 K�1)
r surface tension (mN m�1)
s time (s)
/ heat transfer rate (kW)

Subscript
a–f different location in the plate
i, j tab
max peak points of condensation curves
sat saturation
w, n, e, s direction
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investigated the dependence of HTCs on surface subcooling [8],
vapour velocity [9] and EVC [10]. The HTC was found to be rela-
tively low at small surface subcooling and subsequently to increase
steeply before decreasing again. The effect of vapour velocity was
to raise HTC. The maximum HTC in the condensation characteristic
curves appeared at an ethanol vapour mass fraction of approxi-
mately 1% and then HTCs decreased with increasing EVCs. Com-
pared to pure steam, the condensation heat transfer was
enhanced approximately 2–8 times. Murase et al. [11] studied
the Marangoni condensation using a horizontal condenser tube.
The results showed the same trends as those found by Utaka for
vertical surfaces. Differences in detail could be explained by geom-
etry considerations and strong dependence of HTC on DT and
vapour velocity, both of which varied around the perimeter of
the horizontal tube. In addition, Yan et al. [12,13] investigated
the effect of vapour pressure on Marangoni condensation for
water–ethanol vapours. The condensation modes took different
appearances under different vapour pressures. The data showed
that the HTC increased with the increasing pressure and the pro-
motion effect was significant at low EVCs.

The Marangoni effect is caused by surface tension gradients on
the free surface. It can be the result of concentration and/or tem-
perature gradients. In the case of concentration gradients, the
effect is called the solutal Marangoni effect. When temperature
gradients are responsible for the Marangoni effect, the effect is fre-
quently called thermocapillarity. The previous condensation stud-
ies above almost only focused on the effect of concentration
gradients, known as so-called solutal Marangoni condensation. In
their studies, the experiments were carried out on flat plates or
tubes, and the temperature of their condensing surfaces was uni-
form on macroscale. For the binary mixture vapours and the uni-
form temperature on the condensing surface, the original
intention of the previous works was to use the solutal effect to
obtain the pseudo-dropwise condensation. But in the current
heat-exchanger field, in order to get more heat transfer, lots kinds
of fins were adopted in the heat exchangers. The actual cooling sur-
face was not always flat and the temperature field was always un-
uniform. It was necessary to study the condensation rules on a sur-
face with temperature gradients. For the temperature gradients on
the condensing surface in the binary mixture vapours condensa-
tion, the original intention of this condensation was to use the sol-
utal effect and thermal effect to obtain the pseudo-dropwise
condensation. There were only few references concerned with
the condensation on a surface with temperature gradients for mix-
ture vapours. Utaka and Kamiyama [14] studied the spontaneous
movement of condensate drops by applying bulk temperature gra-
dient on the heat transfer surface in Marangoni condensation. As a
result of experiment using water–ethanol vapour mixture, the
movement of droplets from low temperature-side to high temper-
ature-side could be observed on the heat transfer surface arranged
horizontally. Hu et al. [15] investigated the Marangoni condensa-
tion on an oblique plate and primarily studied the effect of temper-
ature gradients on the heat transfer flux. The temperature
gradients on condensing surface were thought to be small, contin-
uous and homogeneous. The mean HTC could be augmented as
much as 15% compared with the literature under similar experi-
mental conditions. From this research it could be concluded that
the magnitude of temperature gradient would affect the efficiency
of heat transfer enhancement. In other words, greater temperature
gradients may promote higher heat transfer. Also, the nonhomo-
geneous temperature gradients on the condensing surface may
create stronger disorder and stronger Marangoni convection. The
direct result may be a further heat transfer enhancement. So it is
necessary to investigate the Marangoni condensation on surfaces
with other style of temperature gradients. The purpose of this pa-
per is to study the Marangoni condensation heat transfer charac-
teristic on a vertical surface with larger and nonhomogeneous
temperature gradients deeply.

2. Experimental apparatus and methods

2.1. Experiment apparatus

As mentioned in Section 1, in engineering application, many
kinds of fins, such as taper fin and flat fin, have been designed in
the heat exchangers to enhance heat transfer. The oblique plate
in the Hu et al. [15] is just thought to be the application of taper
fin. The application of flat fin has not been reported in Marangoni
condensation researches. A copper plate, shown in Fig. 1(a), was
devised specifically for getting a condensing surface with temper-
ature gradients as described in Section 1, thought to be the appli-
cation of flat fin. The condensing surface had an area of
25 mm � 40 mm. One typical temperature field of cross section is
shown in Fig. 2(a), calculated by a numerical simulation. As seen
in Fig. 2(a), the temperature field was serrated. The temperature
of condensing surface was nonhomogeneous, but symmetrical. At



Fig. 1. Schematics of test plate and thermocouple distribution in cross section.
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the position of the middle line the temperature was highest, while
at the edge the temperature was lowest. The local temperature dif-
Fig. 2. One typical temperature fiel
ference on the condensing surface was also nonhomogeneous. The
largest temperature difference on the whole surface was up to 6 K.
Also shown in Fig. 2(b) is the temperature field of the plate in Ref.
[15], calculated under the same condition. From the comparison of
the two figures, it could be seen that the temperature gradients on
the present condensing surface were nonhomogeneous and larger.

The test apparatus, shown schematically in Fig. 3, consisted of
three closed loops: the water–ethanol mixture vapour loop, the
impinging jet cooling water loop and the auxiliary cooling water
loop. Water–ethanol mixture vapour was generated in an electri-
cally heated boiler (maximum power 12 kW), and then was led
into the upper entrance of a vertical rectangular cross-sectional
duct, where mixture vapour partly condensed on the vertical sur-
face of the copper plate. The cross section of the duct was
1100 mm2. The excess vapour flowed into the condenser and was
cooled completely. Before returning to the boiler, the condensate
was measured in a calibrated flowmeter. Combined the mass flow
rate with the cross-sectional area and condensation pressure mea-
sured by a pressure transducer in the condensing chamber, a
vapour velocity passing through the condensing surface could be
calculated. Intending to minimize the effect of non-condensable
gas, a vacuum pump near the outlet of the auxiliary condenser con-
tinuously worked. The inlet of the vacuum pump was cooled by
cooling water to maintain a constant ethanol concentration in
the vapour mixture. In the loop of impinging jet cooling water,
the cooling water was kept in a cooling water tank where the water
was heated continuously and slowly by electrical heaters and was
pumped to cool the mixture vapour on the backside of the heat
transfer plate. In order to provide high-cooling intensity uniformly,
impinging water was jetted from a bundle of thin tubes. The aux-
iliary cooling water loop was set to cool the excess vapour and con-
trol the vapour pressure. By controlling the mass flow rate of
cooling water through the condenser, the pressure in the test
was adjusted.
d of cross section of test plate.



Fig. 3. Schematics of apparatus.
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After the vapour condition reached the steady state, the con-
densation characteristic curves were measured continuously
using a quasi-steady measurement in which the temperature of
the cooling water was changed very slowly for a fixed concentra-
tion, fixed velocity and fixed vapour pressure. The aspect of con-
densate was observed and recorded through the glass window of
the condensing chamber using a CCD camera (REDLAKE�

MotionScope2000).

2.2. Methods of measurement

2.2.1. The measurement of vapour pressure
The vapour pressure was measured by a pressure transducer

(MSI�US686-002BA, accuracy of 0.1%), and the pressure tap was
set up on the duct wall beside the condensate surface as shown
in Fig. 3. During the experiment the pressure was adjusted by con-
trolling the mass flow rate of cooling water.

2.2.2. The measurement of vapour velocity
The vapour velocity was measured by two methods as follows:
(1) Power Calculation Method: The mass flow rate of the vapour

was calculated by the latent heat of vapourization of mixtures rmix

and the electric power of heaters in vapour generator, the latent
heat of vapourization of mixtures rmix could be calculated as:

rmix ¼ re � C þ rw � ð1� CÞ ð1Þ

where C was the ethanol mass concentration in the mixture solu-
tion. Combining this with the cross-sectional area and condensation
pressure, the vapour velocity could be calculated.
Table 1
Comparison of experimental data by Gmehling [18] and results of UNIFAC.

Liquid concentration
(mol %)

Experimental data by Gmehling [18]

Vapour concentration
(mol %)

Phase equ
temperatu

6.4 33.20 30.90
8.6 40.80 29.40

11.1 46.80 28.15
14.2 51.20 27.10
37.9 63.20 23.90
47.8 66.90 23.25
78.0 82.20 21.95
88.5 89.80 21.70
(2) Flowmeter Method: The mass flow rate of the vapour passing
through the condensing surface was measured by flowmeter be-
hind the condenser.

During the experiment, the initial vapour velocities were given
as 3 m s�1, 4 m s�1 and 6 m s�1, and then the required electric
power of heaters was calculated. Finally, the real vapour velocity
was calibrated by the second method. The difference between
these two methods was less than 5%.

2.2.3. The measurement of vapour concentration
The generated vapour concentration during the boiling process

was found to coincide with that given by the vapour–liquid phase
equilibrium relation under the given pressure and liquid concen-
tration, and be independent of boiling conditions. Therefore, the
vapour concentration could be obtained by vapour–liquid phase
equilibrium relations.

UNIFAC (UNIQUAC Functional-group Activity Coefficients)
method, derived from UNIQUAC model by Fredenlund et al. [16]
in 1975, performed well for most of higher polar compounds,
e.g., water–ethanol mixtures [17]. It was adopted to determine
the ethanol concentration of the vapour mixture. Based on this
model, a program was developed to calculate the vapour concen-
tration from liquid concentration under different vapour pressures.
Under vapour pressure of 6.7 kPa, the computational results of
UNIFAC were compared with the experimental data of the litera-
ture [18] in Table 1, and they were almost consistent with each
other.

2.2.4. The measurement of temperature
The heat transfer flux/coefficient was obtained by calculation

from the temperatures in the copper plate and the temperature
of vapour. Here thermocouples were used to measure tempera-
tures. In the copper plant, 29 couples of thermocouples were collo-
cated regularly, as shown in Fig. 1(b) (hollow points). From the
thermocouples, the temperature field of the plate was obtained.
In the condensing chamber, two couples of thermocouples were
set to measure the temperature of vapour.

All the data of thermocouples and the pressure transducer were
collected by the data acquisition system (NI� PXI-6030E).

2.3. The calculation of heat transfer flux/coefficient

During the experiment, cooling water was heated very slowly
and the copper plate was well insulated by a thick Teflon plate
from the surroundings, therefore the experimental process could
be treated as a two-dimensional, quasi-steady state with no heat
generation. The coarse temperature field had been gotten from
the thermocouples. To get more precise results, the rectangular re-
gion was plotted out. As shown in Fig. 1(b), the hollow points were
the thermocouple locations and the solid points were nodes
inserted for calculation. Using energy balance method, we could
Results of UNIFAC

ilibrium
re (K)

Vapour concentration
(mol %)

Phase equilibrium
temperature (K)

39.92 30.13
44.53 28.99
48.18 28.07
51.37 27.26
63.18 24.56
67.18 23.90
82.28 22.48
89.46 22.24
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obtain the node temperatures and the heat transfer flux/coeffi-
cients. Calculation was performed by the following procedure.

Firstly, the temperatures of the nodes, ai (i = 1, 2, . . ., 7), ci and di
(i = 1, 2, . . ., 6), which were midpoints of the testing points, were
obtained by extrapolation, such as Ta1 ¼ T1þT8

2 ; Tc1 ¼ T8þT9
2 , and

these values would be revised later. The temperatures of the nodes
bi (i = 1, 2, . . ., 6) could be computed by energy balance method. For
example, for the point b1, the energy equation was that:

/w þ /n ¼ /e þ /s ð2Þ

where

/w ¼ k
lc1�d1

2
Ta1 � Tb1

la1�b1
; /n ¼ k

la1�a2

2
Td1 � Tb1

ld1�b1
;

/e ¼ k
lc1�d1

2
Tb1 � Ta2

lb1�a1
; /s ¼ k

la1�a2

2
Tb1 � Tc1

lb1�c1
:

From the equations the temperature of b1 could be calculated.
So were the other points bi (i = 2, 3 . . ., 6). Then the temperatures
of midpoint nodes could be revised by energy balance method.
With the same method the temperatures of ei (i = 1, 2 . . ., 11), fi
(i = 1, 2 . . ., 9) could be calculated. Next the local heat transfer
fluxes on the surface were calculated. For example, for the point
f3, the energy equation was that:

/w þ /n ¼ /e þ /s ð3Þ

where

/w ¼ k
lf 3�e4

2
Tf 2 � Tf 3

lf 2�f 3
; /n ¼

lf 2�f 4

2
qhf 3;

/e ¼ k
lf 3�e4

2
Tf 3 � Tf 4

lf 3�f 4
; /s ¼ k

lf 2�f 4

2
Tf 3 � Te4

lf 3�e4
:

From the equations the local heat transfer flux of point f3 was
gotten. The vapour-to-surface temperature difference (DT) of point
f3, which meant the temperature difference between the main va-
pour and the copper surface at the position f3, was that:

DT ¼ TV � Tf 3 ð4Þ
Fig. 4. Variation of condensatio

Fig. 5. Condensation modes versus vapour-to-surface temp
The local HTC of point f3 was in following:

hf 3 ¼
qhf 3

DT
ð5Þ

The other local HTCs at the positions of f2, f4, f5, f6, f7 and f8 were
obtained by the same procedure.

In Eqs. (2)–(4), Ti was the temperature of point i, li�j was dis-
tance from point i to point j, k was thermal conductivity, and TV

was temperature of vapour, respectively.

2.4. The uncertainty analysis

The experimental data reduction scheme relied on accurate test
measurement. The uncertainties, associated with raw measure-
ment and the derived data, were analyzed by the method of Moffat
[19]. The uncertainty of heat conductivity (k) was ±2%, of temper-
ature (T) was ±0.1 �C The distance error between two holes was
±0.5 mm. The resultant uncertainties of heat flux (q) and HTC (h)
were ±2.6 � 11.4% and ±4.0 � 27.2%, respectively.
3. Results and discussion

3.1. The visual observations

During the experiment five known modes, related to the report
by Fujji et al. [4], were all observed. The drop drainage process was
dynamic, and periodic. Under the same condition, in a circle, the
size and quantity of drops was variational in time, as shown in
Fig. 4. It could be seen that the drops gradually grew up and united
with the increase of time in a circle. When the drop size was to be a
certain value, the big drops were united with the others and then
were swept down. Meanwhile, the small and dense drops were
created and another circle began. The time of a whole circle here
was about 0.5 s. The next pictures about the condensation modal-
ity were all typical modes in a whole circle. For all mixture va-
pours, with the increase of DT, the condensation modes shifted
from smooth film to wavy film, to drop with rivulet, to drop, to
drop with rivulet, and to film, as seen in Fig. 5. The condensation
n modes in time in a circle.

erature difference (CV = 2%, P = 47.36 kPa, U = 4 m s�1).



Fig. 7. Comparison of condensation modes for different condensing surfaces.

Fig. 8. Comparison of local heat transfer coefficients.
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modes greatly depended on EVC and DT, as shown in Fig. 6. For
pure water, the mode was always film, but with waves on the film
at some range of DT. For the mixture vapour at low EVCs (CV < 5%),
the DT region with drop mode appearance was wide. The size and
distribution of drops relied on EVC. At a lower EVC, the drops were
smaller and denser. With respect to the effect of EVC and DT, the
effect of vapour velocity and pressure on condensation modes
was weak. Fig. 7 shows the condensation modes observed by Yang
et al. [13]. Their experiments were carried out on a vertical surface
with uniform temperature. Compared with their condensation
modes, the present drops were smaller and denser, and the sweep
speed of drops was faster.

3.2. Condensation characteristic curves

For the difference of the original intention between the present
work and Prof. Utata’s work [8–10], the authors thought the pres-
ent Marangoni condensation driven by solutal effect and thermal
effect was a new and unknown task. As reported in Refs. [8–
10,13], the ethanol mass fraction, the DT, the vapour velocity,
and the vapour pressure were all the influencing factors of Marang-
oni condensation. In order to make clear the heat transfer rules of
the present condensation and show the difference between the
present condensation and the solutal Marangoni condensation, it
was necessary to study the effects of the influencing factors on
the present condensation.

Tests were conducted using mass concentrations of ethanol in
mixture vapours (CV) of 0%, 0.5%, 1%, 2%, 5%, 10%, 20% and 50% at
three different pressures of 31.16 kPa, 47.36 kPa and 84.52 kPa,
respectively, while vapour velocities at approach to the condenser
plate were 3 m s�1, 4 m s�1 and 6 m s�1, respectively.

According to the calculation in Section 2.3, seven local HTCs
(the coefficients at the positions of nodes f2–f8) could be obtained
for the present surface. In view of the symmetry, only three local
coefficients at typical positions (f2, f4 and f5) were concerned to
study the heat transfer characteristic in this paper.

3.2.1. Effect of temperature gradients on local heat transfer coefficients
Fig. 8 shows the three local HTCs under the same experimental

condition. With reference to Fig. 8 we could see that the distinction
among the three coefficients was obvious and the coefficient of
point f5 was lowest, while the coefficient of point f4 was highest.
Moreover, the distinction greatly depended on EVC and DT. At
low EVCs (CV < 2%), the difference values were significant and rose
up to be 50 kW m�2 K�1, especially at low range of DT. When the
EVC increased, the difference in value became little and the DT re-
gion of great distinction moved to large region.

The reason for the difference of local HTCs on condensing sur-
face was attributed to the difference of local surface tension gradi-
ents. At the fixed ethanol concentration, the difference of local
Fig. 6. Condensation modes for difference ethanol vapour conc
surface tension gradients was mainly due to the different local
macroscopical temperature differences, although temperature dif-
ference inevitably brought concentration difference. For the special
shape, the local temperature differences along the surface were
nonhomogeneous. Fig. 9 illustrates the local temperature differ-
ences among the nodes. It could be seen that, at the position of
node f4, the temperature differences were upper, while those of
node f5 were least. For all ethanol concentrations, the similar con-
clusion was applied.

Surface tension gradient is the essential driving force of
Marangoni convection. It is necessary to research on the relation-
ship between surface tension gradient and temperature gradient.
For water–ethanol mixtures, the surface tension was a function
of concentration (C), temperature (T), and pressure (P). The data
at different pressures were deficient. Moreover, the experiments
entrations and vapour-to-surface temperature differences.



Fig. 9. Comparison of local temperature differences. Fig. 10. Comparison of local surface tension differences.
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were carried out at adjacent pressures. So for a quantitative com-
parison at a fixed pressure, the surface tension was just considered
to be the function of concentration (C) and temperature (T). The
model in Ref. [15] was adopted to calculate surface tension:

r ¼ ½�0:1649ðT � 273Þ þ 75:973� 1� 0:411 ln 1þ C
1:37

� �� �
ð6Þ

Table 2 gives the values of experimental data [20], calculation data
and error for different concentrations and temperatures. The values
calculated by Eq. (6) were in good agreement (error < ±1%) with the
experimental values within our discussion. It demonstrated that the
fitted Eq. (6) was feasible.

Assuming the interface temperature being a linear relation with
the temperature of vapour and condensing surface and the ethanol
concentration at the interface obtained by the phase equilibrium
relation, the local surface tension differences were calculated using
Eq. (6), as shown in Fig. 10. The distinction of local surface tension
differences was similar to that of temperature differences. The con-
clusion was that the local surface tension differences of f5 were
least and those of f4 were upper. As it is known, the Marangoni
effect is caused by the surface tension gradients. The larger the sur-
face tension difference is, the stronger Marangoni convection
would be. The promotion behavior of Marangoni effect on conden-
sation heat transfer is as follows: Marangoni convection will tear
the film and reduce condensate thermal resistance. The diffusion
thermal resistance between the vapour and condensate will be also
reduced by the disturbance of Marangoni convection. Accordingly,
the stronger Marangoni convection reduced more total thermal
resistance and the heat transfer was more significant enhanced.
Table 2
Comparison of experimental data in Ref. [20] and results of calculation.

Temperature
(K)

Liquid concentration (%)

0.25 0.5

Experimental
data (mN m�1)

Results of calculation
(mN m�1)

Error
(%)

Experimental
data (mN m�1)

313 67.6 67.3 �0.44 65.3
323 65.9 65.7 �0.30 63.9
333 64.1 64.1 0.003 62.2
343 62.6 62.5 �0.15 60.8
353 60.9 60.9 0.004 59.1
363 59.1 59.3 0.34 57.6
So among the points of f2, f4 and f5, the position with the largest
temperature difference, f4, had the highest HTC, while f5 had the
least HTC, for least temperature difference.

For mixture vapours, Marangoni convection was driven by sur-
face tension gradient, caused by concentration gradients and tem-
perature gradients. The difference of local HTCs was also the
coaction of concentration and temperature gradients.

Expressly, for pure steam, without the effect of concentration
gradients, the difference of local HTCs was only the contribution
of local temperature gradients on the condensing surface. The dif-
ference would show the undoubted effect of temperature gradients
on heat transfer.

Fig. 11 shows the present data and the experimental data by
Yang et al. [13], whose condensing surface had uniform tempera-
ture. Also shown is the Nusselt equation [21] for pure quiescent
steam. As seen in Fig. 11, the coefficient in the literature [13]
was some higher than the theoretical result, and a little lower than
that of node f5. The distinction between the coefficients of nodes f2
and f4 was very little and the coefficient of node f4 was just a little
higher. But the difference in the coefficients of f2 and f5 was obvi-
ous, up to 30%.

The reason for the difference between Yang and Nusselt was
that the experimental vapour was not quiescent and vapour veloc-
ity would raise HTC, presumably due to the shear stress effect on
the condensate surface.

The latter differences could be the result of the different tem-
perature gradients on the condensing surface. Fig. 12 depicts the
local temperature differences and local surface tension differences.
The local surface tension differences of f2 and f4 were larger and
1

Results of calculation
(mN m�1)

Error
(%)

Experimental
data (mN m�1)

Results of calculation
(mN m�1)

Error
(%)

65.5 0.34 63 62.6 �0.65
64.0 0.10 61.5 61.1 �0.65
62.4 0.33 60 59.6 �0.64
60.9 0.08 58.7 58.1 �0.98
59.3 0.33 57.1 56.6 �0.81
57.7 0.24 55.7 55.1 �0.98



Fig. 11. Heat transfer coefficients for pure steam.

Fig. 12. Comparison of local temperature and surface tension differences for pure
water.
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those of f5 were lower, just more than zero. The local temperature
difference on Yang’s condensing surface was thought to be zero.
Then, at the position of f4 and f2 with much larger surface tension
differences, the coefficients were higher than others. At the posi-
tion of no local temperature difference the coefficient was least.

The condensate mode also confirmed the effect of temperature
gradients. From the pictures of condensation modes of pure steam,
as seen in Fig. 6, the film with ripples could be observed obviously.
The Marangoni convection caused by temperature gradients was
existent to enhance heat transfer, but too weak to tear the film.

3.2.2. Effect of ethanol vapour concentration on heat transfer
coefficients

The results are shown in Fig. 13 in the form of graphs of HTC
versus DT. From Fig. 13, when the EVC was at low range
(CV = 0.5%, 1%), the variation trends of HTCs with the increase of DT
were similar. The HTC always decreased with the increase of DT,
and the decrease rate would change at a certain DT and then be-
came relaxative. When the EVC was higher (CV P 2%), the heat
transfer characteristic curves were similar. The characteristic curve
was a nonlinear curve with a maximum: the HTC kept on a lower
value at low DT, then increased with the increase of DT steeply,
after being to the maximum, the HTC decreased with increasing
DT. Under the same condition, the highest HTC appeared at the
EVC of 1%. The HTC of EVC of 0.5% was a little lower with respect
to 1%. When the EVC was higher than 2%, the HTC decreased with
increasing concentrations. The coefficient of EVC of 20% was lower
than that of pure steam when DT was less than 12 K, but much
higher than that of pure steam at the DT range of more than
12 K. The coefficient of EVC of 50% was always lower than that of
pure steam.

3.2.3. Effect of temperature gradients on heat transfer
As shown above, the HTCs were diverse along the condensing

surface. A mean heat transfer coefficient was introduced for the
sake of comparison, and could be expressed as

�h ¼
�q
�DT
¼
R l

0 qdxR l
0 DTdx

ð7Þ

Fig. 14 delineates the variation trend of mean HTC versus mean DT.
In the figure also shown are the results of Yang et al. [13]. Inspection
of Fig. 14 showed that the variation trends of HTCs with DT were
similar with the literature data, except for the low EVCs
(CV = 0.5%, 1%). The condensation characteristic curves of low EVCs
were seen as the latter half part of those of higher concentrations.
The first half part of curves, including the part of low values and
steep increase part, was nonexistent. For the precision restriction
of experimental equipment, the experimental data were deleted
when DT was less than 2 K. Considering the thermal resistance
analysis of Ref. [8] and the change trends of other concentrations,
it might be concluded that the first half parts of curves should be
at the DT region of less than 2 K, when the EVC was 0.5% and 1%,
respectively. Another likely reason may be that the temperature
gradients made the DT region move to low range and the first half
parts of curves were short and fell into oblivion. The results showed
that the present heat transfer coefficients were significant high at
low range of DT, for the mixture vapours with a low ethanol con-
centration. In engineering application, the usual DT was always
low. So the present findings were of great benefit to obtaining sig-
nificant heat transfer enhancement in engineering application.

The second difference between the two researches was that the
present HTC of EVC of 0.5% was just lower than that of 1%, while in
the former data the coefficient of 2% was the second highest.

As seen in Fig. 14, compared with the heat transfer of solutal
Marangoni condensation, the present data were much higher for



Fig. 13. Heat transfer coefficients for different ethanol vapour concentrations.

Fig. 14. Comparison of present data with Yang et al. [13].

Fig. 15. Ratios of the present condensation mean heat transfer coefficients to those
of Yang et al. [13].
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full range of ethanol concentrations. For pure steam, the heat
transfer was enhanced approximately by 50% for the existence of
temperature gradients on the surface. For the mixture vapours of
low ethanol concentrations, the difference between the two con-
densation behaviors was distinct, especially at the low range of DT.
The maximum value reached to 100 kW m�2 K�1. The difference
values decreased rapidly with the increase of DT. When the con-
centration was higher, the difference between the two condensa-
tion behaviors became little, and the range of DT with maximum
difference changed to the higher range.

Fig. 15 presents the ratios of the present condensation HTCs to
those of Yang et al. [13]. The ratios were always more than 1. At the
low EVCs (CV < 5%), including the pure steam, the ratios were mostly
1.25–2, even 2–3 at low range of DT. For higher concentrations the
ratios were mostly between 1 and 1.5. For the EVC of 50%, the ratio
was again between 1.25 and 2. The comparison showed that, at the
low EVCs (06 CV < 5%) and very high EVC (CV = 50%), the heat transfer
was further enhanced by 25–100%; at the middle EVC range, the heat
transfer was further enhanced by 0–50%. The more powerful heat
transfer enhancement was the contribution of the macroscale tem-
perature gradients on the condensing surface. On the basic of the con-
centration gradients, the temperature gradients induced more
powerful Marangoni convection. The total thermal resistance was
decreased and the heat transfer was further enhanced.
3.2.4. Effect of vapour velocity on heat transfer
Referring to Refs. [12,13], three vapour velocities, 3 m s�1,

4 m s�1 and 6 m s�1, were adopted. As the similar law in the previ-
ous studies [9], the mean HTCs increased with the increase of
vapour velocities, as shown in Fig. 16. The influence degree was
close relative to the EVC: strong at low concentrations and weak
at high concentrations. The enhancing effect of vapour velocity
was presumably due to the reduction of diffusion resistance in
the vapour-side and the thermal resistance in condensate as well
as to the shear stress effect on the condensate surface.

3.2.5. Effect of vapour pressure on heat transfer
Little attention was paid to the effect of vapour pressure on

Marangoni condensation before. Our tests were conducted at three
pressures: 31.16 kPa, 47.36 kPa and 84.52 kPa, respectively. The
HTCs at different pressures are shown in Fig. 17. The effect of
vapour pressure on heat transfer was positive and the rate of
increase of heat transfer depended on EVC and DT. The sensitivity
to pressure became less at higher EVCs. For the physical properties
of mixture vapour, the condensing rate increased with increasing
pressure. The result was that the falling speed was faster at high
pressure and the disorder between vapour and condensate became



Fig. 16. Mean heat transfer coefficient versus mean vapour-to-surface temperature
difference at various velocities (P = 84.52 kPa).

Fig. 17. Mean heat transfer coefficient versus mean vapour-to-surface temperature
difference at various pressures (U = 4 m s�1).
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stronger. Then the diffusion resistance and thermal conduction
resistance both decreased and heat transfer increased.

4. Preliminary analysis of the effect of the coactions of
temperature and concentration gradients

The present pseudo-dropwise condensation was the result of
Marangoni convection, which was caused by surface tension gradi-
ents for concentration and temperature gradients. This section dis-
cussed the effect of the coactions of temperature and concentration
gradients on Marangoni condensation heat transfer.

As the condensate of water–ethanol mixture is a positive sys-
tem, the relation between surface tension and ethanol concentra-
tion is that

@r
@C

� �
sat
< 0 ð8Þ

The relation between ethanol concentration and temperature is that

@C
@T

� �
sat
< 0 ð9Þ
as ethanol is a volatile component. Then the relation between sur-
face tension and temperature can be obtained as follows:

@r
@T

� �
sat

� @r
@C

� �
sat

@C
@T

� �
sat

> 0 ð10Þ

From relation (8) it can be concluded that the surface tension gradi-
ents by ethanol concentration gradients point from the high ethanol
concentration region to the low concentration region. From relation
(10) we can induce that the surface tension gradients caused by
temperature gradients point from the high temperature region to
the low temperature region. A conclusion obtained from relation
(9) is that the high temperature region has higher ethanol concen-
tration. So we can find the direction of surface tension gradients by
temperature gradients is the same with that by concentration gra-
dients in the present work.

Because of the coupling of temperature and concentration, the
bulk temperature gradient on the condensing surface will cause
great concentration distribution. It means the solutal effect will
be strengthened. According to the conclusion obtained above, the
surface tension gradients on the saturated condensate surface
become greater under the coactions of the solutal and thermal
effects, caused by concentration and temperature gradients. Com-
pared with the solutal Marangoni condensation, the present
Marangoni condensation is thought to be added a driving force.
As a result, Marangoni convection becomes more vigorous, leading
to the condensation heat transfer to be further enhanced.

5. Conclusions

The Marangoni condensation heat transfer on a vertical surface
with larger and nonhomogeneous temperature gradients was re-
searched experimentally in this paper. The visual observations
indicated that condensation modes greatly depended on EVC and
DT. The investigation results are summarized as follows:

(1) For the nonhomogeneous temperature gradients on con-
densing surface, leading to nonhomogeneous surface tension
gradients, the local HTCs were varied along the condensing
surface. The HTC was higher at the position with greater
local temperature gradients.

(2) The highest HTC occured at the EVC of 1%. The coefficient of
EVC of 0.5% was just lower than that of EVC of 1%. The heat
transfer coefficient decreased with the increase of EVC when
the EVC was more than 2%.

(3) For the effect of temperature gradients, the present conden-
sation heat transfer was further enhanced. Compared to the
solutal Marangoni condensation, for the low EVCs
(0 6 CV < 5%) and the very high EVC (CV = 50%), the heat
transfer was enhanced by 25–100%. At the middle EVC
region, the enhancing ratio was smaller, about 0–50%.

(4) The HTC increased with the increase of vapour velocity and
pressure, and the sensitivity depended on the EVC and DT.

(5) The preliminary analysis shows that, for a positive system
with a volatile component, under the coaction of concentra-
tion and temperature gradients, the surface tension gradient
on the condensate surface becomes greater, leading to the
Marangoni condensation heat transfer to be further
enhanced.
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