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Abstract

For condensation of binary mixtures where the less volatile constituent has the higher surface tension the condensate film is poten-
tially unstable and various “modes” of condensation are seen depending primarily on composition and vapour-to-surface temperature
difference. Of particular interest is the so-called “pseudo-dropwise” mode of condensation where the appearance of the condensate clo-
sely resembles that of dropwise condensation of a pure fluid on a hydrophobic surface. In recent years the so-called Marangoni conden-
sation problem has been studied experimentally in great detail by Utaka and co-workers [4-8,11] for condensation of steam—ethanol
mixtures on small vertical plane surfaces. It has been found that very small concentrations of ethanol in the liquid phase can give rise
to significantly larger heat-transfer coefficients than found with pure steam.

In the present investigation the problem has been studied using a horizontal condenser tube. Heat flux and vapour-to-surface tem-
perature difference have been measured for steam-ethanol mixtures over a wide range of composition at atmospheric pressure. The
results show the same trends as those found by Utaka for vertical surfaces. Differences in detail can be explained by geometry consid-
erations and strong dependence of heat-transfer coefficient on vapour-to-surface temperature difference and vapour velocity, both of

which vary around the perimeter of the horizontal tube.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Condensation of vapour mixtures has been widely stud-
ied for many years. In most cases the focus has been on the
diffusion process in the vapour phase which results in the
so-called mass-transfer resistance and diminution of the
heat transfer. The vapour phase convection-with-diffusion
process in forced and free convection of binary mixtures
is now well understood (see Fujii [1]). For certain binary
mixtures a mode of condensation, whose appearance
resembles that of dropwise condensation of a pure vapour
on a hydrophobic surface, has been observed (Mirkovich
and Missen [2], Fujii et al. [3], Utaka and co-workers [4—
8,11]. Most notably it has been found that, notwithstand-
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ing the vapour-phase diffusion resistance and with quite
small velocity (0.4 m/s), vapour-side heat-transfer coeffi-
cient enhancement up to around 8 times can be obtained
by adding very small amounts (0.5% or less) of ethanol
to the boiler feed water (Utaka and Wang [8]).

So-called Marangoni or pseudo-dropwise condensation
may occur when the more volatile constituent has the smal-
ler surface tension e.g. an ethanol-water mixture. An
explanation for this behavior has been given by Hijikata
et al. [9] who pointed out that in these circumstances the
condensate film is potentially unstable. Any deformation
in the film would be expected to give a lower film surface
temperature (nearer that of the wall) where the film is thin-
ner and a higher temperature (nearer that of the vapour) at
a crest. For phase equilibrium at the interface the less vol-
atile constituent is then more concentrated in the liquid at a
crest than in a valley. The surface tension gradient in this
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Nomenclature

Ci. ethanol mass fraction in water at room temper-
ature

CL ethanol liquid mass fraction during condensa-
tion

Cy ethanol vapour mass fraction during condensa-
tion

q heat flux

T, vapour temperature

Ty wall temperature

Tw.ave mean wall temperature

Twop Wwall temperature at top of tube

o heat-transfer coefficient, g/AT

o‘top LI/ A Ttop

AT vapour-to-surface temperature difference 7',—
Tw,avc

AT, vapour-to-surface temperature difference at top
of tube Ty—Ty top

10) angle measured form top of tube

case causes liquid to be drawn to crest and the irregularity
in the film to grow. When pseudo dropwise condensation
occurs the effect of composition on surface tension presum-
ably outweighs the effect of temperature (generally lower
surface tension at higher temperature for fixed composi-
tion) and the pressure gradient resulting from change of
interface curvature.

For methanol-water and ethanol-water mixtures Fujii
et al. [3] found that the condensate film took different
appearances according to the prevailing conditions (com-
position, heat flux, pressure). The dropwise appearance
was generally found at higher water concentrations and
lower condensation rates. At higher ethanol concentra-
tions, where the mixture tends to azeotropic behavior the
appearance became that of a smooth film. Between these
extremes an irregular streaky appearance and a more regu-
lar “ring” appearance (vertical condensate ridges around
the tube) was seen. The different modes presumably are
governed by the balance of the forces mentioned above.
Reported heat-transfer coefficients for the condensate film
(i.e. excluding gas-phase diffusion resistance) were highest
(around 5 or 6 times higher than Nusselt [10] theory values)
for the drop regime.

More recently Utaka and co-workers have studied this
phenomenon. In a series of experiments using small verti-
cal plane surfaces the dependence of the vapour-to-surface
heat-transfer coefficient on vapour composition (Utaka
and Wang [6]), surface subcooling (Utaka and Terachi
[4]) and cross flow velocity (Utaka and Kobayashi [7])
have been systematically investigated. Utaka and Nishik-
awa [11] used a laser light absorption technique to measure
the film thickness over time at a given location on a sur-
face during condensation of an ethanol-water mixture. It
was confirmed that a film of thickness at least 1 um was
always present. With fixed vapour composition and veloc-
ity, the heat-transfer coefficient was found to be relatively
low at small surface subcooling and subsequently to
increase steeply before decreasing again as the mode of
condensation progressed to a smooth film with increased
subcooling. The effect of velocity was to raise the heat-
transfer coefficient, presumably due to reduction in the
gas-phase diffusion resistance as well as to the shear stress

effect on the condensate surface. Under optimum condi-
tions (low ethanol concentration and high vapour velocity)
heat-transfer coefficients (including diffusion resistance in
the vapour) up to 8 times those found for pure steam were
reported.

2. Apparatus and procedure

The stainless-steel test apparatus, shown schematically
in Fig. 1, consisted of a closed loop, with vapour generated
in an electrically-heated boiler (maximum power 12 kW).
The vapour was directed vertically downward through a
calming section before flowing over the horizontal, water-
cooled, test condenser tube. Excess vapour passed to an
auxiliary condenser from which the condensate returned
to the boiler by gravity. The copper test condenser tube
had an outside diameter of 12.2 mm, active heat-transfer
length 90 mm and was fitted with four embedded wall ther-
mocouples located as shown in Fig. 2. PTFE sleeves were
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Fig. 1. Apparatus.
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Fig. 2. Location of thermocouples in test tube wall.

inserted at both ends of the tube so that the cooled length
of tube was the same as that exposed to vapour. Before
installation the tube was thoroughly cleaned with a mixture
(distilled water (2000 ml), sulphuric acid (100 ml) and
sodium dichromate (200 g)) before rinsing with distilled
water. Film condensation was always obtained when using
pure steam. All tests were done at a little above atmo-
spheric pressure.

The cooling water temperature rise was measured using
a ten-junction thermopile. Care was taken to ensure ade-
quate coolant mixing prior to temperature measurement
and sufficient isothermal immersion of the thermopile leads
in the vicinity of the junctions. The heat flux was found
from the coolant flow rate and temperature rise. A small
predetermined correction (dependent on coolant flow rate)
for the dissipative temperature rise of the cooling water in
the tube and mixing boxes was incorporated in the calcula-
tion of the heat-transfer rate. The surface temperatures
were those indicated by the embedded thermocouples with
a small correction for the depth of the thermocouples
below the condensing surface. The vapour velocity at
approach to the test section was found from the measured
power input to the boiler (together with the condensate
return temperature) with a small, predetermined correction
for the heat loss from the well-insulated apparatus (see Lee
and Rose [12]). All thermocouples were calibrated in a
high-precision constant temperature bath against a plati-
num resistance thermometer, accurate to 0.005 K. The
accuracy of the thermo e.m.f. measurement was 2 uV,
equivalent to 0.005 K for the ten-junction thermopile.
The coolant flow rate was measured with a float-type flow
meter accurate to 2%.

Tests were conducted using mass fractions of ethanol (in
the water at room temperature prior to testing) of 0.05%,
0.1%, 0.5% and 1.0%. Vapour velocities at approach to
the condenser tube were 0.15, 0.24, 0.35, 0.56 and
0.75 m/s. For each composition and velocity, measure-
ments were taken for a range of coolant flow rates. The
coolant inlet temperature was near to 20 °C in all cases.

Full details of the apparatus and procedure are given by
Murase [13].

3. Results
3.1. Visual observations

With increasing coolant flow rate the appearance of the
condensate was generally observed to progress from film
condensation with small ripples at the lowest vapour-to-
surface temperature differences, through a range of flow
rates where pseudo-dropwise condensation prevailed and
subsequently, at the highest coolant flow rates and temper-
ature differences, back to film condensation. Complete film
condensation was only seen at the highest vapour-to-sur-
face temperature differences and with low vapour velocity.
Under certain conditions the mode of condensation was
pseudo dropwise on the upper part of the tube (where
the temperature difference was least) and wavy film con-
densation on the lower part.

3.2. Heat transfer results

The results are shown in Fig. 3 in the form of graphs of
heat flux versus vapour-to-surface temperature difference
based on the arithmetic mean surface temperature. Sepa-
rate figures are shown for each vapour approach velocity
and points showing the different compositions are distin-
guished on each graph. Also shown are the Nusselt [10]
equation for pure quiescent steam and an equation given
by Rose [14] based on the model of Shekriladze and
Gomelauri [15] which takes account of vapour velocity.
The heat fluxes are generally significantly higher, particu-
larly at higher vapour velocities, than the pure vapour val-
ues. It is also seen that, at higher ethanol concentration and
low AT, the heat flux is lower than the calculated values for
pure steam. In all cases the rate of increase of heat flux
decreases at the higher ATs (denoting a fall in heat-transfer
coefficient). In the intermediate range of AT the heat flux is
sensitive to composition, with higher heat fluxes at lower
ethanol concentrations. The sensitivity to composition
becomes less at higher values of AT.

In Fig. 4 the same data are plotted with separate figures
for each composition and different symbols representing
different vapour velocities. The trends mentioned above
are again apparent. It is seen that the heat flux increases
strongly with velocity except at the lower values of AT.

In Fig. 5 heat-transfer coefficients are plotted where it
may be seen that at the lowest ethanol concentration (mass
fraction in the liquid at room temperature 0.05%) and
higher vapour velocities, the maximum heat-transfer coeffi-
cient, occurring at AT around 7 K, was almost four times
that for pure steam.

4. Discussion

The dependence of heat transfer on temperature differ-
ence and composition is evidently related to change in
mode of condensation. Vapour velocity enhances heat



T. Murase et al. | International Journal of Heat and Mass Transfer 50 (2007) 3774-3779

1200
Uy=0.15m/s Cul% C 0% T.I°C

o 005 11404 9071002
a 01  .0+04 99.6~100.1
6 05 4505 993 997
o 1.0 10#] 8.5~ 988

o Bor — Nusselt[10]

£ — - Rose [14]

z

g

o

1200
Uy = 0.24 mis Cal% Col% TJ°C

o 0.05 11+0.4 997-100.2
a 01 L0x04 99.6-1001
0 05 £440.5 993 997
910 1041 085 938

~ 800 — Nusselt [10]

g — - Rose [14]

z o5, %

LOA o
< % @EM o°
A
< A &
Sl

AT/ K
1200
Uy, =0.35 m/s Cul% Cul% T,°C

o 005 1104 997-1002
A 01 20404 9.6-1001
© 05 54405 9.3~ 997
010 10£] 98.5- 988

o~ 800 oy 08 —Nuseelt [10]

g 0% — - Reose [14]

z s g °

A,

& &

N

S

1200
Uy =0.56 m/s Cal% C %  T,0°C
o 005 11x04 99.7-1002
a° 4 0.1 2.080.4 99.6-100.1
&&Q © 0.5 S4%0.5 09.3. 007
g O O 10 10%] 985 088
~ 00 %@6{;&1 — Nusselt [10]
£ 200% — - Rose [14]
£ o fix)
B &
=
<
<
Nl

1200
Uy, =0.75 m/s

o‘éﬁg‘m
o
800 o c{}g@

g 1 (kW/m®)
Bpo
OB
>
==}

Cul% C. 1%

005 11+0.4 9071002

o
a 01 2004
© 0.5 L4058
910 1041
— Nusselt [10]

— - Rose [14]

9.3~ 99.7

T A*C

£9.6~100.1

98.5~ 088

Fig. 3. Heat flux versus vapour-to-surface temperature difference for

different vapour approach velocities.
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Fig. 4. Heat flux versus vapour-to-surface temperature difference for
different vapour compositions.

transfer by reducing the diffusion resistance in the vapour
phase as well as by affecting the motion of the condensate.
Similar trends to those indicated above have been found
for small vertical plates by Utaka and co-workers. Fig. 6
show the present results and those of Utaka and Wang
[6] results for nominally similar conditions (C, and U,).
Differences in detail and higher heat-transfer coefficients
in the earlier work may be in part due to difference in
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geometry (small vertical plate versus horizontal tube) and
consequent effect on condensate drainage (the ratio of
heat-transfer coefficients, according to Nusselt theory, for
the vertical plate used by Utaka and Wang [6]) to the hor-
izontal tube used in the present work is around 1.9). Also
significant is the fact that the heat-transfer coefficient
depends strongly on vapour velocity and vapour-to-surface
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Fig. 6. Comparison of present data with Wang and Utaka [6].

temperature difference, both of which are essentially uni-
form over the small plane surface and both vary strongly
around the horizontal tube. For the tube the velocity varies
from zero at the top stagnation point to around twice the
approach velocity at an angle from the top of the tube of
approximately /2, and further around the tube is zero fol-
lowing separation of the vapour boundary layer. The sur-
face temperature was found to vary in a sinusoidal
fashion from a maximum at the top to a minimum at the
bottom of the tube as illustrated in Fig. 7, giving a corre-
sponding variation of AT around the tube. To demonstrate
the sensitivity of heat-transfer coefficient to local surface
temperature the data of Utaka and Wang [6] are compared
in Fig. 8 with the present data for the same conditions as in
Fig. 6. Here the present heat-transfer coefficients have been
calculated using the temperature difference at the top of the
tube. The two sets of data are more closely in accord. (Note
that oy, is not strictly the heat-transfer coefficient at the
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Fig. 7. Specimen surface temperature distributions Cj =0.1%, U, =
0.75 m/s.
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Fig. 8. Comparison with vertical plate data of Wang and Utaka [6] using
vapour-to-surface temperature difference at the top of the tube.

top of the tube since it is based on the mean heat flux for
the whole tube).

5. Conclusions

Data for condensation of steam-ethanol mixtures on
vertical plane surfaces and horizontal tubes show that
significant heat-transfer enhancement may be obtained
through addition of very small amounts of ethanol to the
boiler feed water. The trends found for the horizontal tube
are the same as those found earlier for a small plane sur-
face. Differences in detail are due geometry effect on con-
densate flow as well as variation in vapour velocity and
temperature around the tube. The mechanism of Marang-
oni or pseudo-dropwise condensation is understood in
principle but no methods are available for prediction of
heat transfer.

A preliminary report on the work described here was
presented [16] at the 17th International Symposium on
Transport Phenomena, Toyama, Japan (2006).
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