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Jo. TIZT, o BBEERZEZRT. IEPTOTIVT 7 Ny biL 5 1R i 2
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DEEMBA, D REMARGRERREER. TS5 2AMZEOLHEMARIEBS
ERICBVWTRHERFERIIERZRL, BA2S D AIKE I I LA THEIR
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DHEREIND. L L, REARO BT RRE IR IE B ST O WA 8RR B AR
TORBDLEEFRBEIICXEINDIETTHD, BHERAOBKRFITIE, LD
EEHRBRMEBERICMAT, BERFEORRER D 2 WK M ITH N 2 B ER
BEIICHETL2HARNEETHS. LML, INSOHBRBREZIZIMABDENDD



Table 1  Characteristics of Marangoni Condensation heat

transf.
Domain Characteristics
Smaller AT than steep increase pt. Small &
B Diffusion resistance

(Vapor-side dominant region, A -B) dominant
Linear increase of ¢ from Reduction of diffusion

pt. (B) to pt. (C) resistance
(Steep increase region, B -C) Dropwise condensation

Departing from linear increase
Maximum @ pt. (D)
Negative gradient region
(Transition region, C -E)

Reduction of «

(Film region (E -)) Film condensation

=
') Increase of distance
o) from top
&=
[}
o
o
;.
L
»
c
©
i
©
P \
T
o) Surface subcooling

Fig.1 Nature of condensation -characteristic
curve for Marangoni condensation

@ AT=152K 0) AT=29.5 K

Fig.2 Aspect of condensate (¢=0.37) P2 o
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EZ5ND. -
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9 5.
(2) BN ERBETEOREICHIET 2L —UHRETHEE2ERT 5.
(3) V—UHBHMNE L EBERESORCEZHLNITTS.
LEOIEEHNSB/EONSEM, TROEHEEES EEBFRAOMEEEZICED
IELHEAEE, BRKOFEENTEEL —THOE—-LABOHEMMER, BLWY
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HHARBOREICE, X (1) THRENS Lanbert OERIZHWE.
A=-d" xlog(I/1,) (1)

ZIT, A:HARE (m 1), To: AWN®E, I :@ZBNXWRE, d: HWLYHE
HHEE (m) 2RLTVS. HARK 4 BV —UPAPNEBTIHRAEOERBEIC
KETOIRAMETHD, WHESHEDHICTOED TBL IENBETHS. L
—HHOBBEEOMEME I /1, BEUOBEAOBBEINSHNBEE AZHEHL
. BT, ARIBELRBHEOZOORBTHY, BEIEREMNE LR
ROPERDEE, RBEZHALBVEZDBENREZERLTVWS. K3ITK
—LI5 /) =IVEEHRORN L —FHROBEARBREREZRLE. BER 2.6 mm, &
£339um, 571 4.0mW DAV TALARXF L —PFRE—LT U A—FITEDERE
52mm OFTHICEBEN8, ERARARHAONZER IV 3 P EENL X (
RUEEE 150 mm) KX DENIN, E—LTVIZAMNENERROBHASINZHERKE
ZEBTS. —HPAENSAMBRIIHAINEABCIORNEN, BAL L
HBIEEATZABL DR CEDEXINEL R ET T2 5 (ZFHE 3X3
mm?, FER 1~8 us ) KEDBELEHEE [ RNPE=ND. EROKLDIT, A
HAEBRE 7o BA—ORKBNT, RBERCHBOAD TWRWRETHES
N5, LEONFHEBICLIODHABLICBIT AL —THABERIIN 30um ITEXIN
. RBOERICT 2EBEOBEEZRAWE., —DR, MIAZBUE2KROGHEN S
AMDOEBRICHBIZHAT L2 HETH, ABEST 20 ~ 48 um IZB T B HE 217
Sk, BEESIOHEICE, T AMBRZEZEREEMSEC TRAEDHFEERAL
o RIT, SHIEN3 ~ 30 um ORABIOFEITIE, PREYOEW- EBEHMES
DEBERE2HOGHEATARICHEE EEBITHARAMMEOTB ARICI D ES
BEL, #AROEIZHABEI LU THAL &.

I-2-2 BREEEOBE
APUEBCANEREAGRZOBHEEBLIVOZOHRHAETE P 2T NFNH 4 BLY
Bsicmlz. AMBICBNWTIE, RALV—TADNEHREBER LI OHHAEBENZ®
BTBIENS, AFREZANEVHEODD LUERTRENB T RE2LEET S,
9, H4DBEMHEICBNT, RKOBBT2REOmWEICIZRANDOBED BT
RARASABMOBRABLBHEAGRAMARD S oN TS, EEAEEIL 12
X12mm* (B EE OX9mm?) , BEX 30um & L2, BEEEAFICEK, BALDS
ARIBEZRDDIZOOMBMEBAT Oy IPWOMTENTED, BHR © LEK
Ths. R5ICRTEIE, MACRRAICH L TEBHBEREAAZ2HAWE. L
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Fig.3 Apparatus for measurement of absorption property

water - ethanol vapor mixture heat transfer block for
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Fig.4 Condensing chamber
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Fig.5 Cooling chamber

Pb-Se detector condensing chamber
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—————— ]
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Fig.6 Experimental system
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BIEL, 742N F 2023 —-TFICROAAKEHE UL, £z, BEREEHEOX
REHRT S0, BEBOKEZEERT + DF NI AT DEBEREL L.

Isf B 8 & ¥ & &

[-3-1 K—Z¥% /- )VECHEOHEXEENE
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Fig.7 Light decrement coefficient of water-ethanol mixtures
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Fig.9 Variation of condensate thickness
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Abstract ‘

The simultaneous measurement of the condensate film thickness using the laser
light absorption by condensate liquid and observation of condensation using a high-speed
camera were performed for solutal Marangoni dropwise condensation of water — ethanol
vapor mixture. Good correspondence between the measuring film thickness data and
condensate behavior was observed. The heat transfer surface always covered by the
condensate film and was wetted. The minimum condensate thickness appeared after the
sweeping of departing drop decreased with increasing initial drop distance in the steeply
increase region of the condensation characteristic curve. In the region of larger cooling
intensity, both initial drop distance and minimum condensate thickness increased with
cooling inteﬁsity. Observation of the minima of the minimum condensate thickness almost
agreed with minimum initial drop distance. Since the initial drop distance and minimum
condensate thickness were a minimum in the surface subcooling region near to the
maximum heat transfer coefficient in the heat transfer characteristic curve, the surface
tension difference acting as the driving force behind the generation of a thin and irregular
condensate film increased with heat transfer coefficient. Therefore, the close relation
among the condensate film thickness, the initial drop distance and the heat transfer

characteristics was confirmed.

-1 Introduction
A simultaneous distribution of temperature and concentration following the phase equilibrium
relationship is often observed on the surface of mixtures during the vapor-liquid phase change.
Especially in the surface condensation of vapor mixtures of “positive systems” with a higher
surface tension for the higher boiling temperature
component, it is known that the Marangoni force
acts at the liquid surface due to the surface
tension gradient and condensation modes such as
dropwise mode in which the condensate adopts
an irregular shape are exhibited as shown by
Mirkovich-Missen (1961). Since this
phenomenon is essentially different to the
so-called dropwise condensation that is limited to
the case for a lyophobic surface, the non-wetting
surface is not necessary. Here, such phenomenon

Increase of distance
from top

Heat transfer coeffcient

is called solutal Marangoni condensation in order

to distinguish it from dropwise condensation 0 Surface subcooling

occurring on a lyophobic surface. Utaka-Terachi . o
(1995) performed measurements over a wide Fig.3 Heat transfer characteristic
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range of surface subcooling conditions of water-ethanol vapor. This is the phenomenon with the
transition of condensation mode between the film and dropwise modes, which depends on the
cooling intensity and it was shown that the nature of the heat transfer characteristic curve could
be summarized as shown in Fig. 1. The heat transfer rate depends on the change of the diffusion
resistance in the vapor phase and the condensate mode determining the heat transfer resistance of
the condensate. That is, the heat transfer coefficient is very low independent of the condensate
mode in the region of the comparatively small subcooling because the diffusion resistance is
dominant. On the other hand, the decrease of diffusion resistance begins at point B (the
commencement point of steep increase) in Fig.1, which corresponds to the liquid line temperature
of the vapor-liquid equilibrium relation. Since the diffusion resistance in the vapor phase begins
to decrease and the dropwise mode of condensate is maintained, a steep gradient rectilinear
increase to point C occurs. The film mode (E) appears with further increase in subcooling due to
the uniform temperature distribution of the condensate surface after passing through the
maximum heat transfer coefficient (D).

The heat transfer characteristics are determined not only by the macroscopic condensate mode
but also by the detailed drop behavior from formation to departure. A few studies have been
conducted on the condensate behaviors about the formation of comparatively microscopic drops
and the departing drops. Fujii et al. (1993) reported the experiment on a horizontal tube was
performed and the relation among the drop sizes, the vapor concentrations and drop shapes were
investigated. Hijikata et al. (1994) made the instability analysis of drop formation process from a
flat liquid film. It is shown that the analytical result was coincided qualitatively with the
experiment. However, further study is needed to get a systematic relationship among the
departure of drops, which controls the appearance of new condensation cycle, the formation and
the growth of drops and the heat transfer characteristics. Observation and measurement of the
transient formation and growth of the drops appearing after a sweeping by a departing drop under
the vapor mass fraction of ethanol of 0.17, 0.37 and 0.52 were performed (Utaka et al., 1998).
The representative images of the condensate aspects are shown in Fig.2. The dropwise
condensation cycle was observed in Marangoni dropwise condensation similar to that on a
lyophobic surface. That is, dense groups of small drops appeared after the sweeping by a
departing drop. Those drops grew until they were absorbed by a departing drop. The greater the
distance from the departing drop in the upstream region, the greater the elapsed time after the
sweeping because the velocity of the departing drop is limited. Therefore, the dimensions of
drops increase with upstream distance from the departing drop. It was noted that there no drops
on the narrow belt-shaped region next to the departing drop and the formation of the small drops
commenced in regions a short distance from the departing drop. Therefore, it was suggested that
a thin flat liquid film remained just after the sweeping. Moreover, it was observed that the sizes
of small drops nearest to the upper peripheral of the departing drop strongly depended on the rate
of surface subcooling. On the basis of these observations, it is adequate to use initial drop
distance, which shows the interval between neighboring small drops after sweeping by a
departing drop, as a factor to represent the characteristics of the condensate. The variation in
initial drop distance under the same conditions in the condensation characteristic curves is shown
in Fig.4. In solutal Marangoni dropwise condensation, the initial drop distance was significantly
altered by the surface subcooling and exhibited a U-shaped curve having a distinct minimum.
The initial drop distances varied between 0.03mm and 0.15mm. The subcooling at the maximum
heat transfer coefficient in heat transfer characteristic curves shown in Fig.3 coincided with the
minimum value of initial drop distance. Therefore, the decrease in the condensate resistance for
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solutal Marangoni dropwise condensation may correspond to the decrease in initial drop distance.
Further, the initial drop distance depends on the ethanol concentration. ‘

In this study, the transition of condensate behavior after sweeping by a
departing drop is considered as a basis of the condensation cycle in solutal Marangoni
dropwise condensation. The growth of the condensate film thickness, which controls the
condensate resistance directly, is measured using the laser absorption method to
investigate the systematic relation between the heat transfer characteristic curves and the
initial drop distances. The objective is to clarify the relation between the heat transfer
characteristics and the condensate on the basis of the measurement of the variations of

initial drop distance and condensation characteristic curves.

-2 Experimental Apparatus and Method

I-2-1 Apparatus for Absorption Coefficient of Test Material
The Lambert’s law shown in Eq.(1) was adopted to decide the absorption coefficient of water —
ethanol liquid mixture against the laser light with a wave length of 3.39 um.

CA=-8"xlog(1/1,) (1)

The laser light absorption coefficient A has a dependency on the mass fraction of
the test liquid and is an unknown factor to be determined. It is determined from the
thickness & of the test liquid and the transmittance ratio I/I, of the laser light. The
experimental apparatus for measuring the laser absorption coefficient is shown in Fig.5.
Helium-Neon laser light having wavelength of 3.39 um and 2.6 mm was expanded to 52
mm and collimated before being on a thin liquid layer of water — ethanol mixture. Part of
the laser light was absorbed by the liquid layer and the rest of the transmitted light was
converged using the quartz lens and the intensity / is measured by a Pb-Se detector. The

incident light intensity I, was measured under the same conditions without the test liquid.

- II-2-2 Apparatus for Measuring Condensate Film Thickness

Figure 6 shows a schematic of the experimental apparatus for the measurement of
condensate film thickness, which is composed of a condensation device and a measuring
device of laser transmittance. The vapor mixture was generated using a steam generator
and the condensate passed through the condensing chamber, the auxiliary condenser and
the deaerator. The system was maintained under approximately atmospheric pressure
conditions, because a small hole was located between the receiver and the auxiliary

condenser. The method for the measurement of laser absorption was determined from the
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transmittance ratio of the laser beam passing through the condensate film. The spot
diameter of the laser beam on the heat transfer surface was 30 pm. Quartz glass, which is
transparent to laser light, with an effective area of 9x9mm? and a thickness of 0.032 mm
was used as the heat transfer surface. The vapor concentration was determined by the
dew-point measuring method. The jet of evaporated nitrogen gas, which is also
transparent to laser light, was used as the coolant. The detected signal was amplified
using a direct current amplifier and output to an oscilloscope. High-speed digital image
capture of the aspect of condensate was performed simultaneously with liquid film

thickness measurement to confirm the condensate behavior.

II-3 Results and Discussion
IT-3-1 Absorption Coefficient of Test Material
Figures 7 shows the result of the measurement of the laser light absorption
coefficient of water - ethanol binary liquid mixture. The linear relation between the
ethanol mass fraction and the absorption coefficient was independent of the test liquid
thickness in the range of in 20 — 48 um. It is therefore suggested that the dependency on
the concentration is not so large and the absorption coefficient is proportional to the mass

of each component per unit thickness.

II-3-2 Condensate Behavior at the Measuring Position

The simultaneous
measurement of condensate film 0.15 — [
thickness and observation of I
condensate behaviors during the
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by the departing drops. Figure 8 shows images of the condensate behavior. The relatively
large black region on the right hand-side of the image denotes the departing drop and the
white region is thin condensate film at ¢t = 0 ms. The measuring position irradiated by the
laser beam is highlighted in each image. After the measuring position was covered by the
departing drop at ¢ = 0 ms, the thin film observed immediately after sweeping at ¢t = 6 ms
by the movement of the departing drop towards the bottom right-hand corner. The drop
with a diameter of about 0.1 mm was measured at ¢ = 12, 20 and 28 ms. Furthermore, it
can be seen that the measuring position is located between drops at # = 44 and 54 ms, at
which time the formation of a new drop began. Here, the initial drop distance was di =
120 pm. Previous result (Utaka and Terachi, 1995) predicted that the condition shown in
such images represents a somewhat larger subcooling region than that at the
commencement point of steep increase. These results confirm that the thickness of
condensate can be determined using an irradiation spot size of about 30 pwm. Figure 9
shows the variations in liquid film thickness calculated using the laser absorption
measurement of I/I,. The time expressed in the abscissa corresponds to that shown in the
images in Fig.8. It can be seen that the local minimum value of condensate film thickness
Omin = 1.2 pm appeared at £ = 6 - 7 ms and ¢ = 40 ms. Good correspondence between the
measured values and images is confirmed. These results confirm that a thin liquid film
with a thickness of 1 um remains after sweeping and the heat transfer surface was always

covered by the liquid in solutal Marangoni dropwise condensation.

I[-3-3 Measurement of Condensate Film Thickness

Variation in the minimum film thickness with initial drop distance for ethanol
vapor concentration of C = 0.30 was observed immediately after sweeping by the
departing drops in the solutal Marangoni dropwise condensation cycle as shown in Fig. 10.
The minimum condensate film thickness decreased with decreasing initial drop distance
and with increasing surface subcooling from the small subcooling-side. Further increase
in cooling intensity, both of the initial drop distance and the minimum film thickness
increased via the minimum values of them. Thus, the binary values of minimum film
thickness were observed at the single value of initial drop distance. As the maximum heat
transfer coefficient appeared at the minimum initial drop distance ¢, the position near the
minimum initial drop distance and condensate film thickness, that is, the turn of the curve

(denoted by closed circle) in Fig.10 must correspond to the region near the maximum heat

44



i region in HTCC 4
O :increase
® : peak

A : decrease

¢ =0.30
1~ v=0.7m/s_|

Minimum condensate thickness 6 i U4 m
)
|

1 l 1 1 ' ! 1 l |
100 150 200

Initial drop distance di Un

Fig.10 Variation of minimum condensate

45



transfer coefficient in the condensation characteristic curve. The triangle symbol denotes
the domain in the decreasing heat transfer coefficient in the characteristic curve. As
described previously, the minimum condensate thickness was 1.2 wm in this measurement.
Thinner condensate film appeared in the steep increase region of the condensation
characteristic curve. Conversely, relatively thick film appeared in the transition region.
Thus, the initial drop distance and the minimum film thickness are minimal in the surface
subcooling region near to the maximal heat transfer coefficient. Therefore, it is concluded
that the heat transfer was enhanced by the thinning of the condensate film and the
resultant decrease of condensate thermal resistance due to the augmentation of the surface

tension difference.

IT-4 Concluding Remarks
The measurements of the heat transfer coefficient and the condensate film thickness using the
analysis of infrared laser light absorption characteristics of the condensate and observation of
condensation phenomena using a high-speed digital camera were performed for water — ethanol
solutal Marangoni dropwise condensation with the ethanol vapor mass fraction of 0.3. The
following results were obtained.

(1) The absorptivity of water - ethanol binary liquid mixtures against the laser light with a
wavelength of 3.39 um was measured and the absorption property of the mixture was
clarified.

(2) It was confirmed that the liquid film with a thickness of approximately 1 um remained after
sweeping and also the heat transfer surface was always covered by the liquid in solutal
Marangoni dropwise condensation, as confirmed by the measurement of condensate film
thickness at the irradiation point whose diameter was approximately 30 um.

(3) The minimum condensate film thickness decreased with decreasing initial drop distance and
increasing surface subcooling. Both the initial drop distance and the minimum film
thickness increased with further increase in cooling intensity. The minimum film thickness
was 1.2 pm.

(4) Good correspondence between the heat transfer characteristics, initial drop distance and
minimum film thickness was observed. The minimum film thickness took a minimum value
in the surface subcooling region near the maximum heat transfer coefficient. Therefore, it is
concluded that, in the surface subcooling region near the maximum heat transfer coefficient,
the initial drop distance and the minimum film thickness tend to the minimum values as a
result of the occurrence of the maximum driving force due to the surface tension gradient on
the condensate surface in solutal Marangoni dropwise condensation.
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