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Abstract

Experimental and numerical work was performed for the laminar film condensation of steam-air
mixture flow over a flat plate. For small temperature difference between the gas mixture and the cold
wall, the gas mixture in the boundary layer can be treated as superheated gas. When the temperature
difference is large, the gas mixture becomes supersaturated near the interface. In that case, mist formed
near the interface, the temperature profile of the gas mixture was greatly concaved toward the interface
and the heat transfer was enhanced. However the velocity profile measured by the laser Doppler
anemometer (LDA) showed the same trend without mist formation. A calculation model is proposed
and compared with the experimental data and previous models for the superheated or the saturated
conditions. © 1999 Elsevier Science Ltd. All rights reserved.

Keywords: Film condensation; Supersaturation; Gas-mixture; Stratified flow; Mist formation; Two-phase flow;
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1. Introduction

Film condensation is one of the most important factors in connection with heat exchangers
and nuclear power plants. Film condensation in the containment building would be the last
passive system to maintain safety in case of accidental coolant loss in a nuclear power plant.

A lot of studies on film condensation have been done for various modes after the work of
Nusselt (1916). The modes are classified according to the flow regime of vapor, the status of
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condensing interface, the presence of non-condensable gas and, the orientation of condensing
surface, etc.

In the presence of noncondensable gas, thermal resistance is classified into the thermal
resistance of condensate film and the mixture boundary layer as shown in Fig. 1. The presence
of noncondensable gas greatly reduces the heat transfer in the condensation process (Sparrow
and Gregg, 1959; Minkowycz and Sparrow, 1966; Sparrow et al., 1967; Rauscher et al., 1974;
and Asano et al., 1979). Corradini (1984), Chen et al. (1987), and Kim and Corradini (1990)
solved the condensation heat transfer problem by using the heat and mass transfer. Denny et
al. (1971) conducted a numerical simulation for the film condensation of steam-—air mixture
flowing over a vertical surface. Jones and Renz (1974) calculated the turbulence boundary layer
of CCly—air mixture by using the k—¢ model. Desesquelles and Foch (1986) conducted
experiments and numerical simulations for steam—air mixture flow over the flat plate. These
works were done assuming the mixture without mist generation or superheated condition.

The expansion of steam in a nozzle is an example of a process in which supersaturation of
vapor may occur (Wylen and Sonntag, 1976). Experimentally, condensation is almost never
found to occur exactly at the point of the saturated vapor curve, where it should occur if
thermodynamic equilibrium existed. Instead, condensation is observed to occur abruptly in
what is usually called condensation shock. Vapor that is supersaturated above its equilibrium
saturation pressure exists in a non-equilibrium condition referred to as a metastable state.
Supersaturation was studied and summarized by Gyarmathy (1963), Hill (1966), Wegener and
Wu (1977) and Carey (1992). The supersaturation limit is defined as critical pressure (Pg gs1)
forming droplets at the supersaturated condition. The net flux of the number of droplet
embryos in the size space, J, is:

2
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where Na, R, Pg, T, o1, p1 and Mg are the Avogadro’s number, the gas constant of vapor,
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Fig. 1. The boundary layers in the presence of noncondensable gas on film condensation.
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the vapor pressure, the temperature, the surface tension of liquid, the density of liquid and the
molecular weight of vapor, respectively. And the number of molecules in a cluster ‘#™ and the
critical radius of droplet ‘#*” are expressed as below:

n* = (4n/3)p (Na/Mc)(r*)’

P = (2ULMG)
~ RTp, In(Po/P)

2)

Carey (1992) suggested J = 10° m—> s~! as the supersaturation limits for droplet nucleation.
The limit of supersaturation (pgsa/p) is shown in Fig. 2 as the dashed line. The solid line
shows the saturation curve; it was obtained by the following equation:

7% _ pG,sat _ (Psat/P)(M(;/Ma)
G T T T = (Pa/P)(1 — M/ M,)

3)

where W is the mass concentration and, the subscripts G, a, L and sat mean the vapor, the air,
the liquid or water and the saturation conditions, respectively.

If the mixture in the free stream is saturated and the interface is saturated, then the
boundary layer will be supersaturated (left-hand side of solid line in Fig. 2). There is a
possibility that mist or fog will spontancously generate. In this phase changing process, the
latent heat will increase the mixture temperature. The mist formation in the boundary layer
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Fig. 2. Saturation curve and supersaturation limit of steam—air mixture and relation between temperature and steam
mass fraction in the boundary layer.
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was studied by Mori and Hijikata (1973), Brouwers (1991), Brouwers and Chesters (1992) and
Fox et al. (1993). However there is no verification of their results with experimental data. Also
it is very hard to find experimental data on the boundary layer of a supersaturated mixture.

The present work was performed for the film condensation of steam—air mixture over a flat
plate having a smooth condensing interface. We focused on the characteristics of the
supersaturated steam—air mixture on the momentum, heat and mass transfer. The present work
provides experimental data for the velocity and thermal boundary layers. We applied
superheated and equilibrium models and suggested a model to predict the condensation heat
transfer of the supersaturated mixture.

2. Experimental method
2.1. Experimental facility

The present experimental facility consisted of main test section and auxiliary equipment: a
steam generator, an air blower, an air preheater, a secondary condenser and water film control
system. The main test section, as shown in Fig. 3, consisted of a cold block, a cooling channel,
a rectangular cover and water injection/drain chambers. The cross sectional view of the main
test section is shown in Fig. 4. The rectangular cover was made from 12.7 mm thick,
transparent polycarbonate plates. The dimensions were 98.4 mm in height, 150 mm in width
and 1720 mm in length. The duct was declined at 4.1° from the horizontal to investigate the
various shapes of wavy interface. An aluminum block was used as the cold plate on which the
condensate film was formed, and its dimensions were 25 mm in thickness, 150 mm in width
and 1520 mm in length. It was cooled on the bottom side by running water. The role of the
block was to maintain a constant temperature and to measure the heat flux.

The steam flow was provided by an electric boiler that has the capacity to produce 106 kg/h
of saturated steam at atmospheric pressure. The steam produced from the steam generator was
introduced to the mixing chamber through 47.1 mm i.d. stainless steel pipe. The operating

top plate
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height outlet
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inlet mixture flow

65 mm

43 mm

guide plate
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coolant path film drain

insulation plate (12.5 mm)

Fig. 3. Schematic diagram of main test section used in the present work.
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Fig. 4. Cross sectional view of main test section, laser trajectory to measure the mixture velocity, and thermocouples
to measure the mixture temperature and heat flux.

pressure of the steam generator was about 20 kPa gauge pressure. The pressure compensated
for the pressure loss in the pipe line and orifice, the exit temperature of the steam line was
100.4 + 0.4°C. The air flow was provided by a 1.5 kW air blower, whose capacity was about
0.25 m?/s at about 1.5 kPa gauge pressure. A variable-speed motor controller adjusted the flow
rate. To obtain a saturated condition of the gas mixture, the air was heated before mixing with
the steam by the air preheater, with about 7 kW full power. The chamber to refine the gas
mixture flow was located between the air/steam mixer and the test section inlet. It consisted of
a honeycomb, two screens and a settling chamber. All surfaces of the steam and air paths were
insulated by 25 mm thick glass wool to reduce heat loss and unnecessary condensation in the
test facility during the steady-state operation. The water was not injected at the inlet of test
section in the present experiment. The condensed water was spontaneously formed on the
aluminum block and drained at the end of test duct.

The purpose of the secondary condenser was to condensate the remaining steam that passed
through the test section. The drained water from the cooling channel of the test section was
reused as the coolant for the secondary condenser. The test conditions of the present
experiment are listed in Table 1. The detail of the experimental setup is described in Kang and
Kim (1994).

2.2. Measurement

The steam and air flow rates were measured by D and D/2 type orifice flow meters designed
according to the British standard (1964). The diameter ratios were changed from 0.18 to 0.51
for the air orifice and from 0.23 to 0.32 for the steam orifice to measure a wide range of flow
rates. The pressure drops between the orifice plates were measured by two pressure
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Table 1
Test conditions of the present work

Items Condition

Gas mixture Steam—air mixture
Pressure Ambient pressure
Velocity of gas mixture® Less than 2 m/s
Reynolds number <1.5x10°
Temperature of gas mixture® 70-90°C

Air mass fraction of gas mixture® 0.42-0.78

Wall temperature 20—-40°C

State® Saturated
Declination angle 4.1° and 90°

* Properties measured at the inlet of test section.

transducers, Kyowa-PDI100GA and Furness-FCO-012 for air and steam, respectively. The
volume flow rate was checked by integration of the velocity profile of gases in the test section
inlet, and the error was less than 5%. A digital-controller composed of IBM AT and DC
motor driven gate valve was installed to obtain a steady steam flow rate.

The temperatures were measured at the steam inlet, the gas mixture inlet and the coolant
inlet and exit by using 0.25 mm diameter T-type thermocouples. Thirty-two T-type
thermocouples were installed around the boundary of the aluminum block to estimate the local
heat flow rate as shown in Figs. 3 and 4. The thermocouples were inserted 2 mm diameter and
50 mm long copper tubes, and the tubes were inserted into drilled holes of the same size. Gaps
between the hole and copper tube were filled with solder. Thermocouples to measure the top
and bottom wall temperatures were located 2.1 mm away from each surface.

The thermal conductivity was precisely measured by ULYAC, TC-7000 HNC thermal
conductivity meter. Its value was 118.3 W/m°C at 28°C. A steady-state condition was obtained
after 30 min operation. Two-dimensional heat transfer in the aluminum block was assumed.
Using the measured heat flux, ¢, the local heat transfer coefficient, /., is obtained as follows:

o @

where T, and Ty, are the temperature of mixture in the free stream and the wall temperature.

The temperature profile was measured by 0.125 mm T-type thermocouple at 1.21 m
downstream from the inlet. The thermocouple was inserted through 1.5 mm i.d. of stainless
steel tube, and the tip was stopped up with waterproof epoxy. The tube was inserted into the
hole on the top plate of the rectangular channel as shown in Fig. 4, and attached to the
translation guide (Micro Control, MR-40) with 0.01 mm resolution. The temperature profiles
were measured four times at each point, and the results were averaged.

The velocity of steam—air mixture is not easy to measure by any anemometer. The present
work used the laser Doppler anemometer (DANTEC, 2D LDA). The LDA measurement was
confirmed with the Pitot tube measurement. The suitability of the flow refiner and test duct
was checked by the air velocity profile. The mean velocity profiles in the test duct agreed with
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the one-seventh-power law. Moisture droplets among the steam-—air mixture generated good
burst signals for the frequency counter in the measurement of mixture velocity. In the practical
operation, the laser beams were blocked by the condensate formed on the inside of test duct.
The hot air was blown on the outer surface to remove the condensate as shown in Fig. 4. The
incident beams were tilted about 4° from the horizon, since the condensate was not completely
removed near the cold plate. About 500 burst signals were taken to measure the mixture
velocity at each point. The velocity profile was obtained from the average of four to six
measurements.

3. Analysis model
3.1. Governing equations and boundary conditions

The geometry and condition for the analysis model is the same as the experimental
conditions discussed in the previous section, and they were assumed as shown in Fig. 5. In this
analysis, we assumed the following:

1. The steam—air mixture and condensate are laminar and two-dimensional flow.

2. The velocity, temperature and concentration of the steam-—air mixture at the inlet are

uniform.

The radiation heat transfer and the viscous dissipation are negligible.

4. The velocity, thermal and concentration boundary layers are formed over the cold wall (the
bottom aluminum plate) and the velocity boundary layer is only formed along the top wall,
since the top wall is insulated.

5. The rate of condensation is governed by the ordinary molecular diffusion, the thermal
diffusion is negligible (Kroger and Rohsenow, 1968).

hed

y=H Top Wall (Insulation)
/
Inlet —— Exit
| — 98.4 mm
steam-air
v A —_— Boundary Layer
Condensation ‘ \\ ‘ ‘

Condensate Film

1520 mm

Fig. 5. Test geometry and coordinate systems for numerical calculation.



1608 H.C. Kang, M.H. Kim | International Journal of Multiphase Flow 25 (1999) 1601-1618

6. The mist formed in the steam—air mixture has negligible volume fraction compared with the
gas mixture and it has a zero slip velocity relative to the mass average velocity as well as no
diffusive component.

7. The condensate film formed on the cold surface is very thin, and the flow is laminar.

8. The convection heat transfer in the condensate film is negligible.

The continuity, the momentum, the energy, the air mass, the mist mass and the mist energy
conservation equations are as below:

o, %v 0 5)

) ()

B Rl () e e "

dph'u | dph'v _ 5. (,ﬂ) L2 (,ﬂ) (8)
0x dy ax\ dx ay\ ady

dph'u  dph'v :i(ka_T>+j<k8_T> )
0x dy ax\ dx ay\ ady

% + Bg)_;v = pL (10)

dpyuhy 4 dpy vhy, — (11)

ax ay

where u, kK and D are the dynamic viscosity, the thermal conductivity and the mass diffusivity
of the mixture. The axis and velocity components are denoted in Fig. 5.

P =pPat Pt PL (12a)
ph'u = phauy + pghcuc + pyhvus (12b)
ph'v = phava + pghcve + prhv (12¢)
hy = cpa(T — To) (12d)

h = eu(T = Tp) (12¢)
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he = cpa(T' — To) + hig (12f )

The h, hg,, ¢, Ty are the enthalpy, the latent heat of vapor, the heat capacity and the reference
temperature, respectively.

The insulation boundary conditions are applied for the top wall. The parabolic condition
was used at the exit. The mass flux across the interface was obtained as below:

9 Pg
aty =90, my=m,g+myL=—(p, + ps)D— + py v; 13
I L i e R (13

The boundary conditions for the interface are as below:

1/3 X=X
5:(?”_LF2) , r:—J m dx (14)
g sin 0p} o
Pat PG| 0 Pa
aty=9, vi=—"—""|D— (15a)
Y Pa |: ay(pa+p0>j|l
oT 0
T, =Ty — | hegmyg +hmeg — k| — | |+ (15b)
’ ’ ay i kL
PG = p(WG,sat) (150)
e _ (15d)
9y
% =0 (15¢)
day

The 6, 0, I' and the subscript i are the film thickness, the declination angle of the aluminum
block, the condensate flow rate per unit width and the interface, respectively. The total heat
flux across the interface is considered as the heat transfer by the vapor, the mist and the gas
mixture as shown in the Eq. (15b).

3.2. Mist formation models

If the vapor pressure of superheated gas mixture is less or equal than the saturated pressure
at a given temperature, then the gas mixture is superheated. Mist generation, pp is zero as
following equation.

PG < Py, pL =0 (16)

We have tested three kinds of model for the supersaturated gas mixture (Pg > Pgay).



1610 H.C. Kang, M.H. Kim | International Journal of Multiphase Flow 25 (1999) 1601-1618

(a) Superheated model: this model assumes that there is no vapor formation in the gas
mixture even though there is some disturbance, since the degree of supersaturation is small.

PG>Psata pL:O (17)

(b) Equilibrium model. Hijikata and Mori (1973), Brouwers and Chesters (1992) and Fox et al.

(1993) assumed that there would be some amount of vapor changed to the mist as the gas
mixture reaches equilibrium if the mixture is supersaturated. In the process of phase change,
the latent heat increases the mixture temperature. This model is written as below:

Pg > Py, AW = Wa - WG,sat = ;_fp(T_ T*) (18)
g

The AWy, WG, WGsats ¢p» e, T™, and Ty, are the generated mist concentration, the initial
mass concentration of vapor, the mass concentration of vapor at saturated condition, the heat
capacity of mixture, the latent heat and the initial and the saturated temperatures, respectively.

(c) Present model: the present model proposes that the latent heat from the supersaturated
mixture to saturated mixture be absorbed in the gas mixture. The f time of latent heat is
accumulated in the mist as follows:

Pg > Py, AVVL = (W?} - WG,sat)(l + ,B) (19)
where
CP(T— T*) = hngWL, WL(hL - hf) = ﬁhng WL (20)

We used the f value as the supersaturation ratio Pgy/Pg,. The f value ranged from 2.4 to 2.6
in the present test condition. In Eqgs. (18) and (19), the final value W, was obtained by
using a Newton—Raphson root finding method.

3.3. Numerical simulation

The governing equations were solved by the finite difference method. We used the SIMPLER
algorithm of Patanker (1980). The Cartesian coordinate and non-uniform grid was used to get
fine grid spacing at the edge of the inlet and near the interface. A staggered grid was used, and
the total number was 51 by 51 along x and y coordinates. The properties of steam—air mixture
were calculated from the properties of saturated steam and air by using the averaged model of
Reid et al. (1986). The calculation procedures are as below:

1. Using the properties of steam—air mixture, the velocity and temperature fields were solved.
In this step, the interface was assumed to be a solid wall.

2. Using the fixed wall temperature condition, the mass concentration field of air was solved.

3. The interfacial temperature was obtained by using Eqgs. (13)—(15c), and the velocity,
temperature and concentration fields were calculated.

4. The mist generation conditions were applied for each control volume.

The conversion criteria were 10~ for the residuals of mass and momentum equations and 107>
for the changed values of all variables at each iteration, respectively. The suitability of the
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present calculation was confirmed with the velocity profiles of Blasius for the laminar
boundary layer over a flat plate.

4. Results and discussion
4.1. Film condensation of the superheated mixture

We tested the superheated steam-—air mixture when the temperature of the gas mixture was
higher than the saturated temperature or slightly less than the saturated mixture. The line a—a
in Fig. 2 displays this condition. For line b-b in Fig. 2, the inlet, interface and free stream
conditions are saturated. The mixture in the boundary layer may be supersaturated. However
the degree of supersaturation is not much. The possibility of mist formation is not strong. We
calculated the temperature profiles in the boundary layer having the same conditions of the
experiment of Desesquelles and Foch (1986). They tested for the saturated steam—air mixture
at the condition of the inlet temperature, T;,=80°C, the inlet velocity, u;, =3 m/s, the cold wall
temperature, T,,=70.1°C. The present and their numerical results are compared with their
experimental data as shown in Fig. 6. The present results agree well with their measurement
and calculation.

Fig. 7 shows the normalized velocity, temperature, and vapor mass fraction profiles by the
interface and free stream values. The thick line shows the flow directional velocity profile
without condensation. As shown in this figure, the boundary layer thickness is reduced due to

® e o Desesquelles (experiment)
————— Desesquelles (calculation)
present calculation
8.0 T T T T T T T T

y-35, (mm)

20 o 7 -

0.0 L 1 L L : 1 L 1 .
0.0 02 0.4 0.6 0.8 1.0

Normalized Temperature

Fig. 6. Comparison of the temperature profile of the present calculation with the results of Desesquelles and Foch
(1986) for the steam—air mixture. (7, = 70.1°C, T}, =80°C, u;, =3 m/s at x = 0.15 m).
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Fig. 7. Velocity, temperature and, mass concentration profiles of steam—air mixture with condensation and velocity
profile without condensation. (7, =80°C, T;,=90°C, u;,=2 m/s at x = 1.21 m, 0=4.1°).

condensation. The reason for this is due to the mass diffusion of steam according to steam
condensation. The thicknesses of thermal and concentration boundary layers are greater than
that of velocity, because of the properties of mixture, the Prandtl number, Pr=v/a=0.84 and
the Schmidt number, Sc=v/D = 0.56.

Fig. 8 compares the average heat transfer coefficient with the calculation and the
measurement in the present work. The inlet mixture was saturated, and the temperature
difference between the inlet and the wall was not much. The degree of supersaturation was
small. The present calculation agrees well with the experimental data. From these results, we
can conclude that the superheated or slightly supersaturated gas mixture can be treated as
superheated gas mixture. We can say that the present calculations and experimental method
are reliable.

4.2. Film condensation of supersaturated mixture

4.2.1. Superheated model

Fig. 9 shows the velocity and temperature profile in the boundary layer of supersaturated
gas. The vertical axis of this figure was the distance measured from the interface. This case was
tested for the conditions of 7;,=90°C, T,,=23.7°C, u;,=2 m/s, 0=4.1°. The temperature and
velocity profiles were measured by the 0.25 mm T-type thermocouple and the DANTECH 2D
LDA at 1.21 m from inlet. The normalized temperature profile is concaved toward the
interface than the velocity profile. We applied the superheated model for this condition. The
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100.0 ¢ — | T T

m  case a (experiment)
. case b (experiment)
calculation

ool

Ragq0l

' 1.0
x(m)

Fig. 8. Comparison of the numerical calculation with the experimental data for condensation heat transfer
coefficient of saturated vapor (case a: Ty =67.2x ~00483C (x unit in m), 7;,=95.9°C, u;,=1.4 m/s, =287°; case b:
Ty =57.2 x~%9221°C (x unit in m), T}, =86.9°C, uj, = 1.4 m/s, 0=387°).

calculated velocity profile (solid line) agrees well with the measured data (solid circle) by LDA.
However, the temperature profile obtained by the numerical simulation using the superheated
model is not similar to the experimental data. The flow regime can be assumed to be laminar
flow. The velocity profile shows a similar trend to those of Figs. 6 and 7 calculated using the
superheated model. The local Reynolds number (Re,=u;,x/v) was 1.3 x 10°. This value is far

160 | | | - ‘.L
I experiment calculation

14.0 — [ ] —— uvelocity 1
i ] - - - - temperature

!
12.0 T
i , /L
10.0 £
/®,
| L
8.0
6.0
I /;/// ]
e
40 P s i—
- | |
-2 | | 1

y-8, (mm)

20 —=

0.0 =" . g ® : k
00 02 04 06 08 10

Normalizeduand T

Fig. 9. Comparison of superheat model and experiment for the temperature and velocity profiles of steam-—air
mixture having large temperature difference between bulk mixture and wall (7, =23.7°C, T;,=90°C, u;,=2 m/s,
0=4.1°, x = 1.21 m).
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less than the representative critical Reynolds number for a single-phase flow over a flat plate,
Ree.=5 x 10°. The Re, might be a higher value in the present condition, since the
condensation stabilizes the flow in the boundary layer. This test condition corresponds to the
c—c line in Fig. 2. The whole boundary layer is located on the supersaturated region. Fig. 10
shows the comparison of the supersaturated model and the experimental data for the local heat
transfer coefficient. The experimental data show 53% higher value than the results of the
superheated model at x = 1.0 m. From these results, the superheated model predicted the
velocity profile reasonably, however not the temperature and heat transfer.

4.2.2. Equilibrium model

The equilibrium model was applied to the two cases as shown in Figs. 11 and 12. The first is
Tiw=70°C, Tw=18.5°C, u;, =2 m/s, 6=4.1°, x = 1.21 m. The other is T;,=90°C, T,,=23.7°C,
uin=2m/s, 0=4.1°, x = 1.21 m. The inlet condition was saturated for both cases. Hijikata and
Mori (1973) and Brouwers (1991) and Brouwers and Chesters (1992) assumed that the
supersaturated mixture in the boundary layer become the equilibrium condition (7= Tg,). The
temperature profiles (dashed lines) obtained by using this model are closer to the experimental
data than the superheated model. However the profiles near y—3=2 mm were different. The
heat transfer coefficient calculated by the equilibrium model is about 20% higher than that of
the superheated model, however the results are still less than the experimental data. The
increase of heat transfer in the results of this model was due to the increase of sensible heat

transfer of the gas mixture near the interface.

(1] R
‘ \ [ I A
—e— experiment
T = = = = caleulation
[
~ 10 = =
O TN '
= o~
= AN N )
ey S -
| ~ ..
RN %
~ L Y
0.1 1. . : e T
! LT
0.1 1.0
x (m)

Fig. 10. Comparison of superheat model and experiment for local heat transfer coefficient of steam—air mixture
having large temperature difference between bulk mixture and wall (T, =22.5 x ~%!%°C (x unit in m), T},=90°C,
U, =2 m/s, 0=4.1°, x = 1.21 m).
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20.0 T T T T T T T T
18.0 i ® experiment .
L — - — superheat model
160 | - - - - equilibrium model
L ——— present model
14.0
’g 12.0 I
= 10.0

> 8.0

6.0

. 18.0 28.4 38.8 49.2 59.6 70.0
temperature (C)

18.0 T T r T T T T l

L experiment
— - — superheat model 4
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140+ | ———— present model I
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6.0 |-
4.0 -

20

0.0 . .
235 36.8 50.1 63.4 76.7 90.0
temperature ()

Fig. 11. Comparison of equilibrium and present models and experimental data for the temperature profiles of
steam—air mixture having large temperature difference between bulk mixture and wall (case a: T, =18.5°C,
Tin=70°C, u;, =2 m/s, 0=4.1°, x = 1.21 m; case b: T,=23.7°C, T;,=90°C, u;,=2 m/s, 0=4.1°, x = 1.21 m).

4.2.3. Present model

From the previous calculation and experimental results, we found that the bulk mixture in
the boundary layer was supersaturated and had a higher temperature than the saturated
temperature. It would be hard to assume that the steam—air mixture temperature is
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Fig. 12. Comparison of equilibrium and present models and experimental data for local heat transfer coefficient of
steam—air mixture having large temperature difference between bulk mixture and wall (case a: Ty =19.1 x ~006leC
(x unit in m); case b: T,y =22.5 x ~%!28 °C (x unit in m), the other conditions are the same as Fig. 11).

superheated even though mist exists in the boundary layer. Droplets of mist in the boundary
layer move toward the interface, since the bulk mixture flows toward the interface. Following
the path, the mist is located at the more supersaturated condition except just above the
interface as shown in Fig. 11. The mist will grow along the path. The mist temperature has
higher temperature than that of the bulk mixture as discussed by Hill (1966) and Gyarmathy
(1963). Therefore the bulk temperature of the mixture and the mist would be higher than the
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saturated temperature. In this process, a higher mist temperature was expected at a higher
degree of supersaturation. The present model simply assumed that some part of the latent heat
is absorbed in the mist during this process and the portion is the ratio of Pgy/Pg,,.

The results are shown in Figs. 11 and 12. The ratios (Pg/Psa) Were 2.6 and 2.4 for the cases
(a) and (b) in Figs. 11 and 12. The present model predicted well comparing the equilibrium
and the superheated models. Conclusively, the heat transfer of supersaturated mixture is
enhanced about several tens percents comparing the superheated mixture. The present model is
only applicable in the present experimental range. More detailed study is needed to completely
understand the characteristics of the condensation of supersaturated mixture.

5. Concluding remarks

Experiment and numerical simulations were conducted for the laminar film condensation of
steam—air mixture flow over a flat plate. The temperature and velocity profiles were measured
using the thermocouple and the LDA, and the heat transfer coefficients were measured and
calculated for the saturated steam-—air mixture. In the case of a small temperature difference
between the saturated steam—air mixture and the cold wall, the gas mixture boundary layer can
be treated as superheated gas. When the temperature difference was large, the gas mixtures
become supersaturated near the interface. The gas mixture temperature profile was greatly
concaved toward the interface, however the velocity profile was not. Enhancement of heat
transfer was also found in this case. The superheated model without mist formation agreed
well with the experimental data in the case of small temperature differences between saturated
the steam—air mixture and the condensing wall. The equilibrium model, when the phase is
changed at saturation conditions, underpredicted the heat transfer coefficient compared with
the experimental data. The present model, in which some part of latent heat can be absorbed
into the mist during the phase change, is proposed in this study. The model suggested showed
the best agreement with the experimental results among three models. However more detailed
study is needed to understand completely the characteristics of the condensation of
supersaturated mixture.
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