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Horizontal tube

Experiments on the condensation of binary vapor mixtures of methanol-steam and acetone-ethanol systems
on a short horizontal tube were made for a wide range of vapor flow rates and concentrations. The observed vapor
phase sensible heat and diffusion fluxes showed good agreement with the authors’ previous numerical correla-

tion for heat and mass transfer on a cylinder with high mass flux effect.

The effect of vapor flow rates and cooling water temperatures on partial condensation, where the concentration
of condensate is lower than that of vapor free stream, was discussed. A new method for predicting the concen-
trations of condensate of binary vapor mixtures on a short horizontal tube was proposed, and compared with

the experimental data under total and partial condensation.

Introduction

Condensation of binary vapor mixture is an impor-
tant problem for design of total and partial condensers in
distillation. Although many theoretical (Asano and
Matsuda, 1985, Denny and Jusionis, 1972, Fujii and
Koyama, 1985, Fujii et al., 1989, Sykes and Marchello,
1970) and experimental (Asano and Matsuda, 1985,
Bandrowski and Bryczkowski, 1975, Pressburg and Todd,
1957, Sykes and Marchello, 1970) investigations were
made for the condensation of binary vapor mixtures, there
still remain some uncertainties regarding the surface
temperatures and concentrations of condensate under
partial condensation and the effect of operating conditions
on the transition from total to partial condensation.

In our previous paper (Mamyoda and Asano, 1994),
heat and mass transfer in condensation of vapors with
noncondensable gas on a short horizontal tube was exper-
imentally examined. The result showed that the vapor phase
sensible heat and diffusion fluxes agreed well with our
previous numerical analysis (Mamyoda and Asano, 1993).
The purpose of the present study is to make an experimental
approach to condensation of binary vapor mixtures on a
short horizontal tube, and to compare the experimental data
with the results of our previous numerical analysis.

1. Experimental Apparatus and Procedures

1.1 Apparatus

Figure 1 shows a schematic diagram of the experi-
mental apparatus. The test condenser was a 40 mm long,
9.0 mm O.D. and 0.5 mm thick copper tube. For the
measurements of wall temperature, two 0.5 mm O.D.
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sheathed Chromel-Alumel thermocouples were soldered on
the surface of the condensing tube 2 mm from both ends
of the condensing tube at angles of 772 from the forward
stagnation point. Near the condensing tube on the equatorial
plane of the tube cross section, a 0.25 mm O.D. sheathed
Chromel-Alumel thermocouple was mounted by a travers-
ing mechanism for measurements of the vapor phase
temperature profiles. Downstream of the condensing
tube, a condensate collector was installed and connected
to a measuring cylinder. Details of the test section are
shown in elsewhere (Mamyoda and Asano, 1994).
1.2 Measurements

Surface temperatures of the condensate and vapor
phase sensible heat fluxes: The observed vapor phase
temperatures near the condensing tube (6-8 points) at 8 =
7/2 were smoothed by use of the least square method with
a quadratic equation:

Too-n2=a(r-R)*+b(r-R)+c (1)

The surface temperatures of the condensate, Ts‘ 9= s WETE
estimated from the smoothed vapor phase temperature
profiles by an extrapolation method with an accuracy of
+1K. The vapor phase local sensible heat fluxes at 6= /2
were evaluated from the smoothed temperature profiles at
the surface by numerical differentiation with respect to
radial distance.

Flow rates and concentrations of the condensate and
the vapor: The flow rates of the condensate over the
condensing tube were determined from the amount of the
liquid received by a measuring cylinder for the test
section for a given time interval. The flow rates of the vapor
were determined from the amount of liquid from total
condenser added with the one from the test section by a
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Fig.1 Schematic diagram of experimental apparatus

similar way. The concentrations of the condensate and the
vapor were determined from the liquid samples from the
measuring cylinder for the test section and the one from
total condenser by a gas chromatograph with an accuracy
of 0.3 mol%.

Vapor phase mass and diffusion fluxes: The vapor
phase average mass fluxes for each component over the
surface of the condensing tube, N,, N, were obtained from
the flow rates and concentrations of the condensate. The
diffusion fluxes for each component, E, E, were obtained
from the mass fluxes by using the following equation:

Ja=Ny~(Ny+ Ny ), (2.2)

Jg=Ng—(Ny+Np)(1-w,) (2.b)

where @, is the equilibrium vapor mass fraction of the
more volatile component at surface temperatures of the
condensate.

Validity of the measurements: In order to confirm the
validity of the measurements, condensation of pure
methanol vapor was carried out for a wide range of cool-
ing water temperatures. The observed condensation heat
transfer coefficients agreed with Nusselt’s model within
15% (Mamyoda and Asano, 1994).

1.3 Vapor-liquid equilibria and physical properties

Vapor-liquid equilibria of the methanol-steam and the
acetone-ethanol system were estimated from the vapor pres-
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Table 1 Experimental conditions
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Methanol-Steam 39-380
Acetone-Ethanol 122-370

0.30-0.85
0.49-0.53

278-320
279-284

Methanol—Steam
%

$ 10} ‘
o +10%

E ........... ~le

E 6

| 4 [odd 25 ™
< Nusselt Model

(xL=O.50)
2x10° —

4 6 10 20 40 60

AT [K]

Fig. 2 Condensation heat transfer coefficient; a comparison
with Nusselt’s model

sures of pure components by Antoine’s equation and the
liquid phase activity coefficients by Wilson’s equation.

The physical properties of the vapor mixtures were
evaluated at their vapor phase surface concentrations and
temperatures of the condensate at 68 = 71/2, TS, 9= m The
viscosities and the thermal conductivities of the vapor
mixtures were estimated by Wilke’s method. The viscosi-
ties of the pure vapors were estimated by Hirschfelder’s
method, and the thermal conductivities by Eucken’s
method. The binary diffusion coefficients of the vapor were
estimated by Hirschfelder’s method.

Physical properties of the condensate were evaluated
at their reference temperatures defined by (Minkowycz and
Sparrow, 1966):

Treszw+(Ts‘_Tw)/3 (3)

1.4 Ranges of variables

Condensation runs were made for methanol-steam
and acetone-ethanol systems under total and partial
condensation at atmospheric pressure, where total conden-
sation means that the concentration of condensate is
equal to that of vapor free stream. Ranges of variables for
the present study were summarized in Table 1.

2.  Experimental Results

2.1 Condensation heat transfer coefficients
Figure 2 shows a comparison of the observed
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Fig. 3 An example of vapor phase temperature profile

condensation heat transfer coefficients with the theoreti-
cal ones by Nusselt’s model under total condensation
conditions, where concentrations of the condensate are
equal to that of vapor, for concentrations of condensate of
x; =0.48 - 0.53. The solid circles in the figure are conden-
sation heat transfer coefficients defined by temperature
driving forces between the surface temperatures of conden-
sate and the wall temperatures (T, ,_ ., - T,,). The open
circles are the ones with temperature driving forces
between vapor free stream temperatures and wall temper-
atures (T - T,). The solid line in the figure is the
theoretical value from Nusselt’s model for nearly the same
concentration of condensate (x; = 0.50):

3 _ 1/4
h, =0725 8 K Pim  Pim— Poe) 4)

Hn (T,=T, ) D

The condensation heat transfer coefficients with surface
temperatures of the condensate showed good agreement
with Nusselt’s model within 10%, whereas the ones with
vapor free stream temperatures showed much higher
deviations.
2.2 Surface temperatures of condensate and vapor

phase sensible heat fluxes

Figure 3 shows an example of the observed vapor
phase temperature profiles on the equatorial plane of the
condensing tube at 8 = /2 for the methanol-steam system.
The solid circles in the figure are the observed vapor phase
temperatures and the open circle is the surface temperature
of the condensate estimated by an extrapolation method.
The solid line is the theoretical temperature profile for
nearly the same operating conditions by numerical solution
of the transport equations (Mamyoda and Asano, 1993)
with the observed vapor free stream temperature, 7_, and
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Fig. 4 Vapor phase sensible heat fluxes

extrapolated surface temperature of condensate, T oo mp
The two bold solid lines represent the dew point of the
vapor and the bubble point of the condensate at 8 = 7/2,
where calculation of the latter value is described in the later
discussions (Section 3.2).

Figure 4 shows the vapor phase local sensible heat
fluxes at 6 = /2, obtained from the observed vapor phase
temperature profiles. The function g, in the ordinate repre-
sents the effect of surface mass suction on the local sensible
heat fluxes at 8= 772, of which value is calculated from our
previous numerical correlation (Mamyoda and Asano,
1993, Mamyoda and Asano, 1994):

gH.G:nlz'—'l/(a""[l"a')(l'*'BH]O'SA] (5.
'= ~0.34 +0.20Pr (S.b)

The solid line in the figure represents correlation of the
numerical solution at @ = n/2 without surface mass
suction (Mamyoda and Asano, 1993, Mamyoda and
Asano, 1994):

Nu9 =7/2,0= 0-82Re°‘39 Pr0.36 (6)

The solid keys are the observed vapor phase local sensi-
ble heat fluxes corrected for the effect of surface mass
suction on the sensible heat fluxes by Eq. (5), and the open
keys are the ones without correction for the effect of surface
mass suction (g, = 1). The observed vapor phase sensible
heat fluxes corrected for the effect of surface mass suction
agreed with the numerical correlation within 30%, whereas
the ones without correction for the effect of surface mass
suction showed much higher deviations.
2.3 Vapor phase mass and diffusion fluxes

Figure 5 shows the observed vapor phase average
mass fluxes for the methanol-steam and the acetone-ethanol
systems. The bold solid line in the figure represents the
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Fig. 6 Vapor phase diffusion fluxes

numerical correlation without ‘surface mass suction
(Mamyoda and Asano, 1993):

(Sh( T,/ N, )}o = 0.66Re** 5c0% o

The data showed much higher deviation from the numer-
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ical correlation and irregular scattering. This may be due
to the effect of convective mass flux, (N_A + N;) @, , shown
in the second term of the right-hand side of Eq.(2).

Figure 6 shows the observed vapor phase average
diffusion fluxes for the methanol-steam and the acetone-
ethanol systems. The gv; in the ordinate represents the
numerical correlation for the effect of surface mass
suction on the vapor phase average diffusion fluxes given
by (Mamyoda and Asano, 1993):

gn=1/la+(1-a)(1+By)"") (8.2)

a=0.07+0.16 log Sc (8.b)

The diffusion fluxes corrected for surface mass suction
agreed with numerical correlation within 30%, whereas no
correlation was obtained for mass fluxes.

3. Discussion

3.1 Transition from total to partial condensation
Figure 7 shows the effect of cooling water temper-
atures on the concentrations and surface temperatures of
the condensate with different vapor flow rates at y_ = 0.51
- 0.54. The bold solid line in the upper half of the figure
is the free stream vapor concentration. The figure indicates
the concentrations of the condensate increase with a
decrease in cooling water temperature and approach that
of total condensation. The observed surface temperatures
of condensate at =2, T, ,__ , decrease with a decrease
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Table 2 Basic equations for simulation

Vapor phase
Sh(J4/ N, _ —
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Nug_o 8n \Re, 1, (10)
Sh(J4! Ny)o=f (Re, Sc) (1n
Nyy= f (Re, Pr) (12)
g =1+ 1.328 195 R0 5064 (13)
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Fig. 8 Flow chart for simulation

in cooling water temperature and also approach to the
bubble points of the condensate under total condensation.
The figure also shows that transition from total to partial
condensation is affected by vapor flow rates as well as cool-
ing water temperature.
3.2 Simulation of condensation of binary vapor

mixtures

The discussions in the previous sections can be
applied for simulation of condensation of binary vapor
mixtures on a short horizontal tube. The following are
assumptions for the present simulation:

1. The vapor and condensate flows are laminar.
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Fig. 9 Circumferential profiles of concentration, surface
temperatures and flow rate of condensate

2. Nusselt’s model is applicable to heat transfer
through the condensate liquid film.

3. Numerical correlations for heat and mass transfer
on a cylinder with surface mass suction are applied to esti-
mation of vapor phase sensible heat and diffusion fluxes
(Mamyoda and Asano, 1994).

4. Surface temperatures of the condensate are at their
bubble point (Ito and Asano, 1982, Kosuge et al., 1985).

5. Temperatures of the vapor free stream are at their
dew point.

6. Wall temperature is uniform along the axial and
circumferential direction.

The basic equations for the present simulation are
summarized in Table 2. Figure 8 shows a flow chart for
the present simulation.

Figure 9 shows a comparison with the experimen-
tal data and present model, where variations in condensate
flow rate, I, the concentration of the condensate, x;, and
the surface temperature of the condensate, T, in circum-
ferential direction were shown together with observed ones.
The calculation showed good agreement with observed
data.

3.3 Prediction of the concentration of the condensate
under partial condensation

Figure 10 shows a comparison of the surface
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Fig. 11 Effect of vapor flow rate and cooling water tempera-
ture on partial condensation

temperatures at @ = n/2 estimated by the present model
(bubble point of the liquid at 6 = @W2), T, 4_ > With
observed ones, Tmb, 0= 20 TOT total and partial condensa-
tion of binary vapor mixtures of the methanol-steam
system. The observed data showed good agreement with
calculated ones.

Figure 11 shows the variation of the liquid concen-
trations of the condensate with vapor phase Reynolds
numbers and cooling water temperatures under total and
partial condensation of binary vapor mixtures of the
methanol-steam system. The ordinate of the figure repre-
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sents degree of partial condensation, of which values vary
from zero (without condensation) to unity (total conden-
sation). The solid keys are observed values and solid lines
are the predicted ones by the present model, which
showed good agreement with the experimental data.

Conclusions

Measurements of the rates of condensation, the
concentrations and the surface temperatures of the conden-
sate, vapor phase sensible heat and diffusion fluxes were
made for condensation of binary vapor mixtures on a short
horizorital tube. The following conclusions were obtained.

1. Nusselt’s model is applicable for heat transfer
through condensate film based on the temperature driving
forces between the surface temperatures of condensate and
wall temperatures, T o_ -7,

2. Observed vapor phase local sensible heat fluxes
and average diffusion fluxes showed good agreement with
the numerical correlation for heat and mass transfer on a
cylinder with diffusive surface mass suction.

3. A new method for simulation of binary vapor
mixtures on a short horizontal tube under total and partial
condensation was proposed.

Nomenclature
By, = transfer number for heat transfer

(= Re-Pr-¢ /Nu) [-]
B, = transfer number for mass transfer

(= Re-Sc-¢ I1Sh (J,/N ) [-]
c, = specific heat at constant pressure [I/kg-K)]
7 = binary diffusion coefficient [m?/s]
D = diameter of condensing tube [m]
g = acceleration of gravity [m/s?]
gn = function of high mass flux effect for heat

transfer [-1
8um = function of high mass flux effect for mass

transfer [-1
G, = vapor mass flow rate [kg/s]
hew = heat transfer coefficient of cooling water [W/(m?K)]
h, = condensation heat transfer coefficient [W/(m%K)]
Jy = diffusion flux of more volatile component [kg/(m?2-s)]
N, = mass flux of more volatile component [kg/(m?s)]
Nu = Nusselt number (= ¢;D/x (T -T)) [-1
Pr = Prandtl number (= cpu/ X) [-1
a6 = sensible heat flux for vapor phase [W/m?]
q; = latent heat flux of condensation of vapor [W/m?]
Gyap = sum of sensible and latent heat flux for

vapor phase [W/m?]
r = radial distance from center of condensing tube  [m]
Re = Reynolds number (= p U _D/u_) [-]
Sc = Schmidt number (= Wp2 ) [-1
Sh = Sherwood number (=N, D/p 2 (@, -®,)) [-1
T = temperature K]
T, = bubble point of liquid [K]
T, = dew point of vapor [K]
Tn,f = reference temperature (=7, + (7, - T, )/3) [K]
U, = free stream velocity [m/s]
v, = radial component of suction velocity

at the surface of the condensate [m/s]
x = mole fraction of liquid [-]
y = mole fraction of vapor [-1
r = condensate flow rate [kg/(m-s)]
] = angle from front stagnation point [rad]
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K = thermal conductivity [W/(m-K)]
A latent heat of vaporization [Ikg]
U = viscosity [Pa:s]
p = density [kg/m?]
¢ = suction ratio at the surface

of the condensate (=v /U, ) [-1
0] = mass fraction of more volatile component [-]
<Subscript>
A = more volatile component
B = less volatile component
cw = cooling water
G = vapor phase
in inlet vapor
L = liquid phase (condensate)
m = mixture
s = surface of the condensate
w wall
6 = local value at angle €
oo free stream

= without surface mass suction or injection

<Superscript>
- = average value
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