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Abstract

The investigation of mixed convection heat and mass transfer in vertical ducts with film evaporation and condensa-

tion has been numerically examined in detail. This work is primarily focused on the effect of film evaporation and con-

densation along the wetted wall with constant temperature and concentration on the heat and mass transfer in

rectangular vertical ducts. The numerical results, including the distributions of dimensionless axial velocity, tempera-

ture and concentration distributions, Nusselt number as well as Sherwood number are presented for moist air mixture

system with different wall temperatures and aspect ratios of the rectangular ducts. The results show that the latent heat

transport with film evaporation and condensation augments tremendously the heat transfer rate. Better heat transfer

enhancement related with film evaporation is found for a system with a higher wall temperature.

� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Gas–liquid systems in which coupled heat and mass

are transferred have been widely encountered in many

practical applications. The processes such as film cool-

ing, liquid film evaporator, cooling towers, cooling of

microelectronic equipments, and the simultaneous diffu-

sion of metabolic heat and perspiration in the control of

human body temperature are some examples. Due to

such widespread applications, heat and mass transfer

of air stream with liquid film evaporation and condensa-
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tion associated with latent heat transfer has received

considerable attention.

The pioneer study concerning heat and mass transfer

on condensation is by Minkowycz and Sparrow [1],

which is an extension of Nusselt�s original theory for a

mixture of vapor and a non-condensable gas. The situa-

tion under their investigation is an isothermal vertical

plate with steam as the condensing vapor and air as

the non-condensable gas. In addition to the non-con-

densable gas, the analytical model includes interfacial

resistance, superheating, free convection due to both

temperature and concentration gradients, mass diffusion

and thermal diffusion, and variable properties in both

the liquid and the gas–vapor regions. It was found that

a small bulk concentration of the non-condensable gas

can have a decisive effect on the heat-transfer rate.
ed.
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Nomenclature

A cross-sectional area of vertical rectangular

ducts (m)

a, b width and height of vertical rectangular

ducts, respectively (m)

c dimensional species concentration

C dimensionless species concentration,

(c � c0)/(c1 � c0)

cp specific heat (J kg�1 K�1)

D mass diffusivity (m2 s�1)

De equivalent hydraulic diameter, 4A/S (m)

f friction coefficient, 2sw=ðq0w
2
0Þ

g gravitational acceleration (m s�2)

GrT heat transfer Grashof number,

gbðT 1 � T 0ÞD3
e=m

2

GrM mass transfer Grashof number,

gb�ðc1 � c0ÞD3
e=m

2

h average heat transfer coefficient

(W m�2 K�1)

hfg latent heat of vaporization or condensation

(J kg�1)

hM average mass transfer coefficient (m s�1)

k thermal conductivity (W m�1 K�1)

M molecular weight

n dimensionless coordinate normal to a sur-

face

Nul local Nusselt number for latent heat transfer

Nus local Nusselt number for sensible heat trans-

fer

Nux local Nusselt number (=Nus + Nul)

�p cross-sectional mean pressure (kPa)

P dimensionless cross-sectional mean pressure

p0 perturbation term about mean pressure

(kPa)

P 0 dimensionless perturbation pressure

pw saturated water vapor pressure at the wetted

wall

Pr Prandtl number, m/a
ql latent heat flux flowing into air stream

(W m�2)

qs sensible heat flux flowing into air stream

(W m�2)

qx interfacial total heat flux into air stream

(W m�2)

Re Reynolds number, wo De/m
S circumference of cross-section (m)

Sc Schmidt number, m/D
Sh Sherwood number

T temperature (K)

T0 inlet temperature (K)

U, V, W dimensionless velocity components in the

X-, Y-, Z-directions, respectively

u, v, w velocity components in the x-, y-, z-direc-

tions, respectively (m s�1)

Ve dimensionless interfacial velocity of mixture

in the y-direction

X, Y, Z dimensionless rectangular coordinate,

X = x/De, Y = y/De, Z = z/(ReDe)

Z* dimensionless z-direction coordinate,

z/(PrReDe) = Z/Pr

x, y, z rectangular coordinate system (m)

Greek symbols

a thermal diffusivity (m2 s�1)

b coefficient of thermal expansion (1/K)

b* coefficient of concentration expansion,

Ma/Mv � 1

c aspect ratio of a rectangular duct, a/b

/ relative humidity of moist air in the ambient

m kinematic viscosity (m2 s�1)

n dimensionless vorticity in the axial direction,

defined in Eq. (8)

q density (kg m�3)

h dimensionless temperature, (T � T0)/

(T1 � T0)

Superscript

mean quantity

Subscripts

1 condition at porous wetted wall 1; i.e., at

y = 0

2 condition at porous wetted wall 2; i.e., at

y = b

a of air

b bulk fluid quantity

f fully-developed quantity before thermal

entrance

M caused by mass

0 condition at inlet

T caused by temperature

v of water vapor

w value at wall
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The case of evaporation of water by superheated

steam has also received much attention in many theoret-

ical and experimental studies. Wenzel and White [2] and
Chu et al. [3] were the first to show experimentally that

more evaporation occurs in superheated vapor than in

air. Chow and Chung [4,5] presented the first numerical
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Fig. 1. Schematic diagram of the physical system.
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studies of the evaporation of water into dry air and

superheated steam for a laminar and turbulent forced

convection over a flat plate. Because of the complexity

of couplings between the momentum, heat and mass

transfer in the flow, they focused on heat and mass

transfer in a gas stream by assuming the liquid film to

be extremely thin and found that mass transfer associ-

ated with the film evaporation has a pronounced impact

on the heat transfer. Recently, Debbissi et al. [6,7]

numerically investigated the coupled heat and mass

transfer by natural or mixed convection during water

evaporation into air and humid air in a vertical heated

channel. They discovered that the evaporative cooling

changes the profiles of velocity and temperature consid-

erably especially at the exit of the channel. Hammou

et al. [8] have studied the effects of simultaneous heat

and mass transfer on downward laminar flow of humid

air in a vertical channel with isothermal wet walls

numerically using an elliptical formulation. They found

that the effects of the buoyancy forces on the hydrody-

namic field are very important while their influence on

the average air temperature and average mass fraction

is small. Even though sensible heat is always transferred

from the air to the walls, the latter must be heated when

evaporation is important.

Yan and co-workers [9–13] and Fedorov et al. [14]

investigated the influences of wetted wall on laminar

or turbulent mixed convection heat and mass transfer

in vertical channels. The results showed that the effects

of the evaporation of water vapor on the heat transfer

are rather substantial. As for the studies on the mixed

convection heat and mass transfer in rectangular ducts,

Lin et al. [15] presented a pioneer study. They consid-

ered the combined buoyancy effects resulting from the

thermal and mass buoyancies on the forced convection

in a horizontal duct.

Knowing from the paper review cited above, despite

its practical importance, the mixed convection heat and

mass transfer in vertical rectangular ducts with film

evaporation and condensation has not been well evalu-

ated. This motivates the present study. In this work,

an attempt is made to analyze the heat and mass transfer

in vertical rectangular ducts with latent heat transport at

the two walls of constant temperatures. The main objec-

tive of this study is to extend the understanding of water

condensation at the constant wall and evaporation into

the moist air in a laminar mixed convection flow.
2. Analysis

Consider a steady three-dimensional laminar uniform

flow of moist air mixture in the entrance region of a ver-

tical rectangular duct, as schematically shown in Fig. 1.

The width and height of the rectangular ducts are a and

b, respectively. The rectangular duct has insulated solid
walls on both sides in the x-direction. The porous duct

walls in the y-direction are wetted by the thin liquid films

and maintained at constant temperatures, T1 for wetted

wall 1 and T2 for wetted wall 2, respectively. The u, v

and w are the velocity components in the x-, y- and z-

directions, respectively. The air–water mixture entering

into the duct has a uniform axial velocity w0, tempera-

ture T0, concentration c0, and relative humidity /.

The thermo-physical properties of the mixture are

assumed to be constant and evaluated by the one-third

rule [4,16] except for density variation in the buoyancy

term in the z-momentum equation. The complete details

on the evaluation of the properties of air, steam and

their mixture are available in Refs. [17–19]. In this study,

the Boussinesq approximation is used to characterize the

buoyancy effect [20]. In order to simplify the problem,

the liquid films on the wetted porous walls are assumed

to be extremely thin so that they can be treated as

boundary conditions. Actually, the liquid films on the

wetted walls are of finite thickness and move downwards

due to gravity effect and interact with the moist air mix-

ture. However, this would complicate the present prob-

lem. It is found that the assumption of extremely thin

film thickness is reasonable as the film thickness is rela-

tively thin [21]. In addition, an order of magnitude ana-

lysis is employed which deduces the governing equations

by neglecting the axial diffusion of momentum, heat and

mass [22–24]. This is justified as the Peclect number is

high enough, e.g., Pe > 100 [25]. In this analysis, the spe-

cies diffusion processes exist in a very low concentration

level, resulting that the diffusion-thermo (Dufour) and

thermo-diffusion (Soret) effects can be neglected, as well

as negligible interfacial velocities from species diffusion

at the surface.

The governing equations are those of conservation of

mass, momentum, energy and concentration. By intro-

ducing the following dimensionless variables:
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De ¼
4A
S
; X ¼ x

De

; Y ¼ y
De

; Z ¼ z
ReDe

;

U ¼ uDe

v
; V ¼ vDe

v
; W ¼ w

w0

; P ¼ p
q0w

2
0

;

P 0 ¼ p0

q0v2=D
2
e

; h ¼ T � T 0

T 1 � T 0

; c ¼ c� c0
c1 � c0

;

Z� ¼ Z
Pr

; c ¼ a
b
; Re ¼ w0De

m
; Pr ¼ m

a
; Sc ¼ m

D
;

GrT ¼ gbTðT 1 � T 0ÞD3
e

m2
; GrM ¼ gb�ðc1 � c0ÞD3

e

m2
ð1Þ

and with the assumptions made earlier, the non-dimen-

sional governing equations can be formulated as

follows:

Continuity equation

oU
oX

þ oV
oY

þ oW
oZ

¼ 0 ð2Þ

Momentum equations

U
oU
oX

þ V
oU
oY

þ W
oU
oZ

¼ � oP 0

oX
þ o2U

oX 2
þ o2U

oY 2
ð3Þ

U
oV
oX

þ V
oV
oY

þ W
oV
oZ

¼ � oP 0

oY
þ o2V

oX 2
þ o2V

oY 2
ð4Þ

U
oW
oX

þ V
oW
oY

þ W
oW
oZ

¼ � oP
oZ

þ o2W

oX 2
þ o2W

oY 2
þ 1

Re
ðGrTh þ GrMCÞ ð5Þ

Energy equation

U
oh
oX

þ V
oh
oY

þ W
oh
oZ

¼ 1

Pr
o2h

oX 2
þ o2h

oY 2

� �
ð6Þ

Concentration equation

U
oC
oX

þ V
oC
oY

þ W
oC
oZ

¼ 1

Sc
o2C

oX 2
þ o2C

oY 2

� �
ð7Þ

It should be noted that the flow is assumed to be par-

abolic [22–24] and in the z-direction momentum equa-

tion a space-averaged pressure P is imposed to prevail

at each cross-section, permitting a decoupling of the

pressure in the cross-sectional momentum equation by

making the usual parabolic assumption [26]. The dy-

namic pressure can be presented as the sum of a cross-

sectional mean pressure P ðZÞ, which derives the main

flow and a perturbed pressure about the mean, P 0(X, Y),

which derives the cross-stream flow. The �Pressure
uncoupling� follows the parabolic-flow practice and,

together with the neglect of axial diffusion momentum,

heat and concentration by an order of analysis, permits

a marching-integration calculation procedure. The vor-

ticity–velocity method developed by Ramakrishna

et al. [20] is employed in the study. Introducing the axial

vorticity, n:
n ¼ oU
oY

� oV
oX

ð8Þ

the axial vorticity equation can be derived from Eqs. (3)

and (4),

U
on
oX

þ V
on
oY

þ W
on
oZ

þ n
oU
oX

þ oV
oY

� �

þ oW
oY

� oU
oZ

� oW
oX

� oV
oZ

� �
¼ o2n

oX 2
þ o2n

oY 2
ð9Þ

The equations of the transverse velocity components

(U, V) can be formulated from the continuity, and the

definition of axial vorticity as

o
2U

oX 2
þ o

2U

oY 2
¼ on

oY
� o

2W
oXoZ

ð10Þ

o2V

oX 2
þ o2V

oY 2
¼ � on

oX
� o2W
oY oZ

ð11Þ

The corresponding boundary conditions are

Entrance (Z = 0)

W ¼ 1; U ¼ V ¼ n ¼ h ¼ C ¼ 0 ð12aÞ

Midplane [X = (1 + c)/4]

oW
oX

¼ U ¼ oV
oX

¼ oh
oX

¼ oC
oX

¼ 0 ð12bÞ

Duct walls

U ¼ V ¼ W ¼ 0;
oh
oX

¼ oC
oX

¼ 0 at X ¼ 0 ð12cÞ

U ¼ W ¼ 0; V ¼ V e1; C ¼ 1; h ¼ 1 at Y ¼ 0

ð12dÞ

U ¼ W ¼ 0; V ¼ V e2; C ¼ C2; h ¼ h2

at Y ¼ ð1þ cÞ=2c ð12eÞ

Since the air–water interface is semi-permeable (the

solubility of air in water is negligibly small and air velo-

city in the direction normal to the porous wetted wall is

zero with no-slip condition at the interface), the evapo-

rating or condensing velocities of the mixture on the

wetted walls are evaluated by Burmeister [27],

V ei ¼ � ðc1 � c0Þ
Scð1� ciÞ

oC
oY

; i ¼ 1; 2 ð13Þ

where the subscript i = 1 represents the condition on the

wetted wall 1 [Y = 0], while i = 2 indicates the condition

on wetted wall 2 [Y = (1 + c)/2c]. According to Dalton�s
law and the state equation of ideal gas mixture, the inter-

facial mass fraction of water vapor can be calculated by

ci ¼
pwiMv

pwiMv þ ðp � pwiÞMa

; i ¼ 1; 2 ð14Þ

where pw is the saturated water vapor pressure on the

wetted walls. One constraint to be satisfied is that the
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overall mass flow rate at every axial location must be

balanced in the duct flow:Z 1þc
2c

0

Z 1þc
4

0

W dX dY

¼ ð1þ cÞ2

8c
þ
Z Z

0

Z 1þc
4

0

ðV e1 � V e2ÞdX dZ ð15Þ

This equation is utilized to obtain the axial pressure gra-

dient in Eq. (5).

After obtaining the developing velocity, temperature

and concentration fields along the axial direction of the

vertical rectangular duct, the local friction coefficient,

Nusselt and Sherwood numbers are major parameters

of practical interest for the study of convection heat

and mass transfer. Following the usual definitions, the

expression for the product of the peripherally averaged

friction factor and Reynolds number can be expressed as

fRe ¼ �2
oW
on

����
wall

ð16Þ

where the overbar stands for the average around the

perimeters.

Energy transport between the wetted wall 1 and the

fluid in the duct in the presence of mass transfer depends

on two factors: (1) the fluid temperature gradient at the

wetted wall 1, resulting in a sensible heat transfer; (2)

the rate ofmass transfer, resulting in a latent heat transfer.

Therefore, the total heat flux from thewettedwall 1 can be

expressed as

qx1 ¼ qs1 þ ql1 ¼ �k
oT
oy

����
1

� qDhfg

1� c1
� oc
oy

����
1

ð17Þ

where qx, qs and ql denote the interfacial heat flux, sen-

sible heat flux and latent heat flux, respectively. In the

same manner, the total heat flux from the wetted wall

2 can be formulated as follows:

qx2 ¼ qs2 þ ql2 ¼ k
oT
oy

����
2

þ qDhfg

1� c2
� oc
oy

����
2

ð18Þ

The locally averaged Nusselt numbers along the wet-

ted surfaces are defined as

Nuxi ¼
hiDe

k
¼ qxiDe

kðT 1 � T bÞ
; i ¼ 1; 2 ð19Þ

and can then be written as

Nuxi ¼ Nusi þ Nuli; i ¼ 1; 2 ð20Þ

where Nus and Nul are the local Nusselt numbers for

sensible and latent heat transfer, respectively, and they

are defined as the following:

Nusi ¼
1

1� hb

oh
on

����
i

; i ¼ 1; 2 ð21aÞ

Nuli ¼ S�
i

1

1� hb

� 1

1� ci
� oC
on

����
i

; i ¼ 1; 2 ð21bÞ
where S* indicates the importance of the energy trans-

port through species diffusion relative to that through

heat conduction

S�
i ¼

qDhfgiðc1 � c0Þ
kðT 1 � T 0Þ

; i ¼ 1; 2 ð22Þ

Similarly, the Sherwood numbers on the wetted walls

can be formulated as follows:

Shi ¼
1

1� Cb

oC
on

����
i

; i ¼ 1; 2 ð23Þ

The bulk fluid temperature hb and bulk fluid concen-

tration Cb are defined as

hb ¼
R 1þc

2c

0

R 1þc
4

0
h � W dX dYR 1þc

2c

0

R 1þc
4

0
W dX dY

; Cb ¼
R 1þc

2c

0

R 1þc
4

0
C � W dX dYR 1þc

2c

0

R 1þc
4

0
W dX dY

ð24Þ
3. Numerical approach

In present work, the governing equations are solved

by the vorticity–velocity method for three-dimensional

parabolic flow [20] for the velocities, temperature and

concentration. The detailed numerical method and solu-

tion procedure are available in Ref. [28] and are not

presented here. In the present study, the uniform

cross-sectional meshes were chosen, while the z-direc-

tion grid spacing was non-uniform with grid lines being

more closely packed near the entrance. In this work, the

grid points used in the x- and y-directions are selected

to be 51 (M) and 51 (N), respectively. The axial step size

DZ* was varied from 2 · 10�6 near the duct entrance to

about 1 · 10�3 near the fully-developed region. To

examine the grid size effects, Table 2 presents the local

Nusselt number on wetted wall 1 for case 2 for various

grid arrangements. It is clear that the deviations in the

local Nusselt number are less than 2% between the re-

sults of the axial step size DZ* of (2 · 10�6–1 · 10�3)

and (5 · 10�7–1 · 10�3). In addition, various grid

arrangements of cross-sectional grid points (M · N)

are tested. It is found in Table 2 that the deviations in

the local Nusselt number between the cross-sectional

grid points (M · N) of 51 · 51 and 71 · 71 are within

2%. Furthermore, as a partial verification of the compu-

tation procedure, results were initially obtained for

mixed convection heat transfer in horizontal rectangular

duct without film evaporation. The results are com-

pared with those of Abou-Ellail and Morcos [29]. The

Nusselt numbers were found to agree within 3%.

Through these program tests, the solution method and

the formulation adopted are appropriate for the present

study.



Table 1

Values of the major parameters

Case T1 (�C) T2 (�C) / (%) Re GrT GrM Pr Sc c

1 30 30 50 2000 37,156 12,765 0.706 0.594 1

2 50 30 50 2000 97,196 41,712 0.701 0.588 1

3 70 30 50 2000 145,156 108,402 0.704 0.575 1

4 50 30 10 2000 97,098 45,002 0.701 0.588 1

5 50 30 90 2000 97,295 38,393 0.701 0.587 1

6 50 30 50 1000 97,196 41,712 0.701 0.588 1

Table 2

Effects of grid size on local Nusselt number on wetted wall 1 for case 2

M · N(DZ*) Z*

0.001 0.005 0.01 0.05 0.1 0.3

51 · 51(2 · 10�6–1 · 10�3) 89.15 45.42 34.32 18.40 13.40 6.98

71 · 71(2 · 10�6–1 · 10�3) 89.24 45.33 34.21 18.31 13.39 6.92

31 · 31(2 · 10�6–1 · 10�3) 93.93 45.95 34.58 18.52 13.48 7.11

51 · 51(1 · 10�6–1 · 10�3) 88.96 45.2 34.42 18.43 13.36 6.97

51 · 51(5 · 10�7–1 · 10�3) 88.96 45.43 34.41 18.41 13.36 6.97
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4. Results and discussion

For the present study, calculations are specifically

performed for moist air flowing in vertical rectangular

ducts. Other mixtures can also be determined similarly.

According to the previous analysis, mixed convection

heat and mass transfer depends on Re, Pr, Sc, GrT,

GrM, c and also on T1. It should be recognized that

not all values of the non-dimensional parameters could

be arbitrarily assigned. Actually, they are interdepen-

dent for a given mixture under certain specific condi-

tions. Instead of physical parameters—the temperature

of wetted wall 1, the relative humidity of the ambient

moist air, the inlet Reynolds number, and the aspect

ratio—are picked as the independent variables.

In this study, the incoming air mixture at the inlet is

fixed at 20 �C and 1 atm, the relative humidity is chosen

to be 10%, 50% or 90%, the wetted wall 1 is kept at a uni-

form temperature being 30, 50 or 70 �C, the wetted wall 2

is maintained at a constant temperature of 30 �C, and the

through-flow Reynolds number at the inlet is assigned to

1000 or 2000. Based on the above specific conditions, all

the non-dimensional parameters can then be calculated.

Results are obtained for six cases presented in Table 1,

where case 2 is the typical case for comparison and the

aspect ratio for each case is 1. Additionally, in order to

investigate the geometry effects on the mixed convection

heat and mass transfer, the aspect ratios are chosen to be

1, 2 and 5. Numerical solutions were obtained for the dis-

tributions of axial velocity, temperature and concentra-

tion profiles, the local friction coefficient, Nusselt and

Sherwood numbers.
4.1. Development of dimensionless axial velocity,

temperature and concentration

The development of axial velocity, temperature and

concentration profiles are of engineering interest and

useful in clarifying the heat and mass transfer mecha-

nism. Fig. 2 shows axial velocity contours in the vertical

duct cross-section at Z* = 0.001, 0.04, 0.1 and 0.3 for

cases 2, 3 and 6. Near the entrance of the duct, the axial

velocities are fairly uniform because of developing flow.

In this region, buoyancy effects are still weak and the

iso-velocity distributions are seen to be nearly symmet-

ric. As the flow goes downstream, the velocity in the core

region is accelerated due to the entrance effect. It is

clearly observed that the velocity profiles develop grad-

ually from uniform distributions at the inlet to the par-

abolic ones in the fully-developed region. As the flow

moves downstream, the mass flow rate is larger for the

system with a higher wetted wall temperature T1 in asso-

ciation with higher film evaporation rate along the wet-

ted walls, and the peak axial velocity moves towards the

wetted wall 1 (i.e., Y = 0). The asymmetric buoyancy

forces of thermal and concentration diffusion cause the

distortion of velocity profiles. This is readily explained

by the fact that the combined buoyancy forces are stron-

ger near the wetted wall 1. A comparison of cases 2 and

6 in Fig. 2 indicates that a significant distortion of axial

velocity is noted for the case 6. This can be made plau-

sible by noting the fact that the mixed convection effects

are stronger for a system with a lower Reynolds number

when the system is subjected to the same buoyancy

forces.
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Fig. 2. The iso-velocity contours at certain locations for cases 2, 3 and 6 for c = 1.
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The contours of the isotherm and iso-concentration

at different axial locations are shown in Figs. 3 and 4,

respectively. The isotherm and iso-concentration con-

tours develop in a similar pattern because the concentra-
tion equation and energy equation are similar. The only

difference between them is Pr for energy equation and Sc

for concentration equation. A careful inspection of Figs.

3 and 4 discloses that the concentration boundary layers
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Fig. 3. The isotherm contours at certain locations for cases 2, 3 and 6 for c = 1.
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develop more rapidly than the thermal boundary layers

do. This is simply due to the fact that Pr is slightly larger

than Sc in the flow (see Table 1). Comparison of cases 2
and 3 in Fig. 4 indicates that the concentration of water

vapor in the flow is small in the initial portion of

the duct, but as the flow goes downstream, the
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Fig. 4. The iso-concentration contours at certain locations for cases 2, 3 and 6 for c = 1.
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concentration of water vapor gradually increases be-

cause of the liquid film vaporization from the wetted

walls. Therefore, the concentration level of water vapor
near the wetted wall 2 could be higher than that on the

wetted wall 2 beyond a certain axial location. This im-

plies that the water vapor in the flow will condense on



Fig. 6. Effects of aspect ratios c on local Nusselt number

distributions for case 2 on the (a) wetted 1 and (b) wetted wall 2.
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the wetted wall 2 after this location. Therefore, the film

evaporation takes place on the wetted wall 2 near the en-

trance region, but the condensation of water vapor in

the air mixture may occurs in the downstream region.

4.2. Axial distributions of friction coefficient, Nusselt

and Sherwood numbers

4.2.1. Effects of aspect ratio c
Geometry effect is one of the importance parameters

on the convection heat and mass transfer. Figs. 5–7

show the effects of the aspect ratio c on local friction

coefficient, Nusselt and Sherwood numbers for c = 1, 2

and 5. It is clear in Fig. 5 that the local friction coeffi-

cient is high in the entrance region due to the entrance

effect. But as the flow develops along the axial location,

the friction coefficient decreases and approaches a fully

developed value, depending on the aspect ratio. It is also

clearly seen in Fig. 5 that the friction coefficient increases

with an increase in the aspect ratio. It means that when

the wetted wall is wider, the friction coefficient is higher

with the same Reynolds number.

Fig. 6 presents the influence of aspect ratio c on the

local heat transfer rates on the wetted walls 1 and 2. It

seems that the effects of the aspect ratios on the local

Nusselt number on the wetted wall 1 are not significant.

However, as the aspect ratio increases, the local Nusselt

number on the wetted wall 2 decreases for a fixed axial

location, as shown in Fig. 6(b). This is because that

the wetted wall 2 has a larger area, which in turn causes

a larger condensing water vapor. In Fig. 7, a similar

behavior is noted for the local Sherwood number. This

is owing to the fact that the Pr and Sc are of order 1

(please see Table 1).

4.2.2. Effects of wetted wall temperature T1 and Reynolds

number Re

Fig. 8 presents the effects of wetted wall temperature

T1 and Reynolds number Re on the local friction coeffi-

cient distributions. A higher T1 shows a larger friction
Fig. 5. Effects of aspect ratios c on local friction coefficient

distributions for case 2.

Fig. 7. Effects of aspect ratios c on local Sherwood number

distributions case 2 on the (a) wetted wall 1 and (b) wetted wall 2.
coefficient. This can be explained by the fact that a high-

er T1 would cause a larger combined buoyancy forces,

which in turn, lead to a higher friction coefficient. By

comparing cases 2 and 6, it is found that a decrease in

Re would raise the friction coefficient in flow, especially

in the developing flow region where combined buoyancy

forces of thermal and mass diffusion are more effective

with less inertia force.

To study the relative contributions of heat transfer

through latent and sensible heat exchanges in the flow,



Fig. 8. Effects of wetted wall temperature T1 on local friction

coefficient distributions for c = 1.
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both latent and sensible heat transfer Nusselt numbers

are illustrated in Figs. 9 and 10. An overall inspection

on Fig. 9 reveals that a larger Nus is noted for a higher

T1 due to a greater buoyancy forces. And, the latent heat

transport associated with the film evaporation is much

more effective than that due to sensible heat transport

connected to the temperature difference. Furthermore,
Fig. 9. Effects of wetted wall temperature T1 on local Nusselt

number distributions on the wetted wall 1 for c = 1: (a) sensible

heat Nusselt number; (b) latent heat Nusselt number; (c)

interfacial Nusselt number.
the flow with higher T1 shows a larger Nul. This is

brought about by the larger latent heat transport in

associated with the larger liquid film evaporation for a

high T1. The influence of Re on the local heat transfer

is also included in Fig. 9. It shows that Re has no influ-

ence on the heat and mass transfer.

In Fig. 10, it is observed that the local Nusselt num-

bers along the wetted wall 2 decreases as T1 increases by

comparing cases 1, 2 and 3. Near the entrance, both Nus
and Nul are positive. It means that the heat is transferred

from the wetted wall 2 to the flow because the wetted

wall temperature T2 is higher than the flow. Bur after

certain axial location, the condensation of water vapor

takes place along the wetted wall 2, which in turn, causes

negative values of Nus and Nul for cases 2 and 3.

Fig. 11 shows the effects of T1 and Re on the local

mass transfer along the wetted walls. In Fig. 11, the dis-

tributions of Sherwood numbers resemble those of Nus
in Figs. 9 and 10. This is because the Pr and Sc are of

the same order of magnitude. It is clear that the local

Sherwood number along wetted wall 1 increases as T1
Fig. 10. Effects of wetted wall temperature T1 on local Nusselt

number distributions on the wetted wall 2 for c = 1: (a) sensible

heat Nusselt number; (b) latent heat Nusselt number; (c)

interfacial Nusselt number.



Fig. 12. Effects of relative humidity of moist air / on latent

heat Nusselt numbers for c = 1 on the (a) wetted wall 1 and (b)

wetted wall 2.
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increases. This is due to the larger combined buoyancy

forces (i.e., GrT/Re and GrM/Re) for a system with a

higher T1. In Fig. 11(b), the negative Sherwood number

along the wetted wall 2 indicates the existence of the

condensation of water vapor on the wetted wall 2. Addi-

tionally, the Sherwood number decreases sharply for a

larger T1. This is because that the flow concentration

of water vapor is higher than that on the wetted wall

2, resulting in the water vapor condensation on the wet-

ted wall 2.

4.3. Effects of inlet relative humidity

It is interesting to examine the effect of the relative

humidity of moist air at the inlet on the transport of

latent heat exchange. Fig. 12 presents the effects of the

relative humidity of moist air on the local latent heat

Nusselt number along both wetted walls. In Fig. 12, a

higher inlet relative humidity results in a lower latent

heat Nusselt number in the same axial location for both

wetted walls. It is also noted that the onset point of con-

densation is closer to the entrance for the case with more

humid air mixture. As seen in Table 1, a lower relative

humidity corresponds to a higher GrM. Heat transfer is

strongly affected by species diffusion. This is because

the species diffusion mechanism is more effective at

lower concentration levels. This obviously indicates that

the vaporization of the liquid film is reduced as the

relative humidity increase.
Fig. 11. Effects of wetted wall temperature T1 on local

Sherwood number distributions for c = 1 on the (a) wetted

wall 1 and (b) wetted wall 2.
5. Conclusions

The problem of mixed convection heat and mass

transfer in vertical rectangular ducts with film evapora-

tion and condensation has been analyzed. The effects

of aspect ratio c of the duct, wetted wall temperature,

Reynolds number of the flow and inlet relatively humid-

ity on momentum, heat and mass transfer have been

studied in detail. Brief summaries of the major results

are listed in the following:

1. Film evaporation and condensation could take place

on wetted wall 2. The temperature of moist air is

lower than that of wetted wall 2 at the entrance

region, film evaporation takes place. The temperature

of moist air along the duct is increased and higher

than the temperature of wetted wall 2, film condensa-

tion occurs.

2. A higher T1 results in increasing friction coefficients,

heat and mass transfer rates on wetted wall 1, and

causing more water film condensation on wetted wall

2 due to a higher temperature of moist air.

3. Larger heat and mass transfer are noted with a

greater c. This is due to the wider porous wetted wall

has a larger c, which in turn, causes a greater film

evaporation and condensation.

4. An increase in the relative humidity results in a

decrease in heat transfer on both wetted walls 2. This

is because the species diffusion mechanism is more

effective at lower concentration levels.
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