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Abstract

The investigation of mixed convection heat transfer enhancement through film evaporation in inclined square ducts
has been numerically examined in detail. The main parameters discussed in this work include the inclined angle, the
wetted wall temperature and the relative humidity of the moist air mixture. The numerical results of the local friction
factor, Nusselt number and Sherwood number are presented for moist air mixture system. Attention was particular paid
to the effects of latent heat transport on the heat transfer enhancement. Results show that the latent heat transport with
film evaporation augments tremendously the heat transfer rate. The heat transfer rate can be enhanced to be 10 times of
that without mass transfer, especially for a system with a lower temperature. Besides, better heat and mass transfer rates
related with film evaporation are found for case with a higher wetted wall temperature. The increase in the relative
humidity of moist air in the ambient causes the decrease in heat transfer enhancement.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The mixed convection duct flows with coupled heat
and mass transfer in a flowing gas mixture can be signif-
icantly affected by the combined buoyancy forces due to
the existence of temperature and concentration varia-
tions. The understanding of the modification of flow
structure in a duct is important in various engineering
systems and environments, such as the solar energy col-
lectors, design of heat exchangers, geothermal energy
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systems, chemical deposition of solid layer in the semi-
conductor industry, cooling of the nuclear reactor, mod-
ern electronic equipments, and thermo-protection
systems from high temperature gas streams in supersonic
aircraft and combustion chambers. Due to such wide-
spread applications, mixed convection heat and mass
transfer of gas mixture has received considerable
attention.

For internal flows of mixed convection heat and mass
transfer, the interactions of hydrodynamic, thermal and
concentration development become fairly complicated.
The effects of combined buoyancy forces of heat and
mass diffusion on laminar mixed convection heat trans-
fer in vertical and horizontal rectangular ducts were
studied extensively. Yan [1] presented a numerical study
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Nomenclature

width or height of a square duct (m)

¢, C dimensional and dimensionless species con-
centration, respectively

D mass diffusivity (m?s ')

f friction factor, 27,/ (pgw3)

g gravitational acceleration (ms™2)

Grr heat transfer Grashof number,
gf(Ty — Ty’

Grv mass transfer Grashof number,
gﬁ*(cw - 60)33/\)2

h locally averaged heat transfer coefficient on
the wetted wall (Wm 2K )

hye latent heat of vaporization (Jkg™')

hm locally averaged mass transfer coefficient on

the wetted wall (ms™")
k thermal conductivity (Wm™'K™!)
M, molar weight of air
M,

v molar weight of water vapor

n outward normal direction to the wetted wall

Nuy local Nusselt number for latent heat transfer

Nug local Nusselt number for sensible heat trans-
fer

Nu, local total Nusselt number (=Nus + Nuy)

p cross-sectional mean pressure (kPa)

P dimensionless cross-sectional mean pressure

p' perturbation term about mean pressure
(kPa)

P’ dimensionless perturbation pressure

Pr Prandtl number, v\«

Pw saturated water vapor pressure on the wet-
ted porous wall

q latent heat flux flowing into air stream
(Wm™?)

qs sensible heat flux flowing into air stream
(Wm™?)

qx interfacial total heat flux into air stream
(Wm™?)

Re Reynolds number, wy - alv
S parameter in Eq. (17)

Sc Schmidt number, v/D

Sh Sherwood number,ipna/v
T 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 directions,
respectively (ms™!)

X, Y, Z dimensionless  rectangular
X=xla, Y=yla, Z=zI(Re - a)

VA dimensionless z-direction coordinate, z/

(PrRe-a) = Z|Pr

rectangular coordinate system (m)

coordinate,

x’y’z

Greek symbols
thermal diffusivity (m?s™")
coefficient of thermal expansion (1/K)

* coeflicient of concentration expansion
duct inclination angle
relative humidity of moist in the ambient
kinematic viscosity (m?s~")
dimensionless vorticity in axial direction
density (kgm™3)
dimensionless
(Tw =T 0)

TV T D™ R

temperature, (T — Ty

Superscript
- average quantity

Subscripts

bulk fluid quantity
caused by mass

condition at inlet
condition at the duct wall

s oz o

of mixed convection heat and mass transfer in a horizon-
tal rectangular duct. He found that the heat and mass
transfer are enhanced as the buoyancy force from spe-
cies diffusion assists the thermal buoyancy force. Cheng
and Hwang [2] experimentally studied the effect of mass
injection on laminar flow and heat transfer characteris-
tics in a horizontal one-porous-wall square duct. They
concluded that a larger friction factor and a smaller heat
transfer rate resulted from a larger injection rate. Lee et
al. [3] numerically investigated the mixed convection
heat and mass transfer in vertical ducts. Their results
show that the influences of the combined buoyancy force
of thermal and mass diffusion on the flow, heat and mass
transfer are significant.

As far as convection heat and mass transfer with film
evaporation concerned, investigations on mixed convec-
tion heat and mass transfer with film evaporation in in-
clined ducts have not been adequately studied. Chow
and Chung [4] have studied on the evaporation of water
film into a gas stream along a flat plate. 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 associated with the film evaporation has a pro-
nounced impact on the heat transfer. Recently, Ham-
mou et al. [5] have numerically studied the effect of
simultaneous cooling and mass transfer on laminar flow
of humid air in a vertical channel. They found that cool-
ing of the hot humid air is accompanied by either con-
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densation or evaporation. Debbissi et al. [6] analyzed the
evaporation of water into humid air and superheated
steam. In their work, particular attention is paid to
study the effect of the ambient conditions on evapora-
tion rate of water and the inversion temperature of the
phenomenon in the condition of free and mixed
convection.

Yan et al. [7-11] and Fedorov et al. [12] 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 evap-
oration of water vapor on the heat transfer are rather
substantial. Boukadida and Nasrallah [13] numerically
examined forced convection heat and mass transfer in
vertical rectangular duct with film evaporation. In this
work, they only considered the evaporation effects and
neglected the buoyancy effects. As for the studies on
the mixed convection heat and mass transfer in rectan-
gular ducts, Lin et al. [14] presented a pioneer study.
In Ref. [14], Lin et al. considered the combined buo-
yancy effects resulting from the thermal and mass buo-
yancies on the forced convection in a horizontal duct.

However, different orientations of the channel can in-
duce different kinds of thermal buoyant flows which en-
hance the heat transfer in different manners. For inclined
ducts, buoyancy forces act in both main flow and the
cross-stream directions. In fact, the buoyancy forces
can be decomposed into two components: one normal
to and another parallel with the forced flow. Yan [15]
has studied numerically on the transport phenomena
of mixed convection heat and mass transfer in an in-
clined rectangular duct. He found that the buoyancy
forces distort the velocity, temperature and concentra-
tion distributions. But in his study [15], the film evapo-
ration effects are not taken into account. Huang and
Lin [16] investigated the transient mixed convection air
flow in a bottom heated inclined rectangular duct. Their
attention was particularly paid to delineate the effects of
the duct inclination and thermal buoyancy on the flow
transition.

It is noted from the paper review cited above, despite
its practical importance, that studies of mixed convec-
tion heat and mass transfer in inclined ducts with film
evaporation has not received sufficient attention. This
motivates the present investigation. In present work,
an attempt is made to examine the heat transfer
enhancement through the transport of latent heat on
mixed convection heat and mass transfer in inclined
square ducts.

2. Analysis
Consider a steady three-dimensional laminar upward

flow of moist air mixture in the entrance region of a
square duct inclined at an angle of J to the horizontal,

» Horizontal

Top solid wall
dT/dy = dc/dy = 0
X

Fluid flow
direction A

Side solid wall
dT/0x = dc/dx = 0

Bottom porouswall 6 =0°
Tw,cw

Fig. 1. Schematic diagram of the physical system.

as schematically shown in Fig. 1. The width or height
of the square duct is a. The bottom porous wall of the
duct is wetted by the thin liquid film and maintained
at a constant temperature, 7. The other walls of the
duct are insulated solid walls. The u, v and w are the
velocity components in the x, y and z directions, respec-
tively. The air-water mixture entering into the duct has a
constant axial velocity wy, temperature Ty, concentra-
tion ¢, and relative humidity ¢.

The problem to be analyzed is the heat and mass
transfer for simultaneously developing laminar flow with
combined buoyancy effects of thermal and mass diffu-
sion in an inclined square duct. Due to the symmetric
inherent in this problem, the calculations can be re-
stricted to a solution domain that comprises one-half
of the inclined square duct. The thermo-physical proper-
ties of the mixture are assumed to be constant and eval-
uated by the one-third rule [17] except for density
variations in the buoyancy term in the y- and z-direction
momentum equations and obedient to the Boussinesq
approximation. The liquid film on the porous wall is as-
sumed to be thin enough that can be treated as a bound-
ary condition in order to simplify the analysis. The flow
is assumed to be parabolic and in the z-direction
momentum equation a space-averaged pressure p is im-
posed to prevail at each cross-section, permitting a
decoupling of the pressure in the cross-sectional momen-
tum equation. The dynamic pressure can be presented as
the sum of a cross-sectional mean pressure p(z), which
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derives the main flow and a perturbed pressure about the
mean, p’(x,y), which derives the cross-stream flow. The
‘pressure uncoupling’ follows the parabolic-flow practice
and, together with the neglect of axial diffusion momen-
tum, heat and concentration by an order of analysis,
permits a marching-integration calculation procedure.
The governing equations are those of conservation of
mass, momentum, energy and concentration. By intro-
ducing the following the dimensionless variables,

x=2 =2 z=_2, y=" y1
a a Re-a v v
w="
wWo
5 ;‘)2; P’:p/ai; _ T—To; Pl
PoW; PoV Tw—To Cw — Co
A
==
Pr
Tw —To)d’
Re:M; Pr:X; Sc:l; GrT:gﬁ( 0)a ;
v o D V2
wo_ 3
GI'M :giﬁ (vaz C())a (1)

and adopting the assumptions made earlier and the vor-
ticity—velocity formulation developed by Ramakrishna
et al. [18], the non-dimensional governing equations
can be obtained as follows:
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Because of the symmetric characteristics shown in
Fig. 1, the corresponding boundary conditions could
be given as entrance (Z = 0)

W=1U=V=¢(=0=C=0 (8a)
Symmetric plane (X = 1/2)
ow oy o0 oC

w - VTax~ax - ax 0 (80)
duct walls
e

U=w=0;, ¥=rv,; C=1,0=1atY=0 (8d)
09 aC
oy oY

Because the bottom wetted wall is porous and semi-
permeable (the solubility of air in water is negligibly
small and air velocity in the y-direction is stationary at
the interface), the evaporating velocity of the mixture
on the wetted wall can be evaluated by the following
equation [19,20],

_ (ew—co) OC
V= Se(1— cow) Y ®)

U=V=W=0 =0atYy =1 (8e)

According to the Dalton’s law and the state equation
of ideal gas mixture, the interfacial mass fraction of
water vapor on the wetted wall can be calculated by

prV
prV + (p_pw)Ma

where p,, is the saturated water vapor pressure on the
wetted wall.

One constraint to be satisfied is that the overall mass
flow rate at every axial location must be balanced in the
duct flow, which is used to deduce the axial pressure gra-
dient in axial momentum equation. This constrain can
be expressed as follow:

1 pf z
/ /WdXdY:Lr/ /VWdXdZ (11)
0 Jo 2 Jo Jo

The local friction coefficient is defined to be /' = %,
where 7, is the peripherally averaged shear stress and
wy stands for the inlet average axial velocity. Following
the usual definitions and using the dimensionless vari-
ables, the expression for the product of the peripherally
averaged friction factor and Reynolds number can be

expressed as

Cy =

(10)

ow

fRe=—-2"— (12)

on

wall

Energy transport between the wetted wall 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, resulting in a sensible heat transfer; (2) the
rate of mass transfer, resulting in a latent heat transfer.
Therefore, the total heat flux from the wetted wall can be
expressed as:
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e T
qx = 4s q = 6_)} o 1 — Cw ay

_ pDhyy Oc

(13)

y=0

The locally averaged heat transfer coefficient on the
wetted wall, & , which relates to the supply of heat flux
from the heated porous wall, may be defined as
h= quij . Therefore, the locally averaged Nusselt num-
bers along the wetted surface is defined as

Nu, = ;l—a = 24

BT Ny, 14
& k(TW — Tb) u +Nu1 ( )

where Nug, and Nu; are the local Nusselt numbers for
sensible and latent heat transfer, respectively, and they
are defined as the following:

-1 20
Nug = — 15
A 4 (152)
-S 1 oC
Ny = : & 15b
MTT0, Ty 0r|,, (15b)

where S indicates the importance of the energy transport
through species diffusion relative to that through ther-
mal diffusion [21],

_ Pthg(Cw - Co)

S
k(Ty — To)

(16)

For a low mass transfer rate at the interface, the lo-
cally averaged Sherwood number on the wetted wall
can be formulated as

_fwa_ -1 0C

sp="md_ 0 17
D 1-Gor|,, (17)

In Eq. (15), the bulk fluid temperature 6, and bulk
fluid concentration Cy, are defined as

I fro-wdxdy i frc-wdxdy
Gb:—i : 3 Cb:—l T (18)
I frwdxdy b pwdxdy

3. Numerical approach

In present work, the governing equations are solved
by the vorticity—velocity method for three-dimensional
parabolic flow [18] for the velocities, temperature and
concentration. The detailed numerical method and solu-
tion procedure are available in Ref. [15] and are not pre-
sented here. In the present study, the uniform cross-
sectional meshes were chosen, while the z-direction grid
spacing was non-uniform with grid lines being more clo-
sely packed near the entrance. The axial step size AZ was
varied from 2 x 107® near the duct entrance to about
2 x 107 near the fully-developed region. In the program
test, a finer axial step size was tried and found to give
acceptable accuracy. Furthermore, as a partial verifica-

tion of the computation procedure, results were initially
obtained for mixed convection heat transfer in an in-
clined rectangular duct without film evaporation. The
results are compared with those of Yan [15]. 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.

4. Results and discussion

The development of velocity, temperature and con-
centration profiles are of engineering interest and useful
in clarifying the heat and mass transfer mechanism.
However, the major goal in this work is to investigate
the heat transfer enhancement through the transport
of latent heat in an inclined square duct. Therefore,
the axial developments of velocity, temperature and con-
centration profiles are not shown in this work for the
reason of limited space available for the article. In this
study, the incoming air mixture at the inlet is fixed at
20 °C and 1 atm, the inlet relative humidity is chosen
to be 10%, 30%, 50%, 70% or 90%, the wetted wall is
kept at a uniform temperature being 30, 40, 50 or
60 °C, the through-flow Reynolds number at the inlet
is assigned to be 1000, and the inclination angle is set
to be 30°, 45°, 60°, 75° or 90°. The typical case is set
for 40 °C of the wetted wall temperature, 50% of the in-
let relative humidity with 45° of inclination. Table 1 pre-
sents the dimensional parameters used in this work and
their  corresponding non-dimensional  governing
parameters.

4.1. Effects of duct inclination angles

In order to illustrate the effects of the duct inclination
on the heat transfer, friction factor and mass transfer,
results for various inclination angles are presented in
Figs. 2 and 3. The axial distributions of sensible and to-
tal Nusselt numbers are shown in Fig. 2(a) and (b),
respectively. The 0° inclination indicates the flow in a

Table 1
Parameters used in this work

Ty(C) 0(%) Grr  Gry S pr Se

30 50 21508 7387 539  0.706  0.594
40 50 40054 14058 539 0.703  0.592
50 50 56248 24139 642 0.701  0.588
60 50 70687 39378 8.06 0.701  0.583
40 10 40010 16102  6.19 0.703  0.592
40 30 40032 15082 579 0.703  0.592
40 70 40076 13029 499 0.703  0.591
40 90 40098 11995 4.59 0.703  0.591
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0.003 0.01 0.1 0.3

Z

Fig. 2. Effects of inclination angle on local distributions of (a)
sensible heat Nusselt number and (b) total Nusselt number.

30 ——r—Trrry T T T
= With mass transfer Angle=0"
S Without mass transfer Angle=30° 1
3 Angle=450
25 Anglc:600 -
Angle=75"

Angle=900 ]

Sh

0.003 0.01 z 0.1 0.3

Fig. 3. Effects of inclination angle on local distributions of (a)
friction factor and (b) Sherwood number.

horizontal duct, while 90° stands for the flow in a verti-
cal duct. It is shown that both sensible and total heat
transfer rates decrease near the entrance, which is
known to be the forced-convection effect. It is noted that
all the curves near the entrance seem to coincide with
each other. After a certain axial location, both the sensi-
ble and latent heat transfer rates deviate from the forced
convection results due to the formation of the secondary
flows, except for the case with 90°. For the mixed con-
vection duct flows, there are two components of the
buoyancy forces: normal and parallel to the forced flow
in an inclined duct. For a larger inclination angle mea-
sured from horizontal, the normal buoyancy force de-
creases while the parallel buoyancy force accelerated
the flow increases. At the entrance, the forced flow is
dominant and parallel buoyancy force increases as incli-
nation angle increases. The buoyancy force with less
inclination angle is larger after a specific distance from
the entrance which depends on the value of inclination
angle that causes a higher heat transfer rate. It is also
seen that the Nusselt number with mass transfer is al-
ways larger than that without mass transfer. This is be-
cause the buoyancy force caused by mass transfer is
enhanced due to the film evaporation. It is clear that
the trends of sensible and total heat transfer rates are
similar. From Eq. (14), the latent heat transfer is the dif-
ference of total and sensible heat transfer. Therefore, the
value of sensible heat transfer is an order less than that
of latent heat transfer. It reveals that the heat transfer
duo to latent heat transport associated with film evapo-
ration is much more effective than that due to sensible
heat transfer connected to the temperature difference.

The axial distributions of friction factor and Sher-
wood number with and without mass transfer are illus-
trated in Fig. 3(a) and (b), respectively. It is observed
in Fig. 3(a) that near the entrance, the friction factor de-
creases as the flow moves downstream. After a certain
axial location, the friction factor begins to increase.
For a smaller inclination angel, the friction factor has
more than one maximum value. This is due to the devel-
opments of successive strengthening and weakening of
the secondary flow being repeated. The occurrence of
maximum local friction factor is closely related to the
appearance of local maximum secondary flow intensity.
It is seen that the friction factor increases with the incli-
nation angle near the entrance. It is also depicted that
the friction factor with mass transfer is always larger
than that without mass transfer. This is understandable
that when mass buoyancy due to mass transfer will assist
the main flow, which in turn, cause an increase in the
friction factor. The mass transfer shown in Fig. 3(b)
has similar profile to the sensible heat transfer in Fig.
2(a). However the value of sensible Nusselt number is
larger than that of Sherwood number. This is owing to
the fact that the Prandtl number is larger than the
Schmidt number for the moist air mixture.
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4.2. Wetted wall temperature effect

The effects of wetted wall temperature T, on the sen-
sible and total Nusselt numbers are presented in Fig.
4(a) and (b), respectively. A higher wetted wall temper-
ature results in a larger sensible heat transfer. This is ex-
pected because the larger combined buoyancy is for a
system with a higher wetted wall temperature. It is noted
that the buoyancy effect is negligible up to a certain axial
distance depending on the wetted wall temperature. As
the wetted wall temperature is raised, the distance from
the inlet becomes shorter. Again, it is also found that the
sensible heat transfer with consideration of the mass
transfer effects is always larger than that without mass
transfer for a fixed wetted wall temperature. The effect
of wetted wall temperature on the total heat transfer is
presented in Fig. 3(b). It is clearly seen that better heat
transfer rate is noted for a system with a higher wetted
wall temperature. This can be made plausible by noting
the fact that the higher the wetted wall temperature is,
the better the latent heat transport related with the li-
quid film evaporation is. Comparison of the magnitude
in the Nug and Nu, indicates that the heat transfer result-
ing from the latent heat transport is much more effective.

The effects of wetted wall temperature on the local
friction factor and Sherwood number are shown in

T TTTT T T
» With mass transfer
------ Without mass transfer

6
Nu,
4
TI =50C om0
° T =60C
2 1 1
0.003 0.01 « 0.1 0.3

80 —r—r—r—TrrT T .

200.003

el i i il

0.01 . 0.1 0.3
Fig. 4. Effects of wetted wall temperature on local distributions
of (a) sensible heat Nusselt number and (b) total Nusselt
number.

Fig. 5(a) and (b), respectively. It is observed that the lo-
cal friction factor increases as the wetted wall tempera-
ture increases. This is because a higher wetted wall
temperature will increase a larger film evaporation rate
on the wetted wall, which in turn, causes the larger aid-
ing buoyancy forces to the main flow. In Fig. 5(b), the
distributions of Sherwood numbers resemble those of
Nug in Fig. 4(a). This is because the Pr and Sc are of
the same order of magnitude. It is also found that the lo-
cal Sherwood number increases as the wetted wall tem-
perature increases. This is due to the larger combined
buoyancy forces for a system with a higher wall
temperature.

4.3. Effects of inlet relative humidity

The effect of inlet humidity and wetted wall tempera-
ture are of interest in understanding the heat transfer
mechanism by the transport of latent heat exchange.
Fig. 6 presents the effects of the relative humidity of
moist air and wetted wall temperature on the average
friction factor and total Nusselt number. The overbar
means the averaged value of longitudinal values from
the entrance to the downstream (Z* = 0.3). From Fig.
6(a), it is clearly seen that the averaged friction factor in-
creases with an increase in the wetted wall temperature.
This is due to the fact that the combined thermal and

30—y —————rrr :
= With mass transfer ~ T] =30C
......... o Tl=40°C
T]=50°C

[ (b)

2 PP | . PPy | N
0.003 0.01 “ 0.1 0.3

Fig. 5. Effects of wetted wall temperature on local distributions
of (a) friction factor and (b) Sherwood number.
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25 T T T
o ¢=10% — With mass transfer
2 0 =30% ======== Without mass transfer
0 ¢ =50% E

wl () |

0
20 30 40 50 60
T (C)

Fig. 6. Effects of inlet relative humidity and wetted wall
temperature on (a) average friction factor and (b) average
Nusselt number.

mass buoyancy forces are stronger for a higher wetted
wall temperature. Besides, the averaged friction factor
with mass transfer is larger than that without mass
transfer owing to the additional mass buoyancy force.
Although the effects of relative humidity on the average
friction factor are not significant, their effects on the heat
transfer are considerable. In Fig. 6(b), the lower the rel-
ative humidity is, the higher the heat transfer rate is.
This can be made plausible by noting that the total heat
transfer on the wetted wall is the sum of the sensible and
latent heat transfer rates. The latent heat transfer is re-
lated to the film evaporation which is much more signif-
icant under the condition of lower relative humidity of
mist air.

It is interesting to examine the effects of relative
humidity and wetted temperature on the enhancement
in the friction factor and heat transfer. Therefore, the
curves in Fig. 6 are re-drawn to exhibit the effects of
the augmentation in friction factor and Nusselt number.
Fig. 7 presents the effects of the relative humidity of
moist air and wetted wall temperature on the average
friction factor ratio and total Nusselt number ratio.
The subscript o denotes the quantity for the case without
mass transfer. Therefore, the values of friction factor ra-
tio and Nusselt number ratio indicate the enhancement

11

(@)

fRe 1,05
(fRe),

T,(C)

Nu,
(Nuy),

T,(C)

Fig. 7. Effects of inlet relative humidity and wetted wall
temperature on (a) friction factor ratio and (b) Nusselt number
ratio.

due to the mass transfer. An overall inspection on Fig.
7 discloses that the values of the friction factor ratio
are less than 1.1. This means that the increase in the fric-
tion factor due to mass transfer is less 10%. But, for the
Nusselt number ratio, the values can reach 10, especially
for the case with lower wetted temperature and relative
humidity. This implies that the heat transfer enhance-
ment in association with the film evaporation is very
effective. This suggests that the heat transfer enhance-
ment through film evaporation is appropriate in the de-
sign of heat transfer enhancement. A careful
examination of Fig. 7 shows that the friction factor ratio
decreases at the wall temperature between 26 and 30 °C.
In addition, a higher inlet relative humidity results in a
lower friction factor ratio. This can be explained by
the fact that more film evaporates as the inlet relative
humidity is lower, which causes stronger mass buoyancy
force effect. It is observed in Fig. 7(b) that the heat trans-
fer enhancement decreases and then increases as the wet-
ted wall temperature increases. It is also found that a
lower heat transfer enhancement is resulted from a high-
er inlet relative humidity. This is owing to the fact that
the heat transfer on the wetted wall is strongly affected
by the film evaporation related to the species diffusion.
For the evaporative mass transfer, the species diffusion
mechanism is more effective at lower concentration
levels.
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5. Conclusions

The problem of mixed convection heat transfer
enhancement through film evaporation in inclined
square ducts has been analyzed. The effects of inclina-
tion angel, wetted wall temperature, and inlet relatively
humidity on momentum, heat and mass transfer have
been studied in detail. Brief summaries of the major re-
sults are listed in the following:

1. The friction factor, heat and mass transfer are
affected considerably by the inclination angle of the
duct, especially for a lower inclination angle.

2. Heat transfer duo to latent heat transport associated
with film evaporation is much more effective than
that due to sensible heat transfer connected to the
temperature difference.

3. Better heat and mass transfer rates related with film
evaporation are found for a system with a lower rel-
ative humidity of moist air or a higher wetted wall
temperature.

4. The heat transfer rate can be enhanced to be 10 times
of that without mass transfer, especially for a system
with a lower temperature.
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