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Abstract

The effects of simultaneous heat and mass transfer on downward laminar flow of humid air in a vertical channel with isothermal wet walls
have been studied numerically using an elliptical formulation. The entering air is always warmer than the channel walls but its absolute
humidity can be higher or lower than the one corresponding to the wall temperature. Thus, cooling of the air stream is accompanied by
either condensation or evaporation. The axial evolutions of the interfacial transverse velocity, of the average air temperature and average
vapour mass fraction, of the sensible and latent Nusselt numbers, of the friction factor as well as that of the Sherwood number are presentec
and analysed for different inlet air conditions. The effects of the buoyancy forces on the hydrodynamic 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 a
to the walls, the latter must be heated when evaporation is important. If evaporation is weak, or if condensation occurs, the walls must be
cooled.

0 2003 Elsevier SAS. All rights reserved.
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1. Introduction can be neglected when the liquid mass flow rate is small.
Lee et al. [2] studied ascending flow of cold dry air in
Confined flows with simultaneous thermal and chemical a vertical rectangular duct with one wet isothermal wall
species diffusion occur in many industrial processes such asand three adiabatic dry walls. They showed that, in this
the cooling of electronic systems, the chemical deposition of case, the aiding buoyancy forces due to temperature and
solid layers, the distillation of sea water and in cooling tow- concentration gradients irease the rate of heat and mass
ers. They are therefore studied extensively, mostly numeri- transfer over the corresponding values for forced convection.
cally since the number of indepéent variables influencing  Ali Cherif and Daif [3] considered downward flow of air
the hydrodynamic, thermal and concentration fields is quite and a binary liquid film of finite thickness and showed that
large and their control in experimental installations is rather it is possible to evaporate more water from an ethylene
difficult. glycol-water liquid mixture than from pure water. Orfi and
More specifically, laminar mixed convectionin ducts with Galanis [4] analysed the effect of the thermal and solutal
simultaneous heat and mass transfer between a flowing ga$srashof numbers on mixed convection airflow in tubes with
and a liquid wetting the walls has been the subject of a uniform concentration and uniform heat flux at the solid-
considerable number of publications. Thus, Yan [1] studied fluid interface. For horizontal tubes, and for vertical tubes
the effect of the liquid film thickness and concluded that it with upward flow, they found that the Nusselt and Sherwood
numbers as well as the wall shear stress are higher than
— _ for forced convection. On the other hand, for a vertical
Corresponding author. tube with descending flow these three parameters are lower
E-mail addresses: bbenhamou@ucam.ac.ma (B. Benhamou), > . )
nicolas.galanis@usherbrooke.ca (Balanis), jamel.orfi@fsm.rnu.tn when buoyancy forces are takero consideration. Lately,
(3. Orfi). Benachour et al. [5] treated downward airflow in a vertical
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Nomenclature

C non-dimensional mass fraction, U,V  non-dimensional velocity components
= (w — wo)/(wy — wo) w mass fraction (kg of vapouy-(kg of mixture —1
D mass diffusion coefficient............. N2 X axialcoordinate ....................c.out.
Dy, hydraulic diameter........................ m X, Y non-dimensional coordinates
friction factor
Z: gravitational acceleration.............. -gTP Greek symbols
Gry  solutal Grashof numbes g,B*D3(ww — wo)/v B coefficient of thermal expansion ......... K
Grr thermal Grashof numbes g,BD (T, — To)/v? B* coefficient of mass fraction expansion
h half distance betweenplates............... m y aspect ratio= 2h/L
hg enthalpy of evaporation..............:kd™! 0 non-dimensional temperature
k thermal conductivity ............ wh—t.K-1 v kinematic viscosity .................. oo
L channellength ........................... m p density. ..o kg3
N Grashof number ratics Gr, /Grp ¢ relative humidity
P non-dimensional pressure, (p — ,oogx)/,ooUg 0] general variable
Pr Prandtl number Subscriots
q heatflux................occooeenn... Wi—2 P
Re Reynolds numbet: UgDy, /v m mean value
[ Schmidt number= v/D 0 inlet conditions
T temperature ...........ooeii i K w wall
tube with finite liquid film thickness. They showed that (U, To. wo)
the thickness and composition of the liquid film play an
important role in determining heat and mass transfer rates. l/ l/ i/ l/ i l/
They also presented experimental estimations of the Nusselt
number for this configuration. A y

All these studies of mixed convection with double diffu-
sion considered situations where both heat and mass were
added to the air stream. Furthermore, these numerical stud-
ies neglected axial diffusioof heat, momentum and chemi-
cal species. This approach silifips the numerical solution
of the partial differential equations modeling the flow field
as well as the temperature and concentration distributions.
On the other hand, this axially parabolic model cannot pre-
dict flow reversal that may occur when the flow rate is low
and/or when the buoyancy forces are important. The present
study differs from previous ones in two important aspects.
Firstly, the adopted model includes the axial diffusion terms
and, therefore, the equations are elliptical in all directions.
Secondly, the conditions under investigation correspond to
those encountered in naturél eonditioning systems where
hot air is in direct contact with cold water and, therefore, heat
is removed from the air stream. Such systems are technolog-
ically simple and are particularly interesting for regions with
a hot dry climate.

2. Problem formulation

7Water film
[

| (Tw, W) ——0__|

4—— 2h —»

Y

Fig. 1. Schematic represetitm of system under study.

Atmospheric air with a uniform dry bulb temperature
To and a uniform relative humiditypg enters a vertical
channel with a uniform downward velocityp. The channel
is formed by two isothermal plates of length its width is

2h (Fig. 1). The plates are covered by a very thin film of
liquid water atT,,. Steady state conditions are considered
and the flow is assumed to be laminar. Viscous dissipation
as well as the Dufour and Soret effects are assumed to be
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negligible as in all the studies cited in the introduction. the introduction, which adopted an axially parabolic for-
Finally, the physical properties are assumed to be constantmulation. That approach simplifies the formulation (bound-
except for the density in the body forces which is considered ary conditions at the outlet are not required) and the corre-

to be a linear function of temperature and mass fraction:

p = po[1— B(T — To) — B*(w — wo)] (1)

It should be noted that for the air—water combination under
consideration botj$ andg* are positive. However this is not
the case for all gas—liquid combinations.

The following referencequantities areused for non-
dimensionalisation: the plate length L for linear dimensions,
Uy for the velocity componentd,,, — Tp for the tempera-
ture differencel’ — Tp andw,, — wg for the mass fraction
differencew — wq. With this formulation and the above as-
sumptions, the differential equations modeling the problem
are:

(a) conservation of mass
au oV

— 4+ -0 2
oX + oY 2)
(b) streamwise momentum equation
U au vy oP L2 2y (0%U 92U
ax T aY “9X  Re\ax2 ' 3Y2
Grr0 4+ GryC 3
TR e2( T mC) 3)
(c) spanwise momentum equation
E\VAR:\Y} AP 2y [93V 93V
U—+V— — 4
< ax " aY) Ty T Re<8X2 8Y2> @
(d) conservation of energy
90 90 2y (3% 9%
U—+V— — 5
< ax * 8Y> Pr Re(8X2 8Y2> ®)
(e) species conservation
aC . aC 2y (9°C d°C
v v )= L ‘= (6)
oX Y )~ Re\ax2 " 3v2

Eq. (3) indicates that for such double diffusion problems

sponding PDEs can be solved with a marching technique,
which requires relatively little computer memory. On the
other hand, the axially parabolic models are less accurate
when the buoyancy forces are important and cannot predict
flow reversal, which is most likely to occur when both buoy-
ancy forces act opposite to the flow direction. As far as we
can ascertain, the present study is the first using the full ellip-
tical equations to model simultaneous heat and mass trans-
fer.

The boundary conditions for the problem under consider-
ation are:

attheinlet(tX =0,0<Y < y):

U=1landV=60=0 (7
attheoutle{fX =1,0<Y < y):

all axial derivatives are zero (8)
atthewalls(Y =0andY =y,0< X < 1):

U=0,V=V,C=6=1 9)

where the non-dimensional transverse velocity at the inter-
face is [2]

— wo)(1— wy) " HdC/3Y)y—0

(10)
and the mass fraction at the wall,, corresponds to the
saturation conditions &,

Heat transfer between the wet wall and the humid air is
the sum of a sensible and a latent component [2]:

Ve = (—2y /ReS0) (wy

two different Richardson numbers must be considered: thewhere

thermal Richardson numb&; = Gry/Re? and the solutal
Richardson numbeRi,; = Grj/Re?. Alternatively, some

authors [6] cast the problem in terms of the thermal Grashof Ny,

or Richardson number and the rati¥§ = Riy/Rir
Gr s /Grr. Here we shall use the two Grashof numbers to
define the flow conditions since either one could be equal
to zero. Positive values dbr; and Gry, indicate that the

=gy +q =k(@T/0y)y=0
+ pDh o (1 — wy) "L (@w/dy) =0 (11)
Therefore, the Nusselt number
NU; =hDp/k =q: D/ k(Tw — Trn) = NU; — Nuy (12)
NU; = —2y (1 — 6,,) 1 (86/3Y )y—o (13a)
=2y S(L—6) 1(BC/3Y)y=0 (13b)
and
S = (0Dh o/ k) (Wi — wo) (1 — wy) (T — To) ™t (13c)

thermal and solutal buoyancy forces act upwards. TheseMass transfer at the interface characterized by the Sher-

conditions prevail wherl’,, > Tp and w,, > wg Since
and g* are positive for the air—water combination under
consideration.

It should be noted that this system of coupled non-linear
partial differential equations is elliptical in both thé and
Y directions contrary to all the previous studies cited in

wood number

Sh=hyDp/D = -2y (1— wn) 1(BC/3Y)y=0 (14)
while the friction coefficient is
fRe=4y(QU/dY)y=0 (15)



534 Z.A. Hammou et al. / International Journal of Thermal Sciences 43 (2004) 531-539

Table 1 40 i T T T I T T T T I T T T T I T T T T I T T T T I T T T I_
Effects of discretisation on calculated results | |
No.ofnodes x/L=0.021 x/L=01 x/L=036 x/L=0.98 - T
Values ofNug 30 ; ;

100x 35 10.4926 8.20026 .69659 7.559 - o Yan (1989) B
200x 70 10.3954 8.20105 7521 7.554 . —— present result E
Values of f Re I 1

100x 35 46.0972 37.9653 29048 23.957 g .
200x 70 45.8838 38.1714 29435 24.020 4 |

3. Numerical solution

CO0U0UU0COo00U0

The thermophysical properties are evaluated at a temper- L ]
ature and concentration given by thg3llaw from the ex- - -
pressions given by Lin et al. [7]. All the results presented T T T T

here have been calculated with2h = 65 (y = 0.01538. 0 0.1 0.2 0.3 0.4 0.5

The solution of the PDEs modeling the flow field is based - 4x/h*Re
on the method of control volumes proposed by Patankar L
[8]. Velocity components are calculated at the interfaces of 175 -
these control volumes while the transportable quantiies i
are evaluated at their centrefielvelocity-pressure coupling 150 2 o Yan (1989)
is treated with the SIMPLER algorithm [8]. Convergence of - present result
this iterative procedure is declared when 195 i
Max((@/ Tt — @} ;) /! H) <107° w 5

z

The discretisation grid is non-uniform in both the stream-
wise and transverse directions with greater node density near 75
the inlet and the walls where the gradients are expected to be
more significant. The effect of the number of nodes on the 59
calculated results is shown for typical conditions in Table 1.
Since the increase of the number of nodes by a factor of four 55
(from 100x 35 to 200x 70) results in changes of less than
1% on the values of the Nusselt number and of the friction ol U
coefficient, the 106 35 discretisation was deemed to be suf- 01 0-2 4x/?{*3Re 04 05
ficiently accurate. All the redts presented in this text have
therefore been calculated using 100 and 35 nodes irXthe Fig. 2. Validation of calculated Nusselt numbefs, (= 40°C, Tp = 20°C,
andY directions, respectively. $o = 50%, Re = 400).

Validation of the model and the computer code has
been carried out in several steps. First, the calculated axialcode are reliable and can be used to analyse the problem
evolution of the Nusselt number for hydrodynamically and Under consideration.
thermally developing forced convection was very close with
corresponding published results [9] except in the immediate ) ]
vicinity of the channelinlet. The influence of axial diffusion, 4 Resultsand discussion
which was not included in the previous study, explains the )
observed difference in that region. Second, the calculated  AS noted by Lee et al. [2] the two Grashof numbers in

sensible and latent Nusseitimbers for mixed convection Ed- (3) are notindependent sinag, is related tor;,. Since
with heat and mass transfer have been compared withWe are interested in studyingefeffect of the inlet conditions

corresponding results by Yan and Lin [10]. As seen in on the flow field, we have fixed the following conditions:

Fig. 2 the agreement between these two sets of results ispyr — g 7, Sc=0.58, Re = 300, T, = 20°C
satisfactory. The small differences are due to the imprecision L
associated with the digitalisation of their graphical results (hencew,, = 14.5 (g vap-(kg moist ai (17)

and to the effect of axial diffusion, which was not taken into The chosen combinations dfy and ¢g as well as the
account by Yan and Lin [10]. In view of these successful corresponding values of the two Grashof numbers and
comparisons, we conclude that the model and the computerother relevant parameters are specified in Table 2. Negative

poa o ldo oo by by by b b g b
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00007 T T T T I T T T T I T T T T I T T T T
Table 2
Values of parameters for cases under study 1 (@)
Case# Tp[°Cl ¢ol%] wolokg™'] Grp  Gry  IN| 00006 &
1 40 10 456 —74576 7142  0.0958 &
2 40 30 1390 —74717 559 0.0075 0.0005 F¢ a #1 (GrT=-74576 , GrM= 7142
3 40 50 2352 —74860 —6123 0.0818 L ° :g ( gflf jgg;g , gxf gg‘;g )
4 45 10 594 ~ —89975 6042 0.0672 it oo o ooy ere)
‘ )
5 30 10 262  —40077 8876 0.2215  0.0004 p — — — #4(GrT=0,GrM=0)
g I ——e— #5(GrT=0,GrM=0)

Grashof numbers indicate that the corresponding buoyancyo'0003

force acts in the direction of gravity and aids the entering
flow. The absolute value of the Grashof rafi is quite 0.0002 [~
small indicating that, for the cases under consideration, the :
hydrodynamic field is influenced more by thermal buoyancy, 0001 |-
which acts in the flow direction (see Eg. (3)). The five Z
cases considered here are quite different from those in other -
similar studies. For example, in [1] both buoyancy forces

oppose the flow, the values of are higher but the thermal 0.001
Grashof numbers are considerably smaller than in Table 2;

o
o

)

o

ol g
(&1 4
o

3

o

N

in [2] the values ofN andGrr are higher than in Table 2 L © ]
and both buoyancy forces act in the flow direction but D b lonme garny oo sy ]
the geometry is different; in [4] cases with both buoyancy ;05 . 2?{2:1: 67,43?13; C;";’“ -6123) |
forces aiding or opposing the flow have been considered A — — — #2(GrT=0,GM=0) .

with N =0, 1, oo but the geometry and thermal boundary - T #3(GrT=0,6M=0)

condition are different from those in the present study; and,
finally, in [7] both buoyancy forces aid the flow, the values o
of N are higher but the values @r; are considerably
lower than in Table 2. Furthermore, it should be noted that .
in these four studies [1,2,4,7] the conditions were such that 1
mass transfer always occurred by evaporation of the liquid
film whereas in the present one conditions that lead to
evaporation and condensation have been included. For each
of the five combinations dfy andgg in Table 2 the system of
PDEs has been solved twice: once with the valueGmyg, -0.001
Grr specified in Table 2 and a second time Wy, = 0 0.25 0.5 0.75 1
. . . x/L

Grr =0 (i.e., for forced convection). By comparing these
results it is possible to identify the effects of the buoyancy Fig. 3. Axial evolution of the non-dimensional vapour velocity at the
forces on the flow field. interface.

Fig. 3(a) and (b) show the effect @b and ¢o, respec-
tively, on the axial evolution of the non-dimensional trans- and absolute humidity of the air approach the corresponding
verse velocity at the interface. Positive valued/pindicate wall values asc/L increases. Finally, comparison of the re-
flow towards the plane of symmetry of the channel. It fol- sults for mixed and forced convection show that the effect
lows that in cases 1, 4 and 5 water from the film is evapo- of the buoyancy forces is quite small except in the case of
rated and transferred to the airflow while in case 3 vapour the highest inlet temperature for which differences of up to
is removed from the airflow, condensed and transferred to 10% are observed in the developing region. In general, near
the film. In case 2 the value df, is essentially zero indi-  the channelinlet, absolute valuesigffor mixed convection
cating that phase change and interfacial mass transfer areare slightly bigger than those for forced convection while the
negligible for this combination of variables. These results opposite is true in the downstream region.
are consistent with the relative valueswg and w,,: when Fig. 4(a) and (b) show the resulting effects on the axial
wy, > wo (as in cases 1, 4 and 5) vapour flows from the film evolution of the average vapour mass fraction. In cases 1, 4
to the air stream while whem,, < wg (as in case 3) it flows  and 5w, increases withx while in case 3 it decreases. In
in the opposite direction and whem, ~ wg there is essen-  case 2w, stays essentially constant. In all cases its value at
tially no vapour flow. It should be noted that, at a given ax- the channel outlet tends towards the imposed wall condition.
ial position, V, decreases a& and¢g increase and thatit  This result is consistent with the fact that the corresponding
tends uniformly to zero as/L increases. This asymptotic value ofV, tends to zero. Whew,, increases (evaporation
behaviour is obviously due to the fact that the temperature at the wall) the values for mixed convection are slightly

0

kS

-0.0005

T T T [
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Fig. 4. Axial evolution of the average mass fraction. Fig. 5. Axial evolution of the latent Nusselt number.

bigger than those for forced convection. On the other hand, effect of buoyancy forces is restricted to the developing
whenw,, decreases (condensation at the wall) the opposite isregion and is rather small. The absolute valueNof for
true. In either case, these results indicate that changes in thenixed convection is never smaller than the corresponding
average mass fraction occur slightly earlier when buoyancy value for forced convection. The axial evolution Ny for
forces are taken into considéian. The results of Fig. 4 also  the cases with evaporation (cases 1, 4 and 5) is qualitatively
indicate that, at a fixed axial position;, increases agp similar to that shown in [2].
increases and/or &% increases. Fig. 6(a) and (b), respectively, show the effectlgfand

Fig. 5 shows the corresponding axial evolution of the ¢g on the axial evolution of the average air temperature. We
latent Nusselt number. According to Egs. (13b) and (13c) notice that the air is being cooled in all cases, whether with
positive values ofNu; correspond to evaporation of the evaporation (cases 1, 4 and 5), with condensation (case 3)
film (cases 1, 4 and 5) while negative values indicate that or without mass transfer (case 2). In all caggs tends
condensation takes place (case 3). In case 2 for which there igowards the imposed wall temperature. The effect of the
practically no mass transfer, the valued\oj are essentially  inlet humidity is negligible while that of buoyancy forces
zero. These results show that, at a given axial positian, increases as the inlet temperature increases but remains
decreases as bothy and ¢g increase. Yan [10] attributes fairly small even for the highest value &§ considered here.
these effects to the value of the paramefefEq. (13c)) These results indicate the erage temperature decreases
which increases wheffip and ¢g increase. Once again the faster when buoyancy is taken into account.
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Fig. 7. Axial evolution of the sensible Nusselt number.

Fig. 6. Axial evolution of the average air temperature.

The effect ofgg is very small, although values ®fu, for

Fig. 7(a) and (b) show corresponding results for the flow with condensation (case 3) are slightly higher than
sensible Nusselt number. Since the air is always warmerthose for flow with evaporation (case 1).
than the liquid filmg, is always directed towards the walls It should be noted that in case 2, for which there is
and, according to Eq. (13aju, is always positive. In practically no mass transfer ardly is close to zero, the
all casesNu, decreases monotonically towards the same value of Ny, is, according to Eq. (12), essentially equal to
asymptotic value,Nusoc = 7.54, which is equal to the that of Nus. Since the latter is positive (heat flux from the
analytical value for fully devieped forced convection [10].  gas to the walls) over the entire length of the channel, heat
This result provides additional proof that the adopted model must be removed from the walls at all axial positions to
and numerical scheme are valid and precise. This tendencymaintain their temperature &, = 20°C. In case 3, for
has also been reported by Lin et al. [7], Yan [6] and Orfi which condensation occurdl; < 0), the value of\u; is,
and Galanis [4]. Very close ttié channel inlet the values of according to Eq. (12), greater than that Né; over the
Nu; are the same for both forced and mixed convection since entire length of the channel. This indicates that the walls
in this region temperature and concentration gradients aremust be cooled at all axial positions and the heat which must
very small. In the developing region howevlt); increases be removed is everywhere greater than for case 2. On the
as Tp increases and the valuésr mixed convection are  other hand, in cases 1, 4 and 5 for which evaporation takes
approximately 10% higher than those for forced convection. place,Nu; is positive. For the lowest inlet air temperature
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Fig. 8. Axial evolution of the friction coefficient.

(case 5)Nu; is considerably higher thaiu; over the
entire channel length. TherefoMu; and ¢, are negative
everywhere, indicating that heat must be supplied externally
to the walls to maintain them &%, = 20°C. For the highest

inlet temperature (case R, is again positive but is smaller
thanNu, over the entire channel length. Thereftte and =
q: are positive, i.e., heat must be removed from the walls at *
all axial positions. The situation is quite different in case 1:
for this combination of variabled\u; is higher thanNu;

near the channel inlet but the opposite is true near its outlet.
Therefore, in this case, heatust be supplied to the walls
near the inlet and removétbm them near the outlet.

The axial evolution of the friction factor is shown in
Fig. 8. This parameter decreases monotonically as the fluid
moves downstream towards the same asymptotic value,
f Resx, =24, which is equal to the analytical value for fully
developed forced convection [9]. This tendency has also
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been reported by Yan [6] and Orfi and Galanis [4]. Very close the wall temperature. In the opposite case, evaporation takes

to the channel inlet the values ¢fRe are the same for both  place. For fixed wall conditions an increase of the inlet air

forced and mixed convection for the reason invoked in the temperature results in a small increase of the sensible Nus-

previous paragraph. On the other hand, in the developingselt number and a significant decrease of the latent Nusselt

region the values for mixed convection (which increase number. The effect of buoyancy forces on the latent Nus-

with both Tp and ¢g) are considerably higher than those selt numbers is small. On the other hand, the axial velocity

for forced convection. This significant effect is due to the profiles, the friction factor, the sensible Nusselt number and

modification of the axial velocity profiles by the buoyancy the Sherwood number are significantly influenced by buoy-

forces. Fig. 9 illustrates this modification for a particular ancy forces. The friction factor and the Sherwood number

combination of operating conditions. For forced convection increase with both inlet air tempsure and inlet air humid-

the velocity decreases monotonically as the distance fromity.

the mid-plane increases. For mixed convection, the colder

fluid in the vicinity ofthe walls is accelerat in the direction

of flow by the downward acting thermal buoyancy force References
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