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Abstract

Steady-state, laminar, fully-developed mixed convection of a binary non-reacting gas mixture flowing upwards in a vertical parallel-plate
channel has been investigated from the point of view of the second law of thermodynamics. Analytical expressions are derived for the
entropy generation rate for two combinations of boundary conditions: uniform wall temperature with uniform wall concentration (UWT-
UWC) and uniform wall heat flux with uniform wall concentration (UHF-UWC). These expressions include three sources of irreversibility:
heat conduction, fluid friction and species diffusion. In the UWT-UWC case, the entropy generation rate depends on the thermal and solutal
boundary conditions and the mean velocity while in the UHF-UWC case it also depends on the streamwise coordinate. For humid air, the
contribution of fluid friction is negligible for both cases while heat conduction and species diffusion effects appear to be of comparable orders
of magnitude.

0 2005 Elsevier SAS. All rights reserved.
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1. Introduction the second-law analysis in engineering thermal science, the
basics of which are outlined in an important paper by Be-

Confined flows with simultaneous heat and mass trans-ian [2]- o _
fer are of great interest for engineers and scientists since Local entropy generation in flows with heat transfer and
such flows are encountered in a variety of natural phenomena’© Mass transfer has been investigated for some typical
as well as in numerous industrial applications. The physics 9é0metries. Thus, Bejan [3] examined the cases of forced
governing these problems is well understood and interest-thermal convection along a heated plate, across a single
ing experimental, numerical and analytical results have beencYlinder, and inside circular and rectangular ducts. Two
published for the development of the velocity, temperature SOUrCes 01_‘ |rrevers_|b|_llty were |deqt|f|gd: thermal conduc-
and concentration fields. Furthermore, momentum, heat andtion and viscous friction. The relative importance of these

mass transfer rates have been calculated for some usual ge&w0 eﬁiCtS wast)foundhtopdepsr;d OS: glmensmgless paral-l
metrical configurations [1]. meter that combines the Prandtl and Eckert numbers as we

On the other hand, efficient use of energy is nowadays as the dimensionless temperature difference between the two

one of the primary concerns when designing a thermody- \g?gzrrljilrjw:::iezrir:oirrer,e\?eii(l;ori]lrilthLrj\Zsfcl;re;me (r:go(')cseegf channel
namic system. This involves a proper identification and con- 9 y prop '

. - Similarly, Sahin [4] considered the forced convection
trol of entropy generation sources. Hence, the motivation for s . L
laminar flow of a viscous fluid in isothermally heated ducts

of different cross-sectional geometries and compared the

* Corresponding author. Tel.: +1 819 821 7144; fax: +1 8198217163, PUMPping energy requirements as well as the entropy gen-
E-mail addressnicolas.galanis@usherbrooke.ca (N. Galanis). eration. The author established that circular ducts gener-
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Nomenclature
Br Brinkman number as defined by Eq. (8) w dimensionless mass fraction of diffusing species,
(UWT-UWC case) or Eq. (16) (UHF-UWC case) =(w—w1)/(w2 — w1)
c, specific heat at constant pressure -kg31-K 1 Xi density of body force exerting on
D, massdiffusivity ..................... el SPECIES . ... Ninol—*
Dy, hydraulic diameter ....................... m x,y  axialand transverse coordinates ........... m
g gravitational acceleration ............. .gn2 X,Y dimensionless axial and transverse coordinates
Gry  thermal Grashof numbes gBr AT D3 /v? X =x/(DpRe andY = y/Dy
Gry  solutal Grashof numbes gB8y (w2 — a)l)D;:’/v2 Greek letters
K rate of formation/extinction of B solutal expansion coefficient
SPeCies ... kgn=S.s7 Br thermal expansion coefficient ........... -k
M; molecular weight for species. . . .. kgmol—1 AT temperature difference\7’ = T» — T for UWT
n; number density of speciés. .. ..... molm~3 or AT = g2Dy /A for UHF)
p static pressure ..., Pa ¢ dimensionless temperatuge(T — T1)/AT
P dimensionless pressure,(p + pgx)/pu3 A thermal conductivity ........... wh-1K-1
Pe Péclet number= puoD;,C, /A i dynamic viscosity .............. kg —1.s7t
Pr; modified Prandtl number for specieas defined Wi chemical potential (partial molar Gibbs energy
by Eq. (9) forspecies ....................... dnol1
Re Reynolds numbek= ugDy, /v v kinematic viscosity .................. st
q externally imposed wall heat flux, conductive & dimensionless parametef,[(zs—ge(l + %)]1/4
heat flux ..o, W2 o stress tensor . . . . . Ry ls2
qr radiative heat flux ................... wWi—? 0 AENSIEY ~ oo g3
R universal gas constant ......... :mbl~t.K~1 @ viscous dissipation of energy ........ v-3
R; specific gas constant for species Jkg=1-K~1 w concentration of diffusing
Sc Schmidt numbete v/ D, 4 species ... (kg of specig®)-(kg of mixture)
Se entropy generation rate ......... -WS-K‘l Subscripts
A integral entropy production rate as defined
by Eq. (17) 0 mean value
temperature ...........ccooeeeeeinnnnn.. K 1 value on cold wallY = 0)
u,v axial and transverse components of velocity z value on hot wallY = 0.5)
VECTOT .\ttt a1t Abbreviations
U,V  dimensionless components of velocity vector UHF  uniform wall heat flux
. U=u/upandV =vDy/v UWC  uniform wall concentration
v diffusion velocity for species ........ ms1 UWT  uniform wall temperature

ally lead to the minimum exergetic losses particularly when  More recently, Mahmud and Fraser [6] extended the pre-
the frictional contribution to the irreversibility is impor-  ceding study to fully-developed forced convection plane as
tant. well as circular Couette and Poiseuille flows of Newtonian
Demirel [5] investigated the Couette flow of highly vis- and power-law fluids. In all these configurations, expressions
cous fluids between two isothermal cylinders or plates in the are derived for the entropy generation rates from the known
presence of positive and negative pressure gradients fromvelocity and temperature profiles. However, this study is
the point of view of the second-law of thermodynamics. based on a very restrictive hypothesis: in the general ex-
The well-known fully-developed velocity and temperature pression for the entropy generation rate, temperature was
profiles were introduced in the expressions for the entropy assumed constant whenever it appears alone (not in a deriv-
generation rate, which were afterwards plotted for differ- ative).
ent Brinkman numbers, angular velocities (circular Couette  Narusawa [7] examined the entropy production in a three-
flow) and pressure gradients (plane Couette flow). Further- dimensional horizontal and rectangular channel with two
more, the variations of the ratio between the contribution of adiabatic sidewalls and isothermally heated top and bottom
fluid friction and that of heat conduction to the overall en- walls. Unlike the previous authors, he took account of the
tropy generation rate (or, equivalently, the Bejan number) buoyancy forces arising from temperature non-uniformities
were presented and discussed. as well as the subsequent influences on the flow-field solu-



K. Goni Boulama et al. / International Jour!

tion. Analytically (for the fully-developed flow region) and
numerically (for the developing flow region) derived cross-

sectional entropy production rates were then presented and

the contributions of heat conduction and viscous dissipation
qualitatively and quantitatively analyzed.

When heat transfer and mass transfer occur simultane-
ously, the thermodynamics of irreversible processes [8] in-
dicate that entropy generation will result from a greater num-
ber of sources including chemical reactions, non-uniformity
in body forces and chemical potentials, etc. Starting from
the relation established by Hirschfelder et al. [8], San
et al. [9] obtained an expression for the entropy genera-
tion rate in a fully-developed rectangular-duct flow of a
binary non reactive gas mixture. According to these au-
thors, the sources of irreversibility are, in this case, the
following four: viscous dissipation, heat conduction, mass

diffusion and a coupling between the heat and mass transfer

processes.
Later on however, Carrington and Sun [10] proved that
the fourth and last term (coupling between heat and mass
transfer processes) in the entropy generation expression use
by San et al. [9] is non-zero only when the thermo-diffusion

(Sorét) and diffusion-thermo (Dufour) effects are included e

in the model.

The present study deals with the fully-developed, lam-
inar, time-independent, mixed convection heat and mass
transfer of a binary non-reacting gas mixture flowing up-
wards between two vertical parallel plates. The channel
walls are subjected to asymmetrical uniform temperatures
(UWT) or heat fluxes (UHF) and asymmetrical uniform con-
centrations (UWC). Thus, both temperature and concentra-
tion differences exist and yield buoyancy forces. The hy-
drodynamic, thermal and solutal fields have been derived
analytically and published in a previous article by the present
authors [11]. The objective here is to investigate the nature
and the relative importance of the different sources of irre-
versibility for such flows. This is the first such evaluation of
entropy production for mixed convection in the presence of
simultaneous heat and mass transfer.

2. Analysis

The problem under consideration consists of a bi-dimen-
sional flow of a mixture of two non-reacting gases (large
amounts of speciegt and small amounts of specids)
between two parallel vertical plates. See Fig. 1. The non-
dimensional axial coordinate i¥, nil at the bottom where
flow enters the channel and increasingly positive upwards,
while the dimensionless transverse coordinatd’ isvith
Y = 0 at the left wall (hereafter referred to as wall 1) and
Y = 0.5 at the right wall (hereafter referred to as wall 2).
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Fig. 1. Schematic representation of the system under study.

ancy forces arise from the density differences subsequent

(t_]o temperature and composition non-uniformity. The gov-

erning mass, momentum, energy and species conservation
equations were simplified [11] under the following hypothe-

e Steady-state laminar flow;

e Boussinesq’s hypotheses (all thermophysical properties
are constant except for density in the body forces of the
momentum conservation equations);

e Viscous dissipation, enthalpy inter-diffusion and pres-
sure work are negligible in the energy conservation
equation;

e Species diffusion due to temperature gradients (Sorét
effect) and heat diffusion due to species concentration
gradients (Dufour effect) are negligible;

e Finally, only the fully-developed region is considered.

Under these conditions, the dimensionless axial velocity,
temperature and mass fraction profiles have been derived
analytically by the present authors [11]. It has been specif-
ically shown that when the thermal and solutal boundary
conditions are both of Dirichlet type (UWT and UWC re-
spectively), the solution depends on a single parameter, the
combined buoyancy parameter which is the ratio of the
sum of the thermal and the solutal Grashof numbers over
the Reynolds number. However, when the thermal bound-
ary conditions are changed to UHF (Newman type boundary
conditions), the solution is a function of three parameters:
the ratio of the thermal Grashof number to the Reynolds
number, the ratio of the solutal Grashof number to the
Reynolds number as well as the ratio between the imposed
two wall heat fluxes.

The general entropy generation rate derived by Hirsch-

Temperature and mass fraction gradients are imposed acrostelder et al. [8] from the energy conservation equation and
the channel leading to thermal and species diffusion super-Maxwell’s relation between entropy and internal energy is
imposed to the axial transport. On the other hand, buoy- as follows:
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1. g h(dT\? du\?
=—= VT]-=0:V _ W (Qu
el e s=r2(a) +7(5)
= Wi = Xi 2
_Zni[vi.v<_>]+zn[|:vi._] - 1 1 dw
Dy 4R —
; T ; T TP e T - )\ @ ©)
1 . . .
- Z wiK; 1) or, in a dimensionless form
1

S¢DZ T\ TE (N oy, T (AU
The first term in this expression corresponds to entropy gen- . — + AT dy TBro+ AT dy
eration caused by heat transfer; the second term is due to Pr, Pr
viscous dissipation while the third one results from flow ( + z )
non-uniformities (chemical potential and temperature gradi- 1+ (Ao)W = 1- (@01 + (A)W)

ents). Entropy generation due to the differences between the o (Aw)? <d_W)2 7)
body forces exerted on the individual species and that due to Sc \dy

_chemical reactions_ con_stitute the last two terms. vaiously whereBr is the Brinkman number:

in most common situations several of the preceding effects 5

can be ignored and the expression for the entropy generagy — Huo (8)
tion rate simplified. In particular, for non-reacting flows and AAT

a non-radiating fluid, when the only external body forces andPr; is a modified Prandtl number defined as:

are due to gravity and the only non-uniformities leading to WR;

chemical potentials are due to temperature and composition i = N (©)

differences, it has been proven [10] that this expression can  \with the known analytical expressions of the velocity,
be reduced to: temperature and mass fraction profiles, this dimensionless
A s @ —— (Vw;)? entropy generation rate can be calculated and plotted as a
Sg = E(VT) T T +pDuaR Z M, w; (2) function of the transversal coordinate It is recalled that
) ! ) for the considered combination of boundary conditions, the
In the following, the velocity, mass fraction and temper-  f|ly-developed flow solution is independent of the axial co-
ature profiles obtained for the fully-developed flow region grdinatex.
[11] are utilized to calculate the entropy ggne.ration rate ac-  According to Egs. (3)-(5), the entropy generation rate
cording to Eqg. (2) and to evaluate the relative importance of profile (Eq. (7)) is a function of the combined buoyancy pa-
the different contributions. It is recalled that the third term ameterGry + Gry,)/Re the Brinkman numbeBr, the di-
on the right-hand side of Eq. (2) is absent in the works by mensionless temperature differens@/ 73 and the two wall
Bejan [3], Sahin [4], Demirel [5], Mahmud and Fraser [6] s concentrations); andw,. Alternatively, the entropy gener-
well as Narusawa [7]. Furthermore, the last two studies as- ation rate profile (Eq. (7)) is a function of the two thermal
sumed that the temperature appearing in the denominatoryoundary conditions7y and7>), the two solutal boundary
of the first two terms on the right-hand side of Eq. (2) is a ¢gonditions {1 andwy) and the mean velocitguo) when as-
constant. The validity of this hypothesis is questionable, es- suming a constant geometry and for a given mixture.
pecially in the presence of a steep yet constant temperature

gradient across the channel, as may be the case for fully-

developed flows between isothermally heated plates. 4. Wallswith uniform heat fluxes and concentrations
(UHF-UWC)

3. Wallswith uniform temperatures and uniform

i When the channel walls are subjected to asymmetrical
concentrations (UWT-UWC) W upj y [

uniform heat fluxes and concentrations, the fully-developed

. . velocity, mass fraction and temperature profiles are [11]:
When the channel walls are subjected to asymmetri- Y P P [11]

cal uniform temperatures and concentrations, the fully- U(Y) = CiexpY)coSEY) + Coexp(—£Y) CogEY)
developed dimensionless velocity, mass fraction and tem- CaexXOEY) SINET) + CaeX—E V) SINEY
perature profiles are [11]: + C3expEY)sinEY) + Caexp(—EY) sinEY)

(10)
_Grr+Gry( Y3 Y2 ¥ W) =2y (11)
U(Y)_T<_?+Z - ﬂ)
—24y? 4 12y @ g=r¢ {252(c3 28y
Grr Re
wry=2r “) +&2[4C1 cosHEY) SIN(EY)2C3 exp(E Y) CoEY)
0(Y)=2Y 5) ' s

All axial derivatives in Eq. (2) are therefore nil and +2Csexp(—§Y) cos§ Y)]} (12)
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The expression for the parameteris specified in the
nomenclature while the integration constafi{s C», C3 and
C4 are calculated by applying the boundary conditions at
Y =0 andY = 0.5. It is important to note that for this con-
figuration, the axial variation of the local fluid temperature
is not zero. It is given by:

AT 2(q1+q2)

= (13)
0x pCpuoDy,

The entropy generation rate is therefore expressed by:
du
dy

((5)+(5))5(E)
+ o0, (‘*’jZm

dy
or, in a dimensionless form

»
T2

oT
ox

aT %

S, = -

d_a)
dy

))

(14)

(

Myw

D2 2 (¢ 5\ 12
S =L )=|=(E+1)(o+T
g<?»> [Pe(qz+ )( * 1quh> }
+|0+T ~ 2<80 ’
Y 2Dn Y
+Br{0+ T * - v ’
Yo2Dr ) \dy
< Pr, Pr, )
+ +
w1+ (Ao)W 11— (w14 (Aw)W)
(Aw)? [ dW \?
—_— 15
*7sc (dY (15)
where the Brinkman number is here defined as
2
Br = 40 (16)
q2Dp,

Eqg. (15) and the known analytical expressions of the ve-
locity, mass fraction and temperature profiles (Egs. (10)—
(12) respectively) make it possible to calculate and obtain

a graphical representation of the entropy generation rate as

a function of the cross-flow positiok. In this case, and
according to Egs. (10)—(12) and (15), the dimensionless en-
tropy generation rate profile is a function of the thermal (
and ¢g2) and solutal ¢1 and w2) boundary conditions, the
mean velocity(ug) and the local wall temperaturg, (or,
equivalently, the streamwise locatighin the channel).

5. Resultsand discussion

All the following results have been calculated for air and
water vapour mixtures, wittPr, = 0.32, Pr, = 0.20 and
Sc=0.53.

55

5.1. Walls with uniform temperatures and uniform
concentrations (UWT-UWC)

First, the local entropy generation rate (Eq. (7)) is eval-
uated for the case of a channel subjected to asymmetrical
first kind thermal and solutal boundary conditions (UWT
and UWC respectively). For this application, the follow-
ing conditions are considered: channel hydraulic diameter
Dj, = 0.02 m, mean axial velocityo = 0.1 m-s~1, thermal
boundary condition$; = 283 K and7» = 313 K and solutal
boundary conditiong; = 0.004 andw, = 0.034. For this
combination of boundary conditions, the combined buoy-
ancy parameter isGry + Gry)/Re= 310, that is, greater
than the flow reversal criterion established by the authors in
a previous paper [11]. The velocity profile (see Fig. 2) is
therefore distorted with very low (and locally negative) val-
ues near the cooler wall (&t = 0) and much greater values
in the vicinity of the hotter wall (at = 0.5). Both tempera-
ture and mass fraction profiles are linear. These profiles are
not reproduced here.

Fig. 3 shows the profile of the dimensionless entropy gen-
eration rate due to heat conduction (1), fluid friction (II) and

18 T T T T T T N T

Dimensionless axial velocity U

T T T T T T T
02 03 04

Dimensionless transverse coordinate Y

Fig. 2. Dimensionless velocity profile (UWT-UWC case).

"
6,0x10 r T T T T T : T

Entropy generation due to
| heat conduction
Il fluid friction
Il species diffusion
IV total

5,0x10"

4,0x10"

3,0x10"

2,0x10"

1,0x10"

Dimensionless entropy generation rate
A\
A\

1,0x10°

5,0x10°

T T T T T T T
0,1 0.2 03 04

Dimensionless transverse coordinate Y

0,0 05

Fig. 3. Dimensionless entropy generation rate profiles (UWT-UWC case).
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species diffusion (II) corresponding respectively to the first,  As a second step of the analysis, Eq. (7) can be integrated
second and third terms on the right-hand side of Eq. (7). The across the channel (frorfi = 0 to Y = 0.5) to obtain the
first contribution exhibits decreasing values¥asncreases  non-dimensional integral entropy production rate:

from the cooler wall towards the hotter wall. Despite ap- Y=05 )
pearances, this profile is not linear but hyperbeticy —2) g* — S Djs dy (17)
consistently with its analytical expression (Eg. (7)) noting # A

Y=0
The resulting expression is extremely long and is not re-
produced in this text for concision. For the present case
(isothermal walls with uniform concentrations), this quan-
tity depends on the external paramet&s 7>, w1, w2 and

that temperature varies linearly with the transverse coordi-
nateY and, consequently, its derivative is constant.

The shape of the entropy generation rate due to fluid fric-
tion across the channel is not easily predictable by simple

inspec.:tion of the analytical expressipn (Eq. (7)) because theuO and is independent of the axial coordinate

latter mcludes a frac_tlonal po!ynomlal. On the othe.r hand, ~ The effects of the temperature differenad on the in-

the numerically obtained profile of entropy generation due tegral entropy production rate have been evaluatedfer

to fluid friction (curve Il of Fig. 3) exhibits three local ex- 2g3 K, w1 = 0.004 andw, = 0.014. Thus, the results of Ta-

trema which are definitely related to the minimum, the in- ple 1 show that the integral entropy production rate due to

flexion point (increasing slope on the left and decreasing heat conduction increases monotonically as the wall-to-wall

slope on the right) and the maximum of the velocity profile temperature difference is increased. This could be deduced

(see Fig. 2). from Eq. (7) where the increase o&fT reduces the denom-
The profile of the dimensionless entropy generation rate inator of the first term on the right-hand side. The same

due to species diffusion (I1l) is clearly hyperbolic. This could argument applies for the integral entropy production rate

be predicted from the analytical expression (Eq. (7)) not- due to fluid friction (second term on the right-hand side of

ing that, similarly to the temperature, the water vapour mass EQ- (7)) where, in addition, the increase &f" involves a

fraction varies linearly witty and, consequently, its deriva- more and more distorted velocity profile and, thus increases
tive is constant throughout the channel. the numerator. On the other hand, the water vapour mass

fraction is not influenced by the thermal boundary condi-

tions (see Eg. (4)) and the integral entropy production rate
due to species diffusion (third term on the right-hand side of
Eq. (7)) remains unchanged. It is finally worth noting that

the contribution of heat conduction, which is secondary for
AT = 10 K becomes the predominant effect fof’ = 30 K.

As far as the quantitative values are concerned, the main
observation is that the contribution of fluid friction to the
total entropy generation is negligible. On the other hand,
species diffusion constitutes the main source of irreversibil-
ity and dictates the form of the total entropy generation rate
profile.

It is very important to note that all previous results are The effects of the concentration differentse = wy — w;
valid only for water vapour—dry air mixtures and for the 4, the integral entropy production rates have been evaluated
combination of the fiveT1, T2, w1, w2 andug) controlling for wy, = 0.004, T; = 283 K andT» = 313 K. From Table 2,
parameters considered. For any other combination of thesethe first thing to be noted is that the integral entropy produc-
parameters or for different mixtures the velocity, tempera- tion rate due to heat conduction remains unchanged when the
ture and mass fraction profiles must be calculated (accordingsolutal boundary conditions are modified consistently with
to Egs. (3)—(5)) and the entropy generation rate re-evaluatedthe temperature profile (Eq. (5)) and the analytical expres-
(according to Eq. (7)). sion of the entropy generation rate (see specifically the first

Table 1
Effects of wall temperature difference on the integral entropy production rates (UWT-UWC case)

AT =10K AT =15K AT =20K AT =25K AT =30K

Heat conduction 0024 00053 00093 00143 00203
Fluid friction 611x 1077  658x1077 6.98x10°7  7.61x10"7  838x 107/
Species diffusion 0151 00151 00151 00151 00151
Total 00175 00205 00245 00295 00354
Table 2

Effects of wall concentration difference on the integral entropy production rates (UWT-UWC case)
Aw = 0.000 Aw=0.010 Aw=0.015 Aw =0.020 Aw=0.030

Heat conduction 0203 00203 00203 00203 00203
Fluid friction 805x 1077  838x107 856x10°7 873x1077  9.11x10°7
Species diffusion 0000 00151 00283 00434 00778

Total 00203 00354 00486 00637 00981




K. Goni Boulama et al. / International Journal of Thermal Sciences 45 (2006) 51-59 57

term on the right-hand side of Eq. (7)). As a further result, different contributions for the case of a channel subjected to
the denominator of the second term on the right of Eq. (7) asymmetrical second kind thermal boundary conditions and
is unchanged and the slight variation in the integral entropy first kind solutal boundary conditions (UHF and UWC re-

production rate due to fluid friction is a consequence of the spectively). The same fluid mixture and geometrical config-

extra distortion of the velocity profile with increasimgw. uration as in the preceding section are considered. The mean
On the other hand, the integral entropy production rate due axial velocity isuo = 0.1 ms™1, the solutal boundary condi-

to species diffusion grows rapidly from zero whaw is nil tions arew; = 0.004 andw, = 0.034 and the thermal bound-
and becomes, for higher values afo, the most important  ary conditions arg; = —75 W:m~2 andg, = 150 Wm~—2.
contribution to the overall irreversibility source. Finally, as indicated earlier, the local temperature of wall 1

The combinations of the results in these two tables indi- appears explicitly in Eq. (15) and is therefore a parame-
cate that using small driving potentialsT and Aw reduces ter to take into account. Here, we consider that we are in
thermodynamic irreversibility. However, for a more com- the fully-developed flow region at the streamwise position
plete optimization of the process other variables (geometry, whereT; = 283 K.

mass flow rate, etc.) should also be considered. The velocity and temperature profiles are calculated from
Egs. (10) and (12) and are shown in Fig. 4. The water vapour

5.2. Walls with uniform heat fluxes and concentrations mass fraction profile is linear (Eq. (11)) and is therefore not

(UHF-UWC) plotted in this text. The temperature profile (Eq. (12)), unlike

in the UWT-UWC case (Eq. (5)), is no longer linear and its

In this section, Eqg. (15) is used to calculate the local Slope varies continuously across the channel. Accordingly,
entropy generation rate and the relative importance of the the behaviour of the entropy generation due to heat conduc-

tion (sum of the first two terms on the right-hand side of

18 - . - . - . - . — Eqg. (15)) is not easily predictable. In fact, curve | of Fig. 5
reveals that this quantity passes through a minimum value
near the cool wal(Y = 0), maintains a positive slope in the
major part of the channel, reaches a maximum close to the
warm wall (Y = 0.5) and then decreases.

The entropy generation rate due to fluid friction (curve Il
of Fig. 5) exhibits a fairly similar qualitative and quantita-
tive shape as the one for the UWT-UWC case (see Fig. 3).
One just has to note that the first local extremum vanishes be-
cause the flow does not reverse direction for the combination
of controlling parameters under consideration. The second
(corresponding to the inflexion point) and third (maximum
of velocity profile) extrema however still remain.

- . - . : . - . : Finally, the entropy generation rate due to species diffu-
0,0 0,1 0,2 03 04 05 . . .
Dimensionfess ransverse coondinate sion (Ill) is not affected by the temperature nor the velocity
@) profiles (see Eq. (11)). It displays exactly the same form as
for the UWT-UWC case, that is, it decreases hyperbolically
with increasingY. However, in contrast to the UWT-UWC

Dimensionless axial velocity U

0,35 j T ' ' ' T ' '

0,30 b 6,0x10"

T T T T T T T

5,0x10" Entropy generation due to

025 . | heat conduction

. Il fluid friction
4,0x10" Il species diffusion 7
IV total

0,20 4 -
3,0x10"

0,15 o - ,
2,0x10

Dimensionless temperature 6

0,10 - - 1,0x10"

0,05 H —

Dimensionless entropy generation rate

1,0x10°

0,00

T T T T T T T T T 1
0,0 0,1 02 03 04 05 5,0x10°

Dimensionless transverse coordinate Y
0,0

T T T T T T T T 1
(b) 0,0 0,1 0.2 03 04 05

Di transverse Y

Fig. 4. (a) Dimensionless velocity profile (UHF-UWC case). (b) Dimen-
sionless temperature profile (UHF-UWC case). Fig. 5. Dimensionless entropy generation rate profiles (UHF-UWC case).
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Table 3

Effects of wall heat flux ratio on the integral entropy production rates (UHF-UWC case)
q1/92=-0.75  q1/42=-05 ¢1/92=0 91/92=05  q1/q2=1

Heat conduction 0225 00169 00106 00106 00166

Fluid friction 6.30x 1077 6.10x 10~/ 583x1077 572x10°7 575x10°7

Species diffusion @289 00289 00289 00289 00289

Total 00514 00458 00395 00395 Q0455

Table 4
Effects of wall concentration difference on the integral entropy production rates (UHF-UWC case)

Aw =0.000 Aw=0.010 Aw=0.015 Aw =0.020 Aw =0.025

Heat conduction 0226 00223 00222 00221 00219
Fluid friction 593x 1077  6.07x107 614x107 623x107  631x 1077
Species diffusion 000 Q0151 00282 00434 00600
Total 00226 00375 00504 00654 00819

case (and for the combination of controlling parameters con- gral entropy production rate reduce to those on the integral
sidered in Fig. 3) where this term constituted the main con- entropy production rate due to heat conduction. The mini-
tribution to the total entropy generation throughout the chan- mum total entropy production rate corresponds to a value of
nel, in the present case the contribution of heat conductiongi/g2 between 0 and 0.5. This indicates that in order to re-
becomes predominant for the greater values of the transversaluce thermodynamic irreversibilities it is recommended, for
coordinateY. The two terms | and Il are of the same order the conditions considered here, to heat the flow from both
of magnitude and concurrently govern the evolution of the walls so that the ratio of the heat fluxes lies in this interval.
total entropy generation rate. Table 4 finally summarizes the effects of the wall con-
Once again, these results should not be generalized. In-centration differencé\w on the integral entropy production
stead, for any particular combination of boundary condi- rates. The reported results have been obtainedfet O,
tions and/or mixture materials, Egs. (10)—(12) must be re- g2 = 150 Wm=2, w; = 0.004 and at the axial position
evaluated for the velocity, temperature and concentration whereT1 = 293 K. Table 4 reveals that, unlike for the UWT-
profiles. Then Eq. (15) must be applied to calculate the en- UWC case (Dirichlet type thermal and solutal boundary
tropy generation rates attributable to heat conduction, fluid conditions), the entropy production due to heat conduction
friction and species diffusion respectively. is slightly influenced by the solutal boundary conditions.
In the following paragraph the effects of the ratio between This is expected because for the UHF-UWC case (Newman
the externally imposed wall heat fluxes and those of the wall type thermal boundary conditions superimposed to Dirich-
concentration differences on the integral entropy production let type solutal boundary conditions), the temperature pro-
rate are investigated. It is to be noted that, because an explicifile (Eq. (12)) contains the solutal Grashof number. In fact,
analytical primitive does not exist for Eq. (15), a numeri- Table 4 indicates that the integral entropy production rate
cal integration via Simpson'’s rule has been carried out from due to heat conduction diminishes monotonically as the wall
Y =0 toY = 0.5 to obtain the value of the integral entropy ~concentration difference increases. On the other hand, when
production rate. The results are presented in Tables 3 and 4.Aw (or, equivalently,Gry) increases, the velocity profile

In order to produce Table 3, the left wall (at= 0) becomes more distorted. As a consequence, the integral en-
has been subjected to various heat fluxes without changingtropy production rate due to fluid friction increases. The vari-
the other parametersi{ = 0.1 ms1, go = 100 Wm~2, ation of the integral entropy production rate due to species

w1 = 0.001, wp = 0.011 and7T; = 293 K). The first con- diffusion is the same as that described previously for the
clusion arising from this table is that the integra| entropy UWT-UWC case. The combination of these three tendencies
production due to heat conduction is important when the results in a monotonic increase of the total wib.

left wall is substantially cooled, decreases when the ratio be- ~ The comments on process optimization formulated at the
tween the two wall heat fluxes increases, reaches a minimumend of the preceding section apply also in the present case.
and finally increases. Integral entropy production due to fluid

friction follows a similar tendency. The minimum value may

correspond in this case to the least distorted velocity pro- 6. Conclusion

file (least sharp slopes). As in the UWT-UWC case, this

term is several orders of magnitude smaller than the other  Analytical expressions for the entropy generation rate in
terms. Finally, since the term corresponding to species diffu- the presence of fully-developed, laminar and time-indepen-
sion is independent of the thermal boundary conditions (seedent simultaneous thermal and solutal mixed convectionin a
Egs. (11) and (15)), the effects gf/g2 on the total inte- vertical channel have been derived for the first time based on
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