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Effects of non-uniform nanoparticle concentration on entropy generation
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The entropy generation analysis of a thermal process is capable of determining the efficiency of that process and is therefore helpful to
optimize the thermal system operating under various conditions. There are several ingredients upon which the phenomenon of entropy
generation can depend, such as the nature of flow and the fluid, the assumed conditions, and the material properties of the working fluid.
However, the dependence of entropy generation phenomenon upon such properties has so far not been fully realized, in view of the existing
literature. On the other hand, based upon the existing studies, it has been established that the non-uniform concentration of nanoparticles i
the base fluid does cause to enhance the heat transfer rate. Therefore, it is logical to investigate the entropy production under the impact c
non-homogenous distribution of nanoparticles. Based upon this fact the aim of current study is to explore a comprehensive detail about the
influence of non-homogeneous nanoparticles concentration on entropy production phenomenon by considering a laminar viscous flow past :
moving continuous flat plate. Non-uniform concentration is considered in the nanofluid modeling in which the Brownian and thermophoretic
diffusions are considered which impart significant effects on velocity and temperature profiles. An exact self-similar solution to this problem
is observed to be possible and is reported. The effects of various controlling physical parameters such as Brinkman number, Schmidt
number, Prandtl number, diffusion parameter, and concentration parameter on both local as well as total entropy generation number anc
Bejan number are elaborated by several plots and tables. The obtained results reveal a significant impact of all aforementioned parametel
on entropy generation characteristics. It is observed that by a 20% increase in nanoparticles concentration the total entropy generation i
increased up to 67% for a set of fixed values of remaining parameters.

Keywords: Nanofluid; non-homogeneous modeling; entropy generation; moving surface.

DOI: https://doi.org/10.31349/RevMexFis.68.010601

1. Introduction of thermodynamics for forced convection flow inside a chan-
nel. Buttet al. [7] discussed the contribution of thermal radi-
The efficiency and optimum design of heat and mass transgtion in the analysis of entropy generation in classical Blasius
ferring engineering systems can be analyzed with the aid ofow. Makinde [8] discussed the irreversibility phenomenon
second law of thermodynamics. According to this law, infor variable viscosity with the influence of Newtonian heat-
an irreversible process the entropy of thermal system growspng. He observed that a decrease in entropy production occurs
which ultimately affects the efficiency of the whole system.yith an increment of variable viscosity. But al. [9] deter-
This means that one can further improve the thermal effimined that, the entropy generation in a thermal system can
ciency of any heat exchanger by minimizing the entropy genne reduced due to the presence of hydrodynamic slip. Re-
eration. For this purpose, the understanding of entropy gensently, Mehmoodet al. [10] discussed the impact of wavy
eration phenomenon and the realization of its dependencg,rface texture on entropy generation phenomenon. The use
upon other ingredients had been a fundamental topic of ingf nanoparticles in regular fluid has a wide range of appli-
terest in heat transfer science. The reason behind this fagktions in various fields of engineering such as microsystem
is that, in the heat transfer processes temperature and Viéooling, nano-medicine, and energy convection. In order to
cosity of the fluid are the key sources of entropy produc-achieve the efficiency of thermal engineering systems (in the
tion [1-4]. Owing to these facts, most of the researchers diperspective of design and operation), the system should be
rectly look forward to improve the productivity of a thermal designed in such a way that it maximizes the heat transfer
processes by the minimization of entropy generation. Thising minimizes the entropy generation. Many authors dis-
gave rise to theoretical studies where the authors use to cogssed the entropy generation phenomenon by considering
sider variety of flow assumptions for the investigation of en-gjfferent geometries and flow assumptions of heat transfer in
tropy generation phenomenon. For instance, Yilbas [5] exnanofiuid. Rashidet al. [11] investigated the irreversibility
amined the entropy generation in an annulus of concentri@henomenon by considering a magnetic field in the presence
cylinders with a moving outer cylinder. He found that the of yniform distribution of three different types of nanopar-

entropy generation minimizes as the width of annulus detjcles. They observed that in the swirling disk flow, the en-
creases. Mahmud and Fraser [6] investigated the second law
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tropy generation minimizes by decreasing values of magnetieffects of nanoparticle inside the regular fluid. These key
parameter. Noghrehabad al. [12] discussed the nanofluid factors are very well explained by Buongiorno [22] where
flow along the stretching surface by considering heat genelhe gave their mathematical form which enables one to incor-
ation phenomenon. Their numerical results showed that aporate the non-uniform distribution effects of nanoparticle in
increase in heat generation parameter leads to the minimiz#he fluid flow and heat transfer problems. The Brownian mo-
tion of entropy production. Rashiét al. [13] discussed the tion phenomena is the first factor which highlights the role of
entropy production phenomenon for MHD blood flow in the stochastic motion of nanoparticles within the fluid. The re-
presence of nanoparticles. Significant effects upon entropgnaining factors are thermophores, and diffusiophores which
production were observed in the main flow region with theare responsible for the nanopatrticle’s diffusion owing to the
enhancement of Brinkman number. Almakkial. [14] stud-  temperature and concentration gradient. Furthermore, for the
ies the entropy generation in MHD nanofluid flow along ananoparticle’s concentration, a transport equation was also
non-linearly stretching surface. They concluded that entropyaken into account along with transport equations of fluid
generation is more affected by viscous dissipation in case dfow and heat transfer. The details of all these mechanisms
large values of Reynolds number. However, all the aforeare further given in the mathematical description of the se-
mentioned and a lot of other similar studies available in lit-lected non-homogenous model. From above cited studies (re-
erature rely on the fact that the distribution of nanoparticledated to entropy production in nanofluid) and to the best of
in the base fluid is constant/uniform. But, actually, reality isthe authors’ knowledge the entropy production phenomenon
quite different. In general, the nanopatrticles’ distribution inhad only been discussed for uniform distribution of nanopar-
the base fluid is hon-uniform. This assumption gives rise tdicles so far. Being convinced from the literature review in
several difficulties in the mathematical handling of such prob+the previous paragraph that the non-uniform distribution of
lems. To avoid such difficulties, usually a homogenous modehanoparticle seems to be more effective as compared to uni-
is preferred. However, studies revealed that the assumption é6rm distribution, the present study aims to extend the work
homogenous distribution of nanoparticles in a nanofluid leadsf Mehmood and Usman [18] by considering the entropy pro-
to certain incorrect results. For instance, Magia [15], Avra-duction phenomenon in a boundary-layer flow of a nanofluid
menkoet al. [16-17], and Mehmood and Usman [18] showed involving non-homogenous modelling of nanofluid. It is in-
that the rate of heat transfer is underpredicted by consideringresting to observe the role of variable nanoparticle concen-
the homogeneous distribution of nanopatrticles. Furthermordration on entropy production. Because of the variable nature
experimental study of Frankt al. [19] also shows that the of nanoparticles concentration, the averages of entropy gen-
distribution of nanoparticles in a nanofluid is non-uniform eration and Bejan number are computed.

in nature. Migration of nanoparticles is observed through

confocal microcopy view. The experimental results showed .

that, an increment in migration rate of nanoparticles leads t&- Prpblem statement and self-similar formu-

an augmentation in convective flow rate. Non-uniform sus- lation

pension of nanoparticles in a nanofluid flow between rotat- . ] .

ing plates was also considered by Meatial. [20]. Ding Asteady, two-dlm_ensmnal bounda_ry Iayerflow of an incom-
and Wen [21] discussed the migration of nanoparticles in ressible nanofluid due to a moving continuous surface is

pipe flow and found that the concentration of nanoparticlegonsidered. A schematic diagram of flow geometry is shown
in the central region of the pipe is greater than the wall red" Fig. 1. The governing equations of this flow are the famous

gion. They found that the viscosity gradient and Brown-laws of_conservations. of mass, momentum,. energy, and con-
ian motion are responsible for non-uniform distribution of c€ntration. The consideration of a nanofiuid flow, then, re-
nanoparticles. Avramenket al. [16] obtained a self-similar uires appropriate modifications in the said governing laws.
solution of nanofluid flow with the consideration of non- However, there exists no unique model for the nanofluids
homogenous nanofluid modelling. They observed that due titther & variety of empirical and semi-empirical models is
the non-uniform distribution of nanoparticles, the incrementdVvailable in literature. Moreover, complete information about
in heat and mass transfer rates are more pronounced. Re-
cently, Mehmood and Usman [18] explored the non-uniform
concentration effects on moving plate boundary layer. They
compared the percent increments in heat transfer rate due t

. @ @) Nanofluid
homogenous and non-homogenous nanoparticles concentre 2.y
tion models. They concluded that the non-homogenous dis-
tribution of nanoparticles leads to a substantial increase in
heat transfer rate in comparison to homogenous distribution. tf___’ ——————————————————— - =4

These astonishing results of increased heat transfer rate fo T,
a non-homogenous distribution of nanoparticles are due to _
various possible factors which explain the relative slippingFIGURE 1. Physical model of the problem.
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EFFECTS OF NON-UNIFORM NANOPARTICLE CONCENTRATION ON ENTROPY GENERATION 3

the correct physical reasons about the significant enhancement of heat transfer anomaly is not yet available. However, base
upon their observations several researchers reported different reasons. Some of the important contributors (such as [25]
concluded that the dispersion of nanoparticles and hence the enhanced convective mixing (turbulence) are the primary agent
behind an enhanced rate of heat transfer. Later on Buongiorno [22] proved and reported that the said two agents are no
fully responsible for an enhanced heat transfer process of nanofluid, rather their contribution in this regard is negligible. To

identify the correct reasons, he considered the possible transport mechanisms: thermophoresis, inertia, Brownian diffusion
diffusio-phoresis, Magnus effects, gravity effects, etc. and reported that only the Brownian motion and the thermophoresis are
significantly important contributors towards the expedition of heat transfer process. Based on these observations he improvec
the laws of conservation of mass, momentum, energy, and concentration in the following way:

V. (pv) = 6y
< (v.V ) pv=-Vp+V. (u (Vv + Vol — gév.v)) , (2)
( + (v.V) ) ph =V.(KVT) + pyeyp (DBV¢.VT + Dr VT'VT) , (©))
((?;f + ( V) ¢> V. (ppDBv¢ + ppDr VTT> 4)

wherev is the velocity vectorh(= ¢T') is enthalpy in whiche andT represent specific heat and temperature, respectively, and

¢ denotes the concentration of nanoparticles. The above transport equations have been written for an incompressible viscou
flow involving no body force and no chemical reaction. The nanofluid is assumed to be a dilute mixture of nanoparticles
and base fluid where both are in thermal equilibrium. The thermal transport process involves negligible effects of viscous
dissipation and radiative heat transfer. Because of the incompressibility conditions the fluid density is assumed to be spatially
independent but essentially an appropriate function of volume fragtimnd hence an indirect dependent on space. Such an
indirect dependence gf on ¢ and the dependence ¢fon space thus consequently make this model a non-homogeneous in
nature, with regard to the nanoparticle concentration. Though, there exist several such models (such as [22,23]) which do no
involve the variation of nanoparticles volume fraction and are commonly known as homogeneous models. Although such a
homogenous modelling results in a great mathematical simplicity and ease of handling, it significantly under-predicts the rate
of heat transfer. In this study, this has been shown that the non-homogeneous model gives further enhanced rate of heat transf
Based on similar arguments the involved fluid properties in sysi3+@j are defined as follows:

o Mf - ]{/‘BT »
n= (1 _ ¢)2.57 DB 3T d ﬁ ﬁlj)» (5)
p=0=¢)pr+dpp, pc=(1—=9¢)(p);p+d(cp),, B=(1-9)Bs+ b, (6)
Py ky + 2k + 26 (kp + 2k;) @)

kp+2ks — ¢ (kp + 2ky)

where the dependence of these quantitie® ag, quite obvious. Herép andd, are the Boltzman constant and diameter of
particles, respectively. The subscriptstands for fluid ang stands for particles. Equatior¥){(4), after the application of
boundary layer approximation take the following form (see for instance [16,18]):

ox + oy =0 ©
o, o2 (5).
P () e (BT ) oo
-5 o ).

whereu andv represent the velocity components alang andy— axes, respectively. The appropriate boundary conditions of
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= = D - T dy
u(x,0) = Uy, v(z,0) =0, ( Bay)y_o ( T ay)y—o7

u(z,00) =0, T (2,00) = Too (h = heo) s ¢ (2,00) = oo, (12)

this flow are given by

whereg., is the ambient nanoparticles concentratibg, is the ambient temperature, and at the surface of the plate the Stefan’s
flow has been considered which controls the concentration gradient by the temperature gradient. This is quite fortunate that
such a complicated flow allows for an exact self-similar solution, which has already been justified by AvraahahKa6].

The similarity variables utilized by [16] and then [18] are given by

77=y\/:};, pu = pssUof' (1), pv:%" U”"f (nf'=f), h=hoH(n), ¢=2(n)), (13)

due to which the governing system (8)-(11) is transformed to an equivalent system of ordinary differential equation of the form

Mf"+ Ef+ (M'2M};> @’} fr+ |97 2M<};/) M’%—M%/ —Bgﬂb’f @’/% ff=0, (14
KH' + H' {pP f**‘p' <K/+Lle+2<g ];g> (K+Lz)>}
v (- 5e) +x (5 2 ae 7 o)
(18 oo ()
o (1) 1 (5 ) ] o (151
() G ) o ()

where RC (¢) = (1— o) + d(pey/per), M (6) = (1—0) ", R(d) = (1—9) + dlop/ps), K (8) = [ky + 2ks +
20(kp— kyp)l/[kp + 2kp — d(kp — kp)l, P = poo/py, Pr = pgep/ky,  SclH(n)] = py/psDp, Le[H (n)] =
(Sc[H (n)]/Pr)(pscsg/ppcp), D = Dr/Dg. In this system primes in the functiorfs H, and® stand for derivative w.r.t
while R', RC', K', D!, and M’ mean derivative w.r.t® and the prime in the functio® s denotes its derivative w.rf. The
self-similar form of respective boundary conditions read as

o =0 yo =" mo=ge () =¥ (5 D)

p
f/ (OO) =0, H(OO) =1 @ (OO) = Poo- (17)

In energy Eq.l10), enthalpy is replaced by temperature to eliminate the additional paramgtér, arising in Eq.L7).
Also, we assume that the specific heat capacity in|[E@).i6 taken as constant, instead of a function of nanoparticles con-
centration for mathematical simplification. Furthermore, it will be assumedfzaand D are constant and the temperature
T, arising in Eq./L0) and @L1) is also constant. The self-similar form @) and (L1) under these assumptions read as
Le

, _
KO" + ¢ <(I) LR+ gPrf> + L2@/2 =0, (18)
€

3" — %Sc 1o’ + DO =0, (19)

where® (n) = (T' = T,,)/(Too — Tw), Pr = (syco/ky), Le = (Sc/Pr)(preso/ppcy), andD = (Dr/Dp)([Too — Tu) /Toc).
The boundary conditiond.7) therefore take the following form

f(0)=0, f’(0)=R(jw)» ©(0)=0, DO'(0)+(0)=0, f'(0)=0, Ofo0)=1 &(0)=dw. (20)
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EFFECTS OF NON-UNIFORM NANOPARTICLE CONCENTRATION ON ENTROPY GENERATION 5
3. Entropy generation

According to second law of thermodynamics, the entropy of the system always increases for any irreversible process and
is directly related to loss of available work (Gouy-Stodela theorem). Therefore, the improvement into the thermodynamic
performance of an engineering system requires the inclusion of thermal irreversibility analysis into the thermodynamic analysis.
Bejan [1] initiated the work in this field and explained, in the light of second law of thermodynamics, that the two main factors
(the heat transfer due to temperature difference and the viscous dissipation) are responsible for entropy production in a fluic
flow. For a viscous (pure/base) fluid the expression of entropy generation as given by Bejan [1] for a steady two-dimensional
boundary layer flow after boundary-layer approximation reads as

Se = (Sa); + (Sc)r, (21)

2 2
_ e (Ou)T k(0T
S6 =7 (311) 7z <6y) ’ (2)

where the first term is due to viscous dissipation and the second term is due to temperature gradient. For the case of nanoflui
flow involving non-uniform concentration of nanoparticles the above expression gets modified to include the concentration
gradients. Therefore, the local entropy generation (8¢, in view of Buongiorno’s model, is expressed as

k 1 PrCpDB ppCp DT PrcpDB pPpCp DT
S¢ =75 (V )? TG V.V + T VT.V + T S VTN + (VT)?, (23)
where
v=2i4 95
or ay

is the differential operator and

o) ()] [ 5)

is is the viscous dissipation function in two dimensions. After boundary layer approximation, the above equation read as

SG:L 8£2+i @2+ppCpDB %2
T2, \ 0y To \ Oy 2, \ 0y

ppcpDr (0T (09 ppcpDp (0T (09 ppcpDr (0T 2
TR T (&y) <3y T \ay)\oy) T 1z \ay) 9

From the above equation it is noted that, the entropy generation not only depends upon the thermophysical properties of
nanofluid but also depends upon the Brownian diffusion. Hence Hjréflects the contribution of concentration gradients,
which is directly associated with the consideration of non-homogenous modeling of nanofluid. This fact highlights the im-
portance and provides justification for the consideration of this problem. In view of similarity variables (1324Eglsp
transforms as,

Ny Sa D 2 p* Br " 1 g2
=5 = (M) + g ) 02+ M) gy RS~ RV
D 1 &/ 1 2
+ (QQT¢2 Le + LeQT) O+ 0292, Le(p ’ (25)

whereSqg, = ky (Qr/z)?, Qp = AT/Ts, Br = prUS ks AT are the characteristic entropy, the dimensionless tem-
perature, and Brinkman number, respectively. In convective heat transfer problems, the dimensionless parameter (irreversibl
distribution ratio)¢* is considered to quantify the involvement of heat transfer rate, viscous dissipation, and diffusivity in the
production of entropy. For the current problem it is defined as

72
M (¢) i Q [ f// f/R/(I)/]2

D D 1 1 '
12 1dH/ 12
(k (¢)+ LeQT) o+ <Q2T¢goLe i LeQT) Ot G e

Equation |26) indicates that, fof < ¢* < 1 thermal irreversibility is dominant, while the irreversibility due to fluid viscosity
and diffusivity are dominant fop* > 1. In this connection, the local Bejan numké?e) in terms of irreversibility ratio has
the following form

9" =

(26)

1

Be = .
e 1o

(27)
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Since the concentration of nanopatrticles is non-uniform in 35
the base fluid. Due to this fact, to examine the overall pro-
duction of entropy in the flow phenomenon, the average val-
ues are computed. The dimensionless average entropy ger 2|
eration number (total entropy generation) and average Bejar .~
number can be calculated by integrating local entropy gener- @f
ation number and local Bejan number by using the following =" 7
formulae:

Se=10,Br=0.5,0=0.5,
Pr=t6.§_=0.2

D=0.01, 0.035, 0.1 &

— 1
N [ Nav, (28)
vV Jy ;
B 1 0 0.5 ; 1.3 2 2.5 3
Be = f/Bedv (29) 7
Vv
whereV represents boundary layer thickness. FIGURE 4. Dependence of local entropy generation numbebon

4. Local and total entropy generation

A built-in package of MATLAB software bvp4c has been im- ~

plemented for the Eqs14), (18) and (19) with boundary TABLE |. Average entropy numbe¥, and average Bejan number
conditions 20) to get a numerical solution. The impact of in- Be With variation of Br at fixed Pr = 6, py/p; = 3.98195,
volved parameters.., D, Sc, Br, andPr on entropy gener-  2¢ = 10, éec = 0.1 andD = 0.05.

ation rate and Bejan number are explored through Figs. 2-12.

All the graphical results show that the moving plate surface B 0.5 1.0 1.5 2.0 3.0

is a substantial source of irreversibility production, and its Ns 01566  0.1930 02294 02658  0.3386

impact on entropy production gradually vanishes out as one Be 04016 00809 00685 00598  0.0481

3
\\ g:g’c;zzgo&:ztai TABLE Il. Impact of D upon N, and Be at fixed Pr = 6,
3 X 5 e pp/ps = 3.98195, Sc¢ = 10, Br = 0.5, ¢oo = 0.1
I""1
QK D 0.01 0.05 0.1 0.3 0.5 0.6
l\_E: —
< 71 Ns 0.1534 0.1566 0.1594 0.1741 0.2016.2204
Be 0.0946 0.1016 0.1116 0.1341 0.1399.1445
00 starts to get away from the plate. Finally, the entropy gen-

eration phenomenon completely vanishes in the free stream
& region. Figure 2 explores the impact of Brinkman number
(Br) on local entropy generation. This Figure depicts that
the entropy generation increases/as takes larger values.

1 ) ) : ; ; This augmentation is quite obvious owing to fluid friction
SE—10.0—0.05.00.5, which corresponds to entropy production elevation. It is fur-

FIGURE 2. Local entropy generation profile for different Br.

0.8F Pr=6.¢, =02 1 ther observed that thé&/, profile also exhibits a boundary
layer character for which th&-layer thickness increases by
0.or increasing the values d8r. Figure 3 represents the effects
& of Brinkman number on local Bejan numb@Be). The lo-
0.4r cal Bejan number decreases with the increas&of The
higher values ofBr correspond to boost the viscous effect
0.2r which ultimately leads to fluid friction irreversibility domi-
. nance. However, for a fixed value &fr, this Figure illus-
¢ k k T . trates the dominance of thermal irreversibility at the heated
o 0.3 1 13 2 22 3 surface but in distant region (far from boundary) the contribu-
tion of viscosity and diffusivity in the production of entropy
FIGURE 3. Be plotted againsy for different Brinkman number. becomes the major source. In this figure e layer is seen

Rev. Mex. Fis68010601



EFFECTS OF NON-UNIFORM NANOPARTICLE CONCENTRATION ON ENTROPY GENERATION 7

1 r r T T T 1
So=10,Br=0.5,03=0.5, Be=10,D=0.05,02=0.5,
0Rf Pr=6,¢ =0.2 | 0.8+ N Fr=8,Br=0.5
0.6 0.6
] e
0.4 0.4r
0.2f 0.2r
0 : : — - 0 - : — :
6] 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.3 3
n 7

FIGURE 5. Impact of D on local Bejan number. FIGURE 7. Local Bejan number plotted for different valuesqof, .

4
Se=10,D=0.05,0=0.3, reflects that the local entropy generation is increased near the
3l RGRae ] moving plate upon increasing diffusion paramet#y) and
e away from the wall the influence of diffusion parameter is

reversed but such an influence is very less pronounced. Fig-
ure 5 also depicts a similar trend of local Bejan num{ligr)
where it is plotted under the impact of diffusion parameter.
The average Bejan number is also calculated and its variation
with diffusion parameter is listed in Table Il. Average Bejan
T e number increases due to augmentation in diffusion parame-
0 0.5 7 75 > 25 3 ter. But, for the considered range of diffusion parameter in
n Table Il, it is observed that the average Bejan number attains
lesser values than 0.5 which points out a very robust viscous
irreversibility in the most part of boundary-layer region. The
influence of nanoparticle concentration &n is shown in
to not be affected significantly with an increaseifvalues. ~ Fig. 6 from where it can clearly be seen that loading of higher
The quantitative results of average entropy generation nunoncentration corresponds to increase the entropy generation
ber (1\7.@) and average Bejan numb(alée) with the variation  phenomenon which is, however, a trivial fact because the ad-
of Br are reported in Table | in which average entropy gen_dition of nanoparticles in base fluid enhances the fluid friction
eration shows an increasing trend for largerand a reverse and thermal conductivity. Impact of nanoparticles concentra-
trend for (Be). Figure 4 shows the effect of diffusion pa- tion ¢ ON Be is depicted in Fig. 7. Strongef., leads to
rameter(D) on local entropy generation profile. This figure reduce the local Bejan number near the wall and in distant

FIGURE 6. Variations in local entropy generation due to nanopar-
ticle concentration parameter.

TABLE Ill. Average values ofV, and Be for various values obc and¢.. at fixedPr = 6, Br = 0.5, D = 0.05 andp, /py = 3.98195.

Se Poo
0 0.03 0.05 0.07 0.1 0.15 0.2

10 Ns 0.1167 0.1187 0.1328 0.1431 0.1566 0.1784 0.2014
Be 0.0927 0.1179 0.1101 0.1053 0.1016 0.0995 0.0992
50 Ns 0.1167 0.1269 0.1356 0.1436 0.1554 0.1759 0.1981
Be 0.0927 0.0958 0.0952 0.0951 0.0952 0.0958 0.0967
80 Ns 0.1167 0.1274 0.1356 0.1433 0.1549 0.1753 0.1971
Be 0.0927 0.0948 0.0946 0.0946 0.0948 0.0995 0.0965
100 Ns 0.1167 0.1275 0.1355 0.1431 0.1546 0.1749 0.1969
Be 0.0927 0.0945 0.0944 0.0945 0.0947 0.0955 0.0965
1000 Nsg 0.1167 0.1275 0.1347 0.1419 0.1532 0.1731 0.1948
Be 0.0927 0.0934 0.0934 0.0936 0.0940 0.0949 0.0960

Rev. Mex. Fis68 010601



8 A. MEHMOOD, S. KHAN, AND M. USMAN

3 8
Sc=10,0=0.05,02=0.7,
g;:g.;,iz@zﬂimo.f, Br=0.5, ¢m=0_2
P - 6'
2r _ . R
‘:::K \Se=10, 100, 1000 \‘\:‘a‘_ Brdgg 0
Pim 14
. R T -y
I L iz
AR e 620 6 635
0 3 ; 2 245 3
0 0.5 1 1.5 2 2D 3 -
bl
. FIGURE 10. Local entropy generation profile for various values of
FIGURE 8. Effects of Sc on local entropy generation. Pr.
Br=0.5,D=0.05,{=0.5, ]
0.8+ Pr=6,¢ =0.2 4 ra
0.8t G Se=10.D=0.05.0-0.5, |
0.6f N\ Se=10, 100, 1000 T ' B =02
& Y 046 =
0.4 ) - })\ ] i 0.6}
A Q
0.2k 0.98 1 L021.041.061.08 | 0.41
0 L 0.2 r
0 0.5 1 1.5 2 2.5 3
7 0
4] 0.5 1 1.5 2 2.5 3
FIGURE 9. Local Bejan number profile for various values$. 7

region. The average entropy number along with average Be- ) ,
jan number have been summarized in Table IIl. Increasing th&'¢URE 11. Influence ofP>r on local Bejan number profile.
nanoparticle concentration from 0 to 0.2, it is observed that,

(N,) is increased upto 1.72 times wheré#®:) is increased
upto 1.07 times folSc = 10. It is also interesting to note - ) )

from this Table that, an increase in Schmidt numbgt) berfe for d'ﬁfrem base ﬂu_'ds ab = 0.0, pp/ps = 3.98195,
leads to minimize the entropy generation. Bejan number alsbgc = 10, $oc = 0.1 and Br = 0.05.
decreases with the variation 8§t. For instance, in the case  p, 6 8 10 13 16

of Sc = 1000, for the consu_jered_range of nanoparticles con- Ne 01567 01782 01970 02214  0.2434
centration 1.67 and 1.03 times increment(1¥,) and (Be)

is achieved, respectively. This means that loading of more
and more nanoparticles leads to strengthen the heat transfer
irreversibility within the boundary-layer. One can also notice

TABLE IV. Average entropy numbel, and average Bejan num-

Be 0.1001 0.0926 0.0876 0.0828 0.0795

from this Table that the total entropy generation number and TN
Bejan number are increased up to almost 67% and 3%, re- ot = =qlue to heat transfer
spectively, with 20% enhancement ¢f, in comparison to

the pure fluid (Water) afc = 1000. Such a behavior of lo-  ~ j st Br—0.5.D-0.05,00-0.5, -
cal entropy generation number and Bejan numbers can alsc;i»" =g g ~0250500

be seen in Figs. 8 and 9. Influence of Prandtl nurritser) = 1t

on the local entropy profile is explored in Fig. 10. For higher

values of Pr, intense enhancement in local entropy profile 0.5F T~

is noticed close to the boundary but again reverse effectsare | T TN~

observed at some distance away from plate. Average of en- 00 03 7 13 > > 3

tropy number is increased to 1.56 times as Pr varies from 6 to
16 (refer to Table 1V). Figure 11 depicts the behavior of local
Bejan profile for various values of Pr. In the near wall region, g,c yre 12. Comparative profile of entropy generation.
the local Bejan number increases while reduces in the upper

7
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FIGURE 13. Nusselt number plotted against. . FIGURE 14. Concentration profile for differerfic.

TaBLE V. Comparison of Average values of entropy generation number and Bejan number for Non-homogenous concentration and homoge-
nous concentration of nanoparticles at fidéd = 0.6, Br = 0.5, andp, /p; = 3.98195.

Doo Ns(non-homogeneous) Ns(homogeneous) Be(non-homogeneous) Be(homogeneous)
Se=10,D = 0.05 Sc =10,D = 0.05

0.01 0.0966 0.1185 0.0860 0.0937

0.05 0.1342 0.1255 0.1069 0.0981

0.1 0.1567 0.1349 0.1001 0.1037

0.2 0.2010 0.1558 0.0986 0.1153

TABLE VI. Effects of¢ on heat transfer rate fdPr = 6, Br = 0.5, pp/ps = 3.98195, andD = 0.05.

Poo 0 0.01 0.03 0.05 0.07 0.1 0.15 0.2
Nu 1.2754 1.3359 1.4120 1.4898 1.5693 1.6921 1.9072 2.1370

half of the times boundary layer with the incrementff.  the increase of., (see Table Ill). Moreover, in view of Ta-
It is seen from Table IV that, the reduction of average Bejarbles II-1V and Tables VII-IX, it is seen that the similar impact
number is 0.8 times with the increment Bf-. This behav- of physical parameter®, Sc, and Pr on average values of
ior of Bejan number shows that irreversibility due to viscousentropy generation and heat transfer rate has been noticed.
dissipation starts to be dominant with an incremenfin This clearly reflects a strong relationship between the Nus-
From Figs. 10 and 11 it is also noticeable thatlayer thick-  selt number and the entropy generation number. Since, the
ness andBe- layer thickness both decrease upon increasindneat is being transferred to the fluid, therefore, the entropy
the Prandtl number which is alike with the behavior of the
temperature profile. A comparative analysis for average entag e vii. Impact of D on heat transfer foPr = 6, Br = 0.5,
tropy generation number and average Bejan number for hos. = 10, p, /p; = 3.98195, ¢oo = 0.1.
mogenous and non-homogenous concentration of nanoparti-
cles in nanofluid has been given in Table V. It is observed £ 001 005 01 0.3 0.5 0.6
that with 20% concentration of nanoparticles, the total en- Nu 16718 1.6921 1.7161 1.7973 1.8564 1.8786
tropy production is increased by almost 29% in the case of
non-homogenous concentration in comparison with homogerag_e viil. Nu for different base fluids ab = 0.05, Br = 0.5,
nous concentration. This clearly shows that the uniform dis=sc = 10, p,/p; = 3.98195, oo = 0.1.
tribution of nanoparticles in the mixture does underpredict
the production of entropy. Influence of various physical pa- Pr 6 8 10 13 16
rameters on heat transfer rate are illustrated through TablesNu ~ 1.6921  1.9839  2.2416  2.5847  2.8908
VI-XIX. Impact of nanoparticles concentration on Nusselt
number have been given in Table VI. The value/éf: is TABLE IX. Impact of Schmidt number otNu at D = 0.05,
increased upto 1.67 times by the enhancement,ofrom 0 Br =0.5, Pr =6, py/ps = 3.98195, ¢poo = 0.1.
to 0.2.
This shows that heat transfer rate augments, which is a Se 10 S0 80 100 1000
similar trend as the total entropy of the system increases by Nu  1.6921  1.6752  1.6726 1.6716  1.6673
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TaBLE X. Relative values ofN; and Be for various values ofc and¢ at fixed Pr = 6, Br = 0.5, D = 0.05 andp,/p; = 3.98195.

Sc oo
0 0.03 0.05 0.07 0.1 0.15 0.2

10 (N°')mmo/ (Ns)pure 1 1.0171 1.1379 1.2262 1.3419 1.5287 1.7257
(Be),ono/ (Be),. 1 12718 11877 11359 10960 10377 10701
50 (N9 e/ (N5), 1 1.0874 1.1619 1.2305 1.3316 1.5072 1.6975
(Be),no/ (Be),,.. 1 10334 10269 10258 10269 10334 10431
80 (N2) e/ (V) 1 1.0916 1.1619 1.2279 1.3273 1.5012 1.6889
(Be), o/ (Be),. 1 10226 10204 10204 10226 10302 10409
100 (N) o/ (V) 1 10925 11610 12262 13247 14987 16872
(Be), ../ (Be),... 1 10194 10183 10194 10215 10302 10409
1000 (M), / (V). 1 10925 11542 12159 13127 14832 16692
(B_e)mmo/ (B_e) 1 1.0075 1.0075 1.0097 1.0140 1.0237 1.0355

of the fluid is increased by the increase of Nusselt number.
The relative values of average entropy and Bejan number is
calculated through Table X for different values of nanoparti-
cle concentration anfic. It is observed that a 20% addition

of nanoparticles in the working fluid increased up to 72%
the entropy generation. Although addition of nanoparticles
enhanced heat transfer rate, the results of Table X show a
higher energy consumption. The impact of Schmidt number
upon relative entropy generation is shown in Table X. It is
noted that large values dfc reduce entropy generation. It
means that due to weak Brownian motion entropy production
minimizes as well as the heat transfer rate also reduces. Fig-
ure 12 highlights the plot of separate entropies generated due
to heat transfer and viscous dissipation. It is seen that in the
vicinity of the plate entropy production due to heat transfer
is higher than the entropy due to viscous dissipation and this
behavior is reversed in a faraway region. Moreover, entropy
production due to viscous dissipation is quite small as com-
pared to the entropy produced due to heat transfer. Nusselt
number as a function af. is plotted in Fig. 13 for both ho-
mogeneous and non-homogeneous concentration of nanopar-
ticles. Increase ob,, augments heat transfer rate but this en-
hancement is higher in case of non-homogeneous concentra-
tion. Concentration profile for large values .t is observed
through Fig. 14, in which it is clearly seen that the concen-
tration of nanoparticles within the boundary layer is not ho-

mogeneous rather the concentration profile also possesses a

boundary layer character. This justifies the consideration of
current non-homogeneous nanofluid model.

5. Concluding remarks

The present analysis explores the entropy production phe-
nomenon for a nanofluid flow with non-homogenous distri-
bution of nanoparticles. On the basis of results of current
study, it is concluded that

e Both the local and total entropy generation numbers

increase with the increment of Brinkman number and
diffusion parameter. Whereas a reverse trend is noticed
in local and total Bejan number except from the fact
that increase in diffusion parameter leads to increase
the local Bejan number near the plate surface.

Increase in nanoparticles concentration also results in
an increment of both local and total entropy produc-
tion within the boundary-layer region. In conclusion,
adding more nanoparticles is in fact very useful as the
fluid friction contribution in entropy production is tol-
erably less than the contribution of heat transfer. A
similar trend is also observed for the average Bejan
number.

e Almost 67%, and 3%, increase in total entropy gener-

ation, and Bejan number, respectively, is observed for
the 20% concentration of nanoparticles in comparison
to the pure fluidj.e., water when Schmidt number is
kept fixed at 1000.

Nomenclature

x,y Spatial coordinates
u,v Velocity components
Specific heat of fluid
Enthalpy
U, Constant wall velocity
T  Temperature of the fluid
Dy Thermophoretic diffusion coefficient
Dpg Brownian diffusion coefficient
D Diffusion parameter
d,  Nanoparticle diameter
5 Boltzman constant
T, Ambient temperature
w Temperature at the surface
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Pr Prandtl number
k Thermal conductivity of fluid

Se Schmidt number

Br Brinkman number

Sa Volumetric rate of entropy generation
Sa, Characteristic entropy generation rate
N, Dimensionless entropy number

Be Bejan number

N, Average entropy generation

Be Average Bejan number

Greek Letters
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