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Abstract: Entropy generation in flow of Walters-B nanomaterial is addressed. Energy equation
consist of ohmic heating, radiation and heat generation. Binary chemical reaction with modified
Arrhenius energy is employed. The consequences of thermophoresis, Brownian motion and
viscous dissipation are accounted. Convergent solutions by homotopy analysis technique are
constructed. Intervals of convergence are explicitly identified. Results of physical quantities of
interest are analyzed. A decrement in rate of mass transfer is noticed for higher chemical reaction
parameter. Enhancing values of Brinkman number and magnetic parameter leads an increment in
total entropy rate.

Keywords: Viscous dissipation; Walters-B nanofluid; Entropy generation; Thermal radiation;
Heat generation/absorption; Activation energy.

1. Introduction

Extensive applications of nanotechnology in class of thermal engineering give rise to a new branch
of heat transfer fluids termed as nanofluids. In formation of nanofluid, the fibers, solid particles or
tubes (having length of order 1-50 nm) are dispersed in heat transfer materials like oil, water and
ethylene glycol. These materials are considered as base fluids. Because of small size and mostly
larger surface area of particles. The nanofluids possess novel properties including higher thermal
conductivity, negligible blockage in flow channels, homogeneity and log-term constancy.
Nanofluids are useful in microelectronics, automotive, power stations, fuel chambers,
pharmacological methods, hybrid electric engines, cooling engine automobile, caloric controlling,
local refrigerator, in crushing process, mining and boiler gas outlet, temperature control and in
nuclear process. Nanomaterials acquire a special auditory characteristic that's convenient in
ultrasonic demonstration. Additional influence includes shear transformation of an instant
compression ray and this property becomes more operative as concentration enhances.
Information of rheological implementation of nanofluids is more influential in view of their
stability for convection applications. Pioneering work on nanofluid was done by Choi [1].
Recently Waini et al. [2] studied the hybrid nanomaterial flow and heat mechanism over a
nonlinear porous surface. Some studies for flow of nanofluids can be consulted through the
attempts [3-11].

In thermodynamics the entropy of any system is defined as the quantity of inaccessible energy. It
corresponds to the irreversibility in studied system which is mainly used in thermodynamically
design setups. Higher entropy loss consumes energy and influence the efficiency of system.
Entropy defines the way according to which physical quantities easily separated from its
constituents. When thermal energy is supplied to the system then internal energy increases and as a
result thermal entropy of system enhances. Irreversible processes are defined as the systems in
which surroundings of related system are not able to reach at its initial state. Entropy also defines
about the consumption of energy in a system. System changes due to gradient.
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It sometimes refers as temperature gradient that represents energy transfer or may be a
concentration gradient which indicates mass transfer. Gradient mostly causes irreversibility within
a system. Since entropy relates to the disorderedness of the system due to which energy decreased
and lead to decrease in potential of work. Pioneering work on this phenomenon is done by Bejan
[12]. Later he discussed entropy generation in process of heat loss during motion of fluid [13].
Several researchers now analyzed this mechanism under assumptions. Recently Liu et al. [14]
examined irreversibility within curved channel in EMHD flow. Dissipative flow of Williamson
fluid by rotating disk with entropy generation is analyzed by Qayyum et al. [15]. Akbarzadeh et al.
[16] explained irreversibilities in a turbulent nanofluid flow by considering solar stoves through
crenelated absorber plates. Bizhaem et al. [17] deliberated heat exchange and irrversibilities of
flow in helical tube. Recent progress about this topic may be mentioned through the attempts
[18-21].

Main theme of present research is to address entropy generation and activation energy in flow of
nanomaterial. Constitutive expression of Walter-B liquid is employed in modeling. Joule heating,
radiation and heat generation/absorption in energy expression are present. Total entropy rate and
Bejan number are formulated. The modeled mathematical problems are computed for the
convergent series solution. Homotopic procedure [22-35] is adopted for development of solutions.
Discussion and conclusions are organized for physical quantities of interest against the sundry
variables entering into present analysis.

2. Modeling

Irreversibility process and activation energy with binary chemical reaction in flow of Walters-B
nanomaterial bounded by a stretching surface is addressed. An incompressible liquid is conducting
in presence of magnetic field with constant strength B,. Small magnetic Reynolds number leads

to omission of induced magnetic field. Here x and y-—axes are parallel and normal to the
surface. Heat source/ sink is considered. Surface temperature and concentration are taken as T,

and CW while ambient temperature and concentration are denoted by T, and C.. Fig. 1

describes the problem geometry. Governing mathematical equations of the system are as follow [8,
26, 32]
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Here (u,v) are velocity components in (x,y) directions, (k,), (k) (c,), (o), (6), (a*),

k"), (Q), (Bg), (K,), (E,), (k), and (D;) denote material constant, density, electrical

conductivity, specific heat, thermal conductivity, Stefan-Boltzmann constant, mean absorption
coefficient, heat generation coefficient, Brownian diffusion coefficient, Boltzmann constant,
dimensionless constant or rate constant having the range —1<n <1, chemical reaction parameter,

activation energy and thermophoretic diffusion coefficient.
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In above expressions the definitions (M), (Pr) , (N,), (Le), (R), (Ec), (Q), (N,), (KO),(IOE),

(6) and (A) denote magnetic parameter, Prandtl number, thermophoresis parameter, Lewis
number, radiation parameter, Eckert number, heat generation variable, Brownian motion
parameter, non-dimensional fluid parameter, dimensionless activation energy parameter,
temperature ratio parameter and non-dimensional chemical reaction parameter respectively.
Coefficient of skin friction and Nusselt and Sherwood numbers are represented in to definitions
given below
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where Re, == is the local Reynold's number.

3. Entropy generation examination
Irreversibility analysis for nanofluid flow of Walter's-B fluid with Arrhenius activation energy is
done here. Thermal radiation, viscous dissipation and MHD effects are also implemented on
entropy generation minimization. Dimensional form under these effects is for
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Employing transformations, entropy minimization becomes
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where (Ng), (4), (Br), (&) and (€2,) denote total entropy rate, diffusion constant, Brinkman
number,concentration and temperature difference parameters respectively.

4. Solution methodology

Series solution of above mentioned system is obtained via homotopic technique. The suitable

initial iterations (f,,8,,4,) and corresponding linear operators (EV,EV,EV) are
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With )Zi (i=1-7) are termed as arbitrary constants.

5. Convergence analysis
For this purpose the 7 -curves are displayed in Fig. 2. It is noticed that series solutions converge
for the ranges of auxiliary parameters satisfying -1.5<#, <-0.5, -14<#h,<-0.6 , and

-1.8<7,<-0.4. Numerical values of convergent solution are displayed in Table 1. Clearly the

momentum equation converges at 9" order of approximation while 15 " and 19" orders of
approximations are enough for temperature and concentration. Comparison of reduced Nusselt

number (Re,>® N,) with published result are given in Table 2.
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6. Discussion

Figs. (3-20) illustrates the velocity, temperature, concentration and entropy generation
minimization in view of involved parameters. Fig. 3 presents outcome of (M) on velocity. For

(M =0.1,0.3,0.5,0.7) the velocity decays gradually when Lorentz fore (opposing force)
enhances. In Fig. 4, change in velocity is shown for higher values of dimensionless fluid parameter
(K,) - Aniincrease in (K, =0.5,0.6,0.7,0.8) yields reduction of velocity. Temperature for (N,)
variation is shown in Fig. 5. Temperature enhances for (N, =0.5,1,1.4,2.1). As heat transfer

occurs from region of hotter region to the cooler part. This process boosts the temperature.
Variation of (Pr) on temperature is shown in Fig. 6. Thermal diffusivity decays for

(Pr=1.1,1.6,2.2,2.6) and so temperature reduces. Fig. 7 displays the outcome of Eckert number
(Ec) on temperature. Temperature is an increasing function of (Ec=0.5,0.9,1.3,1.6). Higher

Eckert number give rise to kinetic energy of fluid and consequently fluid temperature enhances.
Fig. 8 provides description of radiation on temperature. An increase of (R=0.2,0.4,0.6,0.8)

enhances temperature. Here radiation parameter defines the transfer rate of thermal radiation
relative to conductive heat transfer rate. For higher values of radiation parameter the radiation term
dominates over conduction. Hence more heat releases in a system due to radiative heat flux and so

temperature increases. Fig. 9 gives outcome of (Q) on temperature. Temperature increases as

(Q=0.1,1,1.7,2.4) generates energy in system. Outcomes of (N,) and (N,) on concentration

are sketched in Figs. 10 and 11. Opposite trend are observed in case of higher
(N,=05,091317) and (N,=0.6,0.9,16,2.7) for concentration. Variation in fluids

concentration against dimensionless chemical reaction parameter (A) is pictured in Fig. 12
Increasing (A=0.5,0.9,1.25,1.55) lead to reduction of concentration. Fig. 13 provides impact of

activation energy parameter (E) on concentration. It can be seen through figure that

concentration rises for higher (IOE =0.2,15,2.1,29) .
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Influences of M and K, on Re’*C, are disclosed in Fig. 14. It is clear that Re%°C,
increases for higher M and K. Fig. 15 depicts the effects of Ec and R on Re;>® N, . Higher

valuesof R and Ec decay Re’® N, . Variations of E and o on Re**S_ areshown in Fig.

16. (Re°°S, ) is decreasing function of E and A.
Figure 14

Figure 15
Figure 16

7. Entropy rate analysis
Fig. 17 elucidates the outcome of M on N;(77) . Clearly N.(77) increases for larger M .

Consequences of Brinkman number Br on Ng(7) are disclosed in Fig. 18. N (77) enhances

by higher Br. Infact irreversibility occurs in fluid friction by higher Br . Fig. 19 indicates
effectiveness of K, on N;(77). An increase in Ng(77) is noticed for K,. Figs. 20 presents

influence of temperature difference parameter & on Ng(77) . For higher & the entropy

generation minimization increases. It is because of the fact that the heat transfer dominates in
comparison to fluid friction and magnetic field for higher & .

Figure 17

Figure 18

Figure 19

Figure 20

8. Conclusions
Radiative nanofluid flow of Walters-B fluid under the effect of activation energy is investigated
analytically. Significance of entropy rate and heat/generation absorption on assumed simulations
are observed and debated graphically. Remarkable highlights can be concluded as:
e Qualitative effect of concentration and temperature are reversed for higher thermophoresis
parameter.
Temperature has similar behavior for radiation and Eckert number.
An enhancement of temperature is possible for heat/generation parameter.
Concentration by an activation energy parameter is increased.
Decrease in mass transfer rate is noticed.
Opposite behavior of total entropy rate for fluid parameter and temperature difference

7



parameter are noticed.
Total entropy rate is an increasing function of Brinkman number and magnetic parameter.
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Fig. 16: Impactof A and E on Re > §hx.
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Fig. 17: Impactof M on Ng.
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Table 1: Convergence table for velocity, temperature and concentration when M =0.3, Pr=1.2 N,

—04=Le,R=07=Ec, Q=03 N,=025=K,, E=09=6 and A=0.65

~

Order of approximations s “(0) B 0'(0) ¢' (0)

1 1.3500 0.73167 | 0.077040
9 1.4719 0.49925 |0.11297
15 1.4719 0.49195 | 0.12603
19 1.4719 0.49195 | 0.12967
30 1.4719 0.49195 | 0.12967
40 1.4719 0.49195 | 0.12967

~
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Table 2: Code verification for Re;’® NUX when, R=0=K, forvaluesof E and A.

IOE A Mustafa et al. [10] Present
0 1 0.9412 0.9412
1 1.0139 1.0139
2 1.0645 1.0645
4 1.1145 1.1145
1 0 1.1453 1.1453
1 1 1.0139 1.0139
2 0.9262 0.9262
5 0.7986 0.7986
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