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Aggregated studies on thermal radiation effects in nanofluid flow are important for the effec-
tive utilization of its striking thermophysical properties and extensive industrial applications
such as coolants in automobile radiators, heat exchangers, propulsion systems, atomic plants,
etc. Particularly in concentric cylinders, the nanofluid flow has a wide range of applications,
including medicine such as stenosis treatment. This investigation is one such computational
study to explore the radiative flow between two concentric cylinders due to graphene oxide
nanofluids. The flow is modeled, including the impacts of radiative heat flux, chemical reac-
tion effects, thermophoresis, and Brownian motion. The spectral method is used to solve the
system of complex nonlinear coupled equations under convective conditions. The influence of
implanted parameters on skin friction, concentration, and temperature profiles of the nano-
fluid and their impacts on entropy are studied. From the tabulated values of the Sherwood
and Nusselt numbers, it is observed that convective heat and mass transfer can be enhanced
by the thermophoresis parameter and the Brownian motion parameter, whereas diffusive
mass transfer is enhanced by the chemical reaction parameter. A comparison table shows
good agreement between the literature and the obtained values. Also, the results obtained are
graphed and discussed in detail, along with entropy generation.
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INTRODUCTION type of nanoparticles dispersed in the fluids greatly influ-

Nanofluids are used to overcome the drawbacks of €M€€ the behavior of the nanofluids. In view of their ther-

microfluids and viscous fluids, such as the erosion of flow
channels, clogging, and deposition. While modeling their

mophysical properties, graphene nanoparticles are the best
choice for enhanced thermal performance. They signifi-

flow, thermophoretic diffusion and Brownian motion are
considered for their significance in heat and mass transfer
[1]. Besides the advantages of nanofluids on the whole, the
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cantly improve the performance of fluids in devices such
as radiators and heat exchangers when dispersed either as
nanoparticles or hybrid nanoparticles [2, 3, 4, 5].
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The commonly used graphene nanofluids in literature
are graphene oxide nanofluids and composite graphene
nanofluids with ethylene glycol and water as basefluids [1].
Azimi et al.[6] evaluated the heat transfer analytically when
graphene oxide nanofluid flows unsteadily within moving
plates. In their study, a comparative analysis is conducted
by dispersing GO, alumina, titania, and silver nanoparti-
cles and it is interpreted that silver nanofluid was effected
in the highest Nusselt number and it increased with volume
fraction. Gul et al. [7] examined the 2D flow in an upright
channel. In this study, the authors concluded that GO with
ethylene glycol has stronger thermal efficiency than water-
based GO. While Ullah et al. [8] examined the 3D flow
where the fluid is pressed between a vertical channel. Both
investigations emphasize the impacts of strong magnetic
effects on nanofluid flow when the medium is considered
to be porous and concluded that magnetic field parameter
controlled the fluid flow. The slip flow of titanium diox-
ide and graphene oxide nanofluids using the Levenberg-
Marquardt scheme in neural networks is studied by Khan et
al. [9]. The influence of flow variables on velocity, tempera-
ture, and concentration profiles are discussed and the abso-
lute error values are found to range between 10! to 10°%.

Extensive applications of thermal radiation and chemi-
cal reaction effects in different propulsion systems, atomic
plants, turbines, the manufacturing of polymers, fertilizers,
and dyes, etc. signify their importance in Computational
Fluid Dynamics. Noteworthy investigations considering the
impacts of chemical reaction and thermal radiation, such as
the study by Srinivasacharya and Ayano [10], investigated
the impacts of chemical reaction on a micropolar fluid with
MHD and cross-diffusion effects, with the conclusion that the
microrotation, velocity, and concentration profiles decayed
with chemical reaction parameter. Srinivasacharya and
Shafeeurrahman [11] investigated the flow of a chemically
reacting nanofluid for entropy generation analysis with mag-
netic field and Joule heating effect. From the results obtained,
it is concluded that the entropy, velocity, and temperature of
the nanofluid are enhanced by the Joule heating parameter,
whereas, the velocity is enhanced and the temperature and
entropy generation are depleted by the chemical reaction
parameter. Masood and Farooq [12] conducted an analysis
on thermal stratification and thermal radiation effects due to
the MHD flow of graphene oxide and silver nanoparticles in
water. The inferences of this investigation are that convective
heat transfer decreases with both the stratification parameter
and radiation parameter. Jha and Samaila [13] studied the
impacts of thermal radiation and nonlinear density variation
on the MHD flow over an inclined plate. The results show an
elevation in heat transfer with angle of inclination and ther-
mal radiation. Oyedepo et al. [14] modeled the thermal per-
formance of alumina nanofluids as coolants in car radiators.
Results signified a 14% elevation in heat transfer coefficient
for a 4% increase in volume fraction. Rathore and Sandeep
[15] modelled and investigated the blood-based silver and
gold nanofluid flow in a stenosed artery with variable heat

source and magnetic field effects. This study helps with local-
ized photothermal therapy (PTT) to treat cancer. Algehyne
et al. [16] computationally examined the hybrid nanofluid
flow due to partially ionized graphene oxide and silver over
a stretching sheet. The investigation signifies a decrease in
velocity with Hartmann number and an increase with Hall
current and ion-slip parameter.

Moreover, many classical and novel methods for
numerical and analytical investigations in cylindrical
geometries have been widely used. For example, Zeeshan
et al. topologically approached the flow of nanofluids using
a combined Genetic algorithm and Nelder-Mead method
[17] with the conclusion that the Dufour number and the
Dufour-solutal Lewis number enhance the Sherwood num-
ber while depleting the Nusselt number. Kumar et al. [18]
explored the study on Powell-Eyring fluid flow in concen-
tric rotating cylinders and found from the results obtained
that the velocity profiles increase with the Powell-Eyring
parameter and rotation parameter. [19] investigated frac-
tional Oldroyd-B nanofluid for 1-D flow with ethylene
glycol-based molybdenum disulfide, copper, alumina, and
silver nanoparticles. The conclusions suggest that molyb-
denum disulfide nanofluid has higher velocity profiles in
comparison to the other nanofluids. Studies such as the
analysis of the squeezing flow of an ionic liquid by Shah et
al. [20] with a conclusion that copper nanoparticles among
copper, alumina, and titania are the best to enhance heat
transfer is worth mentioning. Also, an enhancement in the
velocity boundary layer is found to be unique to copper
nanofluids. A numerical examination of nanofluid flow in
a porous annulus is conducted by Miles and Bessaih [21]
and entropy and convective heat transfer are observed to
increase with the addition of nanoparticles.

Limited applied and computational studies on graphene
nanofluids demand further exploration of their flow. Also,
thermal radiation and chemical reaction effects have exten-
sive industrial applications, such as the manufacturing of
dyes, fertilizers, and polymers, spacecraft, turbines, atomic
plants, missiles, satellites, etc. Despite all the computational
investigations on concentric cylinders, there is a lack of
literature on the convective study due to graphene oxide
nanofluid flow with chemical reaction effects and thermal
radiation impacts in concentric cylinders. The investigation
aims to bridge the gap by studying the flow of graphene
oxide nanoparticles in water between concentric cylinders.
The modeled equations are numerically solved, and the val-
ues are graphically represented.

GOVERNING EQUATIONS

The geometry of the flow consists of an inner vertical
cylinder placed concentrically with an outer cylinder of
radii a and b, respectively. The following assumptions are
made to model the flow between the vertical cylinders.

o Graphene oxide nanofluid is assumed to flow with con-
stant pressure gradient 0P/0®.
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o The flow is driven by the rotation of the outer cylinder
which has an angular velocity Q.

o uis the tangential velocity with which the fluid flows.

o The flow is steady, incompressible, axisymmetric, and
fully developed meaning the fluid has constant density,
the equations describing the flow are the same at any
point throughout the channel and are independent of
time, and angular coordinate.

o The body forces due to gravity, radiative heat flux, and
chemical reaction effects, the effects caused by charac-
teristic nanoparticle phenomena namely thermophore-
sis and Brownian motion are considered.

The outline of the flow model is shown in Figure

1. Implementing the above-mentioned assumptions,

Boussinesq approximations, and boundary layer approx-

imations, the variations with respect to axial coordinate

disappear. Thus the governing partial differential equations

of the problem adapting Buongiorno nanofluid model [22]

are given by,
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along with the following no-slip convective boundary con-
ditions [23]

aT ac
U=0, —Kyy 2 =h(T, = T), =Dy 3o =k (Ca—C),

atr=a

aT ac
u= b.Q, —an ; :h(T_Tb), —Dm E =km(C—Cb),
atr=>b

(6)

Here, the equations (1) - (5) respectively represent the
nanofluid continuity equation, r-momentum equation,
®-momentum equation, energy equation, nanoparticle
continuity equation [24]. The notations T}, T,, C}, and C,
indicate the fluid temperature and concentration at the

ﬂi\
N1

C a Ca Ty
Cp

Figure 1. Outline of the flow in concentric cylinders (cre-
ated by the author).

outer and inner cylinders respectively, k,, and h are mass
and heat transfer coefficients, and Dm denotes mass diffu-
sivity and k thermal conductivity.

Let 0" be Stefans constant and k* be Roseland’s mean
absorption coefficient, then radiative heat flux is repre-
sented by g, = (—407/3k’)(0T*/0r). T* is expanded in Taylor
series about T, to obtain T, = 4T°, T —3T*, by ignoring the
higher order derivatives.

Properties of nanofluids are defined as [7, 29]

Table 1. Thermophysical properties [25, 26, 27, 28]

Property (Units) Water GO
p (kg / m®) 997.1 1800
C,(J/kgK) 4179 717
k(W /mK) 0.613 5000
BA07/K) 21 28.4

Mg o = Kns
-2 (G,

ﬂnf -

Pnr = (1 = P)pps + Ppsp,
(BIny = (1 = P)(PB)bs + P(PB)sp

(pcp)nf =1- cD)(pcp)bf + cb(pcp)spﬂ
Knf _ Ksp + 2icpp + 2D (kpp — Ksp)
Kpr  Ksp + 2Kpr — P(Kpr — Ksp)

The suffixes bf, sp and nf refer to base fluid, nanofluid,
and solid particle and the quantities defined above are
respectively viscosity, thermal diffusivity, density, thermal
expansion coefficient, specific heat capacity, and thermal
conductivity. Table 1 presents the values of thermophysical
properties.

The idea of similarity transformation broadly refers
to the transformation of the given problem to a similar
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and simpler problem using the variables called similarity
variables. In this study, it displays the physical similarities
within the given problem such as the similarities of velocity,
temperature, and concentration profiles.

These variables are used to reduce the number of inde-
pendent variables of the problem under consideration.
The transformation of the partial differential equations is
achieved through the similarity variables,

r2

Q —la
n="5 u =2, 00 = 1

C—Cq b
o) = o p=""

Qupr

(7)

Thus, the equations (1) - (6) are transformed as:

Gr
anf" + Alﬁ\/ﬁ(Aze —Nr¢p)—A,P, =0 (8)

(1+A4A3R) (0" +6")+AmO' (Nyp' +NH)=0 (9)

n ! n RSC
ne +¢)+ (n@ +6") + ¢=0 (10)
Similarly, the boundary conditions are
atn =ny = bz' =0, 2,/ne0’ = A3Bi,0,
2\/n0¢" = Bi.(1 - ¢) -
11

atn =1, f =1, 20" = A;Bi,(1 - 0),
2¢' =Bi.(1—-¢)

The constants A, i = I to 4 and the coefficients in the
above equations namely the Grashof number G,, Reynolds

number Re, buoyancy ratio N,, radiation parameter R

r
Brownian motion parameter N, chemical reaction param-
eter Cy, thermophoresis parameter N,, constant pressure
gradient P;, Schmidt number Sc, thermal diffusivity a,
thermal and concentration Biot number Bi, and Bi, and

heat capacity ratio 7 are defined as

(pB)s Kpp
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The derived practically important quantities such as
local Sherwood number Sh, and Nusselt number Nu, and
skin friction Cyare

Nun

Sh
— =1+ AR, 5=

nCrRe,; = As(f'(1) —f(l))

—¢' (D),
(12)

where A; = 4(1 — @) ((1-D)+®p?/ pyy)~'. The entropy
generation number is derived and assessed in the next
section.

Analysis on Entropy Generation
The entropy generation rate, [30]
E)Z

s = (1) G+ G
(13)
+RDB<M>< (59 +x().

is composed of entropy due to temperature, viscous
dissipation, and concentration. From the characteristic
entropy generation rate S, = k,{T,-T,)*(T,L)* and S,
entropy generation number can be wrltten as

160"

Sg

Ns =5 (14)

On nondimensionalization,

2

n 1 312 EcPr , )
7 Ns =5 | A+ ARa)n*6 +A7Q—T(Tlf =N
QC QC (15)
+A4Mm—¢’<Q—¢’ +9’)
T T
=NSh+NSf+NSm’ (16)

where the total entropy number is composed of three parts,
the entropy number due to combined mass and heat trans-
fer Ny, fluid friction Ng;and heat transfer Ng,. The nondi-
mensional parameters in (15) are defined as Eckert number
Ec = /(Cpy (T, — T,)), Prandtl number Pr = 4, Cp /
Kyp constant parameter x = d’/L?, temperature parameter



974

J Ther Eng, Vol. 11, No. 4, pp. 970-981, July, 2025

Q.= (T, - T,)/T, concentration parameter Q.= (C, - C,)/
C, and the combined mass and heat transfer parameter
M,, = RDyC, /Ky

By estimating Bejan number Be = Ng;,/N [31], the cause
for generated entropy is determined. Bejan number, if > 0.5,
heat transfer is influenced, if < 0.5, combined heat and mass
transfer and fluid friction is the major cause, and if = 0.5, all
the three irreversibilities contribute equally [32].

NUMERICAL SOLUTION

The Spectral quasilinearization method (SQLM) [23, 33,
34] is used to solve the equations (8) - (11). This technique
has been successfully used in a limited number of studies
and is shown to give better accuracy at lower orders than the
spectral homotopy analysis method converges rapidly, and is
thus superior to some semi-analytical methods such as the
Adomian decomposition method, the Laplace transform
decomposition technique, the variational iteration method,
and the homotopy perturbation method. The SLM and SQLM
are non-perturbation methods requiring neither the presence
of an embedded perturbation parameter nor the addition of
an artificial parameter. These methods are therefore free of the
major limitations associated with other perturbation methods.
Nonlinear terms are linearised by ignoring the higher deriv-
atives in Taylor series expansion about the solution. Let f,, 0,
and ¢, and f,,;, 0,,, and ¢, , be the solutions and improved
solutions of the differential equations. Thus, the linearised
equations with the boundary conditions are

al,rfr+1” + a2,r9r+1 + a3,r¢r+1 = Dr (17)

by;0y 417 + byrbp sy + b3y riy = 4y (18)

C1pbri17 + €200 400 + CapPrign + CapPrys =0 (19)
such that

atn =1, frs1 =0, ngrﬂ’ = 0,4143B1,,
2\/%¢r+1’ = Bic(1 = ¢r41)

atn =1, fri1 =1, 20,4y = A3Bir(1—-6,44),
2¢,41 = Bic(1 = ¢r441)

(20)

The coefficients are given by
Gr
al,r = 477' aZ,r = AlAZ E\/ﬁ'

Gr
Az = _AlNrE\/ﬁ:

by =(1+A3R.)N, by =1+A3R;+ Ayn(Np,1 +2N.6,.1)
bz, = A4Npn8,,

N,

C1r = N—T). Cor = C3p =1, Car = CgSc,
b

N,
N’
pr = A1Py, gy = An(Npb,r ¢y + thrz')

Chebyshev polynomials T, (§) = cos(k cos™(§)) are used
and f, 0 and ¢ are iterated at §; = cos (7 /N), j= 0, I, 2, ...N,
the Gauss Lobatto collocation points and the domain [#,, 1]
is mapped to these points by 1 = {(1-1,)&+(1+#,)}/2. Thus,
the unknowns and their derivatives are given by

fre1() = X0 fra1 (fk)Tk(fj),
0,41 (8) = XR=06r11 (fk)Tk(fj).

(21)
bra1(8) 2 TR brin GIT())

S FI Dl fra G,

St = B D Or1a (6, (22)
Tt = S0 Dy braa ()

Here, the Chebyshev differentiation matrix is given by
D = D/2. Substitution of the above approximations in (17)
- (20) yields,

AYry1 = Ry (23)
associated with the boundary conditions
fre1(0) = b,
&(2Dgg + A3Bi¢)0y11(S0)
(24)

+2 ¥h=1 Dok 0r41(§x) = A3Bir (2Doo+Bic) $r11(So)
+2 Zg=1 Doy, ¢r+1(’fk) =Bi,

N-1

Fra ) = 0, 245 ) DOy §)
k=0
+(2\/%DNN_A3Bit)er+1(§N)=0

N-1

275 ) Duk b1 G+ 2o D = Bie) braa (E4) =0
k=0

We choose the initial functions as f, = (1-1,)/(1-1,) ,
0, = {ABi(n—n,)+2Vn,l {A;Bi(1-n)+2(1+Vny)} , ¢, =
{Bi (n-1)+2Vny} / {Bi(1-ny)+2(1+ V n,)} to satisfy the
boundary conditions (20). These initial conditions are iter-
ated to obtain the numerical solution.

RESULTS AND DISCUSSION

The numerical results of temperature, velocity, and con-
centration are estimated in the section for varied values in
the practical range [35, 36]. Parameter values are taken as
Bi,= 0.8, Bi.= 0.3, Gr=2x 10°, N, = 2x10*, Re = 300, N, =
3x107, Nr =2, Sc = 170, R = 5 and Cy = 0.08 unless men-
tioned otherwise and Pr = 6.5 and @ = 0.01. SLM approxi-
mation of 100th order is taken to obtain converging results
at the third iteration. The results for the case of Gr =P, =R,
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= Cg =0, from the present study are compared to the results
from Sinha and Chaudhary [37] in Table 3 and the values
are observed to be in good agreement.

Figures 2 - 4 depict the influence of Re on f, Ng and Be.
As the Reynolds number increases, viscous forces increase
and hence the flow velocity is supposed to increase. But in
this case, the velocity is observed to decrease due to the
presence of thermal radiation (Fig. 2). Similarly, the entropy
number also decreases (Fig. 3) increasing the Bejan number
and suggesting that the entropy comes from mass transfer
and fluid friction (Fig. 4).

Figures 5 - 8 represent the effects of Bi, on f, 6, Ng and
Be. When Bit increases, velocity slightly decreases (Fig. 5).
Whereas, increasing the Bi, improves the heat transfer coef-
ficient thus increasing the heat transfer from the inner to
outer cylinder. Hence, there is a rise in the temperature of
the nanofluid at the outer cylinder, whereas the tempera-
ture falls at the inner cylinder (Fig. 6). From Fig. 7, it is

observed that Ny increases with the values of Bi,. This is
because the increasing heat transfer coefficient improves
the nanofluid temperature.

An increase in temperature means that the particles of
the substance have greater kinetic energy. The faster-moving
particles have more disorder than particles that are moving
slowly at a lower temperature, and hence N increases. This
results in an increased Be, thus emphasizing the dominance
of heat transfer on the increased entropy (Fig. 8).

The impacts of Bic on f, ¢, N, and Be are shown in
Figures 9 - 12. An increase in Bi. boosts the mass trans-
fer by enhancing the coefficient of convective mass trans-
fer. This results in an enhanced nanofluid velocity (Fig.
9). The enhanced mass transfer aids in the movement of
nanoparticles from the inner to outer cylinder, thus caus-
ing increased concentration values at the outer cylinder and
decreased values at the inner cylinder (Fig. 10). Whereas,
Ny increases for < 0.386, again increases for 0.386 < 7 <

Table 2. Nusselt number, Sherwood number, and skin friction values

Re N, N, Bi, Bii R; Gy -0'(1) -¢'(1) A(f(1) - (1))
100 0.0003 0.0002 0.8 0.3 5 0.08 -0.493155 -0.141261 -882.895175
300 0.0003 0.0002 0.8 0.3 5 0.08 -0.493155 -0.141261 -293.824076
500 0.0003 0.0002 0.8 0.3 5 0.08 -0.493155 -0.141261 -176.009856
700 0.0003 0.0002 0.8 0.3 5 0.08 -0.493155 -0.141261 -125.518048
300 0.0001 0.0002 0.8 0.3 5 0.08 -0.493156 -0.141261 -293.823815
300 0.0002 0.0002 0.8 0.3 5 0.08 -0.493156 -0.141261 -293.823956
300 0.0003 0.0002 0.8 0.3 5 0.08 -0.493155 -0.141261 -293.824076
300 0.0004 0.0002 0.8 0.3 5 0.08 -0.493154 -0.141261 -293.824191
300 0.0003 0.0002 0.8 0.3 5 0.08 -0.493155 -0.141261 -293.824076
300 0.0003 0.0003 0.8 0.3 5 0.08 -0.493154 -0.141261 -293.824252
300 0.0003 0.0004 0.8 0.3 5 0.08 -0.493153 -0.141261 -293.824417
300 0.0003 0.0005 0.8 0.3 5 0.08 -0.493152 -0.141261 -293.824572
300 0.0003 0.0002 0.1 0.3 5 0.08 -0.073806 -0.141261 -292.972292
300 0.0003 0.0002 0.3 0.3 5 0.08 -0.209604 -0.141261 -293.248136
300 0.0003 0.0002 0.5 0.3 5 0.08 -0.331643 -0.141261 -293.496024
300 0.0003 0.0002 0.7 0.3 5 0.08 -0.441913 -0.141261 -293.719999
300 0.0003 0.0002 0.8 0.2 5 0.08 -0.493156 -0.096018 -296.534858
300 0.0003 0.0002 0.8 0.4 5 0.08 -0.493154 -0.184837 -291.308222
300 0.0003 0.0002 0.8 0.6 5 0.08 -0.493153 -0.267437 -286.79676
300 0.0003 0.0002 0.8 0.8 5 0.08 -0.493152 -0.344609 -282.887564
300 0.0003 0.0002 0.8 0.3 1 0.08 -0.162747 -0.141261 -293.82552
300 0.0003 0.0002 0.8 0.3 2 0.08 -0.245349 -0.141261 -293.824795
300 0.0003 0.0002 0.8 0.3 3 0.08 -0.327951 -0.141261 -293.824434
300 0.0003 0.0002 0.8 0.3 4 0.08 -0.410553 -0.141261 -293.824219
300 0.0003 0.0002 0.8 0.3 5 0.01 -0.493155 -0.141764 -296.560056
300 0.0003 0.0002 0.8 0.3 5 0.015 -0.493155 -0.141572 -295.514781
300 0.0003 0.0002 0.8 0.3 5 0.02 -0.493155 -0.141476 -294.99353
300 0.0003 0.0002 0.8 0.3 5 0.025 -0.493155 -0.141419 -294.681221
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Figure 4. Influence of Re on Be.

0.906 and decreases for 1 > 0.906 (Fig. 11). This results in
a decreasing Be for # < 0.386, decreasing for 0.386 < 1 <
0.906 and increasing for 1 > 0.906 (Fig. 12). Hence, fluid
friction and mass transfer influence the entropy all over the
flow channel.

The effects of R; and Cy on Ny and Be and ¢ are respec-
tively presented in Figures 13 - 15. When the radiation
parameter is increased, N increases (Fig. 13). But the
impact of R; on the temperature profile is ineffective. Thus,
from this, we infer that the heat transfer effected by radia-
tive heat flux completely vanishes in the generated entropy.
Considering the Bejan number, increasing Ny causes Be to
increase (Fig. 14), thus affirming the influence of heat trans-
fer on the increasing entropy when the radiation parame-
ter is involved. Likewise, when the values of Cy are raised,
the enhancing rate of chemical reaction propagates the

12.5
Re =100
— — Re =300
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Figure 3. Influence of Re on Nj.

nanoparticle concentration. Hence, when Cy is increased,
there is an inflation ¢ values (Fig. 15).

Table 2 shows Nu, Sh and Cf values at the outer cylin-
drical surface. Nusselt number is the ratio between con-
vection to conduction at the surface, and at the surface,
Nu increases with increasing Bi,. This implies that the
convection at the outer surface increases with diffusion
and convective mass transfer, because, as the concentra-
tion Biot number is increased, convective mass transfer
improves and the nanoparticles move with higher kinetic
energy, thus improving the surficial heat transfer by con-
vection. Whereas, Nu decreases with Bit and Rd, thus
enhancing the conductive heat transfer. The impact of
R, on Nu also explains its ineffectiveness on the tempera-
ture profile. Whereas the impact of Bi, on Nu emphasizes
that the increased 0 profiles were due to conduction and
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Table 3. f(y) values for Gr =P, =R;=Cr =0

n Present study Sinha and Chaudhary [37]
1 1 1
0.98165 0.97553 0.97546
0.92838 0.90451 0.90453
0.84542 0.79389 0.79386
0.74088 0.65451 0.65453
0.625 0.5 0.5
0.50912 0.34549 0.34546
0.40458 0.20611 0.20613
0.32162 0.095492 0.09546
0.26835 0.024472 0.02453
0.25 0 0

not convection, as expected. Similarly, when Bi, and Cj,
increase, the values of Sh decreases and increases respec-
tively. Thus, the concentration Biot number enhances
the concentration profiles in view of diffusion and not
convection, similar to the case of Bi,. While C enhances
the rate of chemical reaction consequently enhancing
convective mass transfer at the surface. Similarly, the
skin friction drag, even if it is very small is impacted
by the embedded parameters. Moreover, Bi, reduces the
skin friction by enhancing the nanoparticle characteris-
tics, while Re, Bi, R;and Cy elevate the skin friction drag
at the surface.

CONCLUSION

Flow of graphene oxide nanofluid between concentric
cylinders with the effects of thermal radiation and chemical
reaction parameter is studied and the following are inferred:
o Heat transfer is enhanced by thermal Biot number.

o Mass transfer is increased by chemical reaction param-
eter and concentration Biot number.

o Skin friction is preferably reduced by enhancing the
thermophoresis parameter, Brownian motion parame-
ter, and thermal Biot number.

o Bejan number is calculated to be Be > 0.5 for n > 0.625,
and hence the generated entropy is due to heat transfer
close to the outer cylinder.

« Enhancing the radiation parameter depletes the Nusselt
number and increases skin friction and enhancing the
chemical reaction parameter enhances the Sherwood
number and skin friction.

The problem is useful widely ranging from turbine
manufacturing, aircraft propulsion systems, coolants, auto-
mobile radiators, and heat exchangers to pharmacotherapy.
The study can be extended by analyzing the non-Newto-
nian behavior of the fluid.
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NOMENCLATURE
Bi,  concentration Biot number
Bi,  thermal Biot number
C concentration of the nanofluid
C,  concentration of the nanofluid at the inner cylinder

C,  concentration of the nanofluid at the outer cylinder
G skin friction

C specific heat capacity (JK 'kg™)

Cr  chemical reaction parameter

Dy Brownian diffusivity (m?s™)

D,  thermophoretic diffusivity (m?s™)
Ec Eckert number

f dimensionless velocity

g acceleration due to gravity (ms2)
Gr Grashof number

h heat transfer coefficient (Wm—K™!)
k mass transfer coefficient (ms™)

K. rate of chemical reaction (s7!)

M,,  heat parameter

N,  Brownian diffusion coefficient number

Nr  buoyancy ratio

Ng  dimensionless entropy generation number

N,  thermophoretic diffusion coefficient number
entropy due to combined heat and mass transfer

m
Nu  Nusselt number
p dimensionless pressure
p pressure (Pa)
Pr Prandtl number
q, radiative heat flux (Wm™)
R universal gas constant
r radial co-ordinate

R, radiation parameter

Re  Reynolds number

Sg  entropy generation rate

Sc Schmidt number

Sh Sherwood number

T Nanofluid temperature (K)

Nanofluid temperature at the inner cylinder (K)
T, Nanofluid temperature at the outer cylinder (K)

u tangential velocity component (ms”)
Greek symbols
a,  thermal diffusivity (m’s™)

thermal expansion coefficient (K™')
constant parameter
similarity variable
thermal conductivity (WmK™)
mixed convection parameter
dynamic viscosity (Nsm—2)
angular velocity (rad s—1)

¢ concentration parameter

T temperature parameter
nanoparticle volume fraction
dimensionless concentration
stream function

e 8DOHOHDTE a3 =™
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p density (kgm™)

T heat capacity ratio

C] tangential coordinate

0 dimensionless temperature
0, variable viscosity parameter
Subscripts

bf  base fluid
nf  nanofluid
sp solid particle
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