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ABSTRACT
This study characterizes the transport characteristics and entropy
production of hybrid nano-liquid flow over an infinite rotund yawed
cylinder. In order to ensure the maximum feasibility in applied engi-
neering fields, surface heat sink/source, nanoparticles shape and
radiation effects are analyzed. Further, the project is focused on the
deceleration contrivance for the unpreventable drawback of bound-
ary layer flow, i.e. the separation at the wall. The physical charac-
teristics of considered hybrid nano-liquid are taken as temperature-
sensorial uniquely using the temperature-dependent experimental
data table of hosted liquid, water. The following steps were per-
formed to solve the governing equations: a set of congenial trans-
formations to set the equations into a suitable form, followed by a
quasi-linearization technique to convert the resulting equations into
a block matrix system, and finally Vargas’ matrix iterative approach
to solve the system. For better perception, all the acquired numer-
ical results are manifested in graphical mode. The notable results
observed in this study are highlighted as: radiation (R1) and dissipa-
tion (Ec) enhance the temperature although Ec > 0 causes a drastic
downfall in the heat transport; non-erratic slot mass disposal and
slot position are capable to push the zero friction point downstream;
viscous heating (Br), R1 and nanoparticles’ volume percentage (φ)
significantly produce more entropy.
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1. Introduction

Nanofluids (NF) are used to optimize the thermal performance of engineering equipment,
whereas the new-age hybrid nanofluids (HNF) uplift the thermal performance tremen-
dously more than NF. The higher conductive phenomena of composed nanoparticles (NP)
in HNF enrich its conductivity (thermal). A comprehensive study of hybrid NF flow in a tri-
angular cavity is deliberated by Rashad et al. [1]. Maskeen et al. [2] elaborated that HNF is
the supreme in heat transfer performance among pure fluid, NF, and HNF. Khashi’ie et al.
[3] presented a comprehensive analysis of HNF for a cylinder to report that HNF abates the
boundary layer (BL) separation significantly. Further, a detailed summary on the effect and
application of HNF is addressed byGhalambaz et al. [4]. Even researchers [5] have found the

CONTACT S. Roy sjroy@iitm.ac.in

© 2022 Informa UK Limited, trading as Taylor & Francis Group

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/17455030.2022.2075047&domain=pdf&date_stamp=2022-05-17
mailto:sjroy@iitm.ac.in


2 T. BARMAN ET AL.

effectiveness of HNF in the cooling system using engine oil and GO − MoS2 HNF. One may
find further valuable information in the text referred [6–9].

Several external factors such as non-erratic slot mass disposal, radiation, and heat
sink/source significantly affect the boundary layer (BL) flow covering many possible engi-
neering situations. The importance and applications of these influencing factors can be
found in the following cited articles [10–12]. Acharya et al. [13], in their numerical simula-
tionof a radiative hybridNF flowalongwith the external heat sink/source effect, have found
that the heat source affects the heat transport performance. Othman et al. [14] studied a
hybrid NF flow for a shrinking surface including heat sink/source and radiation and pointed
out that the transport of heat is a decreasing function of radiation and heat sources. In an
investigationof radiativemagneto-hydrodynamics (MHD)hybridNF andheat source effect,
Shoaib and others [15] point out that Biot number, magnetic, and radiation effect enhance
the transport rate of heat. Some different kinds of hybrid NF flow with a heat source can
be noticed in the following text [16], which points out the effectiveness of HNF in thermal
analysis and drag delivery in blood arteries. Preventing separation in any flow has always
been amajor challenge to concerned researchers. Roy [17] first successfully established the
idea of slot suction into the flow to delay the separation. Considering the same geometry,
Revathi et al. [18] investigated an unsteady flow for the effects of slot-wise mass transfer.
Ganapathrao et al. [19] evaluated the slot effect on a chemically reacting magnetized BL
flow in porous media and point out that local coefficients of friction, Nusselt number, and
Sherwood number increased for slot suction.

The entropy generation (EG) analysis of a system helps to maximize the mechanical
and electrical efficiency of engineering equipment. Real-life applications of EG optimiza-
tion include circuit boards, heat exchangers, capacitors, resistors, etc. EG analysis with
temperature-sensitive viscosity was carried out in detail by Ahmad et al. [20]. They pointed
out that the Brinkman number enhances EG, but radiation and φ (NP vol. percentage)
belittles it. EG analysis in an HNF flow under mass disposal with dissipation effect was
accomplished by Farooq et al. [21]. They found the incremental behavior of EG with dissi-
pation (Eckert number) and suction parameter. EG optimization study amidst two spinning
disks was deliberated by Mahesh et al. [22]. Mabood et al.[23] discussed the EG analysis in
a different type of radiative HNF (Fe3O4 − Co/kerosene) along with the heat source effect.
Desirous researchers may use the following cited articles [24–29] in this context.

Several pioneer researchers [30–35] have enriched this area by studying both numeri-
cally and experimentally. Later, Roy [36] considered the same geometry and showed that
the totalwall enthalpy andMachnumber causeearly separationwhile slot suction candelay
it. BL flow for a yawed cylinder with temperature-sensitive water properties was investi-
gated by Ponnaiah [37]. He found that multiple slots and downstream slot positions can
significantly delay the separation. Very recently, Saikrishnan and others [38] investigated
the MHD effect for flow past yawed cylinder. The following texts may find helpful on this
topic [39–42].

This studymainly focused on analyzing the radiative HNF flow for a yawed cylinder con-
sidering temperature-sensitive properties into account with viscous dissipation. To date,
most of the studies on NF/HNF are accomplished either with constant physical character-
istics or with non-established different models for the physical characteristics. But none of
them enlighten the physical characteristics of the base liquid, although in most cases, the
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features of the host liquids vary with temperature, especially of water. Thismanuscript con-
tributes foremost analysis of HNF flow on a yawed cylinder in the spotlight of temperature-
sensorial physical featuresofbase liquid,water. At first, variablepropertiesofwater viscosity
and Prandtl number are fitted into an Inverse linear curve [43] using empirical data [44].
Further, fluid-HNF correlations in the governing equations reflect the combined effects of
submerged NPs in HNF along with temperature-sensitive water properties.

The final results are extracted from the immensely non-linear and coupled mathemati-
cal presentations of physical governing equations employing Vargas’ approach [45]. Under
a proficient numerical convergence criterion, the zero friction position, i.e. the location of
the separation point is approached by reducing the step lengths towards the downstream
direction. The results reflecting the variations of emerging parameters on velocity, tem-
perature, transport components, and energy distribution are illustrated through numerous
graphs.

2. Models and correlations

The water experimental data in Table 1 representing waters’ physical characteristics at
different temperatures are fitted as [43]

μf (T) = 1
b1 + b2T

(1)

Pr(T) = 1
c1 + c2T

(2)

with ⎛
⎜⎜⎝
b1
b2
c1
c2

⎞
⎟⎟⎠ =

⎛
⎜⎜⎝
53.41
2.43
0.068
0.004

⎞
⎟⎟⎠

Various effective correlation models for hybrid nanofluid are expressed as [46]

μhnf (T ,φ) = μf (T)√
(1 − φ)5

;φ = φs1 + φs2 (3)

ρhnf (T ,φ)
ρf (T)

= (1 − φ)+ ρs1

ρf (T)
φs1 + ρs2

ρf (T)
φs2 (4)

(Cpρ)hnf (T ,φ)

(Cpρ)f (T)
= (1 − φ)+ (Cpρ)s1

(Cpρ)f (T)
φs1 + (Cpρ)s2

(Cpρ)f (T)
φs2 (5)

Table 1. Water properties [43,44].

T (C) ρ(g.cm−3) Cp(J.107.kg−1K−1) k(erg. 105.cm−1.s−1.K−1) μ(g.10−2.cm−1.s−1) Pr

0 1.00228 4.2176 0.5610 1.7930 13.4
10 0.99970 4.1921 0.5800 1.3070 9.45
20 0.99821 4.1818 0.5984 1.0060 7.03
30 0.99565 4.1784 0.6154 0.7977 5.12
40 0.99222 4.1785 0.6305 0.6532 4.32
50 0.98803 4.1806 0.6435 0.5470 3.55
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Table 2. Nanoparticle properties [46,49].

Properties Copper Alumina

Cp(Jkg−1K−1) 385 765
ρ(kg.m−3) 8933 3970
k(Wm−1K−1) 400 40
β × 10−5K−1 1.67 0.85

khnf (T ,φ)
kf (T)

=
(sf − 1)kf (T)+ �3

φ
− (sf − 1)(φkf (T)−�3)

(sf − 1)kf (T)+ φkf (T)+
(
�3
φ

−�3

) ;

�3 = (σk)s1 + (σk)s2 (6)

and sf is the NPs’ shape factor defined by sf = 3
�
, where� is NPs’ sphericity.

Though water properties change in temperature, some of them like ρf , (Cp)f have very
less variation (< 1%) as shown in Table 1 and, consequently, it canbe shown fromEquations
(4) and (5) that variations in ρhnf , (Cp)hnf are also very less (< 1%). So, those two compo-
nents are considered as constant. Other components of water have a significant variation
in just 10◦C temperature change, so they are for HNF. But the properties of considered NPs
(Cu, Al2O3) are very stable in the range 10◦C − 50◦C and one can treat them as constant
(Table 2).

3. Governing equations

Consider an incompressible hybrid NF flow over an infinite length yawed cylinder (angle θ )
of radius R. The axes have been considered in the following manner (Figure 1):

(i) x axis in the chord-wise direction
(ii) z axis in the span-wise direction
(iii) y axis in perpendicular to x and z axes i.e. in normal direction.

The governing equations are [47,48]

∂u

∂x
+ ∂v

∂y
= 0 (7)

u
∂u

∂x
+ v

∂u

∂y
= u∗

e
du∗

e

dx
+ 1
ρhnf

∂

∂y

(
μhnf

∂u

∂y

)
;
[
− 1
ρ

∂P

∂x
= u∗

e
du∗

e

dx

]
(8)

u
∂w

∂x
+ v

∂w

∂y
= 1
ρhnf

∂

∂y

(
μhnf

∂w

∂y

)
(9)

u
∂T

∂x
+ v

∂T

∂y
= 1
(ρCp)hnf

∂

∂y

(
khnf

∂T

∂y

)
+ (Cpρ)s
(Cpρ)hnf

[
DB
∂C

∂y

∂T

∂y
+ DT

T∞

(
∂T

∂y

)2
]

+ (μ)hnf

(Cpρ)hnf

[(
∂u

∂y

)2

+
(
∂w

∂y

)2
]

+ Q0

(Cpρ)hnf
(T − T∞)− 1

(ρCp)hnf

∂qr
∂y

(10)
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Figure 1. Flow sketch.

u
∂C

∂x
+ v

∂C

∂y
= DB

∂2C

∂y2
+ DT

T∞
∂2T

∂y2
(11)

where

ρs = φs1ρs1 + φs1ρs2

φs1 + φs2

(Cpρ)s = φs1(Cpρ)s1 + φs1(Cpρ)s2
φs1 + φs2

qr = −4σ ∗

3k∗
∂T4

∂y

The constraints are given by:

T = Tw ; C = Cw ; u = w = 0; v = vw ; at y = 0 (12)

u → u∗
e ;w → w∗

e ; T → T∞; C → C∞ as y → ∞ (13)

The following congenial transformations

ξ =
∫ x

0

u∗
e

u∞
d
( x
R

)
; η =

√(
Re1
2ξ

)(
u∗
e

u∞

)( y
R

)

ψ = u∞R

√(
2ξ
Re1

)
f ;
∂ψ

∂x
= −v;

∂ψ

∂y
= u; fη = F; Re1 = u∞R

ν∞

G = T − T∞
�T

,�T = Tw − T∞; w = w∗
e S; H = C − C∞

�C
, �C = Cw − C∞

transformed Equations (8)–(11) into the following form:

∂

∂η
{NFη} + S1(B(ξ)(1 − F2)+ f Fη − 2ξ(FFξ − fξFη)) = 0 (14)
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∂

∂η
{NSη} + S1(f Sη − 2ξ(FSξ − fξSη)) = 0 (15)

[
N

Pr
(P5 + R1)

]
Gηη + Gη

∂

∂η

(
N

Pr
P5

)
+ EcN√

(1 − φ)5

[(
u∗
e

u∞

)2

cos2θF2η + sin2θS2η

]

+ [NbHη + NtGη]Gη + 2ξQG
(
u∗
e

u∞

)2

+ S2[fGη − 2ξ(FGξ − fξGη)] = 0 (16)

Hηη + Nt

Nb
Gηη + Sc[fHη − 2ξ(FHξ − fξHη)] = 0 (17)

with the boundary constraints

⎡
⎢⎢⎣
F
S
G
H

⎤
⎥⎥⎦
η=0

=

⎡
⎢⎢⎣
0
0
1
1

⎤
⎥⎥⎦ ;

⎡
⎢⎢⎣
F
S
G
H

⎤
⎥⎥⎦
η=η∞

=

⎡
⎢⎢⎣
1
1
0
0

⎤
⎥⎥⎦ (18)

Here, B(ξ) = 2ξ
u∗
e

du∗
e

dξ ; f = ∫ η0 Fdη + fw and the parameters of Reynolds number, radia-
tion, heat sink/source, Eckert number, Brownian, thermophoretic and Schmidt number are
defined, respectively, as

Re = U∞R

ν∞
, R1 = 16σ ∗T3∞

3k∗kf
, Q = Q0R

(Cpρ)f u∞
, Ec = U2∞

Cp�T

Nb = τ
DB�C

ν∞
,Nt = τ

DT�T

ν∞T∞
where τ = (Cpρ)s

(Cpρ)f
, Sc = ν∞

DB

The other coefficients are defined as

a1 = b2�T

b1 + b2T∞
, a2 = b1 + b2T∞, a3 = a1a2, d1 = c1 + c2T∞, d2 = c2�T

P1 = a2�3(1 + (sf − 1)φ)+ (sf − 1)φ(Cp)f d1(1 − φ)

P2 = a3�3(1 + (sf − 1)φ)+ (sf − 1)φ(Cp)f d2(1 − φ)

P3 = (1 − φ)a2�3 + ((sf − 1)+ φ)φ(Cp)f d1;

P4 = (1 − φ)a3�3 + ((sf − 1)+ φ)φ(Cp)f d2

N = 1
1 + a1G

, Pr = 1
d1 + d2G

, P5 = P1 + P2G

P3 + P4G
, P6 = d2 − a1d1

(1 + a1G)2
, P7 = P2P3 − P1P4

(P3 + P4G)2
,

P8 = −a1
(d2 − a1d1)

(1 + a1G)3
, P9 = −P4

(P2P3 − P1P4)

(P3 + P4G)3

S1 =
{
1 −

(
1 − (ρ)s1

(ρ)f

)
φs1 −

(
1–-

(ρ)s2

(ρ)f

)
φs2

}√
(1 − φ)5,

S2 =
{
1 −

(
1 − (Cpρ)s1

(Cpρ)s

)
φs1 −

(
1 − (Cpρ)s2

(Cpρ)s

)
φs2

}
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The freestream velocity components in chord-wise and span-wise directions are [45]

u∗
e(x̄) = 2u∞ sin x̄; u∞ = U∞ cos θ ; w∗

e (x̄) = w∞ = U∞ sin θ , where x̄ = x

R
.

Using these relations, the transformed governing Equations (14)–(17) become

∂

∂η
{NFη} + S1

(
2 cos x̄
T2

(1 − F2)+ f Fη − 2T3(x̄)(FFx̄ − fx̄Fη)

)
= 0 (19)

∂

∂η
{NSη} + S1(f Sη − 2T3(x̄)(FSx̄ − fx̄Sη)) = 0 (20)[
N

Pr
(P5 + R1)

]
Gηη + Gη

∂

∂η

(
N

Pr
P5

)

+ EcN√
(1 − φ)5

[4sin2x̄cos2θF2η + sin2θS2η]

+ [NbHη + NtGη]Gη + Q

T2
G

+ S2[fGη − 2T3(x̄)(FTx̄ − fx̄Tη)] = 0 (21)

Hηη + Nt

Nb
Gηη + Sc[fHη − 2T3(x̄)(FHx̄ − fx̄Hη)] = 0 (22)

with the boundary constraints (18).
Here,

T3 = tan
(
x̄

2

)
; T2 = (1 + cos x̄); T1 = (1 − cos x̄); ξ = 2T1; ξ

∂

∂ξ
= T3

∂

∂ x̄
; B(x̄) = 2 cos x̄

T2

and the expressions for fw are defined as

fw =

⎧⎪⎪⎨
⎪⎪⎩
0 for x̄ ≤ x̄1
A[1 − cos{2π(x̄ − x̄1)}]/T1 for x̄ ∈ [x̄1, x̄2]

[1 − cos{2π(x̄ − x̄1)}]/T1 for x̄ ≥ x̄2

where x̄1 is the slot location and x̄2 = x̄1 + 0.5 to make the slot length as 0.5. Further,
A defines the slot strength. The non-erratic surface mass disposal through η-direction is
defined by

vw =

⎧⎪⎨
⎪⎩

0 for x̄ ≤ x̄1

−2Aπu∞
√

Re1
2 sin{2π(x̄ − x̄1)} for x̄ ∈ [x̄1, x̄2]

0 for x̄ ≥ x̄2

The engineering coefficients of interest are defined by

Cf1 =
2μhnf

(
∂u
∂y

)
w

ρhnfU2∞
, Cf2 =

2μhnf

(
∂w
∂y

)
w

ρhnfU2∞
,

Nu = Rqw
kf�T

[
where qw = −khnf

(
∂T

∂y

)
w

]
and
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Sh = Rqm
DB�C

[
where qm = −DB

(
∂C

∂y

)
w

]
and they are transformed into

√
ReCf1 = 4(NFη)w

S1

√
T1T2cos3/2θ ,

√
ReCf2 = 2

√
2(NSη)w
S1

√
T1T2 sin θ cos θ cos

x̄

2
,

Nu√
Re

=
√
2 cos θ cos

x̄

2
(Gη)w ,

Sh√
Re

=
√
2 cos θ cos

x̄

2
(Hη)w

4. Entropy production

The expression for entropy production in this systemmay be described as follows:

Sgen = 1
T2∞

(
khnf

(
∂T

∂y

)2

+ 16σ ∗T3∞
3k∗

(
∂T

∂y

)2
)

︸ ︷︷ ︸
HTI

+ μhnf

T∞

[(
∂u

∂y

)2

+
(
∂w

∂y

)2
]

︸ ︷︷ ︸
FFI

+ R∗D
T∞

∂C

∂y

∂T

∂y
+ R∗D

C∞

(
∂C

∂y

)2

︸ ︷︷ ︸
DI

The irreversibilities occurring for differenthermoso-physical activities are collocated in
three different groups and abbreviated as HTI, FFI, and DI which stand for: HTI – Heat
transfer irreversibility, FFI – Fluid friction irreversibility and DI – Diffusion irreversibility,
respectively. The local non-dimensional entropy rate SG is obtained from the total entropy

Sgen utilizing characteristics entropy rate S0 = �T2kf
L2T2∞

i.e.

SG = Sgen
S0

= N1 + N2 + N3

where

N1 = HTI

S0
= [P5 + R]ReG2

ηT2 cos θ ,

N2 = FFI

S0
=
(

1√
(1 − φ)5

)
[4T1T2F2η + tan2θS2η]

NReBr cos θ
α1

,

N3 = DI

S0
= Hη

[(
α2

α1

)
Hη + Gη

](
α3

α1

)
Re cos θT2

α1
,

α1 = �T
T∞ stands for temperature ratio, α2 = �C

C∞ for concentration ratio, α3 = R∗DC∞
kf

for

diffusion variable and Br = μ∞u2∞
kf�T for Brinkman number. Bejan number (Be) can be used to

study the contributions of different irreversibility sources on total entropy production and
is defined by

Be = HTI + DI

HTI + FFI + DI
= N1 + N3

N1 + N2 + N3
= Irrersiblities due to heat transfer and diffusion

Total local entropy
.
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5. Numerical approaches

The strongly coupled nonlinear Equations (19)–(22) reduce into the sequence of linear
equations as follows:

K(k)11 F
(k+1)
ηη + K(k)12 F

(k+1)
η + K(k)13 F

(k+1)
x̄ + K(k)14 F

(k+1) + K(k)15 G
(k+1)
η + K(k)16 G

(k+1) = K(k)17 (23)

K(k)21 S
(k+1)
ηη + K(k)22 S

(k+1)
η + K(k)23 S

(k+1)
ξ + K(k)24 F

(k+1) + K(k)25 G
(k+1)
η + K(k)26 G

(k+1) = K(k)27 (24)

K(k)31 G
(k+1)
ηη + K(k)32 G

(k+1)
η + K(k)33 G

(k+1)
ξ + K(k)34 G

(k+1) + K(k)35 F
(k+1)
η

+ K(k)36 F
(k+1) + K(k)37 s

(k+1)
η + K(k)38 H

(k+1)
η = K(k)39 (25)

K(k)41 H
(k+1)
ηη + K(k)42 H

(k+1)
η + K(k)43 H

(k+1)
ξ + K(k)44 G

(k+1)
ηη + K(k)45 F

(k+1) = K(k)46 (26)

and ⎡
⎢⎢⎣
F(k+1)

S(k+1)

G(k+1)

H(k+1)

⎤
⎥⎥⎦
η=0

=

⎡
⎢⎢⎣
0
0
1
1

⎤
⎥⎥⎦ ;

⎡
⎢⎢⎣
F(k+1)

S(k+1)

G(k+1)

H(k+1)

⎤
⎥⎥⎦
η=η∞

=

⎡
⎢⎢⎣
1
1
0
0

⎤
⎥⎥⎦ (27)

Here, the system (24–27) is linear with the superscript (k + 1). Also, K11, K12, K13, K14,
K15, K16, K17; K21, K22, K23, K24, K25, K26, K27; K31, K32, K33, K34, K35, K36, K37, K38, K39; K41, K42,
K43, K44, K45, K46 are defined in Appendix. Then, implicit finite-difference approaches are
employed to make Equations (23)–(26) into a block matrix system to solve using Var-
gas’ matrix iterative method. An efficacious proviso is implemented to obtain numerically
correct results and the preciseness of the current results are compared in Figure 2.

6. Results and discussion

The results are narrated considering Cu and Al2O3 NPs throughout the calculations. To
cover awide rangeof practical applications, the slot has beenplaced at twodifferent places,
specifically at x̄1 = 0.5 and x̄1 = 1.25.

Figure 3 is illuminating both the velocity profiles F and S against the variation of φ. A
close observation of this graph revealed that higher estimation of φ ameliorates both pro-
files F and S. Quantitative studies point out that enhancing φ from 0 to 0.05 heighten F
almost by 3% at η = 1.0 and S by 4% at η = 1.0. Figure 4 is the characterization of

√
ReCf2

with respect to the changes in φ and yaw angle θ . The incremental exhibition of the coef-
ficient

√
ReCf2 is noticed relative to θ and φ.

√
ReCf2 enhances by 28% when the angle θ

changes from30◦ to 45◦ for a fixedφ = 0.03 at x̄ = 0.1, whereas 7% increase can be noticed
for the change of φ from 0 to 0.05 at x̄ = 0.1 with fixed θ = 45◦.

Figure 5 portrays the temperature variation (G) against Ec and Nt showing that G-
enhances due to higher estimation of Ec andNt. The enhancement inG subject to higherNt
is noticeable throughout the BL region while the effects of Ec are significant only near the
wall’s vicinity. The increment subjected to Nt is quite natural, because increasing diffusiv-
ity (thermal) always leads to temperature enhancement. Besides, higher Ec describes more
viscous dissipation and due to this physical reason, G exhibits overshoot for Ec = 0.4. That
means the fluids’ temperature near the wall become hotter than the surface and prevents
expected heat transport from wall to ambient fluid. The intermediate hotter fluid in walls’
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Figure 2. Results verification.

Figure 3. F and S variation vs. φ.
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Figure 4. φ and θ variation vs.
√
ReCf2 .

vicinity acts as a temperature barrier and the effects of Ec and R1 on heat transport coeffi-
cient Nu√

Re
(Figure 6) play the role of supporting evidence to establish the abovementioned

fact. This picture (Figure 6) also demonstrates that R1 acts alike Ec i.e. incremental value
of R1 decays the conventional heat transport. The subjective variations of Hwith respect to
Sc,Nb are displayed in Figure 7. It is clearly visible from this particular portrait thatNb and Sc
affectH negatively, i.e.Nb and Sc both play the role to hinder theH-profile. In fact, the incre-
mental value of Sc decreases the mass diffusivity causing higher concentration reduction
in the BL region. Also, a higher Sc produces narrow concentration BL. Besides, the frequent
collision among fluid particles increases with greater estimations of Nb. So, for a higher Nb
the H-profile gets reduced.

In Figure 8, Sh√
Re

exhibits that the increase of Nt enhances the Sherwood number
(

Sh√
Re

)
for Q > 0 but reduces when Q < 0. In fact, the deviation on Sh√

Re
subject to Nt is compar-

atively less when Q < 0. The presence of Q, i.e. the heat source directly affects system’s
internal energy via temperature and causes rapid increment in NPs’ random motion. As a
consequence, the mass diffusion increases and the increment in Nt pushes the NPs to a
lower energy state from higher one leads to an enhancement of Sh√

Re
. Particular numerical

data show that at x̄ = 1 for fixed Q = 0.2, 60% enhancement is seen in Sh√
Re
.

Effects of slot injection/suctionon various coefficients are illustrated in Figures 9–11, and
Figure 9 indicates that the point of separation is strongly influenced by the strength and
position (x̄1) of the non-erratic slot suction (A > 0). In the BL region, the fluids near the sur-
face get retarded due to friction and other influential forces and slot suction pulls out these
slowed-down fluids away from the region and reinforces the flow. Also,A > 0has an instan-
taneous heavy impact on Nu√

Re
as it enhances the heat transport immensely (Figure 10). One



12 T. BARMAN ET AL.

Figure 5. Nt and Ec variation vs. G.

Figure 6. Ec and R1 variation vs. Nu√
Re
.
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Figure 7. Nb and Sc variation vs. H.

Figure 8. Nt and Q variation vs. Sh√
Re
.
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Figure 9. A and x1 variation on
√
ReCf1 .

cannotice from thegraph (Figure 9) that forA = 0.2, the delays in separation are 2%and6%
depending on the slot positions at x̄1 = 0.5 and x̄1 = 1.25, respectively. It is also noticeable
that upgrading A = 0.3 from 0.0 at x̄1 = 1.25 the zero friction location delayed by 10%. In
contrast, injection plays the exact opposite role, i.e. it pulls the zero friction location closer
to the stagnation point (Figure 11). In fact, inserting fluids through slots enhances themass
density of the abated liquids, which further diminishes the flow velocity.

The shares of Br and R1 on entropy production at their different values are shown in
Figure 12. Increase in the magnitude of Br estimates higher entropy SG irrespective on
the values of R1. Also, one can notice that the above-mentioned changes in SG against Br
are duly in the proximity of BL. The viscous heating is presented through Br and an incre-
ment in it refers enhancement in viscous heating followed by the consecutive events of
heat enhancement and excessive entropy production. Moreover, R1 plays a direct role to
enhance systems internal energy in the form of heat resulting higher entropy generation.

Figure 13 simultaneously presents the role of viscous dissipation Ec andNP volumeφ on
system’s entropy production. The earlier discussion on the behavior of Ec prescribed that
the fluid temperature at the wall proximity gets heated due to frictional heating i.e. due to
Ec > 0which prevents the desired heat convection process. As a consequence, the entropy
production for Ec > 0 is remarkably high at the proximity of the wall surface. Furthermore,
the EG has a higher rate with higher estimation of φ, particularly at η = 0.6, SG increases by
4% on the gap up of φ from 0 to 0.04 for Ec = 0.2, x̄ = 0.5.

The steam-wise distance (x̄) also plays a crucial role in the energy distribution (i.e. on
SG). The presentation of SG variation against x̄ and Nb is demonstrated in Figure 14. At the
beginning of the BL, higher surface friction contributes to produce significant entropy, but
contradicting to this, the flow near the point of separation, the friction reduces drastically.
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Figure 10. A and x1 variation on Nu√
Re
.

Figure 11. A < 0 and x1 variation on
√
ReCf1 .
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Figure 12. R1 and Br variation on SG.

Figure 13. Ec and φ variation on SG.
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Figure 14. Nb and x̄ variation on SG.

Figure 15. Nt and Q variation on Be.
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Figure 16. NPs’ sphericity vs. Nu√
Re
.

Figure 17. NPs’ sphericity vs. Sh√
Re
.
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Table 3. NPs’ shape and sphericity [49–51].

Shape Sphericity (�) Shape factor (sf )

Spherical 1 3
Bricks 0.81 3.7
Cylindrical 0.62 4.9
Platelets 0.52 5.7
Blade 0.36 8.6

Consequently, the share of friction irreversibility upon SG reduces significantly. In particular,
for Nb = 0.6 and η = 0.6, quantitative measurements of SG show 49% drop at x̄ = 1.5 as
compared to its value in the upstream location at x̄ = 0.5. The ascendancy of Nb on SG is
also quite dependent on stream location x̄. With a fixed η = 0.6, upgrading Nb from 0.6 to
1.2, SG differs by 18% at x̄ = 0.5, whereas the difference for same up-gradation ofNb results
16% in SG at x̄ = 1.5. Moreover, the curves presenting SG for lowermagnitude ofNb is stiffer
as compared to larger Nb values. The larger Nb values represent greater randommotion of
NPs which enhance heat convection and thus enhances SG.

The bearing of Bejan lines (Be) under the variation of heat source Q and parameter of
diffusion (thermal) Nt are shown via Figure 15. The Be lines for lower Nt swiftly reaches 0
compared to larger values of Nt. The fluid temperature enhances in the presence of heat
source (Q > 0) as well as with the enhanced diffusion (thermal). Hence, the share of heat
transfer irreversibility over total irreversibility increases and Be lines get uplifted.

Figures 16 and 17 manifesting the impacts of shape effects of variously shaped NPs on
the physical gradients illustrate that NP’s sphericity has a proportional relationshipwith the

heat transport coefficient
(

Nu√
Re

)
, i.e. it increases with the rising estimations of�, while the

relationship is vice-versa with local Sherwood number Sh√
Re
. The numerical results proclaim

that Nu√
Re

increases by about 20%(x̄ = 1.2) by implementing blade-shaped NPs (sf = 8.6,

Table 3) instead of using spherical particles (sf = 3). The results also exhibit 10%(x̄ = 1.2)
diminishing in Sh√

Re
for the same implementation.

7. Conclusions

This paper pursues an analysis for an HNF flow over a yawed cylinder (infinite) under vari-
ous realistic and practical physical situations. The bearings of flow features, mass-thermal
transport, surface friction, production of entropy under radiation, non-erratic mass dis-
posal, and thermal sink/source are featured in this study. The quasi-linearization technique
changed the immensely nonlinear PDEs into linear form, and hereafter, the final simula-
tions have been acquired by appointing implicit difference methods followed by Vargas’
block matrix iterative method. Moreover, the results that are manifested in graphical form
are extracted in view of temperature-sensorial water properties. The summarizations from
the above-detailed analysis are listed in the following conclusive remarks:

• Temperature is augmented subject to Ec and Nt, specifically at η = 0.5, upgrading Ec
in the range 0 − 0.4 for Nt = 1.0 and Nt in 0.0 − 1.0 for Ec = 0.4 enhance G(ξ , η) by
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10% and 14%, respectively. Moreover, the combined effect of Ec andNt causes exces-
sive enhancement on G(ξ , η), even Ec = 0.4,Nt = 1.0 produces almost 6% overshoot
on G(ξ , η).

• Due to the increasing viscous dissipation force, there is an immense deterioration of
heat transfer. As observed for R1 = 0.5, at x̄ = 1.14, heat transfer varies 154%with the
change of Ec from Ec = −0.2 to Ec = 0.2.

• The Schmidt number Sc has a major impact on the HNF concentration. Growing
estimations of Sc predicts higher momentum diffusivity, causes severe drop in con-
centration, and hence detracting H-profile and corresponding gradient, which is
presented through Sh√

Re
.

• Slot suction (A = 0.2) is adept of delaying the separation significantly and it works
more efficiently if the slot is contrived downstream i.e. the slot further retards the
zero friction point by 6% if the slot placed at x̄ = 1.25 instead of x̄ = 0.5. In contrast,
injection shows obverse nature.

• Blade -shaped NPs are the supreme in heat transport among NPs of different shapes.
• The entropy production expanded massively at the wall’s proximity for increasing

estimations of Br. Also, EG grows for progressive magnitudes of φ and R1.
• The EG drops down in the downstream and in the presence of dissipation (Ec > 0).

But for Ec > 0, EG has a higher rate in the walls’ proximity rather than at the cylinders’
wall.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Nomenclature

Cp Specific heat capacitance
C Species concentration
DB,DT Diffusions coefficients Brownian and thermophoretic, respectively
g Gravity
k Conductivity (thermal)
qr Radiation heat flux
Q0 Heat sink/source
R∗D D is the mass diffusivity and R∗ is a constant
ρ Density
σ Conductivity (electrical)
φ NP volume percentage
ψ Stream function

Non-dimensional functions

f, Stream function
F, S Chord-wise and span-wise velocity, respectively
G Temperature
H Concentration
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Subscripts

e Condition at BL edge
w, ∞ Conditions at surface, ambient fluid, respectively
hnf Hybrid NF
f Fluid
s Solid NPs
s1, s2 Cu and Al2O3 nanoparticles

Abbreviations

NF Nanofluid
NP Nanoparticles
EG Entropy generation
BL Boundary layer
HNF Hybrid nanofluid
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Appendix

K11 = N

K12 = −a1GηN
2 + S1[f + 2D(x̄)fx̄]

K13 = −2S1D(x̄)F

K14 = −S1

[
4 cosx̄
T2

F + 2D(x̄)Fx̄

]
K15 = −a1FηN

2

K16 = −a1FηηN
2 + 2a21FηGηN

3

K17 = 2a21FηGηGN
3 − a1FηηGN

2 − S1

[
2cosx̄
T2

(1 + F2)+ 2D(x̄)Fx̄

]
− a1FηGηN

2

K21 = N

K22 = −a1GηN
2 + S1[f + 2D(x̄)fx̄]

K23 = −2S1D(x̄)F

K24 = −2S1D(x̄)Sx̄

K25 = −a1SηN
2
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K26 = −a1SηηN
2 + 2a21SηGηN

3

K27 = 2a21SηGηGN
3 − 2S1D(x̄)FSx̄ − a1SηGηN

2 − a1SηηGN
2

K31 = N

Pr
[P5 + R1]

K32 = 2Gη

[
P5P6 + N

Pr
P7

]
+ S2(f + 2D(x̄)fx̄)+ (2GηNt + NbHη)

K33 = −S2D(x̄)F

K34 = Gηη

[
P6(P5 + R1)+ N

Pr
P7

]
+ G2

η

[
2P6P7 + P5P8 + N

Pr
P9

]

+ a1EcN2

(1 − φ)2.5
[4 sin2x̄cos2θF2η + sin2θS2η]

K35 = EcN

(1 − φ)2.5
[8sin2x̄cos2θFη]

K36 = −2S2D(x̄)Gη

K37 = EcN

(1 − φ)2.5
[2sin2θSη]

K38 = NbGη

K39 = GGηη

[
(P5 + R1)P6 + N

Pr
P7

]
+ G2

η

[
P5P6 + N

Pr
P7

]
+ GG2

η

[
2P6P7 + P5P8 + N

Pr
P9

]

− 2S2D(x̄)FGx̄ + (NbHηGη + NtG2
η)+ (1 − a1)EcN2

(1 − φ)2.5
[4 sin2x̄cos2θF2η + sin2θS2η]

K41 = 1

K42 = Sc[f + 2D(x̄)fx̄]

K43 = −2ScD(x̄)F

K44 = −2ScD(x̄)Hx̄

K45 = Nt

Nb
K46 = −2ScD(x̄)FHx̄
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