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ABSTRACT

The thermal bioconvective investigation of magnetized Reiner-Rivlin nanofluid is the focus of
research. The suspension of microorganisms is necessary to assess the stability of nanofluids and
their consistent functioning. The heat transfer results are influenced by the radiated impact and the
impacts of an external heating source. One might propose the use of the Cattaneo-Christov heat
flux technique to simulate heat and mass transport difficulties. The convective boundary condi-
tions are used for the analysis of the flow problem. The issue is modeled using a differential system.
Incorporating dimensionless variables greatly simplifies the translation of the governing issue. The
numerical simulation of the final system is performed using the shooting approach. The impact of
settings on the thermal issue is evaluated and shown visually using graphs. Various uses of
parameters in the thermal model have been presented. The heat transfer is found to increase
because of the Reiner-Rivlin fluid parameter. The concentration profile decreases because of the
concentration relaxation parameter. The profile of the microorganism decreases as the Peclet
number increases, while the constant for Reiner-Rivlin fluid leads to increased observations.
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Introduction properties associated with Casson material, and simula-
tions were further utilized for solar energy perfor-
mances. Patil et al./ examined the features of
periodically oriented magnetic force effects for the ther-
mal diffusion flow of nanofluid. Irfan et al.'”! explained
the Dufour effects of enrollment for nanofluid with
Joule heating effects. Jalili et al!® executed the Hall
outcomes for micropolar nanofluid with the implemen-
tation of an analytical approach. The LSM analysis for
the nanofluid model with unsteady flow was focused on

Nanomaterials have emerged as an attractive research
area, as evidenced by novel thermal applications in
various engineering and industrial frameworks. Owing
to the complicated challenges of energy and heat con-
sumption, nanomaterials are preferred as a fundamental
source to overcome such issues. The nanomaterials
attain anomalous thermal properties and stability per-
formances. Due to the sustainable thermo-physical out-
comes of such materials, distinct applications of

nanomaterials have been observed in heat transmission
devices, nuclear systems, chemical engineering, high-
performance extrusion systems, electronics cooling,
energy phenomena, etc. Many researchers have incor-
porated various aspects of nanomaterials. Nayak et al.!"!
utilized nanofluid thermal analysis in disk flow via
a critical statistical approach. Bakthavatchalam et al.”?
presented the enhanced thermal performances of nano-
materials with a combination of copper nanoparticles.
Jamshed et al.®! discussed the optimal nanofluid

by Adnan et al.”) Almarashi et al.”®) reported that the
cooling applications in the TEG module involved
a nanofluid model. Sajjad et al.'”! analyzed the CFD
aspects of nanofluid, and results were reported for heat
recovery systems. Rasheed et al.l'” focused on the
micropolar nanofluid properties in flexible configura-
tions, and modeling was further updated by using the
Cattaneo-Christov theory. Sarfraz and Khan!'!!
addressed the double diffusion investigation for nano-
fluid via an induced moving plate. Foukhari et al.!'*!
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evaluated the metal nanoparticles involvement in coax-
ial cylinder flow with heat flux. The solar energy appli-
cations based on nanofluid were studied by
Sheikholeslami and Khalili."®! Ghazanfari et al."! per-
formed the nanomaterial analysis for the twisted flow of
nanofluid, and the results were incorporated into heat
exchangers. Wakif et al.!**! conducted thermal measure-
ments on titanium dioxide nanoparticles by using ethy-
lene glycol as the base liquid and taking into account the
effects of blowing, Gangadhar et al."®) conducted a heat
transfer study on blood flow, including the interaction
of silver nanoparticles and the extra influence of entropy
production effects. Wakif et al.l'”! reported on the
examination of Sakiadis flow of nanofluid caused by
bidirectional surface. Zhang et al.l'® analyzed the
internally driven flow of nanofluid under the influence
of Stefan’s blowing limitations and radiated impact.
Khan et al.'! focused on studying the Casson nanofluid
in relation to the bioconvection phenomena in stretched
cylinder flow. Igbal et al.?®! conducted a theoretical
analysis of the partly driven flow of Eyring-Powell nano-
fluid containing a suspension of microorganisms. Khan
et al.?! forecasted the increase in heat transfer caused
by the flow of nanofluid in the presence of microorgan-
isms inside a spinning system. Khan et al.??! developed
the entropy generating devices in Casson nanofluid to
undergo leading edge ablation. Manjunatha et al.l**!
elucidated the function of ternary nanoparticles in aug-
menting the thermal efficiency of a base fluid caused by
a stretched surface. Madhu et al.**! observed the varia-
tions in temperature caused by the presence of Maxwell
nanofluid in an unsteady flow. Kotha et al.'**! have
specifically studied the influence of internal heat pro-
duction on the bioconvection effect in nanofluid flow.
Nonetheless, the complicated rheology of non-
Newtonian materials, diverse applications, and advan-
tages have been observed in industrial systems. Non-
Newtonian fluids play a crucial role in a wide range
of technical and industrial applications. Non-
Newtonian fluids play a significant role in the plastic
and chemical industries, particularly with regards to
fluids with varying molecular weights. The non-
Newtonian character is often noticed in many sub-
stances such as human blood, paints, pharmaceuticals,
nylon, and colloidal suspensions. The Reiner-Rivlin
model is a specific example of non-Newtonian mate-
rials that is closely linked to the idea of dilatancy.
The dilatancy idea is linked to the increase in volume
during the stirring phenomena. Different foods and
polymers obey the rheology of the Reiner-Rivlin
model. Furthermore, the behavior of various natural
as well as geological liquids is also accounted for in
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the Reiner-Rivlin model.?® Khan et al.*”) evaluated
the rheological aspects of the Reiner-Rivlin model
with optimized properties. Abhijith et al.'*® examined
the quadratic radiated impact of Reiner-Rivlin nano-
fluid following buoyancy-driven flow. Rehman et al.!*’!
studied the Jeffrey Hamel problem based on Reiner-
Rivlin nanofluid via the Keller Box approach.
Hiremath et al.®®) suggested the slip impact for
Reiner-Rivlin liquid with magnetic force association.
Razaq et al.’'! reported the mass flux investigation
while examining the heat transfer phenomenon due
to Reiner-Rivlin material. Puspanathan et al.’%
reported the shrinking flow of Reiner-Rivlin fluid.
Yasin et al.**! detected the slip and Hall contribu-
tions in Reiner-Rivlin fluid associated with the blood
flow. The enrollment of Darcy-Forchheimer applica-
tions for Reiner-Rivlin fluid due to stenosed artery
has been reported by Abdeljawad et al.**) Alsaedi
et al.’®! adopted the entropy generation features
while investigating the heat transfer due to Reiner-
Rivlin nanofluid flow.

According to the research survey mentioned above,
several studies have been conducted to improve the heat
transfer process by using nanofluids. However, there is
currently no demonstrated work that has analyzed the
bioconvective flow of Reiner-Rivlin nanofluid under the
consequences of thermal transmission. The objective of
this study is to investigate the bioconvective flow of
Reiner-Rivlin nanofluid under the influence of thermal
radiation. The elongated surface caused the movement
of the nanofluid. The current thermal model incorpo-
rates innovative components that have not been pre-
viously taken into account. For instance,

(i) The study examines the heat and mass
transfer caused by MHD Reiner-Rivlin
nanofluid in microbe suspensions.

(ii) The Cattaneo-Christov model is utilized to
simulate the issue, incorporating new ther-
mal relaxation and concentration relaxation
effects.

(iii) Both radiated impact and external heat genera-
tion are utilized.

(iv) The effects of chemical reactions and porous
media are maintained.

(v) To analyze the problem, convective bound-
ary conditions are employed.

(vi) The shooting approach is employed to
approximate the numerical solutions.

(vii) Engineering and industrial applications are
assessed based on the simplification of para-
meters in the physical realm.
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Mathematical and physical structure of the
proposed modeling

We are conducting a detailed analysis of the Reiner-
Rivlin nanofluid, specifically focusing on its laminar
behavior and two-dimensional flow. The assump-
tions of a steady flow are discussed. The presence
of microorganisms in suspension also enhances the
flow of nanofluids. A constant magnetic force is
present. Under the premise of lower magnetic
Reynolds numbers, we omitted the characteristics
of the induced magnetic force.®® The permeable
and extended surface facilitated the movement.
The Hall effects have been omitted based on the
premise that charged particles have a minimal
contribution.”
by two components namely u treated along x-axis

I The velocity function is specified

and v which is entertained in normal direction as
shown in Fig. 1. In the heat equation, the modifica-
tion is included via radiated impact and an external
heat source. The flow problem in a porous medium
for fluid flow is governed by thermal local equili-
brium, when the solid surface and the fluid inside
the microscopic holes achieve the same tempera-
ture. The Cattaneo-Christov model theory is used
to update the energy equation. The concentration
equation has been modeled with chemical reaction
interactions. The illustration of the problem is pre-
sented by the following set of PDEs*®*7%);

ou Ov

JOu L ou P 2 ou Pu_ Oudiu
ax oy Vo 0y Oxdy | 0x )2
_aeBéu_VﬂP*

Figure 1. Flow illustration of the problem.

du dC v aC
oc ~ ocC ua"a%j Vayaa;’ac
ua——i—va—y—HLz UG TV ax
+u2 gx? 2 8 z : + ZMV Bxay
9*C | Dy T
Ba—yz—f—aa—yz—kc(C—Cm)v (4)
8N+ 8N+b*w* 2 Na_(D
Ox dy AD |0y ady
*N Dy O°T

Nc’)_y2+§6—y2’ (5)
with v (kinematic viscosity), y, (Reiner-Rivlin fluid
coefficient), Py (density), o, (electrical conductivity),
¢, (porous medium), k. (permeability of porous
space), A; (thermal relaxation coefficient), «,, (ther-
mal diffusivity), T (temperature), o, (Stefan
Boltzmann constant), k* (Rosseland mean absorp-
tion), Q* (heat generation coefficient), I, (ratio of
nanoparticle heat capacitance to nanofluid), Dp

u, ) (Brownian diffusion), D7 (thermophoretic coeffi-
Py k. cient), A, (concentration relaxation coefficient), k.
Ju 0 v 0
aT T “o Y5 T3.0,\ T
vOT | . udT 16T7 o,
YotV th Wd"f’ oo - (“’" " 3(P6)fk*> oy
+u? Sl 4 V2 S+ 2uy 2 axay (3)
LQ(T-T) . [Dr (aT\}  DyacaT
(pcp) I | To \ Oy AC Oy Oy




(chemical reaction coefficient), C,, (ambient con-
centration), Dy (microbes density), b* (chemotaxis
constant) and w* (swimming cells speed).

The problem is addressed through analyzing the follow-
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with f= v‘f (Reiner-Rivlin  fluid parameter),
kp = ¢,vf/ck. (porosity parameter), Ha = /0.Bj/cp;

(Hartmann number), Rd = 4"kT

(radiation para-

ing flow conditions: meter), Nb = % (Brownian constant),
u=u,(x)=cx, v=0, —k%—T:hm(Tf—T), —DB%—}C}:km(Cf—C), N=N,aty=0, ©)
u—0, T—=Tyx, C—-Cx N—=Ny as y— oo,

where k (thermal conductivity), h,, (heat transfer coeffi-
cient) and k,, (mass transfer coefficient).

Utilizing  novel  similarity  variables  as
outlined:**3"!
u=cxf'(§), ¢ =

AC ) X(g) NOC ) )
9(5):TATx7V—_\/_f f \/'% :

where AT = Ty — Ty represents the characteristic tem-

perature while AC=C;—C, is characteristic

concentration.
Implementing variables (7) on Eqgs. (1-6) lead to:

f/// +ﬁ// _f/2 +2/3<f//2 _f/f///) _ (M+kp)f/ -0
(8)

— Pr 5T (ﬁ‘/e/ +f26//>
= 0,

)

¢" + Scf¢’ +—9” Sckrg — Scdc(ff'd’ + f*¢") =0

(10)

X' +Lbfy —Pe(@"(x + Q) +x¢')=0. (11
with

Nt = I1,DyAT/Txa,, (thermophoresis parameter),
Q=Q/ c(pcp) f (external heat source), 87 = A;c (ther-
mal relaxation constant), dc = A,c (concentration
relaxation constant), S¢c = «,,/Dp (Schmidt number),
kr :% (chemical reaction), Pe = b*w*/Dy (Peclet
number), Lb = as/Dy (bioconvective Lewis number),

hi = (hg/k)\/vf/c  (thermal = Biot  number)
hy = (km/Dm)+/vs/c (concentration Biot number),
Qs = (Nw - Noo)/Noo
coefficient).

Expressions for Nusselt number (Nu,), Sherwood
number (Sh,) and motile density number (Nnu,) in
dimensionless form:2®27°]

(microorganisms difference

1
Re, %3Sh, = —¢/(0), (13)

Numerical simulations

The specified issue is numerically evaluated using the shoot-
ing approach. The shooting strategy is predicated on the
transformation of higher order differential equations into
a first order system. This approach utilizes an iterative
procedure to refine and solve initial estimates until the result
satisfies the boundary requirements to a reasonable percen-
tage. The shooting approach is more efficient in handling
nonlinearities compared to other numerical systems. The
differential equations are converted into a first-order system
using the following transformation:

;/(0 =0, f(0) =1, #(0) = —=[1 = 6(0)], $'(0) = —ha[1 — $(0)], x(0) =1, } (12)
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f - \Plvfl == \P27fll - \P3vfl” - \I/3,7
0=VY,,0 =Y¥5,0" =95, =¥, ¢ =¥, o (14)
¢// — \P7/7X — WS;X’ — \P97XN — \119/-

WY+ - 28Y o+ (M4 k,) Y,
(1 —2BY,)

\113/ ) (15)

Vs =

Discussion

The illustration of physical phenomenon is visualized
with fluctuation of governed parameters. The problem
being modeled is based on theoretical flow constraints,
which result in the assignment of fixed numerical values

= Pr[¥\¥s + NbWsY; + Nt(¥s)” + Q¥s) + Pror (Y19, ¥s + ¥12Y)

;o —SC\Pl\P7 — ZI\%\IIS/ + SCKT’\P6 + SC@C\P1\P2\P7
7 — ’

(1 — Scdc¥1?)

(17)

\I’gl = —Lb\yl\l"g + P€(¢”(\P8 + .QS) + \Pg\y7). (18)

¥1(0) =0, ¥3(0) =1, ¥s5(0) = —hy[1 — ¥4(0)], ¥7(0) = —hy[1 — ¥(0)], ¥s(0) =1,
Wg(o0) — 0

¥,(00) — 0, Wy(oo) — 0, ¥s(oo)— 0,

Validation of results

The produced numerical data is compared with the
findings reported by Turkyilmazoglu*®! in Table 1.
Both investigations have reached an appropriate level
of agreement.

(a)

(14+4%Rd) — Pror¥y’ ’

(16)

to the related parameters, such as:[39-401 p=0.5
k, =0.4,Ha=05 Rd=0.2, Nb=03, Nt=0.2,
Q. =03, 6r=06 6c=04, Sc=02, kr=04,
Pe=0.6, Lb=0.2, h; = 0.5, h, = 0.3 and Q, = 0.5.
Fig. 2(a) demonstrating the visualization of velocity
rate f' by incorporating the effects of Reiner-Rivlin
fluid parameter . The increasing detection in profile
of f is exhibited under the variation of . The increasing

3=0.5,1.0,1.5,2.0

Figure 2. (a) Effects of B on f' (b) Effects of kp on ' (b).

} (19)

effects of B contributes low fluid resistance which
enhances the velocity in given regime. Figure 2(b)
describes the contribution of porosity coefficient k, on
f'. Lower truncation in f’ due to different range of k, is
executed. Such lower outcomes are physically announ-
cing due to less permeability of porous region.

(b)
I
0.8
0.6
N k=0.1,030509
04
02
0
0 2 4 6 8



Table 1. Comparison of numerical findings with investigation of
Turkyilmazoglu®® when k, = 8 = 0.

M Turkyilmazoglu®®® Present results
0 —1.000000 —1.000000
0.5 —1.22474487 —1.2247470

1 —1.41421356 -1.4142172
15 —1.58113883 —1.581147

Fig. 3(a) determining the insight investigation of
temperature profile 6 by increasing the role of Reiner-
Rivlin fluid parameter 8. An enhancement is preserved

()
0.7
0.6
0.5
0.4 6=0.1,0.5,1.0,1.5
R
0.3
0.2
0.1
0
0 1 2 3 4 B p
¢
(©

0 1 2 3 4 5 6 7
¢
©)
0.7
0.6
0.5
0.4 h,=0.2,0.6,08, 1.2
Y
0.3
0.2
0.1
0
0 1 2 3 4 5

Figure 3. Change in 6 due to (a) B (b) Rd (c) Qs (d) 8T (e) h1 (f) Nb.
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in profile of 8 due to larger 8. Such features are exam-
ined due to distinct fluid rheology. Fig. 3(b) contribut-
ing the justification for radiation parameter Rd on
behavior of 0. An increasing change in 0 is observed
for Rd. The radiation phenomenon is an external source
of heat enhancement due to electromagnetic waves. Fig.
3(c) utilizing the analysis for heat source Q; on 6. An up
leading change in 6 subject to Q; has been preserved.
The outcomes listed in Fig. 3(d) defining the role of
thermal relaxation coefficient dr on 6. Low impact is

(b)

Rd=0.1,0.5,0.9,1.3

§T=0A5, 1.5,2.0,2.5

0.8

Nb=0.2, 0.4, 0.6, 0.8

0 1 2 3 4 5 6
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associated to increasing values of §7 has been claimed.
Fig. 3(e) discussing the analysis for thermal Biot con-
stant h; on 0. The improved rate of heat transfer is
announced due to h;. These enhanced results are due
to relation of h; with heat transfer coefficient. Fig. 3(f)
announced that heat transfer is increasing due to
Brownian parameter Nb. The Brownian parameter
describes the random fluid motion.

Fig. 4(a) predicts the change in concentration profile
@ by enlarging f3. The rate of concentration is increasing

(@)

0.8

0.6
0=0.2,0.5,1.0, 1.5

©

0.4
0.2

0

0 1 2 3 4 5 6
¢
(©)

0.6
0.5
0.4 Sc=0.2,0.4, 0.6, 0.8

gradually under the dynamic values of . Fig. 4(b) con-
veying the analysis for ¢ with effective values of reaction
constant kr. Less analysis in profile of ¢ due to kr is
observed. Fig. 4(c) disclosing the prediction of ¢ against
Schmidt number Sc. With enhancing Sc, less mass dif-
fusivity resulted which declined the concentration. Fig.
4(d) convincing the results for different values of con-
centration relaxation constant §c. Fig. 4(e) attributes the
concentration enhances for concentration for concen-
tration Biot number h,.

(b)

12

kr=0.2, 0.4, 0.6, 0.8

0 1 2 3 4 5 6
€
(d)
0.8
0.6 4,=02,04,0.6,0.8

(®

h,=0.2,04,0.6,0.8

Figure 4. Change in 6 due to (a) B (b) kr (c) Sc (d) 6C (e) h2.



Fig. 5(a) prescribed the features of Peclet number
Pe on microorganisms’ profile y. It is examined that
x reduces for Pe. In fact, changing Pe leading to less
motile density which resulting slow rate of microor-
ganism’s field. Fig. 5(b) suggested that y reduces for
bioconvective Lewis constant. Fig. 5(c) presents the
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prominent role of  on y. An up rise determination
of y is revealed for increasing f.

Table 2 prescribed the results for illustrating Nusselt
number, Sherwood number and motile density number by
varying different coefficients. These quantities decrease for
B and k, and M. Large variation is noted for Pr and d7.

(a) (b)
1 1
0.8 0.8
0.6 0.6
Pe=0.1,0.5,0.8,1.2 Lb=0.2,0.4,0.8,1.2
= =
0.4 04
0.2 o
p =
0
0 I 2 3 4 , : y
13
I3
(©
i
0.8
0.6 3=0.2,0.4,0.6,0.8
=
0.4
0.2
0 —ee
0 I 2 3
¢
Figure 5. (a) Effects of Pe on ¥ (b) Effects of Lb on x (c) Effects of B on .
Table 2. Numerical impact of parameters on NuyRe, °~, ShRe,** and Nn,Re,*>.
B ky 67 M Pr NuyRe, ®* ShyRe, ** NnyRe, °*
0.1 0.377464 0.331484 0.277533
03 0.340433 0317857 0.260215
0.5 0323215 0.290159 0.248548
0.2 03 0.415642 0.322243 0.251776
0.7 0.384657 0.313326 0.243023
13 0.364123 0.283028 0.227851
0.5 0422557 0.358934 0.291020
0.9 0.457852 0.367845 0.317858
1.3 0.499658 0.381563 0.337482
03 0.403204 0.320148 0.295213
0.5 0.387858 0.317808 0.257857
0.9 0.371028 0.271470 0.220213
0.1 0414474 0.333350 0.277855
03 0.459872 0.373243 0.283363
0.7 0.486545 0.391596 0.339657
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Conclusions

We have theoretically investigated the bioconvective
aspects of Reiner-Rivlin fluid with the incorporation of
an external heating source and chemical reaction fea-
tures. It is strongly encouraged to include Cattaneo-
Christov expressions into heat equations. The solution
is obtained by the use of the shooting approach. Physical
outcomes are analyzed by assessing changes in para-
meters. Here are some noteworthy findings:

The velocity profile demonstrates the Reiner-Rivlin
fluid parameter’s growing impact.

The velocity profile decreased because of the por-
osity parameter.

The Reiner-Rivlin fluid parameter and the addition
of an external heat source both contribute to an
increased rate of heat transmission.

When the thermal relaxation constant is greater,
there is a reduction in the change of the thermal
profile.

The concentration field diminishes as the chemical
reaction parameter and concentration relaxation
constant decrease.

The thermal Biot number enhances the tempera-
ture field, whereas the concentration Biot number
enhances the concentration field.

When the bioconvective Lewis number is low, the
profile of the microbe drops, but it remains con-
stant for Reiner-Rivlin fluid.

Nomenclature

v kinematic viscosity

Y, Reiner-Rivlin fluid coefficient

Py density

o, electrical conductivity

0, porous medium

k. permeability of porous space

M thermal relaxation coefficient

A thermal diffusivity

T temperature

o, Stefan Boltzmann

k* Rosseland mean absorption

Q heat generation coefficient

II, ratio of nanoparticle heat capacitance to
nanofluid

Dg Brownian diffusion

Dy thermophoretic coefficient

A concentration relaxation coefficient

k. chemical reaction coefficient

Cyo ambient concentration

Dy microbes density

b* chemotaxis constant

w swimming cells speed

k thermal conductivity

heat transfer coefficient

mass transfer coefficient
Reiner-Rivlin fluid parameter
porosity parameter
Hartmann number

radiation parameter
Brownian constant
thermophoresis parameter
external heat source

thermal relaxation constant
concentration relaxation constant
Schmidt number

chemical reaction

Peclet number

bioconvective Lewis number
thermal Biot number
concentration Biot number
microorganisms difference coefficient
Nusselt number

Sherwood number

motile density number
characteristic temperature
characteristic concentration.
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