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Abstract The thermal nanofluids have garnered widespread attention for their use
in multiple thermal systems, including heating processes, sustainable energy, and nuclear
reactions. Research on nanofluids has revealed that the thermal efficiencies of such ma-
terials are adversely affected by various thermal features. The purpose of the current
work is to demonstrate the thermal analysis of Jeffrey nanofluids with the suspension of
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microorganisms in the presence of variable thermal sources. The variable effects of ther-
mal conductivity, Brownian diffusivity, and motile density are utilized. The investigated
model also reveals the contributions of radiation phenomena and chemical reactions. A
porous, saturated, moving surface with a suction phenomenon promotes flow. The mod-
eling of the problem is based on the implementation of the Cattaneo-Christov approach.
The convective thermal constraints are used to promote the heat transfer features. A
simplified form of the governing model is treated with the assistance of a shooting tech-
nique. The physical effects of different parameters for the problem are presented. The
current problem justifies its applications in heat transfer, coating processes, heat exchang-
ers, cooling systems in microelectronics, solar systems, chemical processes, etc.

Key words Jeffrey nanofluid, bioconvection effect, variable thermal consequence, chem-
ical reaction, numerical simulation
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Nomenclature

u, v, velocity components;
x, y, coordinate axes, m;
Λe, electrical conductivity;
ν, kinematic viscosity, m2/s;
Tf , convective temperature, K;
Cw, surface concentration, kg/m3;
ρf , density, kg/m3;
T∞, free stream temperature, K;
DB, Brownian diffusion, m2/s;
C∞, ambient concentration, kg/m3;
T∞, ambient temperature, K;
λ, relaxation to retardation time ratio;
DT, thermophoresis coefficient;
λ1, retardation constant;
k(T ), thermal conductivity;
α1, variable thermal conductivity factor;
k∗, permeability of porous space;
Φ, porous medium;
τ , ratio among heat capacities;
Λ∗, maximum speed for swimming cell;
κc, reactive species coefficient;
Ω1, thermal relaxation coefficient;
Ω, absorption coefficient;
~, heat transfer;
κϑ, reaction coefficient;
Ξ, Stefan Boltzmann constant;

ϑ∗, chemotaxis constant;
α3, variable motile diffusivity factor;
Ω2, concentration relaxation coefficient;
α2, variable mass diffusivity coefficient;
Sw, surface motile density;
DS(S), variable motile diffusivity;
S∞, motile density at free stream;
β, Deborah number;
Pe, Peclet number;
ωa, thermal relaxation parameter;
H, Hartmann number;
γp, porosity constant;
kr, reaction constant;
Rd, radiation parameter;
Bi, Biot number;
Pr, Prandtl number;
Nb, Brownian constant;
Nt, thermophoresis parameter;
ωb, concentration relaxation parameter;
Sc, Schmidt number;
Lb, bioconvective Lewis number;
δ, suction constant;
Nu, Nusselt coefficient;
Sh, Sherwood coefficient;
Nn, motile density number.

1 Introduction

Heat transfer is essential for various engineering processes and industrial systems. The
vital role of heat transfer is exhibited in thermal processes, cooling systems, and the design of
various electronic products. In energy systems, effective heat transfer is necessary to optimize
the thermal efficiency of power systems, renewable energy devices, minimizing the energy cost
and heating, ventilation, air conditioning (HVAC) system. Applications of heat transfer include
heavy machinery, engine cooling, chemical reactors, and control systems. Various studies have
aimed to describe heat transfer in different configurations. Wang et al.[1] observed the massive
transport of heat transfer subject to vibration-induced systems. Wu et al.[2] conducted the
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heat transfer analysis of rough surfaces subjected to horizontal vibrations. Huang et al.[3]

addressed the vibro-convective turbulence phenomenon in microgravity applications. Wu et
al.[4] investigated the heat transfer associated with thermal turbulence under the constraints of
high Rayleigh numbers. Hsiao[5] evaluated the pivotal role of heat transfer in thermal extrusion
systems under the flow of Maxwell fluids.

Leveraging their peak thermal outcomes and more stable heat fluctuation properties, re-
searchers have continuously targeted different applications of nanofluids in diverse engineering
and industrial fields. Recent advances in thermal engineering confirmed the applicability of
nanofluids in different energy systems, chemical processes, thermal management recovery, cool-
ing applications, solar energy, etc. A nanofluid represents a special decomposition between
the base materials and metallic particles. The primary objective of this decomposition is to
improve the thermal capacitance of base fluids. Nanofluids exhibit unique thermal mechanisms
and properties, such as nanoparticle volume fraction, specific heat, buoyancy forces, and density.
Nanofluids are highly promising for optimizing heat transfer and improving energy production.
Recent studies indicated a wide range of research on this topic. Hsiao[6] addressed the signifi-
cance of heat transfer in manufacturing processes with the application of Carreau nanofluids.
Optimized results were proposed with the help of a parameter control approach. Hsiao[7] in-
vestigated nanofluids with slip boundary conditions. In another analysis, Hsiao[8] considered
the role of viscous dissipation in micropolar nanofluid flow subject to novel multimedia fea-
tures. Nazir et al.[9] studied nanofluid thermal interference owing to nanofluids in triangular
cavity flow in the presence of a radiative framework. Bilal et al.[10] utilized the heat transfer
visualization of the nanofluid flow by incorporating a modified transport model. Rahman et
al.[11] investigated the thermal recruitment of iron oxide and titanium oxide nanoparticles for
rotating disk flow. Zaheer et al.[12] proposed the buoyancy driven flow of nanofluids according
to stagnation point analyses. Islam et al.[13] reported the vertically driven nanofluid flow with
double diffusion prediction. Haider et al.[14] summarized observations of nanofluids for peri-
stalsis flow subject to blood flow in the human body. Ramasekhar and Jawad[15] addressed the
thermos-diffusion features of water-based nanofluids via a moving wedge. Carbon nanotubes
(CNTs) and copper nanoparticles were used to analyze their thermal significance. Al Arni et
al.[16] examined the transportation of nanofluids for oscillating flow caused by the interference
of slip effects. Elboughdiri et al.[17] conducted an investigation of nanofluids in a chemically
reactive flow associated with multi-sinusoidal passages. Li et al.[18] performed a communication
to analyze heat transfer subject to the rotating disk flow of Maxwell nanofluids in porous media.
Sahoo et al.[19] considered the Binary chemical reaction flow in an inclined channel contain-
ing nanomaterials. Mishra et al.[20] determined the role of different temperature constraints
on nanofluid flow involving vibratory motion. Rezaee[21] reported the impact of nanofluids in
order to describe the heat management of the Jeffrey Hamel flow. Mahitha et al.[22] visualized
the upright flow of nanofluids using the fractional model.

The collective movement of self-organized microorganisms in nanofluids is described by bio-
convection phenomena. Heat and mass transfer can be significantly influenced by bioconvec-
tion. Nanoparticles interact with microorganisms (bacteria and algae), which can swim upward.
Such upward movement is associated with chemotaxis or phototaxis, leading to form a density
gradient. The bioconvection phenomenon is preferred for improving the thermal stability of
nanofluids. Bioconvection applications are realized in bio-reactors, enzymes, bio-heat systems,
microbial fuel cells, etc. Waqas et al.[23] provided an insight into bioconvection while discussing
the Jeffrey nanofluids in the presence of a magnetic dipole. Puneeth et al.[24] described the
interactions of microorganisms in the Ree-Eyring nanofluid flow with the support of a the-
oretical model. Iqbal et al.[25] predicted the ionized flow of nanofluids by investigating the
significant impact of bioconvection. Shamshuddin et al.[26] analyzed the bioconvective frame-
work for the thermally depicted flow of nanofluids. Yu et al.[27] visualized the bioconvective
prediction of jet flow driven by nanofluids. Abbas et al.[28] demonstrated the achievement of
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stability via the suspension of microorganisms and nanofluids. Gasmi et al.[29] proposed the
two-phase nanofluid flow with motile microorganisms. Jawad et al.[30] analyzed the detection
of heat transfer using Casson nanofluids in the presence of microorganisms. Hussain et al.[31]

developed a mathematical model for the micropolar nanofluid flow influenced by eukaryotic
microbes. Rashed et al.[32] studied the permeable bioconvective flow in hybrid nanofluids using
a numerical approach. Khan et al.[33] utilized the suction effects in the bioconvective flow of
nanofluids with porous media.

This study conducts a bioconvective analysis of Jeffrey nanofluids subject to variable thermal
properties, and investigates the porous saturated flow of Jeffrey nanofluids with mass suction
effects. The analysis is performed under the consideration of variable thermal conductivity,
Brownian diffusivity, and motile diffusivity. The key chemical reactions and thermal radiation
features are elucidated. The upgraded model for the thermos-diffusion phenomenon (Cattaneo-
Christov) is used to model the problem. A shooting scheme is used to complete the numerical
task. A physical visualization of the results is presented for all the parameters involved.

2 Mathematical model

To elaborate the bioconvective aspects of Jeffrey nanofluids, a two-dimensional (2D) flow on
a stretching surface with a porous medium is assumed. The suspension of microorganisms is
considered to elaborate the bioconvection interpretation. The flow is laminar and incompress-
ible. Suction effectiveness is also utilized. In the Cartesian frame, the velocity components are
expressed with u and v along the surface and in the normal direction, respectively. The fluctu-
ation in fluid movement is subject to the jerking of a flat plate with the velocity uw(x) = ax,
where a is the stretching rate. The flow problem is illustrated in Fig. 1. The effects of the
magnetic force are implemented with the magnetic force strength B0. Variable effects are as-
sociated with the fluid thermal conductivity, motile density, and Brownian diffusivity. The
radiated effects and chemical reaction features are included in the energy and concentration
equations, respectively. The upgradation of the problem is subject to the implementation of
the Cattaneo-Christov theory. The illustration of the problem is justified by the following
modeled equations:
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Fig. 1 Description of the flow problem (color online)

Define the variable relationships for k(T ), DB(C), and DS(S) as follows:

k(T ) = K∞
(
1 + α1

( T − T∞
Tf − T∞

))
, (6)

DB(C) = DB0

(
1 + α2

( C − C∞
Cw − C∞

))
, (7)

DS(S) = DS0

(
1 + α3

( S − S∞
Sw − S∞

))
. (8)

The problem involves the following boundary conditions:




u = uw = ax, v = −vw, −k(T )
∂T

∂y
= ~(Tf − T ), C = Cw, S = Sw at y = 0,

u → 0, T → T∞, C → C∞, S → S∞ as y →∞.

(9)

In the above equations, λ is the relaxation to retardation time ratio, DT is the thermophoresis
coefficient, Cw is the surface concentration, and λ1 is the retardation constant. Tf is the
convective temperature, Λe is the electrical conductivity, and ρf is the density. T∞ is the
free stream temperature, k(T ) is the thermal conductivity, and α1 is the variable thermal
conductivity factor. k∗ denotes the permeability of the porous space, Φ represents the porous
medium, and τ is the ratio of the heat capacities. DB is the Brownian diffusion, Λ∗ is the
maximum speed for swimming cell, and C∞ is the ambient concentration. κc is the reactive
species coefficient, T∞ is the ambient temperature, Ω1 is the thermal relaxation coefficient, and
Ω is the absorption coefficient. ~ is the heat transfer, κϑ is the reaction coefficient, Ξ is the
Stefan Boltzmann constant, and ϑ∗ is the chemotaxis constant. Ω is the absorption coefficient,
α3 is the variable motile diffusivity factor, and Ω2 is the concentration relaxation coefficient.
α2 is the variable mass diffusivity coefficient, Sw denotes the surface motile density, DS(S) is
the variable motile diffusivity, and S∞ is the free-stream motile density.

The problem can be simplified, with the interaction of the following new variables:




v = −√aνf(ξ), u = axf ′(ξ), ξ =
√

a

ν
y, θ(ξ) =

T − T∞
Tf − T∞

,

φ(ξ) =
C − C∞
Cw − C∞

, P (ξ) =
S − S∞
Sw − S∞

.

(10)

The newly formulated system is as follows:

f ′′′ + β(f ′′2 − ff ′′′′)− (1 + λ)(f ′2 − ff ′′)− (H + γp)(1 + λ)f ′ = 0,

(1 + α1θ + Rd)θ′′ + α1(θ′)2 + Pr(fθ′ + Ntθ
′2)

+ PrNb(1 + λ1φ(ξ))θ′φ′ − Prωa(f2θ′′ + ff ′θ′) = 0, (11)
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(1 + α2φ)φ′′ − Scωb(ff ′φ′ + f2φ′′) + Scfφ′ − krScφ + α2φ
′2 +

Nt

Nb
θ′′ = 0, (12)

(1 + α3P )P ′′ + α3P
′2 − Pe((P + Γ)φ′′ + P ′φ′) + LbfP ′ = 0. (13)

The simplified boundary conditions are




f(0) = δ, f ′(0) = 0, θ′(0) = −Bi
( 1− θ(0)

1 + λ1θ(0)

)
, φ(0) = 0, P (0) = 1,

f ′(∞) → 0, θ(∞) → 0, φ(∞) → 0, P (∞) → 0,

(14)

where β = λ1b (Deborah number), Pe = ϑ∗Λ∗/DΓ0 (Peclet number), and ωa = Ωaa (ther-
mal relaxation parameter). H = ΛeB

2
0/(ρfb) (Hartmann number), γp = νΦ/(k∗p) (porosity

constant), and kr = κϑ/a (reaction constant). Rd = 16ΞT 3
∞/(3kΩ) (radiation parameter),

Bi = (~/k)
√

ν/a (Biot number), and Pr = µcp/k∞ (Prandtl number). Nb = τDB0C∞/ν
(Brownian constant), and Nt = τDT(Tf − T∞)/(T∞ν) (thermophoresis parameter). ωb = Ωba
(concentration relaxation parameter), Sc = ν/DB (Schmidt number), Lb = νf/DΓ0 (bioconvec-
tive Lewis number), and δ = vw/

√
νa (suction constant).

The Nusselt coefficient, Sherwood coefficient, and motile density number are




NuRe−0.5
x = −(1 + α1θ

′(0) + Rd)θ′(0),

ShRe−0.5
x = −(1 + α2φ(0))φ′(0),

NnRe−0.5
x = −(1 + α3χ(0))P ′(0).

(15)

3 Numerical computations

Before analyzing the physical description of the problem, the formulated model is solved
numerically. For computation, the shooting numerical scheme is used. The choice of the
shooting scheme is based on favorable accuracy. To implement the numerical algorithm, a
first-order system is developed with the following equations:


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G2(∞) → 0, G5(∞) → 0, G7(∞) → 0, G9(∞) → 0. (22)
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4 Validation of results

The validation of the numerical simulations is important for determining the solution accu-
racy. The results are validated under the limiting case in Table 1 based on the investigation by
Turkyilmazoglu[34]. A favorable solution accuracy can be observed.

Table 1 Comparison of current results for f ′′(0) when β = γp = 0

H Turkyilmazoglu[34] Present result

0.5 −1.224 744 87 −1.224 744 89
1 −1.414 213 56 −1.414 213 57

1.5 −1.581 138 83 −1.581 138 83
2 −1.732 050 81 −1.732 050 84

5 Analysis of results

In this section, we predict the physical contributions of the involved parameters to inves-
tigate the velocity profile f ′, temperature profile θ, concentration field φ, and microorganisms
profile P . Figure 2(a) shows the velocity profile f ′ under diverse variations in the Deborah
number β. A reduction in f ′ is predicted with increasing β. The Deborah number is important
in characterizing the rheology of non-Newtonian materials. The Deborah number is associ-
ated with fluid deformation, in which the particles take time to retain their original positions.
Moreover, the Deborah number predicts the viscous, solid, and viscoelastic characteristics of
non-Newtonian fluids. Figure 2(b) evaluates the significance of the retardation parameter λ.
An increasing response of f ′ against upgraded values of λ is exhibited. The retardation fluid
parameter denotes the fluid resistance in terms of deformation rate. Figure 2(c) shows the
fluctuation of f ′ due to the suction parameter δ. Owing to suction, the velocity is reduced
within the given domain. Such a decrement in f ′ is associated with the loss of fluids due to
suction phenomena. The evaluation of f ′ by varying the porosity parameter γp is examined in
Fig. 2(d). The executed response indicates a gradual decrease in f ′ with γp. Physically, this
decreasing variation is associated with the presence of permeability in the porous regime.

Figure 3(a) shows the impact of the variable thermal conductivity coefficient α1 on the
temperature profile θ. The temperature profile θ increases with an increase in α1. Figure 3(b)
shows the trend of θ with respect to the boosted effects of the retardation parameter. A slower
variation is seen in the profile of θ for λ. Figure 3(c) displays θ upon increasing the suction
parameter δ. The change in δ leads to increasing effects on θ. The results shown in Fig. 3(d)
analyze the change in the profile of θ subject to larger values of the porosity parameter γp. The
porous media help increase the heat transfer. Such observations demonstrate key applications
in petroleum engineering. Figure 3(e) shows the influence of thermal relaxation number ωa on
θ. A reduction is detected in θ for a peak range of ωa. Figure 3(f) shows the important features
of the thermophoresis parameter Nt on θ. As expected, increasing diversion is observed for θ
owing to Nt.

Figures 4(a)–4(e) show the physical visualizations of the concentration profile φ with in-
creasing the Deborah number β, concentration relaxation parameter ωb, variable Brownian
diffusivity coefficient α2, suction parameter δ, and chemical reaction constant kr. The changes
in φ with various values of the Deborah number β are pronounced in Fig. 4(a). The increasing
trend of φ due to β is displayed. Figure 4(b) shows the physical aspects of φ by incorporating
the role of the concentration relaxation parameter ωb. The concentration field is compressed
due to ωb. The variation in the variable Brownian diffusivity coefficient α2 in the profile of
φ is shown in Fig. 4(c). The consideration of the variable Brownian diffusivity leads to the
enhancement of φ. Figure 4(d) displays the results of the concentration phenomenon to assess
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Fig. 3 Investigation of θ due to changes in (a) α1, (b) λ, (c) δ, (d) γp, (e) ωa, and (f) Nt (color
online)

the effects of the suction parameter δ. The concentration is enhanced for larger values of δ.
Figure 4(e) shows the analysis of φ with increasing the chemical reaction parameter kr. With
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Fig. 4 Investigation of φ due to changes in (a) β, (b) ωb, (c) α2, (d) δ, and (e) kr (color online)

effective values of kr, a reduction in φ can be seen.
Figures 5(a)–5(c) show the insight inspired aspects of bioconvective phenomena by pre-

senting the effects of various parameters on the microorganism profile P . The observations
summarized in Fig. 5(a) comprise the role of Peclet number Pe on the microorganisms profile
P . A declining role of Pe is reported for the microorganisms profile. Such outcomes are phys-
ically associated with a low motile diffusivity. Figure 5(b) shows that P gets improved with
increasing the Deborah number β. The microorganism profile is enhanced for β. The influence
of the variable motile diffusivity coefficient α3 on P is shown in Fig. 5(c). By increasing α3, the
microorganism profile is boosted.
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Fig. 5 Investigation of P due to changes in (a) Pe, (b) β, and (c) α3 (color online)

Table 2 presents the numerical simulation results for the analyses of the Nusselt number,
Sherwood number, and motile density number. The numerical results show that these quanti-
ties decrease with the porosity parameter γp, suction parameter δ, and Hartmann number H.
Furthermore, the changes in the Prandtl number Pr and the retardation parameter λ lead to
the improvement in these engineering quantities.
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Table 2 Analysis for Nusselt number, Sherwood number, and motile density number

H γp δ Pr λ
Nusselt
number

Sherwood
number

Motile density
number

0.2 0.1 0.3 0.3 0.5 0.827 41 0.662 44 0.556 43
0.4 0.1 0.3 0.3 0.5 0.776 23 0.650 64 0.533 13
0.6 0.1 0.3 0.3 0.5 0.728 54 0.632 33 0.526 45
0.6 0.4 0.3 0.3 0.5 0.789 51 0.625 43 0.590 53
0.6 0.8 0.3 0.3 0.5 0.777 53 0.575 36 0.574 67
0.6 1.4 0.3 0.3 0.5 0.752 68 0.530 54 0.567 85
0.6 1.4 0.2 0.3 0.5 0.838 90 0.645 34 0.544 50
0.6 1.4 0.6 0.3 0.5 0.810 15 0.626 75 0.523 38
0.6 1.4 1.0 0.3 0.5 0.789 37 0.597 51 0.487 42
0.6 1.4 1.0 0.2 0.5 0.885 32 0.572 33 0.569 85
0.6 1.4 1.0 0.4 0.5 0.935 32 0.588 87 0.597 69
0.6 1.4 1.0 0.6 0.5 0.993 34 0.616 87 0.619 51
0.6 1.4 1.0 0.6 0.4 0.809 73 0.694 47 0.607 53
0.6 1.4 1.0 0.6 1.0 0.775 32 0.716 87 0.622 48
0.6 1.4 1.0 0.6 1.6 0.740 37 0.737 41 0.653 21

6 Conclusions

The conclusions are drawn as follows.
(i) An upgraded velocity profile is observed owing to the variations in the retardation pa-

rameter.
(ii) The consideration of suction effects and saturated porous media leads to decreased

velocities.
(iii) The temperature profile increases with increasing the variable thermal conductivity.
(iv) With dominant values of suction constant and thermophoresis parameter, larger heat

transfer effects are observed.
(v) The temperature profile reduces with the thermal relaxation parameter.
(vi) The Deborah number and suction parameter have an increasing effect on the concen-

tration profile.
(vii) The higher estimations of variable Brownian diffusivity lead to a decrease in the con-

centration profile.
(viii) The microorganism profile is enhanced when the variable motile diffusivity coefficient

and the Deborah number increase.
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