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ABSTRACT

This study investigates two-dimensional flow of bio-convective Maxwell
nanofluid over a stretching sheet in the influence of motile microorganisms.
Furthermore, the impact of thermal radiation and exponential space-based
heat sources have been analyzed. The results showed that magnetic, Darcy—
Forchheimer, Deborah and inertia parameters significantly suppressed the
velocity field while modifying thermal and concentration boundary-layer
thicknesses. Brownian motion and thermophoretic effects enhanced
temperature and nanoparticle concentration, whereas bioconvective
parameters strongly regulated microorganism density and associated bio-
convective patterns. Applications of the current research study include
model oil reservoirs, solar energy technology, re-entry of spacecraft,
electrical power generation, cosmological flows, chemical engineering, air
and water management systems, industrial zones, human blood flow,
bioindustrial systems, environmental sciences and power generating
systems, efc.

Keywords: bioconvection, Darcy—Forchheimer, exponential space-based,
Lorentz Forces, Maxwell nanofluid

Highlights

e This study shed-light on how a Maxwell nanofluid with motile
microorganisms flows and transfers heat over a stretching sheet under
magnetic and Darcy—Forchheimer effects

o Key parameters like magnetic field, radiation, Brownian motion,
thermophoresis, and bio-convection numbers are shown to control
velocity, temperature, nanoparticle concentration, and microorganism
distribution in the fluid
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e The results provide guidance for designing thermal and flow systems in
applications specifically but not limited to oil reservoirs, energy
devices, environmental and bio-industrial processes

1. INTRODUCTION

A substance is said to be fluid if it continuously flows or deforms, when
subjected to tangential stress or an outsider force. In a wide range of
scientific, technical, and medicinal applications, fluid flows are crucial
research topics. Numerous effects of fluid flow caused by stretched surfaces
moving are felt throughout the physical universe. Such a study considers
the thermal stability of chemical reactors as well as the project of thermal
sub systems for use in condensers, centrifuges, separation systems,
reservoirs, heat converters, cooling generating devices, and heat tubes.
Nanofluids are made by mixing nanomaterials in common transporter
liquids like ethylene glycol, argon, or oil. Since nanofluids are becoming
more and more valuable in a variety of sectors, including sophisticated
nuclear systems and nano-drug delivery, many researchers have employed
them widely. These fluids also cool various heat transmission appliances,
such as heat transformers and electronic freezing systems. Many researchers
are attracted to convective nanofluid heat transfer flow because it has
applications in almost every area of engineering and research. These include
enhancing the electrical properties of lubricants with diamond and silica
nanomaterials, using liquids with nanoparticles to involve light in solar
panels, and using zinc and titanium oxide particles' antibacterial capabilities
in biomedical production uses.

Akinshilo et al. [1] investigated the thermal examination for sodium
alginate radiative nanoliquid flow. The earliest uses of nanofluids include
medication administration, microelectronic fuel cells, oil recovery,
lubrication, electronic cooling systems, and magnetic cell splitting,
according to Jakati et al. [2]. Yusuf et al.’s [3] investigation of the effects
of MHD and bioconvection, along with entropy optimization, took into
consideration Williamson nanofluid employing the tilted surface inhabited
by gyrotactic microorganisms. The nanofluid across a sheet that is not
linearly expanding was explained by Hady et al. [4]. Slip flow and radiative
heat transition over nanofluids were investigated by Souayeh et al. [5]. The
effects of radiative heat flux on Maxwell nanoliquid flow over a spiraling
disk that has had a chemical reaction were examined by Ahmed et al. [6].
The MHD Maxwell fluid flow with nanoparticles by rapidly increasing
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surface is calculated by Farooq et al. [7]. In permeable media, squeezed
flow and the heat transmission features of nanofluid flow were explored by
Mahmood et al. [8]. To improve bioconvection in the creation of continuous
models, Pedley et al. [9] suspended gyrotactic microorganisms. Rashad et
al. [10] recently characterized the steady mixed convection boundary layer
movement as taking place in a stream that is traveling vertically upward and
embedded in porous material that is occupied with a nanoliquid in order to
deal with thermal convective boundary condition. The flow and radiative
heat transmission of a nanoliquid across a stretched sheet with temperature
spike and velocity slip in porous media were covered by Zheng et al. [11].
Aziz et al. [12] calculated the result for a 3-D viscous nanoliquid flow via a
spinning disk. Professionals in several disciplines of research are interested
in the issue since rotational form flow has numerous applications in many
different fields.

Heat transfer rates influenced by radiation are essential for the
manufacturing of nuclear power plants, gas turbines, airplanes, satellites,
missiles, spacecraft, and other large-scale industrial components. Many
researchers are involved in learning more about the possessions of the
magnetic field because of the various applications it has in the blood flow,
electrical furnace, nuclear reactors, turbo equipment, installation of nuclear
accelerators, and many other areas. In addition, solar energy technology,
space vehicle re-entry, electrical power production, cosmological flows,
and other engineering areas benefit from the heat transformation
investigation of boundary layer flows with radiation. It is now possible to
access the substantial literature on flows in the existence of radiation
impacts. Chu et al. [13] studied radiative heat flow and Cattaneo-Christov
heat flow on Maxwell nanofluid across a cylinder. The effects of Newtonian
warming system and slide on Maxwell fluid with natural convection were
investigated by Zhang et al. [14]. They used the Laplace transform to help
them calculate analytical solutions. When heat radiation and viscous
dissipation were present, Lund et al. [ 15] examined the dynamics of a hybrid
nanoliquid flow over a stretched surface and discovered two categories of
solutions. Wakif et al. [ 16] carried out the numerical solution of an unsteady
Couette nanofluid flow under the impact of heat radiation. The irregular
magnetohydrodynamic natural convection transformation of mass and
temperature across a porous media sheet under the influence of thermal
radiation and thermo-diffusion significances was investigated by Sharma et
al. [17] using the Laplace transform approach.
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Shafiq et al. [18] explored the flow of a third-grade nanofluid across an
overextended cylinder. Abbas et al. [19] deliberated the influence of the slip
conditions on the micro polar hybrid nanofluid flowing through the Riga
channel. Nanofluid applications in a cubical enclosure with magnetic force
were covered by Kolsi et al. [20] in their examination. By following heat
transfer, Darcy-Forchheimer flow, and viscous dissipation, Sheikhsolami et
al. [21] investigated the outcomes of magnetic field-assisted nanofluid and
thermal transmission. Reiner-Philip fluid was investigated by Kumar et al.
[22]. These subjects were the focus of Tlili et al.'s [23] study on Williamson
nanoliquid and physical features of double chemical reactions with MHD
linked with Darcy-Forchheimer, and entropy generation on a non-linearly
stretched medium. The Darcy-Forchheimer flow via a changing thicker disc
with entropy production was observed by Khan et al. [24] using a second
order velocity slip. Khan et al. [25] studied the effects of entropy analysis,
viscosity dissipation, and Joule heating while addressing the Darcy-
Forchheimer flow of CNTs across a curved stretched sheet.

The term "bioconvection" refers to the macroscopic convective
movement of a fluid driven by the coordinated collective swimming of
microorganisms and controlled by the density difference. Now a days,
microorganisms found in nanofluid are a fascinating study tool. The process
of bioconvection, which is used in the production of pharmaceuticals,
sedimentary waterways, microfluidic devices, lubrication things,
hydrodynamics systems, polymer manufacturing, hydrodynamics
fabrication, and microbial improved oil recovery, produces microorganisms
that result in a density gradient in a fluid. The bioconvection is caused by
the erratically moving, more massive than liquid, motile microorganisms.
Bacteria and microorganisms with dense stratification and thick coatings on
top of the base fluid may become unstable because of unchecked expansion.
Due to the motion, many bioconvection processes are investigated,
including mixed convection, in which motile microorganisms initiate the
flow network by transferring cells and oxygen from the top of the liquid to
the bottom. Additionally, mixed convection and other management methods
make use of these bacteria. They are used in biotechnology, biofuels,
biosensor enzymes, fertilizers, and biomass. For many investigators, the
bioconvection difficulties for the suspension of solid particles was a hot
topic. Bioconvection is the mechanism through which suspensions of living
microorganisms that are heavier than water, swim upward. Bioconvection
describes the random movement of bacteria in single-celled or even
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occasionally colony-like arrangements. The buoyancy of the fluid
dramatically rises because of the gyrotactic bacteria upstream. Rao et al.
[26] investigated the heat and mass transfer rates for the time-independent
hydrodynamic bioconvection in a standard nanofluid flow. Raees et al. [27]
gave the example in connection with mass and heat transport in gravity-
driven bioconvection.

Narsimulu et al. [28] investigated the numerical method to MHD
Carreau fluid channel in order to enable bulk bioconvection transmission
across a non-linear expanding region. Koriko et al. [29] generated a stream
of bioconvection on MHD nanoliquids via a vertical channel using nano
entities and gyrotactic bacteria. In MHD bioconvection, Ferdows et al.’s
[30] use of a considerably flexible sheet increased the thermal transfer of
the nanofluid and stream. The bioconvection of oxytactic bacteria in a
porous square cage was inspected by Balla et al. [31] using thermal
radiation. Using heat radiation and Cattaneo-Christov flux, Mubaddel et al.
[32] investigated Sisko nanoliquid bioconvection flow. They noticed a
higher nanoliquid temperature as a result of a stronger Biot number.
Palwasha et al. [33] described an analysis that considered the gravity-driven
nanofluid stream made up of gyrotactic bacteria and nanomaterials. The
heat and mass transfer theory of the time-dependent Williamson nanofluid
flow of the magnetohydrodynamic (MHD) flow of gyrotactic motile
microorganisms was investigated by Wagqas et al. [34]. In a T-shaped cavity,
the thermal performances of a liquid-based hybrid nanofluid were
numerically reported by Almeshaal et al. [35]. A growing surface's Carreau
nanofluid bioconvection flow was investigated by Shehzad et al. [36]. The
bioconvection of oxytactic bacteria in a porous square cage was inspected
by Balla et al. [37] with the help of thermal radiation.

2. MATHEMATICAL FORMULATION

Consider the flow of 2-D Maxwell reactive nanofluid with motile
microorganism over stretching sheet. The energy equation contains thermal
energy, which is obtained from Rosseland’s approximation and saturation
of the fluid done by Darcy-Forchheimer modal. The process of chemical
reaction, Brownian diffusion and thermophoresis in porous medium are to
be assumed. The magnetic field induction is discharged by a small
Reynold’s number, and it affects the flow with the help of momentum
equation. There is no flow along the y-axis, only to be considered in the
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orientation of x-axis. At the surface I, and C,, are the wall conditions of
temperature and concentration respectively. Whereas at the free surface, 1,

and C, are the ambient conditions. The physical representation is given by
figure.

= FEe T e

- ::' ® pAotile Concentration Boundary Layer

= o ——
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Figure 1. Geometry of Problem

The following describes the mathematical modeling of the temperature,
concentration, momentum, continuity, and motile microbe equations under
boundary layer assumptions:

2.1. Continuity Equation
= 0. (1)
2.2. Momentum Equation
ou ou 2 0 (0u 2 0 (0u 0 (ou\) _ 0 (0u
U.a'{' Ua'{' 50 <u 5(5) + v a(@) + 217115(5)) = Ua(@)
(1= CpB" (T —Te)| (2)

B? SoBE( 0 C 1
_u_ao_o(v_u) - (Kll'i'x\/l;{—lu)u T —(pp — pK(C = Co)
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2.3. Energy Equation

6T a (0T TBAT dC |, tDT (0T
v o () + B ()
6y dy \0y 8¢ 0y 0y ay

€)
10Q Qo
oyt ) (Too — To)exp (—\/v:lny> :

2.4. Concentration Equation

+ 6y B:_y(g_i)J“&;_Tai(Z;) Cr(€C = Co) - 4)

2.5. Motile Mlcroorganism’s Equatlon:

ug—: tvyy o + (cw—coo) ( )] = Dm 63/2 )

2.6. Boundaries Conditions

aT ac
u=UW=ex,k5=—hl(TS—T),Baz—hs(CS—C),
N=N, at y=0. (6)
u—->0,T->T, C—>Cx, N> N, as y — oo. (7)

The radiative heat flow derived from Rosseland's estimate is displayed
by the number Q in equation (3).

Mathematically,
_ _ dosg 0Tt
Q N 3Kqaps 0y ' (8)

Where osz is the Stefan-Boltzmann constant and K, is the mean
absorption constant.

By expansion of Taylor series on 7% and ignoring the more than one
order terms in (T — T, ), we have

9Q _  160spTh (62T) )
dy N 3 Kgps \0y? '
Then equation (3) becomes as:
+ or _ 9 (ar) TBITOC | D7 ( )2 16 opcTS 0°T
ay oy \ay 8¢ dy 63/ Teo 3(p0) Kaps 0¥ (10)
Qo a
+ Tw —Ty)exp|— |—n )
(pcp)l( @ 0) p v Y
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2.7. Similarity Variables

The similarity variables for governing equations described as

T—Te C—Cy
= exf (), 60 = G, 6 = (s

Coo)’
n=\f5y, X(C)=NW__—NAZO, c=\Ey.

Using similarity variables and all of its required derivatives values in
Equations (2) - (10), we will get

f7 4+ A+ M2+ 29f f'f" = Yf2f" — A+ M2)f' — (B + 1Df"*
+A(6 — Nr¢p — Ncy) = 0.

v =—(ev) 2f (),

(11)

(1+3Rd)6" = Prfo’ + PrNy6'¢’ + PrN.6' + Prée=. (12)
¢" + PrLef ¢’ +I’VV—;9" — K¢ =0. (13)
x"+Lbfx"—Pelp"(x +6,) + x'¢'] = 0. (14)
With

f(0)=0, f'(0)=1,0(0) =1, ¢(0) =1, x(0) =1,
f'(e0) = 0, 8(0) = 0, $p(0) = 0, y(e0) = 0.

Where
oB? v C 1—-CH)B"«(T, — Ty
M2=_0 l/)_ﬁel——}?;,z b,/l=( l)ﬁz(w ),
p Kl 1,K1 esx
v (Pr=P)Cu=Co) (o = pIY (N = Noo)
B**p (1= C)(Ty, — Te)’ Bp(1—CH(T, —To)
Rd = — JSBTO%N—TB(C CO N, = 20T ~T.), 6
T (pC) 8Kaps” P T e Y TN T T T, Y T
— QO (Too _TO)
e(pCp), (T, — To)
v w (T, — T) (C, —Cx) Cr
Pr =—, Le =5 N, =TDTWUT, N, = TBWUT, K=—.
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b v p bE 5 Ny,
= —, e = -, = —
D, D, ' N, —N,

Here, A is the porosity parameter, F,. is the local inertia, A is the mixed
convection parameter, Nr is the buoyancy ratio parameter, Ncis the
bioconvection Rayleigh parameter, Rd is the radiation factor, Pr is the
prandtl factor, N, is the Brownian diffusion parameter, N; 1is the
thermophoretic parameter, B is the Brownian diffusion factor, K is the first
order chemical reaction, &; is the bioconvection, Lb represent the
bioconvection Lewis number and Pe is the Peclet number.

3. NUMERICAL SCHEME

The computational tool MATLAB bvp4c is used to solve the current
problem. In comparison to numerical approaches, it is further difficult to
find results to nonlinear differential equations using numerous physical
techniques. There are several methods that may be used to get the answer
to a challenging nonlinear equation, but the shooting method is the simplest.
Shooting methods also make the issue of relative boundary limits easier to
solve. A well-known shooting technique called bvp4c is used in MATLAB,
when handling odd flow characteristics. The first-order ODEs are subjected
to the bvp4c method. We must have to convert connected dimensionless
differential equations with boundary conditions into a system of first-order
simultaneous equations in order to generate bvp4c.

Consider

f=q. f'=q. ["=q, f’":qlzaezq& 0'=q4, 0"=
q’4,7 ¢ = (s, ¢’ = ({s> ¢” = q,65

X=q7, X =4qs X' =4
Using above expressions in (11), (12), (13) and (14), we will get

. 1
= Ty [A+M?)q;+(F+1)qf-(1+M?y)qeq2-2Yq0q192-A(q3-Nrgs-Negy)|
Pr

——— [d0d4+Npd4q6+Nqf]
(1+3Rd)

q'4.='

, N, .
q 6=Kq5-PrLeq0q6-1\I—tq 4
b
qs=Pe|q (q7+81)+0daqe]-Lbdoqs
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with

qO(O) = Oa ql(o) = 1’ q3(0) = 15 CI5(O) = 1’ q7(0) = 15
q1(®) -0, ¢q3(0) >0, g5()—->0, gy()—0,

4. DISCUSSION

Using basic boundary conditions and the influence of Darcy-
Forchheimer and Lorentz forces, we investigated the effects of an
exponential space-based internal heat source on bio-convective maxwell
nanofluid flow caused by an extended sheet. In this section, special effects
of different flow adjusting parameters compared to velocity field, thermal
field, concentrations of nanoparticles and microorganism density field are
presented. The velocity's performance for the variation in the buoyancy
ratio number, Deborah number, bio-convection Rayleigh parameter,
magnetic parameter, porosity parameter, and local inertia is shown in
Figures 2-7.

Figure 2 describes the impacts of buoyancy ratio parameter versus
velocity field. It is shown that increased buoyancy ratio parameter values
result in decreased velocity because thermal convection is weakened when
solutal buoyancy is opposed, which raises resistance and slows fluid
velocity. Figure 3 inspects the influence of bioconvection Rayleigh number
via velocity of nanofluid flow. Higher levels of the bioconvection Rayleigh
number are seen to decrease the velocity field due to the thickening of the
viscous layer. Density stratification is improved, and main convection is
resisted by stronger microbe buoyancy. Figure 4 shows the velocity field's
activities in relation to the magnetic parameter. From the results we
concluded that for larger values of magnetic parameter, velocity is declined
because of stronger Lorentz force opposing flow motion, dissipating
energy, and increasing resistance. The relationship between the velocity
field and the mixed convection parameter is examined in Figure 5. In this
case, when the mixed convection parameter rises, the nanofluid's velocity
field rises up. Figure 6 explained the behavior of velocity field versus local
inertia parameter. From the velocity curves we determined that velocity
field lessens via escalating the magnitude of local inertia parameter. As the
Deborah number increases, Figure 7 shows that the velocity field decreases.
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Figure 2. Relationship between Nr and f'

In order to observe the effect of radiation factor, exponential space-
based heat source, the Prandtl number, Brownian diffusion parameter,
Magnetic parameter and Local inertia on the temperature field as shown in
Figures 8-13. The purpose of Figure 8 is to show how the thermal radiation
parameter affects the species' thermal field. It has been shown that the
velocity field improves as the thermal radiation parameter values escalate.
The reason behind is that radiation increases temperature and buoyancy,
reduces viscosity, and strengthens convective motion. Figure 9 illustrates
the inspiration of the exponential space base heat source parameter vs
temperature distribution. From the curve lines, it is detected that
temperature distribution is reduced for higher exponential space base heat
source parameter because heat generation decays more quickly in space,
decreasing total heat energy and cooling the fluid field. The influence of the
Brownian motion parameter and Prandtl number on the thermal field is seen
in Figures 10 and 11. Here the thermal field is lessened for Prandtl number,
but inverse trend is noticed for Brownian motion parameter. The
relationship between the local inertia and magnetic parameters on the
thermal field are depicted in Figures 12 and 13. It has been noted that when
the values of the local inertia and magnetic parameters increase, so does the
heat field.
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Figure 4. Relationship between M and f'.
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Figure 6. Relationship between F and f'.
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Figure 8. Relationship between Rd and 6.
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Figure 10. Relationship between Pr and 6.

Scientific Inquiry and Review

22—

T
[==t=si]
e

Volume 9 Issue 4, 2025



Arbaz et al.

Figure 11. Relationship between Nb and 6.

Figure 12. Relationship between M and 6.
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Figure 13. Relationship between F and 6.

Figure 14. Relationship between Nt and .
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Figure 15. Relationship between Le and @.

Figure 16. Relationship between F and y.
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Figure 18. Relationship between o and y.
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Figure 19. Relationship between Mand y .

Figures 1415 illustrate how the concentration field is affected by the
Lewis number and thermophoresis parameter. Figure 14 illustrates how the
concentration field of the nanoparticle is affected by the thermophoresis
parameter. As the values of that parameter climb, so does the fluid's
concentration. As seen in figure 15, the graph shows a declining trend in the
concentration profile as a result of higher Lewis factor values due to reduced
mass diffusivity, limiting nanoparticle transport, thinning the concentration
boundary layer.

The purpose of Figure 16 is to evaluate how the microorganism density
field is affected by the local inertia value. As the local inertia parameter
values accumulate, the microbe field increases. The purpose of Figure 17 is
to show how the microorganism density field and the bioconvection Lewis
number interact. This represents a higher bioconvection Lewis number,
decreasing the field of microorganisms. Figure 18 illustrates the behavior
of microorganism’s difference parameter versus microorganism density
field. It is examined that microorganism density field is reduced via larger
microorganism’s difference parameter due to declined microorganism
diffusivity and enhanced convective transport, leading to thinner
microorganism boundary layer. Figure 19 indicates the impact of magnetic

UMT— 27

School of Sciences
Volume 9 Issue 4, 2025

Lt
@
s




Significance of Exponential Space-Based Internal...

parameter on microorganism density field. From the curves lines it is
concluded that microorganism density field is improved for higher magnetic
parameter due to Lorentz force slowing fluid motion, allowing
microorganisms to accumulate and stabilize in the bioconvective region.

4.1. Conclusion

An increment in magnetic parameter depicts a decreasing behavior of
velocity profile. Velocity field is declined for buoyancy ratio parameter and
bioconvection Rayleigh number. The velocity field is lessened via higher
values of Deborah number. As the inertia parameter values increase, the
velocity drops. The impact of Prandtl number causes a decrease in
temperature distribution. For escalating amounts of magnetic parameter and
thermophoresis, the temperature field improves. Higher amount of thermal
Biot number and Radiation parameter increased the temperature of fluid.
The concentration of nanoparticles rises as the thermophoresis parameter
values rise. The bioconvection Lewis number decreases in the
microorganism's field as the Peclet number rises.
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