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Abstract: The study numerically investigates the impacts of the Soret and Dufour effect under the
influence of a chemical reaction on the flow of gyrotactic microorganisms and micropolar nanofluid
over a stretching/shrinking sheet with the impact of radiation and viscous dissipation in the presence of
a uniform magnetic field and a heat source. The nonlinear partial differential equations representing the
flow system are transformed into a system of nonlinear ordinary differential equations using suitable
similarity transformations. This system is then solved numerically using the fourth-order Runge-Kutta
method with a shooting technique. The influence of relevant parameters on the velocity profile,
microrotation profile, density profile of the motile microorganisms, temperature profile, and
concentration profile is investigated and graphically represented. The study shows that an increase in
Dufour and chemical reaction parameters leads to a proportional increase in temperature profile, while
an inverse effect is observed in the concentration profiles with an increase in the aforementioned
parameters. Furthermore, an increase in the Soret number significantly decreases both temperature and
concentration profiles. The numerical values of heat transfer rate, mass transfer rate, and shear stress
are determined for different values of the Soret, Dufour, and chemical reaction parameters, which are
presented in tables and discussed.

Keywords: Soret number; Dufour number; micropolar nanofluid; radiation; chemical reaction;
gyrotactic microorganisms.
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1. Introduction

The flow of fluids and the transfer of heat across a stretched surface are utilized in a
variety of ways in engineering and related fields. The low thermal conductivity of convection
fluids such as water, ethylene glycol, and oil leads to several difficulties developing electronic
devices. To overcome this limitation and improve the thermal conductivity of convection
fluids, several researchers have focussed on mixing nano- or micro-sized particles with their
base fluids over the past decades. Mixing nanometre-sized particles with the base fluid is
known as nanofluid and is used to improve the thermal conductivity of the mixed fluid.

Nanofluids have become increasingly important in recent years due to their wide range
of applications, including in healthcare, the petroleum sector, and food processing. Many
researchers are interested in convective heat transfer with nano-sized particle mixtures. In
addition, nanoparticles increase the temperature of the so-called base fluid, which is the main
https://nanobioletters.com/ 10f 14
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cause of heat transfer efficiency. To our knowledge, Choi and Eastman [1] were the first to
propose the concept of nanofluid. They found that the addition of a few nanoparticles would
increase thermal conductivity. Babu [2] mathematically investigated the unsteady MHD flow
of a Casson nanofluid over an evolving vertical semi-infinite surface. Xie et al. [3] investigated
the electrokinetic energy conversion for nanofluids in an MHD-based microtube. Ali et al. [4]
investigated the effects of successive slips on the unsteady MHD flow of Maxwell nanofluids
in the presence of a chemical reaction. Mohyud-Din et al. [5] investigated the dynamics of
nanofluid flow over a moving flat plate. Their findings indicate that the heat conductivity
improves with the number of nanoparticles. Akbari et al. [6] and Hayat et al. [7] investigated
the same activity of nanoparticles. Kamal et al. [8] investigated the stability of MHD nanofluid
flow over a stretching/shrinking plate in a stagnant point flow. Kumar et al. [9] investigated
the flow of an unsteady MHD nanofluid through a slendering stretching plate. Mitra [10]
investigated the computational modeling of the flow of a nanofluid through a heated inclined
sheet. Chakraborty [11] investigated the nanofluid flow on an inclined porous plate. The flow
of nanofluids through an inclined permeable surface with similar solutions was elaborated by
Ziaei-Rad et al. [12]. The consequences of MHD non-Newtonian nanofluid flow through a
nonlinear porous surface with sliding were studied by Raza et al. [13].

Mabood and Shateyi [14] conducted a study on the influence of multiple slip conditions
on heat and mass transfer in transient hydro-magnetic flow, considering the effects of Soret
and radiation. Das and Dorjee [15] investigated the MHD boundary layer motion of an
incompressible fluid flowing over a moving vertical surface with a heat source. Kumar et al.
[16] studied the MHD flow of a micropolar fluid over a stretching surface, considering viscous
dissipation and the effects of Joule heating. Anwar et al. [17] investigated the MHD stagnation
point flow of a micropolar nanofluid flowing over a stretched plate. Kumar et al. [18] analyzed
the simultaneous effects of heat and mass transfer on a micropolar nanofluid's
magnetohydrodynamic (MHD) flow over a stretching plate. Kumar et al. [19] discussed the
physical aspects of the MHD flow of a micropolar fluid through an exponentially curved plate.
Venkata et al. [20] demonstrated the heat and mass transport in MHD Casson nanofluid flow
over an expanding sheet using thermophoresis and Brownian motion. Mabood et al. [21]
further researched this by inserting nanoparticles to increase heat conductivity.

The mass flow process caused by a temperature gradient can be defined as
thermodiffusion or the Soret effect. On the other hand, the Dufour effect can be characterized
as a phenomenon of heat flow caused by a concentration gradient. In many heat transfer studies,
the Soret and Dufour effects are ignored because they are considered lower-order effects than
the other effects specified by Fourier's and Fick's laws. Sharada and Shankar [22] studied the
effects of Soret/Dufour and thermal radiation with chemical reactions on Casson fluid when it
flows over an exponentially expanding surface. Abdal et al. [23] studied a micropolar
nanofluid's MHD mixed convective flow characteristics, considering radiation and heat source
effects over a shrinking/stretching plate. More recently, Rehman et al. [24] studied the effects
of buoyancy and radiation on micropolar nanofluid flowing over a stretching/shrinking sheet
in the presence of a heat source.

Bioconvection is the collective movement of floating microorganisms that occurs due
to spatial variations in fluid density in an area. The density differences in the liquid trigger this
movement. The self-propulsion of microorganisms causes the surrounding liquid to move in a
certain direction, creating a bioconvection flow. A microorganism is a living organism that is
able to grow, multiply, respond to stimuli, and have a specific structure. Microorganisms are
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extremely small and usually require a microscope for observation. Examples of
microorganisms are algae, archaea, house dust mites, and bacteria. Ramzan et al. [25]
investigated heat and mass transfer in a flow with gyrotactic microorganisms and nanoparticles.
Ahmed et al. [26] investigated the effect of floating gyrotactic microorganisms and viscous
dissipation on the flow of nanoparticles through a permeable medium. Hussain et al. [27]
investigated a biomathematical model of magnetohydrodynamic nanofluid flow through a
stretched cylinder. In this study, convective boundary conditions, Nield conditions, and the
existence of gyrotactic floating microorganisms were considered. Researchers such as Shahid
et al. [28], Waqas et al. [29], and Koriko et al. [30] have conducted important studies on motile
gyrotactic microorganisms and nanofluids.

Motivated by the previous referenced works and several potential industrial
applications, it is of utmost importance in this study to investigate the effects of Soret, Dufour,
and chemical reaction on micropolar MHD nanofluid flow with floating gyrotactic
microorganisms over a stretching plate. This paper will, therefore, extend the work of Rehman
et al. [24] to investigate a more general problem involving the effects of Soret, Dufour, and
chemical reaction on micropolar MHD nanofluid flow with floating gyrotactic microorganisms
with a heat source. In addition, buoyancy and radiation effects are also considered. This study
plots and tabulate the impacts of different flow parameters related to the governing equations.
The problem is solved numerically using the fourth-order Runge-Kutta method, which is
computationally more efficient.

2. Materials and Methods

This work investigates a steady two-dimensional magnetohydrodynamic(MHD)
flow over a shrinking/stretching sheet with a heat source of an incompressible, electrically
conducting micropolar nanofluid. It is hypothesized that the presence of nanoparticles and
bioconvection do not change the direction or velocity of the microorganisms. The
microorganisms exhibit a uniform shape, and their surface does not exhibit the formation
of extracellular polymers. The x-axis runs along the plate, and the y-axis is perpendicular to
it. The plate moves with velocity U (x,t)=ax, where a is the shrinkage/stretching rate along the

x-axis. A transverse magnetic field B(x)=B,x™"* with B, =0 is also applied, where B, is the
strength of the magnetic field. The physical configuration of the flow is shown in Figure 1.
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Figure 1. Physical configuration of the flow system.

Based on the above assumptions and following Rehman et al. [24], the equations that
determine the flow are as follows:
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The corresponding boundary conditions are:

a
u=U(xt), vsz,Nz—m£ ,T=T,,C=C,,n=n, aty=0} R

u-0, N -0, T-T,, C-C,, n-ng as y—>

Where u and v denote the velocity components along the x and y axis respectively,
4 stands for the coefficient of dynamic viscosity, »~ for coefficient of vortex viscosity, o for

the density of the fluid, N for the micro-rotational vector, j= 2 for the micro-inertial density,
a

}/:(/u+§)j indicates the spin-gradient viscosity, o the electrical conductivity, a the

thermal diffusivity, g the gravitational acceleration, s, the coefficient of thermal expansion,
. the coefficient of expansion of the dissolved concentration, T the temperature of the
solution, C the concentration of the solution, T, is the ambient temperature, k™ is the mean
absorption coefficient, C_ is the ambient concentration, o is the Stefan-Boltzmann constant,
k,is the chemical reaction rate constant, Q'is the constant heat source, D, the Brownian
diffusion coefficient, D, is thermal diffusivity, C, is the specific heat, C, is the concentration
susceptibility, D,, is the chemical molecular diffusivity, - is the ratio between the effective
heat capacity of the nanoparticles and the base fluid, D, is the diffusivity of the
microorganisms, n is the density of the motile microbes, bW, is the swimming velocity of the

cells.

To transform the partial differential equations governing the flow problem to ordinary
differential equations, , we employ the following standard similarity transformation:

1= S =2 g = [ o0 = I "
P ===, o) =
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The stream function y is defined as u=%”,v=—%’ which identically satisfied

equation (1). Using the transformations represented by (8), equations (2) to (6) are transformed
as under:

L+ K" = (f) + ff" +Kg' = Mf' + 148 + 1y = 0 ©)
(1+%)g"+fg' —f'g—K@g+f")=0 (10)
(B522) 0" + 16" + QO + Np8'¢’ + N.(8) + (1 + K)Ec(f")* + Du " =0 (11)
¢" +Lefo' +N—29”—KcLe¢)+ScLeB”=O (12)
w" +Sc, fw' —Peép'" —Pe wp" —Pedp'w =0 (13)

The corresponding boundary conditions (7) become

f0)=Fy4,f'(0)=1,9(0) =-mf"(0),0(0) =1,¢(0) =1,w(0)=1atn=0

fl0)=0, g(@)=0, 0(0)=0, ¢(=)=0, w()=0 as n—>°°} (14)

The parameters in equations (9) to (13) are defined as

K oB? T, = Ty C, = C., 16 T2o*
K:—}M——,llzgﬁT(v‘; );AzzgﬁC(wz );Rd:—;
U pa a’x a’x 3k*k
bW, v k D5 (C,, — Co D (T, — To
Pe = C;PT'Z—; Q_Q_, b B(w );Nt: T(W );
D, a p P a v VT
k U? DyK-(C, — Co, v v,
KC=—0; EC=—;Du= uKr(Cy = ) = —; FA=——W;
a CP(T oo) UCSCP(T oo) DB \/ﬁ
DMKT(T oo) v
UTM(CW oo) Dn

Where K is micropolar material parameter, M is magnetic parameter, R, is radiation
parameter, 4, and A, are buoyancy parameters, Pr is Prandtl number, Q is heat source
parameter, N, represents thermophoresis parameter, N, denotes the Brownian motion

parameter, Ec represents the Eckert number, Du is Dufour number, Sris Soret number, Le
is the Lewis number, Kcis chemical reaction parameter, Sc, is the Schmidt number for

diffusing motile microorganisms, Peis Peclet number, ¢ is motile parameter, F, is the
injection/suction parameter.

2.1. Physical quantities of engineering interest.

In this problem, the skin friction coefficient (C, ), the Nusselt number (Nu), and the

Sherwood number ('Sh) are technically important physical quantities.
The skin friction at the plate can be calculated using the velocity field and is represented
in non-dimensional form by

Cf— 2,WhereTW—[(u+rc)—+icN] 0 (15)

That gives
VReC; = [1+ (1 —m)K] f"(0)
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2

Here Re = ax is the local Reynolds number.
v

The temperature field, in non-dimensional form, can be employed to determine the
rate of heat transfer coefficient. The rate of heat transfer coefficient, which is stated in
terms of the Nusselt number(Nu), can be found using the temperature field in non-
dimensional form.

_ XQw _ (9T
Nu = T where q,, = —k (5y)y=o (16)
That gives % =-60'(0)

The mass transfer rate can be computed using the concentration field, which is
given in non-dimensional form with regard to the Sherwood number(Sh).

_ JwX s 6_C
Sh = —DB(CW_Cw),Where Jjw = —Dg (ay)yzo (17)
. Sh
That gives N ¢'(0).

3. Results and Discussion

The nonlinear ordinary differential equations (9)-(13), subject to the boundary
conditions (14), are solved numerically using the fourth-order Runge-Kutta shooting
method.We have examined the influence of several key physical parameters, including K, Du,
Kc, Sr, Scm, Pe, and Le on the motile microorganisms' density, velocity, angular velocity,
temperature, and concentration profiles.

Figures 2-6 show the profiles of velocity, angular velocity, temperature, concentration,
and motile microbe density profiles for different values of the material parameter (K). It can
be seen from Figure 2 that the velocity profile increases with K. Physically, the material
parameter is inversely correlated with the dynamic viscosity coefficient, so a larger number
makes the fluid flow faster. Figure 3 shows that the angular velocity profile initially decreases
with increasing values of K until it reaches the point n = 1, and after that, the angular velocity
increases with K. As the material parameter increases, the micro-concentration of the liquid
increases, which also changes the flow and increases the thickness of the boundary layer.
Figures 4 and 5 show how increasing values of K leads to a decrease in fluid temperature and
concentration. Figure 6 shows that the profile of the density of motile microbes decreases as
the parameter K increases.
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Figure 2. Effect of K on f'(n).
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Figure 3. Effect of K on g(n).
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Figure 4. Effect of K on 6(n).
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Figure 5. Effect of K on ¢(77) .

2.5 3 3.5 4

Figure 6. Effect of K on (7).

Figures 7-10 illustrate the impact of the chemical reaction parameter (Kc) on various
profiles, specifically velocity, temperature, concentration, and the density of motile
microorganisms. Figures 7, 9, and 10 collectively indicate a decrease in velocity, concentration,
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and density profiles of motile microorganisms as Kc increases. However, Figure 8 reveals that
the temperature of the fluid increases with the augmentation of Kc . The concentration profile
exhibits a decreasing trend with respect to the parameter Kc. As the parameter Kc increases,
the concentration profile diminishes.
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Figure 7. Effect of Kcon f'(n)
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Figure 8. Effect of Kcon 6(7)
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Figure 9. Effect of Kcon ¢(7)
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Figure 10. Effect of Kc on ()
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Figures 11-13 show the influence of the Soret number (Sr) on the temperature,
concentration, and density profile of the motile microorganisms. Figure 11 shows that the
temperature of the fluid decreases with the Soret number. This observation suggests that
increasing the Soret number (Sr) results in a reduction of the thermal boundary layer thickness.
Figure 12 shows that the fluid concentration decreases with the Soret number. This means that
the thickness of the concentration boundary layer decreases when the value of the Soret number
is increased. Figure 13 shows that the density profile of the motile microbes increases with the
Soret number.

1

0.9
0.8~

0.7

£ o5 Sr=0,5, 10
=S

r r r r r r r r
0 0.5 1 15 2 25 3 35 4 4.5 5

Figure 11. Effect of Sr on 6(n)
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Figure 12. Effect of Sr on ¢(7)

1

Figure 13. Effect of Sr on w(7)

Figures 14 and 15 depict the impact of Dufour number(Du) on the temperature profile
and concentration profile, respectively. Figure 14 illustrates how the fluid's temperature
increases as the Dufour number increases. This demonstrates that the thickness of the thermal
boundary layer increases with the Dufour number. The fluid concentration decreases with the
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Dufour number in Figure 15, indicating that a higher Dufour value results in a thinner
concentration boundary layer.
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Figure 14. Effect of Du on 9(r7)
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Figure 15. Effect of Du on ¢(77)

Figures 16-18 show the variation in the motile microbe density profile for different
values of Sc,, , Pe and Le, respectively. From Figure 16, it is seen that there is a reduction in
the motile microbe density profile with the rising values of Scm (Schmidt number for diffusing
motile microorganisms). An elevation in the Scm notably diminishes the concentration contrast
of microorganisms between the sheet and the region far from the sheet, resulting in a decline
in the density profile of motile microorganisms. Figure 17 illustrates the motile microbe density
profile for various values of Peclet number (Pe). The observation indicates that increasing Pe
values lead to a decreasing trend in the distribution of motile microorganism density up to the
region of 0 < n < 1.4, after which a reverse effect is observed. Figure 18 demonstrates the
impact of Le on the motile microorganism density profile. The results show that increasing the
Lewis number (Le) decreases the diffusivity of microorganisms, which in turn reduces the
density of motile microorganisms.

1
09K

|

Figure 16. Effect of Sc,, on o(7).
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12 14 16
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Figure 17. Effect of Pe on w(7n).

Le=0.5,1.0, 1.5, 2.0

Figure 18. Effect of Le on o(7).

Comparison of results for skin-friction coefficient and heat transfer rate in terms of
Nusselt number with the previously published work by Rehman et al. [24] are shown in Table
1, and demonstrate favorable agreement between the findings.

Table 1. Comparison of —f”(0) and -¢'(0) by varying m and pr.

M Pr Rehman et al. [24] Present study
—f"(0) —6'(0) —f"(0) —6'(0)
0.0 1.0000130 1.0000089
0.2 1.0954463 1.0954471
0.5 0.71 1.2247454 1.2247456
1.2 1.4832402 1.4832419
2.0 1.7320516 1.7320523
0.72 0.80875 0.80869
0.5 1.0 1.00000 1.00000
3.0 1.92375 1.92377

Finally, Table 2 presents the effects of the Soret number (Sr), chemical reaction
parameter (Kc), and Dufour number (Du) on the skin friction coefficient (C, ), Nusselt number

(Nu), and Sherwood number (Sh).The Nusselt number and the Sherwood number both
increase as the Soret number (Sr) increases, whereas an opposite effect was observed for the
skin friction coefficient. The Nusselt number is a physical quantity that indicates how much
thermal convection contributes to heat conduction at the surface of the plate. The results
indicate that enhancing the chemical reaction parameter (Kc) yields an increase in both the skin
friction coefficient and the Sherwood number. However, the Nusselt number decreases with an
increase in Kc. On the other hand, an increase in the Dufour number (Du) reduces both the
skin friction coefficient and the Nusselt number.However, the Sherwood number increases as
the Dufour number (Du) increases.

https://nanobioletters.com/ 11 of 14
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Table 2. Skin friction coefficient, Sherwood number, and Nusselt number values for a range Sr, Du and Kc

values.

Sr Du Kc Ct Nu Sh
0.2 —1.58966 0.220841 0.987536
0.4 0.02 —1.58889 0.221109 0.988597
0.6 2 -1.58811 0.221378 0.989614
0 —1.58694 0.229840 0.986780
0.4 -1.57921 0.053371 1.094556
1 0.8 -1.57122 | -0.173970 1.239945
0 —1.55368 0.233080 0.471477
0.02 1 -1.57656 0.225343 0.802901
2 —1.58656 0.221917 0.991515

4. Conclusions

This study examines the combined effects of chemical reaction, Soret, and Dufour
number on the flow of swimming gyrotactic microorganisms in micropolar nanofluid over a
stretching/shrinking sheet with a heat source. In the presence of a uniform magnetic field, the
research also considers the effects of buoyancy, viscous dissipation, and thermal radiation. The
results show that the velocity and angular velocity profiles increase with the material
parameter(K), while the temperature, concentration, and motile microorganisms density profile
decreases with K. The chemical reaction parameter has a decreasing effect on velocity,
concentration, and motile microorganism density profiles but an increasing effect on
temperature profiles. The Soret number diminishes the temperature and concentration profiles,
while the density profiles of the motile microorganisms increase with the Soret number.An
increase in the Dufour number leads to a rise in fluid temperature but, conversely,
decreases fluid concentration. The skin-friction coefficient rises with the chemical reaction
parameter but decreases with the Soret and Dufour numbers. Increasing the Soret number
enhances the heat transfer rate (Nusselt number), whereas increasing the Dufour number and
chemical reaction parameter decreases it. Additionally, greater values of Sr,Duand Kc
increase the mass transfer rate, as indicated by the Sherwood number. Also, the
microorganisms’ density profile decreases for increasing values of Le and Sc,,
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