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This work explores the interaction of mixed bio convection and non-Newtonian fluid flow 
around a vertical cylinder. It considers different slip effects and the impact of 
suction/injection boundary conditions. The inquiry is driven by the substantial 
implications of comprehending the interconnected dynamics of living organisms and non-
Newtonian fluids, with wide-ranging applications in biotechnology, medicine, and 
environmental science. The study incorporates the intricacies of shear-thinning or shear-
thickening fluids by utilizing the generalized power-law model to capture non-Newtonian 
rheological phenomena. The vertical cylinder, selected as the archetype geometry, 
functions as a fundamental structure encountered in several engineering applications. 
The slip effects, which can vary from no-slip to full slip, are included in the model to 
represent the interactions between the fluid and solid. Additionally, the suction/injection 
boundary conditions are used to simulate external forces that are provided to govern the 
motion of the fluid. The study utilizes similarity transformations to convert the governing 
equations and employs the MATLAB BVP4c scheme to solve the resulting ordinary 
differential equations. It investigates a parameter space that encompasses non-
Newtonian parameters, slip coefficients, bio convection parameters, and 
suction/injection parameters. The results demonstrate intricate relationships between 
bio convection, non-Newtonian rheology, slip effects, and suction/injection. These 
findings state the suction parameter (s>1) and dilatant fluid (n>1) have great influence on 
heat, mass and motile microorganism rate and also slip parameters are responsible for 
reducing flow profiles. The study's findings enhance our comprehension of intricate fluid 
dynamics when biological activity and non-Newtonian behaviour are present. This 
provides valuable insights for the efficient design and optimization of processes involving 
vertical cylinders in fields such as biotechnology, medicine, and environmental 
engineering. 
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1. Introduction 
 

Mixed convection, an intricate blend of buoyancy-driven and forced convection, stands as a vital 
phenomenon with widespread implications in engineering and environmental domains. Mixed 
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convective flow with gyrotactic microorganism represents a fascinating interdisciplinary field that 
combines heat transfer, and biological interactions. Mahdy and Nabwey [1], Nabwey et al., [2], 
Rashad and Abdou [3] explores the unique characteristics of mixed convection in the presence of 
gyrotactic microorganisms, examining the interplay between buoyancy-driven and forced 
convection, while considering the influence of microorganism behavior. In a colony or single cell, 
microorganisms move in a process called bio-convection. Enzyme biosensors, ethanol, and biofuel 
biotechnology for mass transit are just a few of the industrial and environmental systems that 
efficiently utilize the physical implications of bio-convection by several authors [4-6]. Bioconvective 
flow occurs when motile microorganisms, which are typically denser than water, travel in an upward 
direction, causing the formation of unsteady, large density stratification in the upper region. Thermo-
bioconvection plays a significant role in geophysical events, such as in hot springs inhabited by motile 
microorganisms known as thermophiles, which are bacteria that thrive in high temperatures. 
Another use involves the utilisation of nutrients and microorganisms in oil-bearing strata to modify 
the permeability difference, namely in the field of microbial assisted oil recovery. Several studies 
have been conducted on gyrotactic bacteria [7-12]. 

Various industries, such as food processing, electrical appliance cooling, petroleum drilling, and 
science and engineering, have raised concerns regarding the utilisation of fluid suction and injection 
in channels. Jabeen et al., [13] conducted a study on gyrotactic microorganisms in the context of 
Casson nanofluids, examining both injection and suction methods. Mehmood et al., [14] discovered 
that microorganisms moving on a vertically elongated surface exhibited suction and injection effects. 
The consequences of injection and suction on a vertical cone were similarly seen by Ravindran et al., 
[15]. Recent years have seen a proliferation of new industrial research areas that make use of micro-
scale fluid dynamics. The fluid's motion at tiny scales is still described by the Navier-Stokes equations, 
but with boundary conditions based on the slip velocity. Non-Newtonian fluids, fluids containing 
nanoparticles, and microorganisms are all fluids that do not do well in no-slip situations. Hayat et al., 
[16] first proposed the concept of thermal slip across a stretching sheet. Magnetohydrodynamic 
(MHD) nanofluid flow was studied by Ibrahim and Shankar [17], with slip in velocities, temperatures, 
and solutal boundary conditions taken into consideration. Rai and Mishra [18] observed mixed 
convective nanofluid slip flow over moving vertical plate, Seethamahalakshmi et al., [19] examined 
MHD slip flow with Casson and Maxwell nanofluid effects. Khan et al., [20] studied velocity slip in 
nanofluid with gyrotactic organisms. Mabood et al., [21] examined Casson fluid flow under different 
slip boundary conditions. Sk et al., [22] found numerous slip effects using microorganisms. 

All of the studies concerned Newtonian fluid, as shown in the preceding paragraph. The majority 
of the published research on power-law fluids also involves mixed convection. Gangawane and Oztop 
[23] investigated the impact of the power-law index on mixed convection heat transmission. Recent 
research has shown that non-Newtonian fluids can induce free, forced, mixed convection as reported 
by Roy et al., [24], and non-Newtonian Casson fluids can flow with gyrotactic microorganisms as 
observed by Lone et al., [25]. Non-Newtonian fluid flow over a spinning cylinder was investigated by 
Kumar and Sahu [26]. One such group that looked at non-Newtonian mixed convective flow via an 
inclined cylinder was Rehman and Shatanawi [27]. Dual solution through vertical cylinder in case of 
opposing flow was analysed by Alsenafi and Ferdows [28]. The purpose of our present study is to 
extend the work of Alsenafi and Ferdows [28] for non- Newtonian combined convection flow 
considering multiple slip effects in case of assisting flow only because assisting flow predicts the 
physically stable solutions as mentioned in a study by Nima and Ferdows [29]. 
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2. Methodology 
2.1 Mathematical Formulation 
 

This study specifically examines the consistent flow in two dimensions of a non-compressible non-

Newtonian power-law substance around a vertical cylinder with radius *R  in presence of slip effects. 

The media contains gyrotactic microorganisms, as depicted in Figure 1. The *x axis is aligned with the 
axial flow of the cylinder, whereas the r axis is perpendicular to it. It is postulated that the 

mainstream velocity )( xU e  and the concentration of fluid wC and motile microorganisms wm on the 

cylinder surface remain constant at temperature wT . 

 

 
Fig. 1. Physical Model 

 
The system of equations that describes the motion of steady mixed convection flow of a non-

Newtonian fluid containing microorganisms over a vertical cylinder embedded in Darcy porous media 
taking into account slip effects can be represented using the formulations provided by Alsenafi and 
Ferdows [28], as well as Nima and Ferdows [29,30]. 
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Given that the boundary conditions are expressed as follows: 
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In accordance with the research conducted by Alsenafi and Ferdows [28], this work assumes the 

utilization of dimensionless quantities. 
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By employing the aforementioned dimensionless quantities, the Eq. (1) to Eq. (7) are in the 

following structure: 
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2.2 Numerical Procedure  
 

The controlling PDEs were simplified into ordinary differential equations by applying similarity 
transformations. Subsequently, the bvp4c solver in Matlab was employed to computationally solve 
these equations. The function sol = bvp4c(odefun,bcfun,solinit) utilizes an initial solution guess, 
solinit, to numerically integrate a system of differential equations over the interval [p,q]. The system 
is subject to general two-point boundary conditions of the form bc(y(p), y(q)) = 0. Within the 
framework of the aforementioned bvp4c function, it is necessary to convert the governing equations 
into first-order differential equations by substituting 𝜂 for 𝑥 and also considering 
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So, the first order equations are 
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Boundary conditions 
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The variable ℎ𝑝 represents the boundary on the left side, while ℎ𝑞 represents the boundary on 

the right side. 
In order to verify the accuracy of our findings, we conducted a comparison between our current 

results for the specific scenario and the findings of Alsenafi and Ferdows [28] as presented in Table 
1. This comparison demonstrates a strong agreement and high level of accuracy in our numerical 
computations. 
 

Table 1 
Curvature Parameter 𝜀 effect on )0(− for the regular fluid n=1 in case of opposing flow 

λ 𝜀 )0(−  

(Present Result)
 

Alsenafi and Ferdows [28]
 

-1 0.0 0.731408 0.731408 
-1 0.5 0.873552 0.873551 
-1 1.0 1.000111 1.000111 
-1 3.0 1.436532 1.436533 
-1 5.0 1.824376 1.824377 
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3. Results 
 

The velocity profile in Figure 2(a) illustrates how an increase in the mixed convection parameter 
results in an increased buoyancy force, especially when s = -1, which indicates injection, as opposed 
to suction (s>1) and impermeability (s=0) scenarios where the value of s is zero. The phenomenon 
can be explained by the fact that when a higher blowing force is applied, the heated fluid is pushed 
away from the wall, allowing the buoyant forces to accelerate the flow with less interference from 
viscosity. This phenomenon enhances the shear stress by amplifying the maximum velocity within 
the boundary layer. In Figure 2(b), For values of n less than 1, the non-Newtonian nanofluid exhibits 
shear thinning behaviour, also known as pseudo-plasticity, resulting in a viscosity lower than that of 
Newtonian fluids with n=1. This results in fluid acceleration. On the other hand, when n is greater 
than 1, the fluid exhibits shear thickening behaviour (also known as dilatant) and has an increased 
viscosity, resulting in a slowdown of the flow. At high values of the curvature parameter ε, the fluid 
velocity demonstrates an arousing characteristic. For increasing values of ε, the radius of the cylinder 
decreases, resulting in reduced interaction between fluid particles and the cylindrical surface. This 
leads to a decrease in resistance to fluid flow. Consequently, the velocity of the fluid experiences a 
substantial increase. 
 

  
(a) (b) 

Fig. 2. (a) Mixed convection parameter λ with 𝑠, (b) Curvature parameter 𝜀impact with 𝑛 on velocity profile 

 
The effect of ε on the temperature distribution is illustrated in Figure 3(a). Clearly, as ε increases, 

there is a discernible upward trend in temperature. A reduction in ε signifies a corresponding 
decrease in the resistance encountered by fluid particles due to a decrease in the surface contact 
area exposed to them. Their average velocity consequently increases. An elevation in temperature 
ensues due to the fact that the Kelvin temperature is established by the average kinetic energy. 
Additionally, a greater impact of dilatant fluid on the temperature profile is noted. As the value of n 
increases, the thermal energy transmitted from the fluid regime to the plate causes a reduction in 
the thickness of the boundary layer. As the value of n drops, the temperature profile near the surface 
wall lowers, while it increases further away from the wall. Figure 3(b) depicts the correlation between 

the thermal slip coefficient sb  and the impact of temperature for different values of the 

suction/blowing parameter 𝑠. In these instances, a rise in the thermal slip parameter results in a drop 
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in the temperature profile in the suction and blowing parameters. An increase in the thermal slip 
parameter leads to a higher rate of heat transfer accompanied by a drop in temperature profiles. 
 

  
(a) (b) 

Fig. 3. Effect of (a) Curvature parameter 𝜀 with different values of 𝑛, (b) Thermal slip parameter 𝑏𝑠 with 
different values of 𝑠 on temperature profile 

 
As the Lewis parameter Le increases, the solid volume fraction of the concentration profile 

decreases, as shown in Figure 4(a). The increase in the Lewis number (Le) leads to a higher mass 
transfer rate, which in turn increases the concentration gradient at the surface. Consequently, as the 
Le rises, the concentration of fluid at the surface decreases.An elevation in n, signifying progressively 
more intense non-isoconcentration conditions at the surface, results in a decrease in concentration. 
The concentration diminishes as the transfer of mass from the plate to the fluid diminishes, due to 
the increasing impact of solutal slip. The concentration profile shows a consistently decreasing 
connection with the suction parameter s. This occurs because the fluid experiences resistance when 
the friction between its layers intensifies. As a result, there is a decrease in focus. 

Figure 5(a) demonstrates that an increase in the curvature parameter leads to an increase in the 
rate of microbe transfer, thereby resulting in a decrease in the quantity of microorganisms near the 
surface. Pseudoplastic, Newtonian, and dilant fluids have a comparable effect on the profile of 
microorganisms. As the suction parameter increases, the microorganism profile diminishes in Figure 
5(b). The suction parameter exerts a force that causes the scattering of microbes and reduces the 
segregation of microorganisms, resulting in a decrease in their concentration. 
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(a) (b) 

Fig. 4. Effect of (a) Lewis parameter 𝐿𝑒 with different values of 𝑛, (b) Solutal slip parameter 𝑐𝑠 with 
different values of 𝑠 on concentration profile 

 

  
(a) (b) 

Fig. 5. Effect of (a) Curvature parameter 𝜀 with different values of 𝑛, (b) Microbial slip parameter 𝑑𝑠 with 
different values of 𝑠 on microorganism profile 

 
Raising λ and 𝜀 values in the flow zone considerably improves the heat transfer rate as shown in 

Figure 6. The transfer of heat from the surface to the fluid becomes more pronounced with increasing 
curvature. The heat transfer coefficient quantifies the rate at which energy is exchanged between 
the wall and the fluid, either in one direction or the other. As the suction injection parameter 
increases, there is a greater amount of fluid that is either sucked into or injected out of the wall. The 
heat transfer rate mostly increases for s = 1, and this increase is particularly significant for dilatant 
fluids. When s is equal to -1, the heat transfer rate exhibits an inverse phenomenon. For injection of 
a pseudoplastic fluid, the heat transfer rate is increased. 
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(a) (b) 

Fig. 6. Effect of (a) mixed convection parameter λ, (b) curvature parameter 𝜀 with different values of 𝑛 on 
heat transfer rate 

 
Both the mass transfer rate and the density of motile microbe transfer rates are seen to rise with 

the mixed convection parameter and the curvature parameter, as seen in Figure 7 and Figure 8. This 
is something that can be noticed. It has been established that the density of motile microorganisms 
is greater than that of liquid, and it is typical for these organisms to swim in an upward manner 
toward the exterior of the cylinder wall. In light of this, the curvature parameter 𝜀 is responsible for 
a greater rise in the transfer rate of motile microorganisms in comparison to the mass transfer rate. 
The increment is significant for both the s = 1 and the dilatants fluid flow processes in both situations. 
 

  
(a) (b) 

Fig. 7. Effect of (a) mixed convection parameter λ, (b) curvature parameter 𝜀 with different values of 𝑛 
on mass transfer rate 
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(a) (b) 

Fig. 8. Effect of (a) mixed convection parameter λ, (b) curvature parameter 𝜀 with different values of 𝑛 on 
microorganism transfer rate 

 
4. Conclusions 
 

The effects of heat, mass, and microorganism slip are investigated in a gyrotactic microorganism 
flow study on a vertical cylinder with a non-Newtonian fluid. The following are the most important 
results 

i. The velocity profile is positively correlated with the mixed convection parameter λ and 
the curvature parameter 𝜀. The occurrence of increasing phenomena is primarily observed 
in the situation of injection (𝑠 < 1), particularly with pseudoplastic fluids(𝑛 < 1). 

ii. Temperature profile increases with 𝜀. The increase in the curvature parameter leads to an 
augmentation in the thickness of the boundary layer of the temperature profile, which is 
mostly caused by the dilatant fluid (𝑛 > 1). 

iii. As the slip parameters grow from 0 to 1, the thermal, concentration, and microbiological 
boundary layer thickness decrease. These occurrences occur when a suction effect (𝑠 >
1) is present. 

iv. The transfer rates of heat, mass, and microorganisms predominantly increase due to the 
suction effect when dilatant fluids are present. 
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