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Abstract: This work investigates mixed convection flow over a vertical thin needle with variable surface heat, 

mass, and microbial flux, incorporating the influence of gyrotactic microorganisms. The governing partial 

differential equations are transformed into ordinary differential equations using appropriate similarity 

transformations. These transformed equations are then numerically solved employing MATLAB's Bvp4c 

solver. The study's primary focus lies in examining the influence of various dimensionless parameters, 

including the mixed convection parameter, power-law index, buoyancy parameters, bioconvection parameters, 

and needle size parameter, on the velocity, temperature, concentration, and microbe profiles. The results 

demonstrate that these parameters significantly impact surface (wall) temperature, surface fluid concentration, 

surface motile microbe concentration, and the corresponding velocity, temperature, concentration, and 

microorganism profiles. The study's findings offer valuable insights into the intricate dynamics of mixed 

convection flow with bioconvection and have potential applications in diverse fields such as biomedicine and 

engineering. 

Keywords: mixed convection; bioconvection; gyrotactic microorganisms; thin needle flow; numerical 

simulation 

 

1. Introduction 

Researchers have paid special attention to mixed convection, which incorporates both forced 

and free convection, in the last several decades. The primary reason, according to references [1–3], is 

its wide range of technological and industrial uses. Heat exchanges in low-velocity situations, wind-

current-exposed solar collectors, atmospheric boundary layer flows, nuclear reactor emergency 

shutdown cooling, and others are examples. Mixed convection flow across diverse surfaces was 

studied by many authors, including [4–7]. Heat flux is a critical factor in the study of mixed 

convection boundary layer flow, where the movement of fluid is influenced by both buoyancy forces 

and external forces such as pressure gradients or mechanical pumps. The role of heat flux in this 

context is paramount, as it directly impacts the distribution of temperature within the fluid and along 

solid surfaces. This, in turn, affects how efficiently heat is transferred in various systems. 

Understanding heat flux is essential for accurately predicting temperature profiles and optimizing 

thermal processes across a wide range of applications. In mixed convection, the dynamic interplay 

between forced convection driven by external forces and natural convection resulting from buoyancy 

effects creates complex heat transfer scenarios. The effectiveness of this heat transfer process hinges 

on the ability to manage heat flux at the boundaries where fluid meets solid surfaces. By carefully 

monitoring and analyzing heat flux, engineers can design more efficient thermal systems. This 

involves optimizing convective heat exchange at solid boundaries, such as those found in heat 

exchangers, electronic cooling systems, and industrial reactors. For instance, in electronics cooling, 

precise control of heat flux is crucial to prevent overheating and ensure the reliable operation of 

components. Similarly, in environmental processes like geothermal energy extraction or climate 

control systems, managing heat flux is key to maintaining desired temperature conditions. Accurate 

heat flux analysis also plays a vital role in predicting the behavior of the boundary layer the thin 
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region of fluid near a solid surface where velocity and temperature gradients are most significant. 

Properly managing this boundary layer is essential for achieving effective heat dissipation in cooling 

systems or retaining heat in processes where insulation is critical. The ability to control and predict 

heat flux enables the development of systems with enhanced thermal performance and energy 

efficiency. This knowledge is vital across a spectrum of industries, from the design of more efficient 

power plants and HVAC systems to the creation of sustainable environmental technologies. By 

leveraging a deep understanding of heat flux in mixed convection scenarios, engineers can develop 

innovative solutions that improve the thermal management of a wide range of systems, leading to 

greater reliability, performance, and sustainability. Multiple studies [8–13] have shown the 

importance of fluid flow and uniform or varied heat flux in some manufacturing processes. Recently, 

Ahmed et al. [14] studied mixed convective Williamson fluid flow with variable thermal conductivity. 

Everts et al. [15] observed forced convective flow through horizontal tube with constant surface heat 

flux. 

Bioconvection in fluid dynamics refers to the phenomenon where self-propelled 

microorganisms, such as algae and bacteria, react to oxygen gradients (oxytaxis), rotation (gyrotaxis), 

or gravity. Motile bacteria swim upwards in the system due to their greater density compared to the 

surrounding liquid. This behavior leads to the formation of various flow patterns, as explained in 

references [16–18]. Gyrotactic bacteria play a crucial role in bioconvection by coordinating group 

movements that have a substantial impact on ecological dynamics. Their navigational proficiency in 

locating nutrient-abundant areas plays a role in the transportation of nutrients, hence impacting the 

spatial arrangement of microorganisms in aquatic habitats. The bioconvection patterns that are 

created also contribute to the biological pump by enabling the upward movement of organic 

materials and nutrients. Moreover, the ability of gyrotactic microorganisms to respond to light 

gradients improves their capacity to perceive and understand their surroundings. In addition to 

ecological ramifications, the examination of these microorganisms offers significant understanding 

of thermo-bioconvection, microbial augmentation, bio-Microsystems, biofuels, and other 

bioengineering systems [19–24]. Alharbi et al. [25] investigated the importance of gyrotactic 

microorganisms in a tangent hyperbolic nanofluid flowing across a thin surface.Alam et al. [26] 

studied gyrotactic microbial flow under thermal radiative condition over dual stretched surface. 

Chemical reaction and heat generation effect with microorganism are by Ferdows et al. [27] through 

non-isothermal horizontal surface. In recent studies, Khan et al. [28] and Yasmin [29] both 

investigated hydromagnetic bioconvection flow with nanofluid over stretching surfaces. Stefan 

blowing and gyrotactic bacteria affected bionanoconvective flow past a needle, as observed by 

Amirsom et al. [30] and Beg et al. [31]. 

Researchers are studying the fluid dynamics surrounding a thin needle because of its importance 

in biomedical engineering applications including cancer treatment and transdermal medicine 

delivery. Experimental research on momentum and heat transfer by analyzing slender needle flow is 

important. This phenomenon arises due to the movement of the needle, which causes disturbances 

in the flow of the free stream. Thus, this topic is important for hot anemometers used to measure 

wind velocity, transportation systems, geothermal power generation, fiber technology, lubrication, 

aerospace, wire coating, metal spinning, micro/nanoscale equipment, and underground nuclear 

waste disposal. Thin needles have paraboloid of revolution geometry and are thinner than boundary 

layer thickness. Grosan and Pop [32] were the first to study nanoparticles' effect on thin needle flow. 

Soid et al. [33] applied this to a needle in a nanofluid. Hayat et al. [34] studied nanoliquid flow where 

a thin needle near a stagnation point changed surface heat flux. Ali et al. [35] studied mixed 

convective nanofluid flow over a needle. Salleh et al. [36] examined how a heat source and chemical 

reaction affect nanofluid flow around a thin needle in a stability analysis. Waini et al. [37] and Khan 

et al. [38] studied hybrid nanofluid flow through a thin needle. 

The aforementioned investigations on free or mixed convection boundary layer flow over 

vertical thin needles pertain to stationary needles submerged in a viscous and incompressible fluid. 

Furthermore, the study has mostly focused on analyzing heat and mass transfer under either 

isothermal or non-isothermal conditions, as well as constant or variable wall heat flux needles. 
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However, the current study is motivated by the recent studies [31,39,40] fact that there is no existing 

literature on the flow of a mixed convective boundary layer via a vertical thin needle that contains 

gyrotactic microorganisms and has variable surface heat, mass, and motile microbe flux. Considering 

the frequent occurrence of this specific changing surface heat flow scenario in engineering practice, 

it deserves distinct consideration. As far as I know, the findings derived from this study are novel 

and unique, and have not been previously published. The findings of this study have potential 

applications in several industries such as food and pharmaceuticals, chemical processing equipment, 

fuel cell technology, and enhanced oil recovery. 

2. Model Formulation 

Figure 1 examines the 2-D laminar flow of a fluid surrounding a vertical thin needle. The flow is 

influenced by variations in heat, mass, and the movement of microorganisms. Additionally, the 

presence of gyrotactic bacteria is taken into account. A vertical, thin needle with a radius 

)(* = xRr defined by is displayed alongside the flow model and system coordinates, where the -
x axis is measured from the leading edge of the needle, and the axial and radial coordinates are, 

x

and 
r respectively. A needle is deemed thin when its thickness is not greater than the boundary 

layer that forms over it. Following [30,31,41], the Boussinesq approximations yield the dimensionless 

equations in cylindrical coordinates are:  
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Figure 1. Flow diagram and graphical system. 

The non-dimensionalizing analysis made use of the following variables: 
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Similarity transformations now are 
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Setting p=  the relationship 
*)1(*

*

m
x
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=  explains the body's shape and size with its surface 

assumed by 
*)1(*** )(

m
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1* =m  is a cylinder, 5.0* =m  is a paraboloid (blunt-nosed shape), and 0* =m  is a cone.  

Transformations of ordinary differential equations are: 
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Modified boundary conditions are: 

1)(,1)(,1)(,0)(, −=−=−=== ppppfp   and   (11)  
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To define surface temperature  𝑇𝑤 , surface fluid concentration 𝐶𝑤  and surface motile 

microorganism concentration 𝐼𝑤 are  
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Finally using non-dimensional and similarity transformations, we get, 
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3. Numerical Method 

In solving boundary value problems (BVPs) using MATLAB's bvp4c function, the first step 

involves defining the system of ordinary differential equations (ODEs) representing the problem and 

specifying the corresponding boundary conditions. A crucial aspect is providing an accurate initial 

guess for the solution. The bvp4c function is then employed, with the ODEs, boundary conditions, 

and initial guess as inputs. The solver can be fine-tuned using optional parameters. Post-solving, the 

solution is extracted from the output structure, and visualization and analysis are carried out using 

MATLAB's plotting functions. If the solution does not meet desired criteria, an iterative process may 

involve refining the initial guess or adjusting solver options. This methodology enables users to 

effectively utilize the BVP4C solver for a broad range of problems, provided careful consideration of 

the ODEs, boundary conditions, and the iterative refinement process. In the context of bvp4c function 

described above we need to transform the governing equations into first order differential equation. 

At first Equations (7-10) can be rearranged in the following way 
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Next, we'll convert the problem to a differential equation of the first order. For this let p=  
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The boundary conditions are defined by 
*ya   as the left boundary and 
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To validate the findings, the differential equations are once again solved numerically using 

Maple's dsolve command. The asymptotic boundary conditions (11)-(12) are substituted by setting the 

similarity variable 𝜂𝑚𝑎𝑥 to a value of 5. The outcomes for both situations are presented in Table 1. 

demonstrate strong concordance and precision in numerical computations. 

Table 1. Comparison Results of )(),(),(),( ppppf www  when. 𝜀 = 0.5, 𝑁𝑐 = 0.5,  𝑁𝑚 =

0.3, 𝐿𝑒 = 1, 𝐿𝑏 = 0.3, 𝑃𝑒 = 0.5 

p m* )( pf   

(Matlab 

Bvp4c) 

)( pf   

(Maple 

Algorithm) 

)( pw  

 (Matlab 

Bvp4c) 

)( pw  

(Maple 

Algorithm) 

)( pw  

 (Matlab 

Bvp4c) 

)( pw  

(Maple 

Algorithm) 

)( pw  

 (Matlab 

Bvp4c) 

)( pw  

(Maple 

Algorithm) 

0.1 0.5 0.180423 0.180422 0.339327  0.339334 0.339327 0.339334 0.338872 0.338878 

 1.0 0.161941 0.161940 0.288509 0.288513 0.288509 0.288513 0.316816 0.316818 

0.2 0.5 0.331971 0.331970 0.503218 0.503222 0.503218 0.503222 0.505191 0.505193 

 1.0 0.294243 0.294243 0.400586 0.400591 0.400586 0.400591 0.454692 0.454695 

To assess the additional accuracy of the obtained findings from both the MATLAB Bvp4c and 

Maple schemes, an error analysis is done, and the results are appended to Table 2. Calculating error 

percentages is an important step in validating numerical algorithms and assuring their accuracy. A 

smaller mistake percentage shows that the method is more accurate in this particular problem. 

Table 2. Error percentage. 

p m* )( pf   
)( pw  

 

)( pw  

 

)( pw  

0.1 0.5 0.000554 

 

0.002062 0.002062 0.001770 

 1.0 

 

0.000617 0.001386 0.002062 0.000627 

0.2 0.5 

 

0.000301 0.000794 0.000794 0.000395 

 1.0 0.000000 0.001248 0.001248 0.000659 

 

To do error analysis between MATLAB Bvp4c and Maple scheme, absolute and relative error 

were calculated using the following formulas: 

Absolute error = CBVPMAPLE NN 4−  
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Relative error = 
),( 4

4

CBVPMAPLE

CBVPMAPLE

NNMax

NN −
 

Then percentage error is calculated expressing the relative error as a percentage, which is often 

easier to interpret and compare. 

Percentage Error = 100
),( 4

4


−

CBVPMAPLE

CBVPMAPLE

NNMax

NN
 

These above formulas allow quantifying the error between two methods, facilitating the 

comparison and validation of numerical results. 

4. Analysis and Interpretation of the Outcome 

Figures 2 and 3 show the distribution of the velocity profile for various values of the buoyancy 

parameter cN   and the mixed convection parameter   . In both isothermal (m  = 0.5) and non-

isothermal (m  = 1.0) needle scenarios, as shown in Figures 2(a) and 3(a), and across different needle 

sizes, as depicted in Figures 2(b) and 3(b), the velocity profile increases as the values of cN  and   

rise. This increase is driven by the buoyant forces that enhance fluid motion. The velocity boundary 

layer becomes thicker when using an isothermal needle compared to a non-isothermal one, and 

increasing the needle thickness further improves the velocity profile. This enhanced flow profile is 

due to momentum diffusion, facilitated by the needle’s larger contact area with the fluid. On the other 

hand, as the needle size decreases, less of its surface interacts with the fluid particles, leading to 

restricted fluid flow due to the frictional forces acting on the needle surface. In practical applications, 

this insight is particularly useful in fields such as chemical processing or biomedical engineering, 

where controlling fluid flow around needles or similar structures is crucial. For example, optimizing 

needle size and the buoyancy effects can enhance the efficiency of processes like drug delivery or heat 

exchangers, where precise control overflow profiles is necessary for optimal performance. 

 

Figure 2. Velocity profile with mixed convection parameter  change for a) different m  values and 

b) varied needle diameters. 
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Figure 3. Buoyancy parameter CN fluctuating velocity distribution for a) varying m  values and b) 

various needle diameters. 

As illustrated in Figures 4 and 5, the temperature profile decreases with an increase in the mixed 

convection parameter   . This effect is more pronounced for a non-isothermal needle (m  = 1.0), 

where the temperature drop is greater, in contrast to the behavior observed in the velocity profile. 

Additionally, increasing the needle thickness leads to a thicker thermal boundary layer, which in turn 

lowers the temperature at the needle's surface, as depicted in Figures 4(b) and 5(b). This phenomenon 

is further explained by the fact that a higher rate of momentum diffusion hinders thermal diffusion, 

resulting in the cooling of the boundary layer and a subsequent reduction in its thickness, as 

supported by reference [21]. 

 

Figure 4. Effect of mixed convection parameter   on Temperature profile for a) different values of 

m  b) different needle sizes. 
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Figure 5. Effect of buoyancy parameter mN  on Temperature profile for a) different values of m  b) 

different needle sizes. 

In practical terms, this understanding is crucial in industries where precise thermal management 

is needed, such as in the design of cooling systems for microelectronics or in biomedical applications 

where controlled temperature profiles around needles are critical. By optimizing the mixed 

convection parameter and needle geometry, engineers can effectively manage heat transfer to 

maintain optimal operating conditions or enhance the performance of thermal systems. 

As shown in Figure 6, the concentration profile decreases with increasing values of the Lewis 

number Le , particularly in the non-isothermal case (m  = 1). This effect is further amplified by the 

slender surface of the needle, as illustrated in Figure 6(b), which leads to an even greater reduction 

in the concentration profile. Le   is a dimensionless parameter representing the ratio of thermal 

diffusivity to mass diffusivity, playing a critical role in the analysis of heat and mass transfer 

processes. As the Lewis number increases, the boundary layer thickness of the concentration profile 

diminishes for both isothermal and non-isothermal needle configurations, as seen in Figure 7. 
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Figure 6. Concentration profile with variation of mixed convection parameter    for a) different 

values of m  b) different needle sizes. 

In practical applications, such as in the design of biosensors or microfluidic devices, 

understanding how the Lewis number and needle geometry affect microbial flow is essential. For 

instance, in scenarios where precise control of microbial concentration is required, optimizing the 

needle's slenderness and adjusting the Lewis number can be key to achieving desired outcomes in 

processes involving heat and mass transfer. 

 

Figure 7. Concentration profile with variation of Lewis parameter Le  for a) different values of m  

b) different needle sizes. 
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Figures 8–10 illustrate that as the mixed convection parameter  , Bioconvection Lewis number 

Lb  , and Bioconvection Peclet number Pe   increase, there is a noticeable reduction in the 

microorganism profiles. An increase in Pe  and Lb  enhances the fluid's mobility, which in turn 

thins the layer of motile microbes. This behavior is consistent across both isothermal (m  = 0.5) and 

non-isothermal (m  = 1.0) conditions, as depicted in Figures 8(a)-10(a). Additionally, Figures 8(b)-

10(b) show that decreasing the diameter of the needle leads to a thinner boundary layer in the 

microorganism profile. This occurs because a smaller needle size accelerates the transport of motile 

microorganisms, resulting in a reduced thickness of the boundary layer. This practical insight is 

particularly relevant in applications where controlling the thickness of microbial layers is critical, 

such as in bioengineering processes or designing efficient cooling systems where microbial presence 

must be minimized. 

 

Figure 8. Microorganism profile with variation of mixed convection parameter   for a) different 

values of m  b) different needle sizes. 
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Figure 9. Microorganism profile with variation of Bioconvection Peclet number Pe for a) different 

values of m  b) different needle sizes. 

 

Figure 10. Microorganism profile with variation Bioconvection Lewis parameter Lb  for a) different 

values of m  b) different needle sizes. 

Figures 11–13 demonstrate how surface temperature, fluid concentration, and motile microbe 

concentration change with varying values of the mixed convection parameter  . As   increases, 

there is a corresponding decrease in surface temperature, fluid concentration, and motile microbe 

density. This inverse relationship is particularly evident as the values of m rise, leading to a more 

significant reduction in non-isothermal cases. Additionally, the use of a slender needle further 
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reduces the wall temperature, fluid concentration, and motile microorganism concentration, as 

shown in Figures 11–13. This understanding is vital for optimizing operations where temperature 

and concentration control are critical, such as in biomedical devices or chemical reactors. For 

example, by modifying the mixed convection parameter and needle geometry, these systems can be 

fine-tuned to accomplish desired outcomes, such as increasing the efficiency of cooling mechanisms 

or improving the precision of microbial growth control in bioreactors. 

 

Figure 11. Variation of Surface Temperature with mixed convection parameter  . 

 

Figure 12. Variation of Surface Fluid Concentration with mixed convection parameter  . 
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Figure 13. Variation of Surface Motile microorganism Concentration with mixed convection 

parameter  . 

5. Conclusions 

The present study introduces a novel theoretical and numerical analysis of a constant two-

dimensional mixed convection flow model. The model incorporates the effects of gyrotactic 

microorganisms and variable surface heat, mass, and motile microbe flux. The investigation 

encompasses both isothermal and non-isothermal needles with varying diameters. The impact of key 

parameters on flow, heat, mass, and microorganism characteristics is thoroughly examined. The 

study's findings can be summarized as follows: 

• The velocity profile exhibits an upward trend with increasing values of the mixed convection 

parameter (λ), while the temperature, concentration, and microorganism profiles show a 

decreasing trend. 

• The buoyancy parameters contribute to a decrease in the temperature profile and an increase in 

the velocity profile. 

• The Lewis parameter (Le) significantly influences the concentration profile, resulting in a 

reduction in the thickness of the concentration boundary layer. 

• The thickness of the microorganism profile boundary layer decreases with an increase in the 

bioconvection Lewis number (Lb) and Peclet number (Pe). 

• The non-isothermal power-law index leads to a decrease in all physical quantities. 

• An increase in needle thickness results in a higher velocity profile. In contrast, slim needles lead 

to a decrease in temperature and microorganism profiles. 

The insights gained from this study contribute to a deeper understanding of mixed convection 

flow with bioconvection, offering potential applications in various fields, including biomedicine, 

chemical engineering, and environmental science. The findings highlight the complex interplay 

between physical parameters and their impact on flow behavior, heat and mass transfer, and 

microorganism distribution. The study's outcomes can inform the design and optimization of systems 
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involving mixed convection and bioconvection phenomena, leading to advancements in areas such 

as drug delivery, bioreactors, and microbial enhanced oil recovery. Future research can build upon 

these findings by exploring additional complexities, such as non-Newtonian fluids, time-dependent 

effects, and the influence of external forces. 
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