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Abstract 

To demonstrate the consequences of activation energy and variable viscosity on a non-linear partial symbiotic 

flow, a model has been constructed. The current study examines the mass and heat transfer of a two-dimensional 

immobile mixed convective nanofluid flow containing motile microorganisms with temperature-related viscosity 

on top of a plate that is vertical across a Porous media. Applying the Bvp5c technique with Matlab solver, the 

governed equations are utilized to transform the controlled conservative equations into a nonlinear system of 

equations involving differentials, and numerical responses are obtained, while taking into account all of the 

aforementioned physical circumstances. The focus of numerical research has been on how complex dimensionless 

parameters affect several profiles, including the momentum, temperature, concentration, and density of 

microorganisms. also the other physical quantities are ensures like with the increasing of  variable viscosity𝜈𝑓  

skin friction , Nusselt number increases, but the Sherwood number and rate of motile microorganisms are 

decreases.  
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Introduction 

Energy development is critical to the development and output of industries. To enhance the transmission of 

energy inside the system, the flow of numerous fluids of diverse sorts has been used. These fluids mortgage 

several physical performances in manufacturing processes, such as heat capacity and thermal conductivity. 

However, it is widely recognized that changes in air thermal conductivity caused by low thermal conductivity 

have a significant impact on the final product. Mega businesses including power plants, paper mills, polymer 

extrusion units, chemical process units and glass fiber facilities  greatly rely on the ability to transport heat. As a 

result, everyone on earth is keen to research new energy sources in the twenty-first century. One of their key goals 

is solar energy technology, which includes engineers and scientists. The term "Solar Thermal Collector" refers to 

a device that transforms solar energy into heat, which is then transformed into water and stored in a hot water 

system. However, the slow heat transmission makes this device less effective. In order to improve the 

effectiveness of such a device, base fluids and a metallic particle combination have been devised. An increase in 

the thermal conductivity of the base fluid causes the interaction of these tiny particles, also known as nanofluids. 

The nanofluid is composed of submerged Metallic nanoparticles such as iron, gold, copper, titanium, iron, or their 

oxides are utilised in base fluids that don't participate actively in a chemical process but instead increase the heat 

conductivity of base fluids’ through passive approach. Furthermore, nanofluids are widely employed in the 

pharma sector. With such fascinating applications, numerous researchers investigated the behaviour of such fluids 

under various physical conditions, both theoretically and empirically. Choi1 proposed the word, according to the 

literature "nanofluid" are studied the issues of thermophoretic and brownian movement limitations for the first 
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time. For researchers, thermal radiation as a means of heat transmission is a significant and fascinating 

phenomenon, due to its significance in the design of funances, turbines, photochemical reactors, combustion, 

solar collectors, nuclear power plants, solar ponds, and numerous impulsion systems utilised in engineering 

disciplines like as  spacecraft, satellites, missiles, and so on. Numerous studies have been conducted to study the 

impact of heat radiation on fluid flow mechanisms 2–6. 

One of the most well-known periods in bioscience is the phenomena of bioconvection. When the suspension is 

quite thick, microbe aggregation causes the upper surface to become unstable, which results in the formation of 

bioconvection currents and the tumble of microorganisms in the presence of gyrotactic bacteria, Kuznetsov7 

demonstrated the biological convection of nanoparticles along a horizontal platform that had been convectively 

heated. The bioconvection phenomena were studied by Kuznetsov and Avramenko8 using the suspension of 

gyrotactic microbes. Khan et al.'s9 investigation of the effects of gyrotactic microbes in a magneto Burgers 

nanofluid flow.In the presence of various thermophysical factors, Begum et al.10 and Waqas et al.11 addressed the 

nature of the stratified flow of nanomaterial with the suspension of gyrotactic microbes. The focus of Zohra et al12 

was viscous bioconvection anisotropic slip flow through the boundary layer over rotating spinning cone. Uddin et 

al 13 used the Chebyshev collocation method, a well-known computational methodology, to investigate the 

Newtonian fluid's rheological behaviour changes when certain types of microorganisms are present. Uddin14 

revealed another intriguing continuation using gyrotactic microbes over the wave-like surface in a water-based 

bionanofluid. The activation energy, which Svante Arrhenius initially postulated in 1889, has achieved what 

scientists and engineers had hoped for. Actually, reactants receive base energy to transform into products 

throughout diverse chemical reactions, which is known as the activation energy. Molecules have kinetic and 

potential energy, which are critical for breaking bonds or stretching and twisting bonds. If molecules travel slowly 

and have minimal kinetic energy, they will bounce off one other without completing the reaction. However, 

because to the large momentum energy, a chemical reaction occurs that requires just a little amount of activation 

energy. Hydrodynamics, oil storage industries, Suspension of oil, most importantly, the idea of activation energy 

is increasingly relevant in geothermal. Many researchers researched this phenomena because of its intriguing 

applications. for example, Maleque15 investigated how exothermic and endothermic chemical reactions behaved 

on a flat plate when energy activation and a medium that was porous were presentKhan et al.16 discussed the 

impact of cross diffusion and activation energy on a nonlinear radiative flow of nanofluid. In the presence of 

energy activation, Shafique et al.'s17 research looked at the flow of a rate-type fluid in a rotating frame. Another 

related paper by Awad et al.18 used a viscous fluid model to discuss the effects of activation energy. The 

investigation of activation energy usage in thermal extrusion manufacturing systems using non Newtonian 

nanofluid by Hsiao et al.19 included a useful addition. The characteristics of fluids with variable viscosity under 

various geometrical conditions, such as natural convection at an axisymmetric stagnation point, the effect of 

magnetic fields on heat transfer with thermal radiation, and liquid flow along the surface with the inclusion of 

exothermic catalystic chemical effects, have recently piqued the interest of researchers20–23.The combined effects 

of an electrically conducting nanofluid with time-dependent viscosity, thermal radiation, magnetic field over a 

radially stretching convective and analysed with numerical validation, as well as the properties of a non-steady 

thermal source over stretching sheet non-parallel Magneto Hydrodynamic stagnation flow with radiative transfer 

over a wedge, have been analysed and numerical results have been obtained24–29.W. A. Khan et al.30 investigated 

the combined effects of mass transfer and the viscosity of the non-aligned MHD nanofluid flow computationally. 

Hossam A. Nabwey et al.'s31 developed physical model's governing equations and boundary conditions, as stated 

by Cary with Mollendorf32 variable viscosity μ with respect to heat modelled by 𝜇 = 𝜇𝑓 [1 + (
1

𝜇

𝑑𝑢

𝑑𝑇
)

𝑓
(𝑇 − 𝑇𝑓)] =

𝜇𝑓[1 + 𝜗𝑓(𝜃 − 1
2⁄ )] where 𝜗𝑓 = (

1

𝜇

𝑑𝑢

𝑑𝑇
)

𝑓
(𝑇𝑤 − 𝑇∞),  𝑇𝑓 =

𝑇𝑤+𝑇∞

2
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In order for researchers to comprehend Current research is focused on understanding a unique type of 

bioconvection caused by gyrotactic microbes in a changing viscosity environment, as well as energy activation. 

Unlike normal investigations, the use of MHD nano liquid over a saturated vertically covered porous media, as 

well as nonlinear thermal radiation, dependent viscosity, and activation energy makes this research both 

intriguing and adaptable. The study of motion is built with gyrotactic microorganism magnetic field consideration 

built on the basis of controlled equations as a set of ordinary differential equations utilising the BVP5c technique 

with Matlab tool is used to solve the dimensionless boundary value problem quantitatively. which are then 

computationally resolved The physical characteristics of effective parameters for velocity, temperature, microbes, 

and concentration are visually highlighted and addressed. 

Mathematical formulation 

When a 2-D continuous flow of nanofluid is taken into account, both forced convection and spontaneous are 

composed of gyrotactic microorganisms that pass through a permeable in a porous medium. The coordinate 

systems 𝑥and 𝑦, respectively, stand for the length of the vertical plate and the length normal to the plate. 

Constant surface plate is thought to have constant fixed heat𝑇𝑤, a nanoparticle volume fraction 𝐶𝑤, maintaining 

the microbes 𝑛𝑤  constant, and given free stream nanoparticles, temperature, velocity, and microbes density 

involving in nanoparticle volume fractions as 𝐶∞ , 𝑇∞, 𝑈∞𝑎𝑛𝑑𝑛∞.  

For the length to increase linearly with temperature, the velocity of microbe nanoparticles when the 

microorganisms were swimming in the state was disregarded. The linearity of absolute viscosity 𝜇  is 

demonstrated by the created equations that illustrate mass conservation under these assumptions the viscosity 𝜇 as 

𝜇 = 𝜇𝑓 [1 + (
1

𝜇

𝑑𝑢

𝑑𝑇
)

𝑓
(𝑇 − 𝑇𝑓)] 

The governing equations for defined nanoliquid with suspension of microorganisms are stated by Hassan et. Al33 

∇. 𝑉 = 0 , 

𝜌𝑓
𝑑𝑉

𝑑𝑡
= ∇. 𝜏 + 𝐽𝑋𝐵  

𝑉. ∇𝑇 = 𝛼𝑓∇2𝑇 + 𝜏 [𝐷𝐵∇𝑇. ∇𝐶 + (
𝐷𝑇

𝑇∞
) ∇𝑇. ∇𝑇] −

1

(𝜌𝑐)𝑓

𝜕𝑞𝑟

𝜕𝑦
  

(𝑉. ∇)𝐶 = 𝐷𝐵∇2𝐶 +
𝐷𝑇

𝑇∞
∇2𝑇  

𝑉. 𝐽1 = 0  

Here 𝐽 is the current density, 𝑉 is momentum vector,𝐵 magnetic flux 
𝑑

𝑑𝑡
 is the material derivative,𝜌𝑓  is the 

density of fluid, 𝑇 is Temperature, 𝛼𝑓 =
𝑘

(𝜌𝑐)𝑓
 is the thermal diffusivity, 𝜏 =

(𝜌𝑐)𝑝

(𝜌𝑐)𝑓
⁄  ratio between heat 

capacity of nanoparticle material to heat capacity of fluid,  𝐽1  represents microorganism flux associated with 

macroscopic convection of fluid, 𝐷𝐵  is the Brownian diffusion coefficient, 𝐷𝑇  is the thermophoretic diffusion 

coefficient,𝐶 is the concentration. 

Which expressed as  𝐽1 = 𝑛𝑉 + 𝑛𝑉̂ − 𝐷𝑛∇𝑛 
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Here, 𝑛 stands for the microorganisms' density.𝑉̂ = (
𝑏𝑊𝑐

∆𝐶⁄ ) ∇𝐶 to organism swimming velocity, 𝑏 determined 

the chemotaxis constant,𝐷𝑛 is the diffusion coefficient of the microorganisms, and𝑊𝑐 symbolized the maximum 

cell swimming speed, The proper velocity field for the flow under consideration is 𝑉 = [𝑢(𝑥, 𝑦), 𝑣(𝑥, 𝑦), 0], 𝑇 =

𝑇(𝑥, 𝑦), 𝐶 = 𝐶(𝑥, 𝑦), 𝑛 = 𝑛(𝑥, 𝑦) 

 Where𝑢 and 𝑣 are velocity components along 𝑥 and 𝑦 directions respectively. 

 

𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
= 0,                            (1) 

𝑢
𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
=

1

𝜌𝑓

𝜕

𝜕𝑦
(𝜇

𝜕𝑢

𝜕𝑦
) + [(

1−𝜙∞

𝜌𝑓
) 𝜌𝑓∞𝛽(𝑇 − 𝑇∞) − (

𝜌𝑓−𝜌∞

𝜌𝑓
) (𝐶 − 𝐶∞) − 𝛾 (

𝜌𝑛𝑓−𝜌𝑓∞

𝜌𝑓
) (𝑛 − 𝑛𝑓)] 𝑔 −

𝜇

𝐾
(𝑢 − 𝑈∞) −

𝜎𝐵0
2

𝜌𝑓
(𝑢 − 𝑈∞),                                    (2) 

𝑢
𝜕𝑇

𝜕𝑥
+ 𝑣

𝜕𝑇

𝜕𝑦
= 𝛼

𝜕2𝑇

𝜕𝑦2 + 𝜏 {𝐷𝐵
𝜕𝐶

𝜕𝑦

𝜕𝑇

𝜕𝑦
+

𝐷𝑇

𝑇∞
(

𝜕𝑇

𝜕𝑦
)

2

} −
1

𝜌𝑐𝑝𝑓

𝜕𝑞𝑟

𝜕𝑦
+

𝜇𝑓

𝜌𝑐𝑝𝑓
(

𝜕𝑢

𝜕𝑦
)

2

+
𝜎𝐵0

2

𝜌𝑐𝑝𝑓
(𝑢 − 𝑈∞)2,        (3) 

𝑢
𝜕𝐶

𝜕𝑥
+ 𝑣

𝜕𝐶

𝜕𝑦
= 𝐷𝐵 (

𝜕2𝐶

𝜕𝑦2) + (
𝐷𝑇

𝑇∞
) (

𝜕2𝑇

𝜕𝑦2) − 𝑘𝑐(𝐶 − 𝐶∞) (
𝑇

𝑇∞
)

𝑛

𝑒𝑥𝑝 (
−𝐸𝑎

𝑘𝑇
),                                (4)   

𝑢
𝜕𝑛

𝜕𝑥
+ 𝑣

𝜕𝑛

𝜕𝑦
+

𝑏𝑊𝑐

(𝐶𝑤−𝐶∞)
[

𝜕

𝜕𝑦
(𝑛

𝜕𝐶

𝜕𝑦
)] = 𝐷𝑚 (

𝜕2𝑛

𝜕𝑦2),             (5) 

Regarding the following circumstances: 

 𝑎𝑡 𝑦 = 0,     𝑢 = 𝑁1𝜇
𝜕𝑢

𝜕𝑦
 ,     𝑣 = 𝑣0(𝑥), 𝑇 = 𝑇𝑤 , 𝐶 = 𝐶𝑤 , 𝑛 = 𝑛𝑤,       

𝑎𝑠    𝑦 → ∞,    𝑢 = 𝑈∞,     𝑇 = 𝑇∞,      𝐶 = 𝐶∞,      𝑛 = 𝑛∞. (6)       

The parameters are all listed in the nomenclature section. Substituting the below-mentioned similarity 

transformations 

𝜂 = 𝑦√
𝑈∞

𝜈𝑓𝑥
, ψ(𝑥, 𝑦) = √𝜈𝑓𝑈∞𝑥𝑓(𝜂), 𝜃 =

𝑇 − 𝑇∞

𝑇𝑤 − 𝑇∞
, 𝜙 =

𝐶 − 𝐶∞

𝐶𝑤 − 𝐶∞
, 𝜓 =

𝑛 − 𝑛∞

𝑛𝑤 − 𝑛∞
,  

The stream function 𝜓 is used here, and 

𝑢 =
𝜕ψ

𝜕𝑦
,    𝑣 = −

𝜕ψ

𝜕𝑥
 

The continuity equation and equations are readily satisfied when the aforementioned is substituted into Eqs. (1)–

(6). Equations (2)–(6) are as follows.  

(1 + 𝜈𝑓 (𝜃 −
1

2
)) 𝑓′′′ +

1

2
𝑓𝑓′′ + 𝜈𝑓𝑓′′𝜃′ + 𝑅𝑖(𝜃 − 𝑁𝑏𝜙 − 𝑅𝑏𝜓) − [

1+𝜈𝑓(𝜃−
1

2
)

𝐷𝑎
+ 𝐻𝑎] (𝑓′ − 1) = 0,  

                                                                                                  (7) 

(
1

𝑃𝑟
+

4𝑅

3
) 𝜃′′ +

1

2
𝑓𝜃′ + 𝑁𝑏𝜃′𝜙′ + 𝑁𝑡𝜃′2

+ 𝐸𝑐(𝑓′′)2 + 𝐻𝑎𝐸𝑐(𝑓′ − 1)2 = 0,  (8) 
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1

𝑆𝑐
𝜙′′ +

1

2
𝑓𝜙′ +

𝑁𝑡

𝑁𝑏
𝜃′′ − 𝜎(1 + 𝛿1𝜃)𝑛𝑒𝑥𝑝 (

−𝐾

1+𝛿𝜃
) 𝜙 = 0,     (9) 

𝑔′′ +
1

2
𝑆𝑏𝑓𝑔′ − 𝑃𝑒(𝑔′𝜙′ + (Ω + 𝑔)𝜙′′) = 0,      (10) 

With Boundary conditions obtained as: 

𝜂 = 0,     𝑓 = 𝑓𝑤, 𝑓′ = 𝛿 [1 + 𝜈𝑓 (𝜃 −
1

2
)] 𝑓′′(0), 𝜃 = 1, 𝜙 = 1, 𝑔 = 1, 

𝑎𝑠 𝜂 → ∞,      𝑓′ = 1, 𝜃 = 0, 𝜙 = 0, 𝑔 = 0.     (11) 

The parameters that appear in equations are as follows: 

𝐺𝑟𝑥 = (
1−𝜙∞

𝜈𝑓
2 ) 𝑥3𝑔𝛽(𝑇𝑤 − 𝑇∞), 𝑅𝑒𝑥 =

𝑈∞𝑥

𝜈𝑓
, 𝑅𝑖 = (

1−𝜙∞

𝜌𝑓𝑈∞
2 ) 𝑥𝜌𝑓∞𝑔𝛽(𝑇𝑤 − 𝑇∞) =

𝐺𝑟𝑥

𝑅𝑒𝑥
2,   

𝑁𝑟 =
(𝜌𝑝−𝜌𝑓∞)(𝐶𝑤−𝐶∞)

𝜌𝑓∞𝛽(1−𝜙∞)(𝑇𝑤−𝑇∞)
, 𝑅𝑏 =

𝛾(𝜌𝑛𝑓−𝜌𝑓∞)(𝑛𝑤−𝑛∞)

𝜌𝑓∞𝛽(1−𝜙∞)(𝑇𝑤−𝑇∞)
, 𝑃𝑟 =

𝜈

𝛼
, 𝑆𝑐 =

𝜈

𝐷𝐵
,   

𝑆𝑏 =
𝜈

𝐷𝑚
, 𝑃𝑒 =

𝑏𝑊𝑐

𝐷𝑚
, 𝐷𝑎 =

𝐾𝑈∞

𝜈𝑓𝑥
, 𝑁𝑡 =

𝜏𝐷𝑇𝜈2(𝑇𝑤−𝑇∞)

𝛼𝑇∞
, 𝑁𝑏 =

𝜏𝐷𝐵(𝐶𝑤−𝐶∞)

𝛼𝑇∞
 ,   

Ha =
σB0

2𝑥

ρU∞
, Ω =

𝑛∞

(𝑛𝑤−𝑛∞)
, 𝛿 = 𝑁1(𝑥)𝜇𝑓√

𝑈∞

𝜈𝑓𝑥
, 𝑓𝑤 = −2𝑣0(𝑥)√

𝑥

𝜈𝑓𝑈∞
,  

𝐸𝑐 =
𝑈∞

2

𝑐𝑝𝑓(𝑇𝑤−𝑇∞)
, 𝑅 =

4𝜎∗𝑇∞
3

𝑘∗𝜈𝑓𝜌𝑐𝑝𝑓
  𝜎 =

𝑘𝑐
2

𝑎
   𝛿1 =

(𝑇𝑓−𝑇∞)

𝑇∞
   𝐾 =

𝐸𝑎

𝑘𝑇∞
  

Sherwood number, Skin-friction, motile rate of organisms number, and Nusselt number are physical quantities of 

primary interest, and the following list of names can be used to characterize each of them, correspondingly.    

𝐶𝑓 =
𝜏𝑤

𝜌𝑓𝑈∞
2 , 𝑁𝑢𝑋 =

𝑥𝑞𝑤

𝑘(𝑇𝑤−𝑇∞)
, 𝑆ℎ𝑋 =

𝑥𝑞𝑚

𝐷𝐵(𝐶𝑤−𝐶∞)
, 𝑁𝑛𝑋 =

𝑥𝑞𝑛

𝐷𝑚(𝑛𝑤−𝑛∞)
,    (7) 

𝜏𝑤 = (𝜇
𝜕𝑢

𝜕𝑦
)

𝑦=0
, 𝑞𝑤 = −𝑘 (

𝜕𝑇

𝜕𝑦
)

𝑦=0
, 𝑞𝑚 = −𝐷𝐵 (

𝜕𝐶

𝜕𝑦
)

𝑦=0
, 𝑞𝑛 = −𝐷𝑛 (

𝜕𝑛

𝜕𝑦
)

𝑦=0
,  (8) 

Which are obtained as: 

𝐶𝑓𝑅𝑒𝑥

−
1

2 = [1 + 𝜈𝑓 (𝜃 −
1

2
)] 𝑓′′(0),   𝑁𝑢𝑥𝑅𝑒𝑥

−
1

2 = −𝜃′(0),   𝑆ℎ𝑥𝑅𝑒𝑥

−
1

2 = −𝜙′(0),  

𝑁𝑛𝑥𝑅𝑒𝑥

−
1

2 = −𝑔′(0). 

Methodology 

Analytical solutions to the highly nonlinear regulated flow equations cannot be discovered because scaling 

changes convert conservative equations into ODE. To obtain suitable solutions, Bvp5c technique is a numerical 

methodology that is applied, coded, and run in the Matlab software. Further numerically drew the graph for 

various flow parameters and evaluated the outcomes. By using a few notations, this approach transforms the 

conservative system into a 1st order ODE. 

𝑓(𝜂) = 𝑓(1), 𝑓′(𝜂) = 𝑓(2)  ,  𝑓′′(𝜂) = 𝑓(3)  , 𝜃(𝜂) = 𝑓(4), 𝜃′(𝜂) = 𝑓(5) ,  ∅(𝜂) = 𝑓(6), ∅′(𝜂) = 𝑓(7) , 

𝑔(𝜂) = 𝑓(8), 𝑔′(𝜂) = 𝑓(9).  
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𝑓′(3) = −
1

(1+𝜈𝑓(𝑓(4)−1
2⁄ ))

[
1

2
𝑓(1)𝑓(3) + 𝜈𝑓𝑓(3)𝑓(5) + 𝑅𝑖(𝑓(4) − 𝑁𝑟𝑓(6) − 𝑅𝑏𝑓(8)) − [(

1+𝜈𝑓(𝑓(4)−1
2⁄ )

𝐷𝑎
) +

𝐻𝑎] (𝑓(2) − 1)]  

𝑓′(5) = −
1

(
1

𝑃𝑟
+

4

3
𝑅)

[
1

2
(𝑓(1)𝑓(5)) + 𝑁𝑏(𝑓(7)𝑓(5)) + 𝑁𝑡(𝑓(5)𝑓(5)) + 𝐸𝑐(𝑓(3)𝑓(3)) + 𝐻𝑎𝐸𝑐(𝑓(2) − 1)2]  

𝑓′(7) = −
1

𝑆𝑐
[

1

2
(𝑓(1)𝑓(7)) +

𝑁𝑡

𝑁𝑏
𝑓′(5) − 𝜎(1 + 𝛿1𝑓(4))

𝑛
𝑒𝑥𝑝 (

−𝐾

1+𝛿1𝑓(4)
) 𝑓(6)]  

𝑓′(9) = − [
1

2
𝑆𝑐(𝑓(1)𝑓(9)) − 𝑃𝑒 ((𝑓(9)𝑓(7)) + 𝑓′(7)(𝜎 + 𝑓(8)))]  

The appropriate border circumstances are𝑓𝑎(1) = 𝑓𝑤 ,  𝑓𝑎(2) = 𝛿 (1 + 𝜈𝑓(𝑓(4) − 1
2⁄ )) 𝑓𝑎(3)  ,   𝑓𝑎(4) = 1 ,      

𝑓𝑎(6) = 1,   𝑓𝑎(8) = 1,  𝑓𝑏(2) = 1 , 𝑓𝑏(4) = 0,  𝑓𝑏(6) = 0,  𝑓𝑏(8) = 0. 

Numerical results 

Computational values of local Sherwood number, skin friction and local Nussult number, and motile rate of 

organisms for various parameters. The tables below demonstrate the physical relevance of various characteristics. 

Other parameters like  𝜈𝑓 = 0.1;   𝑅𝑖 = 0.1;   𝑁𝑟 = 0.1;   𝐷𝑎 = 1.0;   𝐻𝑎 = 0.5;   𝑃𝑟 = 0.71;   𝑅 = 0.2;   𝑁𝑏 = 0.1;   𝑆𝑐 =

0.2;   𝑁𝑡 = 0.1;   𝐸𝑐 = 0.1;   𝑅𝑏 = 0.1;   𝜎 = 0.1;  𝛿1 = 0.2;  𝛺 = 0.1;  𝑓
𝑤

= 0.1;   𝛿 = 0.1;   𝑛 = 1.0;   𝐾 = 0.2;   𝑆𝑏 =

0.1;   𝑃𝑒 = 0.5;    remain fixed while the relevant variables are varied, such as 

Table 1 

𝜈𝑓 𝑅𝑖 𝑁𝑟 𝑅𝑏 𝐷𝑎 𝐻𝑎 𝑓′′(0) −𝜃′(0) −𝜙′(0) −𝑔′(0) 

0.1      0.108457 0.342627 0.189386 0.233356 

0.2      0.111163 0.342822 0.189214 0.233243 

0.3      0.113831 0.343013 0.189050 0.233136 

0.4      0.116464 0.343203 0.188892 0.233035 

 0.0     0.108457 0.342627 0.189386 0.233356 

 0.2     0.112959 0.344624 0.189403 0.233950 

 0.4     0.117416 0.346497 0.189440 0.234527   

 0.6     0.264847 2.567022 0.740458 0.248685 

  0.1    0.108457 0.342627 0.189386 0.233356 

  0.2    0.107718 0.342176 0.189371 0.233214 

  0.3    0.106978 0.342176 0.189357 0.233071 

  0.4    0.106238 0.341226 0.189355 0.232929 

   0.1   0.108457 0.342627 0.189386 0.233356 

   0.2   0.107756 0.342215 0.189375 0.232929 

   0.3   0.107054 0.341798 0.189365 0.233101 

   0.4   0.106352 0.341376 0.189357 0.232973 

    1  0.075885 0.388888 0.125756 0.197091 

    2  0.086697 0.376734 0.064469 0.215526 

    3  0.111279 0.343400 0.189332 0.233531 

    4  0.110279 0.343120 0.189353 0.233469 

     0.0 0.108457 0.342627 0.189386 0.233356 

     0.1 0.121542 0.338870 0.191795 0.234671 

     0.2 0.135447 0.334729 0.194228 0.235898 

     0.3 0.147476 0.331038 0.196243 0.236839 
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Table 2 

𝑅 𝑁𝑏 𝑁𝑡 𝐸𝑐 𝑓′′(0) −𝜃′(0) −𝜙′(0) −𝑔′(0) 
0.0    0.108307 0.352504 0.186537 0.233271 

0.2    0.108589 0.333556 0.192018 0.233434 

0.4    0.108810 0.317913 0.196583 0.233568 

0.6    0.108986 0.305106 0.200344 0.233678 

 0.1   0.108457 0.342627 0.189386 0.233356 

 0.2   0.108547 0.332246 0.211919 0.211919 

 0.3   0.108623 0.322009 0.219424 0.233883 

 0.4   0.108696 0.311929 0.223172 0.233959 

  0.1  0.108286 0.374392 0.214243 0.233718 

  0.2  0.108372 0.342627 0.200347 0.233507 

  0.3  0.108372 0.333718 0.200347 0.233356 

  0.4  0.108542 0.327923 0.181150 0.233321 

   0.0 0.108330 0.380474 0.178125 0.233100 

   0.2 0.108584 0.304581 0.200706 0.233613 

   0.4 0.108840 0.227856 0.223536 0.234131 

   0.6 0.109096 0.150344 0.246601 0.234655 

Table 3 

𝑆𝑐 𝑆𝑏 𝑃𝑒 𝐾 𝑓′′(0) −𝜃′(0) −𝜙′(0) −𝑔′(0) 
0.1    0.108457 0.342627 0.189386 0.233356 

0.5    0.108412 0.344313 0.163001 0.232951 

1.0    0.108389 0.345193 0.157087 0.232886 

1.5    0.108378 0.345597 0.164000 0.232058 

 0.5   0.108541 0.342714 0.189393 0.361178 

 1.0   0.108611 0.342781 0.189398 0.492617 

 1.5   0.108657 0.342819 0.189400 0.599347 

 2.0   0.108691 0.342845 0.189401 0.691475 

  1  0.108461 0.342631 0.189386 0.241411 

  2  0.108466 0.342637 0.189386 0.251720 

  3  0.108471 0.342642 0.189387 0.262295 

  4  0.108476 0.342646 0.189387 0.273135 

   0.1 0.108457 0.342627 0.189386 0.233356 

   0.2 0.108457 0.342627 0.189386 0.233356 

   0.3 0.108457 0.342627 0.189386 0.233356 

   0.4 0.108457 0.342627 0.189386 0.233356 

 

From Table 1, it is clear that the dependent viscosity shows the impact on Skin friction, Nusselt number as 

improves the flow rate, and decreases the rate of concentration of nanoparticles moment and rate of motile 

microorganisms. Mixed convection parameter enhances when the Buoyancy number increases, also, the flow rate 

of momentum decreases with the Buoyancy number, stagnating the rate of heat transfer. 

Brownian motion and Eckert number show in Table 2 that the similar behaviour of skin friction, Sherewood 

number, and rate of motile microorganisms decreases the rate of heat transfer. 

From table 3 we came to know that Activation energy stagnates the flow rate of velocity transfer and momentum 

in microorganisms. Whereas the Peclet number  enhances the rate of flow transfer of nanoparticles and the 

momentum of microorganisms. 
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Results and discussions 

For the fixed values of defined parameters  𝜈𝑓 = 0.1;   𝑅𝑖 = 0.1;   𝑁𝑟 = 0.1;   𝐷𝑎 = 1.0;   𝐻𝑎 = 0.5;   𝑃𝑟 = 0.71;   𝑅 =

0.2;   𝑁𝑏 = 0.1;   𝑆𝑐 = 0.2;   𝑁𝑡 = 0.1;   𝐸𝑐 = 0.1;   𝑅𝑏 = 0.1;   𝜎 = 0.1;  𝛿1 = 0.2;  𝛺 = 0.1;  𝑓𝑤 = 0.1;   𝛿 = 0.1;   𝑛 =

1.0;   𝐾 = 0.2;   𝑆𝑏 = 0.1;   𝑃𝑒 = 0.5;  Using Matlab software and the Bvp5c methodologies, the behaviour of motile 

microorganisms in terms of velocity, temperature, concentration, and density is shown visually. 

 

Figure 1(a) impact of viscosity variation on velocity   Figure 1(b) nature of variable viscosity on temperature 

 

Figure 1(c) Variable viscosity characteristics of nanoliquid particles         

Figures 1(a)-1(c) indicates the density of motile microorganisms rises as the variable viscosity increases, 

whereas the momentum boundary layer profile and concentration of nanoliquid particles both drop. 
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           Figure 2(a) Nature of 𝑅𝑖 on velocity profile                           Figure 2(b) Nature of 𝑅𝑖 on temperature profile 

 

Figure 2(c) Nature of 𝑅𝑖 on concentration of nanoliquid             Figure 2(d) Nature of 𝑅𝑖 on microorganisms profile 

𝑅𝑖is the mixed convection parameter, figure 2(a)- 2(d) demonstrates its nature on nanoliquid particles including 

microorganisms. In contrast to the thermal boundary layer and density of motile microorganisms, the momentum 

boundary layer profile and concentration boundary layer of nano liquid particles are increasing when the mixed 

convection parameter 𝑅𝑖 increases. 

 
 

Figure 3 (a) Nature of 𝑁𝑟  on velocity   Profile                            Figure 3(b) Nature of  𝑁𝑟 on  number temperature 
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   Figure 3(c) Nature of 𝑁𝑟 on Nanoliquids Particles                  Figure 3(d) Nature of 𝑁𝑟 on Microrganisms profiles 

Figures 3(a)–3(d) depict the effect of Buoyancy number 𝑁𝑟 on velocity, temperature, nanoliquid concentration, 

and microorganism momentum in nanoliquids.  Buoyancy force equals gravitational force, and it is the upward 

force exerted by fluids on a completely or partially immersed object. Because of the nature of buoyancy, the 

velocity boundary layer decreases while the temperature and density of motile microorganisms increase. Also, the 

concentration boundary layer is dropping until a certain period later when the layer begins to increase with an 

increase in the buoyancy number. 

 

Figure 4(a) Nature of 𝑅𝑏 on Velocity profile                                                Figure 4(a) Nature of 𝑅𝑏 on Temperature 
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Figure 4(c) Nature of 𝑅𝑏 on Concentration profile                         Figure 4(d) Nature of 𝑅𝑏 on Microoganimsprofile  

Involving motile gyrotactic microorganisms, the Rayleigh number 𝑅𝑏  of the nanofluid flow transition rises 

gradually at first. Because of this physical property, as the heat source elements' length decreases, the heat flux 

becomes more equally distributed. What it is the product of the Prandtl number, which represents the relationship 

between momentum diffusivity and thermal diffusivity, and the Grashof number, which describes the relationship 

between buoyancy and viscosity inside a fluid. With this nature From the figures 4 (a) – 4(d) the increase  

Rayleigh number,  decrease the velocity and concentration of nanoliquid particles profiles where as the 

temperature and density of motile microbes profiles are increasing.  

 

 

         Figure 5(a) Nature of 𝐻𝑎 on Velocity profile                           Figure 5( b) Nature of 𝐻𝑎 on Temperature profile 
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     Figure 5(c) Nature of 𝐻𝑎 on concentration profile          Figure 5(d) Nature of 𝐻𝑎 on microorganisms profile  

Hatmann number 𝐻𝑎 has an effect on solute concentration, temperature, motile microbial velocity, and microbe 

density. Figures 5(a)-5(b) show that increasing 𝐻𝑎  strengthens momentum boundary layers while 

weakeningsolutal particle concentration, temperature, and motile microbe boundary layers. This leads to the 

development of velocity boundary layers as 𝐻𝑎  increases. Force tends to reduce the thickness of motile 

microorganisms' nanoparticle concentration boundary layer, temperature boundary layer, and momentum 

boundary layer. 

 

.  

Figure 6(a) Nature of 𝑃𝑟 on Velocity profile                      Figure 6 (b) Nature of 𝑃𝑟 on Temperature profile  
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       Figure 6(a) Nature of 𝑃𝑟 on Concentration profile               Figure 6(d) Nature of 𝑃𝑟 on Microorganisms profile 

The Prandtl number 𝑃𝑟 is a dimensionless number that is a fundamental property of a fluid. Low 𝑃𝑟 values 

indicate a fluid's ability to flow freely and have great thermal conductivity, which makes them perfect for use as 

heat-transmitting liquids. Highest 𝑃𝑟  equates to reduced diffusivity, resulting in temperature decay, velocity 

boundary layer profiles, temperature portrayed as dropping as concentration of nano particle volume fraction and 

motile microorganisms increases. These characteristics observed in the figures 6(a)- 6(d).  

            

Figure 7(a) Nature of 𝑅 on Velocity profile                      Figure 7(b) Nature of 𝑅 on Temperature profile

 

     Figure 7(c) Nature of 𝑅 on Concentration profile               Figure 7 (d) Nature of  𝑅 Microorganisms profile 
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The impact of radiation parameter 𝑅  on temperature, motile microbe velocity, organism density, and solute 

profile. It is further noted from figures 7 (a) – 7 (d) that increases in radiation parameter more significantly affect 

on temperature; as thermal radiation parameter increases, the temperature profile gradually decreases while 

momentum, solutal profile, density of micro organisms, and nanofluid profiles increase. This is due to the basic 

physical consistent behaviour of the radiation parameter. 

 

Figure 8 (a) Nature of 𝑁𝑏 on Temperature profile        Figure 8 (b) Nature of 𝑁𝑏 on Concentration profile 

 

Figure 8(c) Nature of 𝑁𝑏 on Microorganisms profile 

Large Brownian motion parameter 𝑁𝑏 induces an increase in liquid temperature, which assures sluggish growth 

in nano particle measurements with𝑁𝑏. From the figures 8 (a)- 8(c) the nature of Brownian motion parameter 𝑁𝑏 

increases, which reduces the boundary layer thickness of nanoparticle concentration and motile microbe density. 

Furthermore, it improves the thermal boundary layer profile. 
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    Figure 9(a) Nature of 𝑁𝑡 on temperature profile                Figure9 (b) Nature of 𝑁𝑡 on Concentration profile    

 

Figure 9 (c) Nature of  𝑁𝑡 Microorganisms profile 

A submerged object experiences a buoyant force that is opposed to gravity and proportionate to its density. Temperature 

within the boundary layer exhibits the same growing behaviour as 𝑁𝑡 increases. Thermophoresis is a process related with 

elements averaging Brownian motion in the presence of a constant heat gradient. As the thermophoresis parameter 𝑁𝑡 is 

increased. The temperature, motile microbe density and nanoparticle profile concentration all increase, as seen in figures 

9(a)–9(c). 
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        Figure 10(a) Nature of 𝐸𝑐 on Velocity profile                         Figure 10 (b) Nature of 𝐸𝑐 on Temperature profile 

 

         Figure 10 (c) Nature of 𝐸𝑐 on concentration profile        Figure 10 (d) Nature of 𝐸𝑐 on microorganism profile   

 

It characterizes heat dissipation by expressing the link between a flow's kinetic energy and the boundary layer 

enthalpy differential. The Eckert number 𝐸𝑐 is equal to twice the product of the specific heat capacity and the 

temperature differential divided by the characteristic speed squared. Heat dissipation in high-speed flows 

increases significantly as viscous dissipation increases, as seen in figures 10 (a) -10 (d), suggesting that the 

temperature and velocity profiles grow while the solute and microorganism profiles drop. 
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          Figure 11(a) Nature of 𝑆𝑐 on temperature profile             Figure 11(b) Nature of 𝑆𝑐 on concentration profile 

 

Figure 11(c) Nature of 𝑆𝑐 on microorganism profile  

The Schmidt number 𝑆𝑐 is the kinematic viscosity to molecular diffusion coefficient ratio. According to a number 

of field investigations, lesser mass diffusion leads to a rise in the Schmidt number. As the Schmidt number rises, 

the temperature and density of motile bacteria profiles decrease, as shown in Figures 11(a)–11(c). 
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 Figure 12 (a) Nature of 𝐾 on temperature profile     Figure 12 (b) Nature of 𝐾 on concentration profile profile 

 

Figure 12(c) Nature of 𝐾 on microorganisms’ profile 

For the increasing of activation energy the figures  12 (a)- 12 (c) revels that the concentration profile and microorganisms 

profiles are decreasing where as the temperature profile is increasing. 

 

   Figure 13 Nature of 𝑆𝑏 on microorganisms’ profile       Figure 14 Nature of 𝑆𝑏 on rate of motile microorganisms 
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The ratio of heat transfer to mass diffusivity is known as the bioconvection parameter 𝑆𝑏. It is employed to 

describe fluid flows where there is concurrent mass and heat transfer. Figure 13 revels that with upraises in 

bioconvection parameter 𝑆𝑏 decrease the density of microorganisms. And from the figure 14 the rate of motile 

microorganisms is increasing for some time, later on the flow rate of motility is decreasing. 

 

Figure 15 Nature of 𝑃𝑒 on microorganisms profile 

 

Figure 16 Nature of 𝑃𝑒 for the rate of motility of microbes 

The Peclet number is often very large 𝑃𝑒 is the ratio of advective transport rate/diffusive transport rate. For mass 

transfer 𝑃𝑒 >> 1 the diffusion happens in a much larger time compared to the convection and therefore that later 

of the two phenomena predominates in the mass transport. With this nature from the figures 15 and 16 the density 

of motile microorganism is decreasing and rate of motile microorganisms initially increasing abut after at rate of 

convergence the motility rate is decreasing.  
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                  Figure 17 Nature of  𝑃𝑟 v/s Nusselt number   

 

Figure 18 Nature of 𝑃𝑟 v/s Sherwood number 

Figures 17 and 18 illustrate that the nature of the Prandtl number causes the rate of heat transfer and rate of mass 

transfer of nanoparticles, i.e. Nusselt number and Sherwood number, to exhibit opposing behaviour. The rate of heat 

transmission increases initially, and then decreases as the Prandtl number increases, but the rate of mass transfer of 

nanoparticles shows the reverse outcome. 
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Figure 19 Nature of 𝐸𝑐 v/s Nusselt number 

 

Figure 20 Nature of 𝐸𝑐 v/ s Sherwood number 

Figures 19 and 20 depict the outcome of Eckert number 𝐸𝑐  against Nusselt number and Sherwood number. 

According to the figures, the Eckert number first lowers the rate of heat transfer while increasing the rate of mass 

transfer of nanoparticles. Later, the Eckert number raises the rate of heat transfer while decreasing the rate of 

mass transfer of nanoparticles. 
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Figure 21 Nature of 𝑁𝑏 v/s Nusselt number 

 

Figure 22 Nature of 𝑁𝑏 v/s Sherwod number 

Figures 21 and 22 demonstrate the relationship between the Brownina motion parameter 𝑁𝑏 and the Nusselt and 

Sherwood numbers. According to the figures, the Brownian motion parameter first reduces the rate of heat transfer while 

increasing the rate of mass transfer of nanoparticles. Later, the Brownian motion parameter raises the rate of heat 

transfer while decreasing the rate of mass transfer of nanoparticles. 
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Figure 23 Nature of 𝑁𝑡 v/s Nusselt number 

 

Figure 24 Nature of 𝑁𝑡 v/s Sherwood number  

Figures 23 and 24 demonstrate the relationship between the thermophoresis parameter 𝑁𝑡 and the Nusselt and 

Sherwood numbers. According to the figures, the thermophoresis parameter 𝑁𝑡 initially reduces the rate of heat 

transfer and mass transfer of nanoparticles, whereas the Eckert number increases the rate of heat transfer and 

mass transfer of nanoparticles. 

Conclusions 

Expanded investigates the MHD nanoliquid in a vertically saturated, porous medium with bioconvection caused 

by gyrotactic microorganisms in a variable viscosity with an activation energy, and The effects of non-linear 

radiation are taken into account in the flow analysis. The Bvp5c method is used to solve an ODE problem that is 

very nonlinear. The following effects have been noted. As the variable viscosity 𝜈𝑓 value increases, the fluid's 

momentum increases, bio-convection Rayleigh number 𝑅𝑏, while it is decreasing Hatmann number 𝐻𝑎 and Peclet 

number 𝑃𝑒. 
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i) Temperature profiles fall when variable viscosity 𝜈𝑓 and the bio-convection Rayleigh number 𝑅𝑏 

increase, whereas they rise as Hatmann and Peclet numbers increase. 

ii) With rising values of viscosity 𝜈𝑓the bio-convection Rayleigh parameter 𝑅𝑏, and the Hatmann number 

𝐻𝑎, the concentration of nanoparticle volume fraction profile rises, whereas it declines with rising 

values of the Peclet parameter 𝑃𝑒 and the Hatmann number 𝐻𝑎. 

iii) With rising values of the bio-convection Rayleigh parameter 𝑅𝑏, the variable viscosity 𝜈𝑓 and the 

Hatmann number 𝐻𝑎, the density of motile microorganisms rises, but it falls with rising values of the 

Peclet parameter 𝑃𝑒. 

iv) Viscosity affects skin friction, Nusselt number, flow rate, nanoparticle concentration, and motile 

microorganisms. Buoyancy number increases mixed convection, while momentum flow decreases, 

stagnating heat transfer. 

v) Activation energy stagnates microorganism flow rate; Peclet number enhances nanoparticle flow 

transfer and momentum. 
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Nomenclature 

𝑢, 𝑣    Velocity components       

𝜇    Viscosity 

𝛽   Heat parameter 

 𝜌𝑓   Density  

 𝑘   Thermal conductivity  

𝐵𝑜    Magnetic field strength  

 𝜏    Effective heat capacitance 

𝐷𝐵   Brownian diffusion coefficient 

 𝐷𝑇   Thermal diffusion coefficient 

𝑐𝑝𝑓   Specific heat coefficient  

𝑘𝑐   Kinetic energy  

 𝐸𝑎 /𝐾  Activation energy 

𝑊𝑐   Cell swimming speed constant  

𝐷𝑚    Mass diffusion coefficient 

𝑓𝑤     Suction/injection coefficient  

  𝜈𝑓   Dependent viscosity 

𝑅𝑖    Mixed convection parameter 

 𝑁𝑏   Buoyancy number 

 𝑅𝑏   Bioconvection Rayleigh number 

 𝐷𝑎   Darcy number 

 𝐻𝑎   Hatmann number  

𝑃𝑟   Prandtl number  

𝑅    Radiation parameter 

𝑁𝑏    Brownian motion parameter 

𝑁𝑡   Thermophoresis parameter 

𝐸𝑐    Eckert number 

𝑆𝑐   Schmidt nuber 

𝜎   Stefan Boltzmann constant 

𝑆𝑏   Bioconvection parameter 

𝑃𝑒   Peclet number 

 𝛺   Microorganisms concentration difference 

𝐺𝑟𝑥    Grashof number  


