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Abstract. In this paper, the bioconvective flow in a porous square cavity containing oxytactic microorganism 
in the presence of  chemical reaction is investigated. The bioconvection flow and heat transfer in porous media 
are formulated based on the Darcy model of  Boussinesq approximation. The governing partial differential 
equations are solved using the Galerkin finite element method. The computational numerical results are 
exhibited by the streamlines, isotherms, isoconcentrations of  oxygen, isoconcentrations of  microorganisms, 
average Nusselt number, average Sherwood numbers of  oxygen concentration and microorganisms. The 
effects of  key parameters such as bioconvection Rayleigh number (Rb), chemical reaction parameter (Kr) and 
thermal Rayleigh number (Ra) are presented and analyzed. It can be deduced that the chemical reaction 
reduces the strength of  isoconcentrations of  both oxygen and microorganisms. It has been revealed that the 
chemical reaction has a greater effect on the swimming of  the microorganisms, average Nusselt number, and 
average density number. 

Keywords: Thermo-bioconvection, Oxytactic Microorganisms, Porous square cavity, Chemical reaction, Finite Element 
Method. 

1. Introduction 

Abundant investigations on convective heat transfer in porous media are ascribed to the enormous of  applications, 
such as utilization and storage of  thermal/geothermal energy, reservoirs of  petroleum, devices of  catalytic convertors, 
dispersion of  underground pollutants, underground feeder cables, technology of  porous ceramic burners, food industry, 
tertiary recovery, chemical reactors, chemical separations, moisture migration in stored grain, thermal cooling of  
electronic equipment, , heating of  rooms, combustion, etc. The basic nature and the increased volume of  work in this 
area are adequately archived in the books by Nield and Bejan[1], Ingham and Pop [2], Vafai[3], Pop and Ingham [4]. 
Natural convection in cavities of  various geometries discovers a salient feature for engineering analysis. It has huge 
applications in engineering, such as solar applications, building applications, electronic industry, etc. Natural convection 
phenomena in the porous square cavity are investigated by Rahman et al.[5] and Balla et al. [6-8].The latest development 
for microfluidic devices is heat transfer in porous media with bioconvection phenomena. Bioconvection refers to a 
macroscopic convective movement of  fluid-induced by the swimming of  motile microorganisms. Different types of  
microorganisms can be found, showing various swimming behaviours. Negatively geotactic microorganisms swim 
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opposite to gravity [9], and for gyrotactic microorganisms, the direction of  swimming depends on the balance of  
gravitational and viscous torques [10-11]. Generally, oxytactic microorganisms swim towards the upper surface since the 
upper surface of  any layer is opened to the atmosphere where the oxygen concentration is abundant. As microorganisms 
are heavier than water, the growth of  their concentration at the upper surface generates the inverting instability, which 
leads to the formation of  bioconvection. Hillesdon et al. [12] and Hillesdon and Pedley[13] developed the theoretical 
model of  bioconvection in a suspension of  oxytactic micro-organisms. Many authors studied the onset of  thermo 
bioconvection in suspensions of  oxytactic microorganisms [14-17]. Kuznetsov[18] presented a continuum model for 
thermo bioconvection of  oxytactic micro-organisms in porous media and examined the mixed consequences of  up 
swimming of  bacteria and heat transfer below horizontal layer containing a fluid-saturated porous medium. Ahmed et al. 
[19] studied thermo-bioconvection in a homogeneous and isotropic porous medium saturated square enclosure 
containing oxytactic microorganisms. Anwarbeg et al. [20] employed a mathematical model for nano-bioconvectionpast 
an impermeable vertical porous flat wall filled with oxytactic microorganisms. Bioconvection finds an important place in 
bio-microsystems for the augmentation of  mass transport and microfluidic devices such as micromixers with bacteria 
power [21]. One significant development of  bioconvection in porous media is the technology of  microbial enhanced oil 
recovery, applied to improve the life of  matured oil reservoirs [22-24]. Balla et al. [25] examined the effect of  
bioconvection parameters in suspensions of  oxytactic microorganisms present in the porous media. Kumar et al. [26] 
investigated the nanofluid flow containing gyrotactic microorganisms and second-order slip with convective conditions. 
Tlili et al. [27,28] studied the convective flow over the stretching sheet and horizontal circular cylinder. Alkanhal et al. 
[29] studied convective flow in a porous medium enclosed in a cavity.  

Another situation that takes place in practice is a chemical reaction formed in the porous medium. The pivotal 
features arising in the modeling of  a chemical reaction in a porous medium are elaborated by Nield and Bejan [1]. 
Anjalidevi and Kandasamy [30] investigated the chemical reaction of  first-order, homogeneous with a constant rate on 
laminar flow past a horizontal plate. An appreciable attention is drawn to study the flow with chemical reaction because 
of  its applications in hydrometallurgical industries, drying, evaporation, food processing, cooling towers. A good number 
of  research works were documented in this area [31- 37]. The influence of  first-order chemical reaction and variable 
surface heat flux past a flat plate in a porous medium is reported by Zhang et al. [38]. The effect of  variable chemical 
reaction on three-dimensional incompressible nanofluid-flow over an exponentially-stretching sheet obeying convective 
boundary condition is investigated by Manoj et al. [39]. Makinde et al. [40] investigated numerically, chemically reacting 
and radiating unsteady mixed convection past a surface placed in a porous medium. Mahanthesh et al. [41] studied the 
effects of  chemical reaction on three-dimensional flow over an exponentially stretching surface. Hayat et al. [42, 43] 
studied the constructive and destructive chemical reaction in the magneto-hydrodynamic flow of  Jeffery liquid and 
Carreau fluid. Farooq et al. [44] investigated theoretically the effects of  chemical reaction on convective flow. 

The novelty and significance of  this study is to combine the impacts of  the chemical reaction and bioconvective flow 
in the square cavity. To the best of  authors’ knowledge, the present work is not studied to the extent that the effect of  the 
chemical reaction of  bioconvection in the presence of  motile oxytactic microorganisms in a porous square cavity. The 
potential applications of  this study are found in bio-microsystems, microbial enhanced oil recovery, etc. The current state 
of  the art of  this paper is to extend the work of  Balla et al. [25] to the case of  thermobioconvection in a suspension of  
oxytactic microorganisms in the presence of  chemical reaction. 

2.  Mathematical Formulation 

A two-dimensional bioconvective flow in a porous square cavity filled by oxytactic microorganisms with chemical 
reaction is considered. Assume that the left and right walls of the square cavity whose side is L  being maintained at the 
temperatures HT  and CT  respectively such that HT > CT . It is also assumed that the top and bottom walls of the cavity 
are adiabatic. The vector of gravity g works in the opposite direction to the y-axis. The suspension containing oxytactic 
microorganisms is based on the mathematical model of Hillesdon and Pedley [13]. The suspension is supposed to be 
dilute and inertia terms are ignored due to the very slow motion of bioconvective flow [10]. Considering the Boussinesq 
approximation, the steady-state governing equations can be written as follows: 
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Here u  and v  are components of velocity in x and y -directions, p  is the excess pressure above hydrostatic, β  is 

the coefficient of volumetric expansion of water at constant pressure, μ  is the dynamic viscosity of the suspension, fρ  
is the density of the fluid, cell fρ ρ ρ    is the difference between densities of cell and fluid, γ  is the average volume 

of a microorganism, K  is the permeability of the porous medium, T  is the temperature of fluid, mα  is the effective 

thermal diffusivity of the porous medium, kr is the dimensional chemical reaction, C is the oxygen 
concentration, 0 minC C C    where 0C is the concentration of oxygen at free surface, and minC  is the minimum 
concentration of oxygen required for microorganisms to be active. The parameter n  is the number density of motile 
microorganisms, nδ  describes the consumption of oxygen by the microorganism. The terms u  and v  are given by  
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where b  is the chemotaxis constant and CW  is the maximum cell swimming speed. Using the following dimensionless 
variables 
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where 0n  is the average density of the microorganism. Utilising dimensional stream function ψ , which is given by 

/u yψ   and /v xψ  , the following non-dimensionalised partial differential equations have resulted. 
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where the parameters of bioconvection Rayleigh number Rb , Rayleigh number of porous medium Ra , Peclet number 
Pe , Lewis number Le , dimensionless chemical reaction Kr and constant σ  are defined as 
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The dimensionless boundary conditions of Equations (13)-(15) are given by 

0, 1, 1, 1 at 0N XθΨ      (16) 
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The local Nusselt number YNu , local Sherwood number YSh , local density number of motile microorganisms YNn  on 

the vertical walls, average Nusselt number avgNu , average Sherwood number of oxygen concentration avgSh  and 

average Sherwood number of microorganisms avgNn  are given by 

0,1 0,1 0,1

, ,Y Y Y
X X X

n
Nu Sh Nn

X X X
θ

  

                            


 (17) 

1 1

0 0

,avg Y avg YNu Nu dY Sh Sh dY   , 
1

0

avg YNn Nn dY   (18) 

3. Method of Solution 

The finite element method of  Galerkin’s weighted residual approach is employed to solve the system of  non-
dimensionalised partial differential eq. (10)-(15) with associated boundary conditions (16). In this scheme, suitable trial 
solutions are deputed and residuals are collected. The product of  residuals and weight functions is integrated over each 
element and assumed to be zero [45-47].  
We write the approximate solutions of  Ψ , θ ,  , N  by 
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where iξ  are the linear interpolation functions for a triangular element. The model of  Galerkin finite element method 

for a typical element eΩ  is given by 
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The convergence scheme of  solutions is set when the relative error for each variable between two successive iterations is 
observed below the convergence criterion such that 1 510n nφ φ   , where n  is the number of  iterations and φ  

stands for , ,θΨ   and N . In order to choose the grid size, the grid independency test is executed for the grids 2121, 
4141, 6161, 8181 and 9191. The grid independence test reveals that a grid mesh of  size 8181 is tolerable to 
study the bioconvection phenomena correctly. The present model has been validated in the absence of  chemical reaction 
and microorganisms. A comparison of  present results with the works of  Manole and Lage [48], Baytas and pop [49], 
Revnic et al. [50] and Sheremet and Pop [51], made evident that the present results are in good agreement with the 
available results, as shown in Table 1. 

Table 1. Comparison of  the Nusselt numbers at the hot wall. 

 Ra=10 Ra=100 Ra=1000 
Manole and Lage [48] - 3.118 13.637 
Baytas and Pop [49] 1.079 3.16 14.06 

Revnic et al. [50] - - 13.664 
Sheremet and Pop [51] 1.079 3.115 13.667 

Present results 1.08 3.129 13.7353 

4. Results and Discussion  

The numerical computations have been carried out for the investigation of the boundary value problem Eq. (10) - 
(14), for the following ranges of parameters: Rayleigh number ( 1 150Ra   ), bioconvection Rayleigh number 
( 2 50Rb   ), chemical reaction parameter ( 1 20Kr   ), Lewis number ( 0.01 1Le   ) and Peclet number 
( 0 1Pe   ). The range of each of the parameters is chosen owing to its significant effect on the physical problem. 

 
4.1 Effect of Rayleigh number on streamlines 

Figure 1 illustrates the effect of Rayleigh number Ra  on streamlines, isotherms, oxygen isoconcentrations, and 
microorganisms isoconcentrations. The streamlines form a single cell occupying the entire cavity with anticlockwise 
rotation when 10.Ra   As Ra  increases, the flow strength enhances and single-cell splits into two cells when 

150Ra  , which are extended in opposite directions. The absolute values of streamlines increase with Ra. 
 
4.2 Effect of Rayleigh number on isotherms 

The isotherms are parallel to the heated walls when 10.Ra   As Ra  increases, the isotherms are stratified 
horizontally at the center of the cavity indicating the convection mode of heat transfer. The heat transfer is high for 
higher values of Ra.  
 
4.3 Effect of Rayleigh number on isoconcentrations of oxygen and microorganisms 

It is observed that gradients of oxygen concentration and microorganisms concentration are more at the left, bottom 
and right walls of the cavity. Due to this reason less density is observed at the center of the cavity. A semi vortex is 
formed in the isoconcentrations of oxygen. As the Rayleigh number increased the vortex shifts towards the hot wall. It is 
also observed that a vortex is formed in the isoconcentrations of microorganisms indicating the low density of 
microorganisms at the center. As the Rayleigh number increased most of the low-density region is moved to the cold 
wall which characterizes the effect of oxytactic bacteria. The profiles of isoconcentrations of oxygen and microorganisms 
are pronounced by increasing the Rayleigh number. A vortex is formed in the isoconcentrations of oxygen and 
microorganisms which indicate the higher density of oxygen and motile organisms at centre of the cavity. The absolute 
values of isoconcentrations of oxygen and microorganisms increase with the increase in Ra. 
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Fig. 1. Streamlines, Isotherms, oxygen isoconcentrations and microorganisms isoconcentrations for (a) Ra=50 (b) Ra=100 (c) 

Ra=150 and Rb=10, Pe=0.1, Kr=5, Le=1. 

4.4 Effect of chemical reaction on streamlines 

The effect of chemical reaction parameters on the streamlines, isotherms, and isoconcentrations of oxygen and 
microorganisms is shown in Fig. 2. Enhancement in Kr strongly pronounces the flow strength of streamlines. A vortex 
is formed at the center of the cavity it moves towards the bottom wall and flow gradient increases at the wall. As the 
chemical reaction increases to Kr=10, reverse flow at the top wall has occurred.  

4.5 Effect of chemical reaction on isotherms 

A significant effect of the chemical reaction is found on isotherms. When the chemical reaction is low the heat 
transfer to the top of the cold wall is high. The heat transfer shifts to the centre of the cavity, for the higher values of a 
chemical reaction due to the reverse swimming of microorganisms to the top of the cold wall. 

4.6 Effect of chemical reaction on isoconcentrations of oxygen and microorganisms 

Because of the boundary conditions, there is density flux of both oxygen and microorganisms near the left, bottom 
and right walls. The low-density region of oxygen shifts towards the bottom wall and the open end of semi vortex moves 
to hot wall. A vortex indicating low-density region of oxytactic bacteria is formed at the center of the cavity. The growth 
in chemical reaction weakens the bonding among the oxygen particles, So the values of isoconcentration decrease. Due 
to the increased chemical reaction between the species microorganisms move to the hot wall creating a low-density 
region near the bottom of cold wall. Physically, the reverse flow of oxytactic bacteria moves the open end of semi vortex 
to hot wall. The isoconcentration field of oxygen is strongly diminished by chemical reaction. As a result the 
isoconcentration field of microorganisms is also diminished. 
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Fig. 2. Streamlines, Isotherms, oxygen isoconcentrations and microorganisms isoconcentrations for (a) Kr=1 (b) Kr=5 (d) Kr=15 and 

Ra=70, Rb=10, Pe=0.1, Le=1. 

4.7 Effect of chemical reaction on average Nusselt number, average Sherwood numbers of oxygen concentration and 
microorganisms 

Figure 3 shows the effect of chemical reaction versus Lewis number on average Nusselt number and Sherwood 
numbers. It is observed that the Nusselt number increases with an increase in Kr. This effect is pronounced with the 
increase in Le. The reverse phenomenon is observed in the case of the average Sherwood number of oxygen 
concentration. This is due to the dominance of swimming of oxytactic bacteria. The average Sherwood number of 
microorganisms reduces with chemical reaction parameter. The reduction is dominant when the Lewis number is high. 

  

(a) (b) 

Fig. 3. Effect of chemical reaction parameter versus Peclet number (a) on average Nusselt number (b) average Sherwood number  
(c) average density number of microorganisms 
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(c) 

Fig. 3. Continued. 

  

(a) (b) 

 

(c) 

Fig. 4. Effect of bioconvection Rayleigh number versus Rayleigh number (a) on average Nusselt number (b) average Sherwood 
number (c) average density number of microorganisms 

4.8 Effect of bioconvection Rayleigh number on average Nusselt number, average Sherwood numbers of oxygen 
concentration and microorganisms 

The effect of bioconvection Rayleigh number versus the thermal Rayleigh number is presented in Fig. 4. It is observed 
that the Rayleigh number increases the average Nusselt number. The effect is augmented for higher values of 
bioconvection Rayleigh number. The average Sherwood number of oxygen concentration increases with Rb. Thermal 
Rayleigh number also increases the Sherwood number of oxygen concentration. But higher values of Ra decrease the 
Sherwood number of concentration. The nature of average Sherwood number of microorganisms is the same as that of 
Nusselt number for any Rayleigh number and bioconvection Rayleigh number. 
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(a) (b) 

 

(c) 

Fig. 5. Effect of Peclet number versus Lewis number (a) on average Nusselt number (b) average Sherwood number (c) average density 
number of microorganisms 

4.9 Effect of Peclet number on average Nusselt number, average Sherwood numbers of oxygen concentration and 
microorganisms 

Figure 5 shows the effect of Peclet number versus Lewis number on average Nusselt number and Sherwood numbers. 
From the figure, it is evident that the average Nusselt number is enhanced with the increase in Peclet number and Lewis 
number. The influence of the Peclet number is low for the high Lewis number. Lewis number decreases the average 
Sherwood number of oxygen concentration. The effect of the Peclet number is not significant on Sherwood number of 
oxygen concentration. The nature of average Sherwood number of microorganisms is opposite to that of average Nusselt 
number. 

5. Conclusions 

In this paper, bioconvection in a square cavity containing a suspension of  oxytactic microorganisms in the presence 
of  chemical reaction was investigated. The basic partial differential equations were transformed into non-dimensional 
form and solved using the finite element method. The streamlines, isotherms, isoconcentrations of  oxygen and 
microorganisms and Nusselt number were calculated and presented graphically. The main conclusions could be 
summarized as: 
 The flow strength is pronounced with Rayleigh number. Larger values of Rayleigh number form reverse swim 

patterns of microorganisms. Rayleigh number increases the fields of isoconcentrations of both oxygen and 
microorganisms. Isotherms are affected by the increase in Rayleigh number. 

 Chemical reaction increases the flow cell and causes the splitting of the cell. Temperature distribution patterns are 
also affected by chemical reaction. Chemical reaction reduces the strength of isoconcentrations of both oxygen and 
microorganisms. The chemical reaction shows a greater effect on the swimming of the microorganisms. 

 The average Nusselt number is increased with Peclet number, Rayleigh number, bioconvection Rayleigh number, 
and chemical reaction parameter but decreased with Lewis number. 
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 The average density number of oxytactic microorganisms increased with Rayleigh number and bioconvection 
Rayleigh number but decreased with chemical reaction parameter, Lewis number, and Peclet number.  
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Nomenclature 

b Chemotaxis constant, m  avgNn  Average Sherwood number of  
microorganisms 

mα  
Effective thermal diffusivity of  the porous medium, 

2 /m s  
p Excess pressure above hydrostatic 

β  Volumetric thermal expansion coefficient of  water at 
constant pressure, 1K   

Pe Peclet number 

C Concentration of  oxygen   Dimensionless oxygen concentration 

minC  Minimum concentration of  oxygen required for 
microorganisms to be active 

ρ  Density of  cell, 3/Kg m  

0C  Concentration at free surface fρ  Fluid density, 3/Kg m  

CD  Diffusivity of  oxygen, 2 /m s  Ra Rayleigh number of  porous medium 

nD  Diffusivity of  microorganisms, 2 /m s  Rb Bioconvection Rayleigh number 
g  Acceleration due to gravity, 2/m s  ψ  Stream function, 2 /m s  
γ  Average volume of  a microorganism Ψ  Dimensionless stream function 

K Permeability of  the porous medium YSh  Local Sherwood number of  oxygen 
concentration 

kr  Chemical reaction parameter avgSh  Average Sherwood number of  oxygen 
concentration 

Kr  Dimensionless chemical reaction parameter σ  Electric conductivity, /S m  
L Length of  porous cavity, m  T Temperature, K  
Le Lewis number HT  Temperature at hot wall, K  
μ  Dynamic viscosity of  the suspension, 2( N.s ) / m  CT  Temperature at cold wall, K  
ν  Kinematic viscosity, 2m / s  θ  Dimensionless temperature 

n Number density of  motile microorganisms u,v 
Velocity components in ,x y -directions, 

/m s  

0n  Average density of  the microorganism CW  Maximum cell swimming speed 
N Dimensionless number density of  microorganisms χ  Constant 

YNu  Local Nusselt number ,x y  Cartesian coordinates, m  

avgNu  Average Nusselt number ,X Y  Dimensionless coordinates 

YNn  Local Sherwood number of  microorganisms   
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