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Abstract Double diffusion combined with thermo-bioconvection in porous media under two prominent effects such as gravity
modulation and internal heating are considered in the present work. The impact of considering double diffusion and porous medium
in the current problem is studied graphically. We deal with linear and weakly nonlinear theory of the system. Linear theory helps in
the analysis of onset of convection. The stability of the system is also discussed in this section. Onset of convection is governed by
critical(threshold) Rayleigh number Ra,. The marginal stability curves are plotted between critical Rayleigh number and wavenumber
for all the parameters that exist in the study which helps in analyzing the stability of the system. Weakly nonlinear stability analysis is
carried out to study heat and mass transfer in the system. Due to the gravity modulation, there arise amplitude and frequency for the
corresponding fluid under convection. From such nonlinear study, we arrive at an amplitude equation called Ginzburg-Landau (GL)
equation. Further, on solving GL equation, we discuss heat and mass transfer in terms of Nusselt number Nu and Sherwood number
Sh. The graphical study of heat and mass transfer is performed by plotting Nu versus time scale T and Sh against 7, respectively, for
various parameters existing in the study. The convection cells arise due to temperature difference between the horizontal plates are
shown in the form of streamlines and isotherms.

List of symbols
h Thickness of the porous layer
Ty Temperature at lower boundaries

Ty Temperature at upper boundaries

80 Mean gravity

g Acceleration due to gravity

e Unit vector in the direction of z-axis
] Amplitude of gravity modulation

N Frequency of gravity modulation

Q Non-dimensional frequency of gravity modulation
e Small dimensionless parameter

Vb Darcy velocity

14 Velocity along y-axis

€ Porosity of the porous medium

v Kinematic viscosity (%)

T Temperature

Ty Reference temperature

00 Density of the fluid at reference temperature
K Permeability of the porous medium

p Pressure
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B Thermal expansion coefficient
m Brinkman effective viscosity
I Fluid viscosity

(pc); Heat capacity of the fluid
(pc)m Effective heat capacity

km Effective thermal conductivity

0] Concentration of microorganisms
sp Density difference

T Average microorganism volume

Dy,  Diffusivity of microorganisms

1 Introduction

Numerous practical applications in different areas of study can be noticed on analyzing the fluid flow in porous media. Scientists
and academicians are becoming interested in a new field of study called bioconvection in porous media that has recently arisen.
The term bioconvection describes a collective dynamical convective event that takes place in a homogeneous suspension in which a
fluid medium that is slightly less dense than the microorganisms is mixed with a non-heterogeneous mixture that comprises a high
number of small, self-propelled microorganisms. The movement of bacteria and microorganisms is the subject of bioconvection,
particularly in oil production technology. Thus, theoretical research on the interplay between bioconvection and natural convection
is necessary. In this work, we examine the issue of porous media and talk about how it affects the migration of microbes under
internal heating effect.

The term bioconvection was introduced by Platt [1], who also examined the moving polygonal patterns in Tetrahymena dense
cultures. The bioconvection has been addressed in terms of Rayleigh—Taylor instability by Plesset and Winet [2]. The theoretical
bioconvective model for gyrotactic bacteria was presented by Pedley et al. [3]. Later, in a finite depth layer, Hill et al. [4] investigated
the growing number of microbial biothermal convection patterns.

Understanding the motion and importance of bioconvection in its interaction is crucial for the research of this process. Up till now,
a large number of researchers have created computational simulations on thermal convection in porous media. Chandrashekhar [5],
Drazin and Reid [6], Vafai [7] and Childress et al. [8] are the first who have modeled a thorough theory for gravitactic microorganism
bioconvection. Also numerous scholars have created mathematical models on the concept of heat convection in fluid and concept of
porous media. Ingham and Pop [9] conducted a thorough investigation on fluid layer instability caused by gravity within a porous
material. Regarding porous media, Nield and Bejan [10] wrote about internal free convection. Vadasz [11] offered a thorough
analysis of heat transport resulting from fluid movement in rotating porous media. The works described above primarily focus on
the system’s thermal instability. Comparable studies were carried out regarding natural convection in fluid-filled porous media,
considering several parameters such as magnetic field, gravitational modulation and rotational modulation, among others. Zhao
et al. [12] examined the same idea with changing gravity. The fluid’s chaotic character is emphasized here. Bhadauria et al. [13]
examined temperature modulation and gravity by taking into account a rotating porous material. Additionally, Bhadauria et al. [14]
examined nonlinear thermal instability with the same temperature and gravity modulation in a rotating viscous fluid layer. This leads
to a great deal of issues with the research of bioconvection in highly porous media, which is examined on the viscous fluid layer
under the same temperature and gravity modulation similar to Darcy—Brinkman model. Regarding this, a great deal of issues with
the Darcy—Brinkman model-based investigation of bioconvection in high porosity media came up.

The porous material can generate its own heat in a variety of real-world scenarios. This offers a different technique for creating
a convective flow by generating heat locally inside the porous material.

The phenomenon known as bioconvection occurs when self-propelled microorganism species with densities higher than those
of the surrounding fluid medium generate convective patterns. Taxis is the adaptable movement of living things in response to a
variety of environmental indications, such as light, gravity, the availability of food, chemicals, etc. Based on the type of stimulus
and whether the organism moves toward or away from it, taxis can be categorized. The term positive taxis describes the attraction
that arises when a cell or organism moves in the direction of the stimulus. Conversely, moving away from the stimulant is described
by negative taxis, often known as repulsion. The term gyrotactic microorganisms refers to the direction of an organism’s movement
in reaction to viscous and gravitational forces. In this research, we concentrate on this phenomena. Childress et al. [8] created the
hypothesis and mathematical model of gravitactic microorganism bioconvection. The pattern created by the suspended microbes is
explained by this notion.

Hill et al. [4] presented a theoretical bioconvective model designed specially for gravitactic microorganisms. The gyrotactic
response of the microbes to break at the inflexible layer boundaries results in the existence of oscillatory or overstable modes. The
theory for linear stability was created by Pedley et al. [15] to analyze gyrotactic microorganism stability-based bioconvection in a thin
film of a simple fluid which acts as prerequisites for the essential start of bioconvection. The name for the spontaneous macroscopic
convective fluid motion is bioconvection. The bioconvection phenomenon is caused by the interplay between microbes on different
physical scales. Various types of microorganisms must be present for directed movement to occur in different bioconvection systems.
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Microorganisms that move in water against gravity are known as gyrotactic microorganisms. These gyrotactic bacteria swim in
a specific direction, which increases the base fluid density. Biotechnology and biosensors depend on bioconvection. Unstable
stratification of density, which happens when biological entities have a density greater than the fluids around them, gives birth to
bioconvection. These organisms build up and create instability, which causes distinct flow patterns to advance and makes the top layer
denser than the bottom layer [16, 17]. Kuznetsov and Avramenko [ 18] reported on the bioconvection stability investigation of bacteria
with gyrotactic motion in a porous medium saturated by fluid. Nield et al. [19] are a pioneer to examine bioconvection in a horizontal
Darcy porous medium. The critical values of the Rayleigh number and the corresponding critical Rayleigh number for bioconvection
are found for a variety of values of the bioconvection Peclet, gyrotaxis and cell eccentricity numbers. Kuznetsov [20] examined
bio-nanoconvection, which adds suspended microorganisms to the nanofluid to increase system stability which is an extension of
Nield et al. [19] problem. It is found that the inclusion of nanoparticles can either boost or decrease stability based on the top-heavy
or bottom-heavy nature of the underlying nanoparticle distribution. Sharma and Kumar [21] employed analytical and quantitative
methods to study the effects of high-frequency vertical oscillations on bioconvection in a dilute gyrotactic acid. Their conclusions
point that the bioconvection Peclet number and low-amplitude high-frequency vertical vibrations stabilize the system. The main
characteristics of bioconvection in porous media and nanofluids were thoroughly analyzed by Dmitrenko [22], who also presented a
mathematical model based on the application of Darcy’s law. In the past few decades, porous medium research has made extensive
use of the Darcy—Brinkman model. The model’s use was expanded by Zhao et al. [23], who examined thermo-bioconvection in a
very porous media while taking a suspension of gyrotactic microorganisms into consideration. In order to investigate how thermo-
bioconvection behaves when heated from below, they performed a stability study. A more thorough examination of the stability of
shallow layers containing gyrotactic microorganisms swimming at random was carried out by Kushwaha et al. [24]. Recently, Arpan
et al. [25] investigated the stability of thermo-bioconvection into an anisotropic porous fluid layer saturated with Jeffrey liquid,
which is generated by gravitactic bacteria. In terms of thermophoresis and Brownian motion properties, Imran et al. [26] provided
the rheological correlations between bioconvection and Buongiorno’s nanofluid.

Further, Belabid and Allali [27] have examined how microorganisms affect thermal bioconvection. The results of the numerical
simulations indicate that the microorganisms’ presence increases heat transfer and destabilizes natural convection. Khan et al.
[28] examined the flow of thermally generated magnetized couple-stress nanoparticles. They include flow characteristics including
activation energy, chemical reaction, and radiation issues using a theoretical bioconvection model. The improved thermal property
of a stretched surface bidirectional oscillation couple-stress nanofluid containing mobile microbes was examined by Aziz et al. [29].
They examined heat generation and thermal radiation in their analysis of thermal transportation. Kopp et al. [30] studied thermal
convection to improve thermal characteristics as a result of heat transfer in porous media saturated with a blend of nanofluids and
microbes. Azam [31] reported on the bioconvection flow of chemically reactive Sutterby nanofluid in the presence of nonlinear
radiation and gyrotactic microbes.

The effects of gravity modulation on microorganisms that are oxytactic in a shallow fluid layer heated from below enable thermal
bioconvection were investigated by Kuznetsov [32-34]. It has been shown that heating from below increases system instability
and promotes the growth of bioconvection. Bioconvection with double diffusion in a porous media that is saturated with nanofluid
was studied analytically and numerically by Saini and Sharma [35]. It is discovered that the Rayleigh number Ra decreases when
gyrotactic microorganisms are present, indicating that convection occurs earlier than in nanofluid free of microbes. Their results
demonstrate that when the concentration of bacteria and the bioconvection Peclet number increase, a system becomes unstable.
Increasing the thermal anisotropy strength for low microbe concentrations causes the system to stabilize and the convective cell
size to grow. The impact of g-jitter on weakly nonlinear biothermal convection in a porous medium has been documented by Kopp
and Yanovsky [36]. They looked into the effects of gravity fluctuations on bio-porous convection, where the bio-convective cell is
exclusively modeled as being controlled by vertical vibrations. Akhila et al. [37] recently reported on the influence of internal heating
on bio-Darcy convection. It is discovered that in the presence of gravity modulations, bioconvection is even regulated by internally
heated layers. According to their research, microbes can swim toward downwelling fluid when viscous and gravitational torques
combine [38]. However, there is no documentation on what occurs when they trip over the limits. Whether or if the boundary’s uneven
heating could affect the convection of the swimming microorganisms. Recently, Kiran and Manjula [39, 40] made an investigation
on the same gravity modulation in oscillatory convection for nanofluids and temperature modulation on bioconvection in porous
media. The effect of gravity modulation in nanofluids and viscoelastic nanofluids in rotating porous medium with internal heating
and throughflow was investigated in [41-47]. The goal of the current work is to explain bioconvection when plate modulation is
present. It is clear from the literature that very limited research has been done on the addition of gravitactic microorganisms to a
rotating porous layer that is being modulated by gravity.

Consequently, our motivation emerged from the aim of comprehending the system dynamics through a more profound under-
standing of the interaction of gravitaxis, gyrotaxis and thermal convection in a rotating porous medium under gravity modulation.
This work aims to investigate the behavior of weakly nonlinear thermo-bioconvection in Newtonian fluid containing gyrotactic
organism within a porous medium. Using the Ginzburg—Landau (GL) model, the study focuses on the consequences of modulation
in the gravitational field with internal heating effect. This multidisciplinary area of research has a wide range of applications in the
current scenario. This aims to connect mathematical model for physical and biological situations.
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Fig. 1 Geometry of the problem X Z-axis
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2 Problem statement and mathematical formulation

An incompressible viscous fluid containing gyrotactic microorganisms flowing in a porous medium whose layer is of thickness
h between infinite horizontal plates is considered in the current investigation. We examine the horizontal laminar flow between
thermally conductive boundaries. The boundaries are impermeable in nature. The bottom of the horizontal plate is heated. The
temperaure and solutal concentration at the lower and upper boundaries are (To+ AT, So+ AS) and (Tp, So), respectively, as shown
in Fig. 1. The gyrotactic microorganisms can move easily inside a Newtonian fluid saturated porous medium. The z—axis is pointing
in the vertically upward direction whereas the gravity field is pointing downward in the direction opposite to z—axis. The gravity
modulation is represented by ego(1 + £28 Cos (wgt)) where e is a unit vector in the z direction, g¢ is the magnitude of the average
gravitational field vector, w, is the gravity modulation frequency and § is its amplitude. Boussinesq approximation is assumed to be
true throughout the system, and Darcy—Brinkman model is employed in governing equations. The governing equations is as shown
below [30, 36] and [37]

V-Vp=0 1

%BZ—ID =—VP+aV?Vp — %VD —eg(n)po(1 — BiI(T — To) + 2(S — So)) — eg(1)(8p) Y )
(pc)maa—f +(p)fVp - VT =knV>T + Q(T — Tp) 3)

% = —div(¢Vp + ¢W.1 — D,, V) )

%+VD-VS:kSV2S ®)

g(1) = go(1+&*8 Cos (wgt)) (6)

Here Vp = (u, v, w) is Darcy velocity in relation with fluid velocity as Vp = €V, where € is the porosity of the porous medium.
w and fi in Eq. 2 represent fluid viscosity and Brinkman effective viscosity. Whereas, K is permeability of porous medium. The
acceleration due to gravity is given by g(¢), with density pg at reference temperature Tp and reference solutal concentration Sp.
Thermal expansion and solutal expansion coefficients are given by 81 and B,, while the pressure is represented by P. The heat
capacity of the fluid is (oc) s and the effective heat capacity is (oc), respectively. Additionally, microorganism concentration is
¢, and then, the difference in density of microorganisms and a base fluid is denoted by o which is p,, — ps while the mean
microbial volume is Y. Furthermore, the thermal diffusivity is k,,, and solutal diffusivity is k, in the system. The diffusive nature
of microorganisms is defined by D,,, and average velocity of the microorganism Wci(O) is a constant, and Q is internal heating
coefficient.

@ Springer



Eur. Phys. J. Plus (2024) 139:623 Page 50of 19 623

The following are the boundary conditions [36, 37]
w =0, T =Ty, S=8;, J-e=0, at  z=nh, @)
w =0, T=T,, S =S, J-e=0, at z=0, 8)

where J = ¢ Vg—” +¢W.I — D,V is the microorganism flux. We introduce the non-dimensional parameters to analyze the problem,
like [36]

(x*, y*, Z*)h = (x’ Yy, 2), (me*D =Vph, hzat* = Iy, (Ty — TM)T* =TT,

. h2"‘
(Sa — Su)S* =5-3S,, MOlmP* = PK, o= E'ZZ;? , ¢* =¢7, a); = a)gTU )
m

oy = (;”3 is the corresponding thermal diffusivity coefficient. We obtain the following system of dimensionless equations by using

expression (9) and leaving off the asterisks.

V-Vp=0 (10)
1 dVp
T :—VP+DVVD—VD—efm ¢>+emeaT—emeaY (11)
a
oT 2
¥+(VD-V)T:V T+R;T (12)
1 3¢ Pe . 1
—— =—V|¢Vp+ —9¢l(t) - —V 13
Fary <¢D Lb¢() L, ¢> 13)
198 1
= +(Vp V)§ = V2§ (14)
where fm = 1+&25 Cos (wgt). In Egs. (10)—(14) we have the subsequent dimensionless parameters such as T = ep(o’;;l)’gz = %ﬂpr,
Pr = 7 po , D, = Zfz’ R, = g(;ip)hK L, =% Ra= pogZKﬂAT Ra, = pogfl:KﬂzAS Pe — th R and Le — am These

are named as modified Vadasz number, Prandtl number, Darcy number, bioconvection Raylelgh—Darcy number bloconvectlon
Lewis number, Rayleigh—Darcy number, solutal Rayleigh number, bioconvection Peclet number and internal Rayleigh number,

respectively.
Non-dimensional boundary conditions are added to Eqgs. (10)—(14) as follows: [36, 37]

d¢

w =0, T =1, S=1, ¢Pe_d— at z=0, (15)
z
d¢

w =0, T =0, S=0, d)Pe:d—, at z=1, (16)
z

2.1 Conduction (Basic) state

The basic or conduction state is considered to be time-independent and is as follows:
Vp=V, =0, P=PFy2), p=pp(2), ¢ =), T="Tp2), S=S3p) a7

Thus, the following equations must be computed in order to get the steady temperature profiles 75(z), microbial concentration ¢p(z)
and pressure distribution Py(z) in the basic state:
2

Ty
Tzz +R;Typ(z) =0 (18)
S _ (19)
dz2
9o _ gyoppe (20)
dz
dPy, Ry
—— = ——¢p(2) + RaTy(z) — RaySp(2) 2n
dz Lb

The temperate distribution 7(z) and concentration distribution Sp(z) are obtained on integrating Eqs. (18) and (19), respectively,
and applying the boundary conditions in Eqs. (15 and 16).

Ty(s) = Sin (vR;(1 — 2))
B Sin 4/R;
Sp(2)=1-1z (23)

(22)
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Moreover, ¢(z) has a solution that we obtain as

®5(2) = ¢p(0)exp(zPe) (24)
where the density at the layer’s bottom is expressed as ¢5(0). The value of ¢,(0) is determined as follows:
(¢)Pe !
wor= 25 0= [ ez @5)
exp(Pe) — 1 0

Equation (20) shows that ¢ (z) is roughly constant in the layer in the situation of small Peclet number Pe (¢5(z) = ¢p). We consider
this instance in order to simplify the analysis.
Presuming that P = Py at z = 1, we determine the pressure distribution in the fundamental state as
2

Ry Pe _ Pe ) L o+l
L e O =P \m(Couf 1—2)-1) Ras(z . ) 26)

Py(z) = P+
2.2 Perturbed state

Small disruptions in the primary flow are caused by the heating from below to the fluid layer, and these can be stated as follows:
Vo=V, T=T)+T, S=S)+S., P=P@+P, ¢=¢p2)+¢. It)=e+m'(1) 27

The perturbation of the unit vector, which represents the direction in which the microbes are swimming, can be described using the
following equation by taking gravity modulation into account

' (1) = Bo(1 +&%8 Cos (wg))¢i — Bo(1 + 628 Cos (wg1)Ej+0 - e (28)

Here, the corresponding unit vectors in x and y directions are denoted by i and j. In the absence of modulation, the dimensionless
parameter 3y describes the reorientation of microorganisms in relation to Viscous resistance as a result of a gravitational moment is

given by By = ( p‘(‘)‘;‘oi 5 )( %), The ¢ and & in the x and y elements of vector ' are found in Eq. (28) which are given as follows: [30,
36, 37]
ow’ ou’
t=—-0-a) +(+a0)— (29)
0x 0z
ow’ v’
& =(1—ap) 5y (I+a0)—— (30)
y 9z

2 .2

The cell eccentricity (cg) is determined as og = ;12+:§ in which the semi-major and semi-minor axes of the spherical cell are denoted
1772

by r and r;, respectively. The expressions for variables V', T', ¢’ and S’ are as follows if we replace expressions from (24) into

Eqgs. (10)—(14).

V.V =0 31)
1 oV’ ) ,
T—W:—VP +D,V*V — V—efm ¢+emeaT —ef,Ra; s’ (32)
a
T’ ,dT,
e b v owmr VZT’+R,~T’ (33)
b4
13¢ Iy ,d¢p  Pe d¢’ | 2
=—V@V)-vw—— ————V + PeG 1—¢6C H)A 34
=2 (¢'V)—w Lo L @' +PeGogp(1 — £°6 Cos (wgt)) (34)
198" ,dS, R
——tw—+ (V- V) =—V-§ 35)
o ot dz Le
where,
dzw/ 2w’ 32w’
A=010+
(I+ag)—— 12 )<8 3 8y2>

Go = D,,By/ h? is a dimensionless orientation parameter when modulation is not present.
We define velocity in terms of stream function v for the 2-D flow model.
,_ Y ,_ Y

W=— and w' = (36)
0z 0x

We derive the following non-dimensionsal governing equations (on removal of asterisks) after substituting Eq. (36) into Egs.
(31)—(35) then applying the obtained outcomes into the conduction state by omitting the pressure:

1 9 R, 09’ aT’ as’
<TzT +1-D, v2>v2w me o — fnRa— e + fuRay,— e (37)
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W _ (VZ+R)T' = _ar e T) (38)
0x at da(x,2)
L0y Pedg 1, 193¢ 9y,
PeGO(Z—fm)¢ooe§+L—b¥ va o=+ 9D (39)
W _ 1y 135 0.5) (40)
dx Le o 0t a(x,z)
, 32 @

92 32
=+ 4=V = -
ax?  9z%’ ax2 972

Focusing on the stationary biothermal convective mode in the system, we rescale it by setting © = &2 using a small time variation.
It is possible to express the nonlinear systems of Egs. (37)—(40) in matrix form as below:

0 R [ [ 2 [
V2_Dav4 mea% _fmf]f% _meaS% 14 _%%Vzlﬁ
L —(V2+R) 0 0 T —e28L 4 ST ah
~ 9 Pes 12 - 296, 3.0
PeGo(2 = fm)dod 5y 0 Loz 1,V 0 ¢ —5 ot o
p) 1 2 238 |, AW,S)
ax 0 0 — eV S —Fat 3(x.2)

In order to solve the system represented by Eq. (41), impermeable boundary conditions must be taken into account.

Y=V =¢=T=5=0 on z=0 z=1 (42)

3 Weakly nonlinear stability

In order to examine the stationary convective instability, we use the following asymptotic expressions to Eq. (41).

Ra = Ra, +&’Ray + e*Ray + ..., (43)
U=y +elyn F Y+ ., (44)
T=cTi+e’Th+&’ T3+ ..., (45)
b =cp+2pr+3P3+ ..., (46)

S=eS +62S+€83+ ... (47)

The critical Rayleigh number, Ra., denotes the point at which convection gets innitiated when gravity modulation is absent. Then,
the system is solved for various orders of ¢.

4 First-order system analysis

Here, we reduce the system to a linear model with minimal nonlinear effects at the smallest order of €. The following is an expression
for the system in matrix form:

2 4 b R, & 9
VZ—-D,V* Racg: - It —Ragg | [y 0
L —(V2+R)) 0 0 i|_ |0 (48)
50 Peo _ 1y 1| |0
P6G0¢005 ax 0 Ly 0z Ly v 0 Sl 0
3 1 g2
i 0 0 -V !
For the boundary conditions considered in Eq. (42), the solution to the first-order system is as follows: [30, 36, 37]
Y1 =A(t) Sin (kcx) Sin (7z)
A(T)k,
| =— 2(1) € Cos (kex) Sin (rz) , a®>= kf +7?
ac — R,’
k.
o =— a—;PeroLb((l — ag)k? + (1 + ap)?)A(t) Cos (kex) Sin (7)
A(t)kcL
S| =— A@kcLe Cos (kex) Sin (z) (49)

a2
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The expression for stationary Rayleigh number Ra, is as given below:

2(1 + Dya*)(a® — R; Ri
Ra, = &¢ “Zz)(“ D 4 PeGooRp((1 — k2 +(1 +a0)n2)<1 - —5) + LeRa, (50)
a
C

In order to identify the beginning of convection, we must minimize Ra, in relation to kg in order to get the wavenumber k.. Ra, can
be differentiated with regard to kg, and the derivative can then be set to zero. We then determine the wavenumber for the onset of
convection by solving this equation. The threshold stationary Rayleigh number for the Darcy—Brinkman model of a porous medium
can be obtained thoroughly from Eq. (50) if the fluid is free of microorganisms.

But when there is no internal heating in the system, we have regular bioconvection, which is brought on by the movement of
microbes. Here Ry, is the bioconvection governing parameter.

5 Second-order system analysis

The Jacobian expressions, which are nonlinear in nature in the right-hand side of Eq. (37), explain the interaction among fluid
velocity, temperature and microbiological diffusivity that introduce the nonlinear effects at this order. The following is an another
form for the system of equations in this second order:

V2 D,V* Rai ~Ra —Ra2] [y Noy
L — (V2 +R; 0 0 | | Nx
~ Pe 5 1 2 —|IN GD

PeGogpoa - 0 a1,V 0 ?2 N23

3 1 o2
X3 0 0 - LV 2 2

where,

oW1, T) oY1, 01) o1, S1)

o P T ko M T e

To obtain the second-order solutions, the first-order solutions are taken from Eq. (49). The second-order solutions considering
boundary conditions (42) are as follows:

Yo =0 5
—hkem 20
T, = 2a® —R;)(4r? — Ri)A (t) Sin 27 7) s
—k2Lp1l .
¢ = WA (t) Sin 272) 55)
_ 1271 .2
2= %A%) Sin (272) 6

where, TT = PeGopoLp((1 — ag)k? + (1 + )7 ?).
The following expression can be used to assess the heat transfer using Nusselt number Nu(t) for the stationary convective mode:

2 2
ke (ke (0T ke (ke (08
[ ¥ e EXC
= =

Nu(r) = o +1 and Sh(r) = o +1
ke ke 0Ty ke ke 08,
[E Jo* G )dx] 0 [E Jo* a2 )dx] 0
= 7=
k272 Sin /R; kZLe?
Nu(t) = I OM VT A20)+1  and  Sh(t) = =% A2(r)+1 (57)
(a2 — Ry)(@n? — R))/R; Cos +/R; 4q2

Once the amplitude A(t) expression is derived, the heat transfer in the system is analyzed using Nu(z). The asymptotic expansion
in Egs. (41)—(47) makes obvious that the gravity modulation effect becomes important only when ¢ is taken at its third order. The
mean Nusselt number Nu is defined over an appropriate interval (0, 27r) for gravity modulation on heat transport.

5 1 2w
Nu = —[ Nu(r)dt (58)
2 0

Mean Nusselt number Nu is evaluated numerically against several parameters, and corresponding graphical analysis is discussed
in Fig. 7.
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6 Third-order system analysis

In this order, we obtain

p) R, & 3
&, —3DaV4 Racz = —Tiax —Ragg | [ys Nap
% — (V- +R; 0 0 T3 — N3 (59)
PeGogod . 0 L _Lv2 o 3|~ | Na
9 ’ 1 o2 S N-
3 0 0 — eV } 3
where,
2 2 2 2
a? 9A(z) k2A(t) K2A(T) Ry kZ A( )
=|— —-R 8§ Cos (Q71) + Ra I15 Cos (Q
3 [Ta gr R0 Cos(Qu)+ Ry et = os ($21)
kZLeA
+Ra, ei(r)a Cos (szr)] Sin (k.x) Sin (772)
a
ke 9A(T) A3 ()n? )
Ny = — — ¢ Cos (2 Cos (kex) S
32 (612 3[ (4”2 _Rl)(az —Rl) OS( T[Z) OS( Lx) mn (T[Z)
ke IT BA(r) ke I1 KA *( T) .
N3z = | = e IL, Cos (2mz) ) Cos (kex) Sin (7 z)
oa

keLe dA(7) k3A3(r)Le
N3q = -

5a2 ot 12 Cos (2nz)) Cos (kex) Sin (z2)

By applying the solvability condition, we can extract the Ginzburg—Landau (GL) equation for the stationary convective mode with
time-periodic coefficients from the third-ordered solution.

/ / 1//1 N3y + T{' N33 + ¢ N3z + S Nag]dxdz = 0 (60)
4

where ¥, T}, ¢} and S are obtained by taking the adjoint of Eq.(48)

0A 3
Blait —Bz(‘[)A+B3A* =0 (61)
where,
2 2 2 2
a k= Ry Kk Ras kZLe
B —Ra,——5— + — £ 62
T, T @R 5t 5 4 (62)
k2 Ray k2 R, kzLe
B(1) = Ra.,| — — § Cos (Q27) | + ——I'IB Cos (£2t) — Ragé Cos (Q‘L’) (63)
a? —R; Ra,
Ra,m? RbLbl'[ Ray Le?
= k4 < + — 5 64
’ (( 2-R)G4T>—R,) 4’ 4d* “

The equation for amplitude given in Eq. (61) is non-autonomous. A built-in function NDSolve of Mathematica has been used to
solve it numerically. The initial or the preliminary condition A(0) = Ag, where Ao is some selected value for the amplitude, is used
to solve the problem. Since we are interested in the nonlinearity close to the critical stage of convection, we make the assumption

that Ray &~ Ra,.. Therefore, a modest expansion parameter 2 in weak nonlinear convection is the relatively minor departure of
critical Rayleigh number Ra, from Ra (Rayleigh number): [36]

Ra—R
&2 = A~ Nac << 1
Ra,

The unmodulated case of Eq.(61), which is analytically obtained, is as given below:

Ao
/%Ag+ (1 - 243 Joxp( 2222)

where A, (7) is the unmodulated amplitude, By and B3 are as given in Eqs.(62) and (64), while By =

Au(r) = (65)

_K_Ra
2R, 2
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Fig. 2 The graphical analysis of the critical Rayleigh number Ra, against wavenumber k.

7 Results and discussion

Perturbation technique is employed in the investigation to derive Ginzberg—Landau amplitude equation for stationary mode of
double-diffusive thermo-bioconvection. A numerical solution to the GL equation is determined for assumed initial values. The
obtained amplitude is used to calculate Nusselt number and Sherwood number which are the rates of heat and mass transfer,
respectively. The linear theory brings out the threshold or critical Rayleigh number Ra,. for the corresponding wavenumber k..
This Ra, gives the clear picture about the onset of convection. We come across various parameters in the current study which are
having their impact on commencement of convection, heat and mass transfer in the system. The graphical representation of Ra,.
versus k. for various values of the existing parameters is plotted in Fig. 2. In Fig. 2a, the effect of Darcy number D, on the onset of
convection is shown. Increasing values of D, leads to rise in threshold Rayleigh number. This implies that there is a delay in onset
of convection. This means that the system is stabilized. The effect of modified bioconvection Rayleigh number (Rag = PeGopoRp)
on the onset of bioconvection is exhibited in Fig. 2b. The term Rap is directly proportional to gyrotactic number Gg. Increase in
Rap leads to decrease in critical Rayleigh number. Naturally there is an advancement in onset of convection leaving the system
in destabilized state. The critical Rayleigh number against dimensionless wavenumber is plotted for varying values of «p which is
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Table 1 Numerical values of critical Rayleigh number Ra, and corresponding wavenumbers k. for variable parameters:

Fixed parameters Variable parameter Ra, ke
Rag = 15,00 = 0.5, Le =2, 0.3 43215 2.46279
Ry = 10,R; = 0.2 Da =05 108.827 236575
0.8 304.416 2.30925
Da =0.8,a)=0.8, Le =2, 1.0 563.986 2.26089
Ry = 10,R; = 0.2 Rap =10 397.023 229149
20 211.181 2.32758
Da = 0.8, Rag = 15, Le =2, 0.0 351.452 2.55372
Ry = 10,R; = 0.2 ap =0.8 304.146 230925
1.6 245.703 2.32758
Da =0.8,Rag =15, Le =2, 1 286.146 2.30925
ag=0.8,R; =02 Ry =50 384.146 2.30925
100 484.146 2.30925
Da = 0.8, Rag = 15, R, = 10, 1 294.146 2.30925
g =0.8,R; =0.2 Le =50 784.146 230925
100 1284.146 2.30925
Da = 0.8, Rag = 15, R, = 10, 2 269.822 2.26613
ap=0.8,Le=2 R; =4 230.976 2.20296
6 190.879 2.11136

observed in Fig. 2c keeping the values of other parameters fixed. From the graph, it can be observed that increasing values of ¢ leads
to decreasing threshold value for the onset of biothermal convection. The spherical shape of the microorganism has the stabilizing
effect on the onset of convection. As the irregularities in the shape of the microorganisms increase, enhancement in biothermal
convection is observed. Hence, the morphological aspects of microorganisms play a prominent role in the stability of biothermal
convection. The effect of solutal Rayeigh number Ra; and Lewis number Le on the system is of similar kind. Increasing values of
those two leads to delay in onset of convection. Hence, it stabilizes the system. In Fig. 2f, we observe the effect of internal Rayleigh
number R; on the onset of bioconvection. There is an obvious increase in temperature in the system with the increase in the value of
R;. Therefore, the process of convection takes place faster. Hence, the advancement in onset of convection leads to destabilization
of the system.

A new observation is made in Table 1 which indicates the values of critical Rayleigh number Ra, and their corresponding
wavenumber k. with respect to all existing parameters.

In Fig. 3, we can find the graphs of Nusselt number versus time scale T with respect to various parameters existing in the
system. Modified Vadasz number helps in enhanced heat tranfer in the system initially for small time scale t. Later, there is
no difference among the curves for larger values of t as shown in Fig. 3a. Further, Fig. 3b illustrates the impact of the modified
bioconvective Rayleigh—-Darcy number Rap on the thermo-Nusselt number. Heat transmission with the gravity modulation decreases
as the bioconvective Rayleigh—Darcy number rises. The growth in the concentration of microorganisms causes an increase in Rap.
As a result of the rush in the system, the microorganism-induced convective flow intensity decreases. Thus, the amount of heat
transfer also decreases throughout the time interval. The heat transport in the system can be significantly affected by the shape of
the microorganisms, as demonstrated by the graph in Fig. 3c. Physically speaking, it makes sense since the way microorganisms
are shaped influences how they travel through a fluid and interact with it, which, in turn, influences convective heat transmission.
Because of their symmetrical structure, spherical bacteria can move through fluids with remarkable ease. This encourages effective
heat transmission and mixing, which raises convective heat transfer rates and, in turn, Nusselt numbers. However, the migration of
the microorganisms through the fluid gets more complex if they have non-spherical or irregular forms. Their shape’s asymmetries
and imperfections might cause altered flow patterns. In contrast with spherically-shaped microorganisms, this could hinder the
convective heat transfer process, resulting in decreased heat transfer rates and Nusselt numbers. The results obtained are comparable
with Kopp and Yanovsky [36] and Akhila et al. [37].

The effect of the modulation frequency €2 is presented in Fig. 3d. To be more precise, heat transfer is increased at lower frequency
modulation [low frequency (2 = 2)] in comparison with higher vibrational rates (2 = 5) and (2 = 25). The influence of §, the
amplitude of modulation on heat transfer within the system is depicted in Fig. 3e. The § values between 0.1 and 0.3 are taken into
consideration in the study. These values were chosen with the intention of improving heat transfer. In Fig. 3f, we find the impact of
Lewis number Le on heat transfer in the system. Lewis number shows its significance only when concentration of solute is involved
in the system. Increase in Nusselt number is observed with increase in Lewis number. Another parameter which shows its existence
during double diffusion is solutal Rayleigh number Ra;. In the present investigation, the values for Ra, are taken as 1100 and
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Fig. 3 The graphical representation of the Nusselt number Nu against time T with respect to various parameters
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1.0

Fig. 5 Streamlines:a7 =0.0,b7r =0.1,¢t=0.2,dt =0.3

200. Heat transfer increases accordingly. As we have included internal heating effect in the present problem, there is an obvious
emergence of internal Rayleigh number which advances heat transfer with increase in the value of R;.

The next set of graphs depicted in Fig. 4 explains the mass transfer rates against time scale t. The effect of gravity modulation
along with the various parameters on mass transfer is very much similar to heat transfer as discussed in Fig. 3. The only difference
we observe is from internal Rayleigh number. As the values of R; increase, there is a decrease in Sherwood number. Hence, internal
Rayleigh number helps in increased heat transfer and decreased mass transfer in the system which we can observe in Figs. 3h and 4h.
Internal heat source increases temperature gradient but reduces concentration gradient within the medium. Higher temperature leads
to greater molecular kinetic energy which transfers from higher energy to lower energy molecules. This enhances heat conduction in
the medium. The same higher temperature leads to faster diffusion, i.e., there exists a diminished concentration gradient. Therefore,
internal heat source or internal Rayleigh number enhances heat transfer while decreases mass transfer. The results converge with
Kopp and Yanovsky [36] and Akhila et al. [37].

A set of impressive graphs are observed in Figs. 5 and 6 which are streamlines and isotherms, respectively. In Rayleigh—-Bénard
experimental setup, as the bottom layer is heated, gradually convection cells are generated when the Rayleigh number exceeds
the critical Rayleigh number. Those cells are pictorially represented by streamlines and isothermal lines. These lines for various
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1.0F @ T T T T T ] 1.0 (b) T T T T T g

Fig. 6 Isotherms:at =0.0,b7 =0.1,¢7=0.2,d7=0.3

time scales are discussed. Streamlines move with different velocities where one in clockwise and other in anticlockwise direction.
Isotherms are generated due to varying temperature with respect to variable time scale . The effects of parameters, gravity modulation
and internal heat source are discussed in all the above graphs.

The next set of graphs shown in Fig. 7 discuss about the mean Nusselt number against several parameters. In Fig. 7a, Nu against
Q is plotted for varying modified Vadasz number. As the value of Y, increases, there is a decrease in mean Nusselt number. The
same behavior is observed in Fig. 7b—e but with different nature. In these graphs, Nu is plotted against g, Ry, Ry and R; for varying
Rap, Le and D,, respectively. But in Fig. 7f, we observe an opposite nature when compared to above ones. Here, mean Nusselt
number increases with increase in L; when it is plotted against «g.

Figure 8 indicates the comparison between analytical and numerical results obtained for an unmodulated case of Nusselt number
and Sherwood number. Here, we observe the coincidence of both the results on heat and mass transfer which shows that numerical
and analytical validations are in good agreement.
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Fig. 7 The graphical analysis of the mean Nusselt number with repect to various parameters

8 Conclusions

In order to draw conclusion, we established a hypothesis on weak nonlinear stability for stationary biothermal convection due to
gravity modulation in a porous media saturated with Newtonian fluid including gyrotactic microorganisms with internal heating
effect. For our investigation, we use perturbation theory and focus on the minute parameter ¢, which represents the departure from
the critical Rayleigh number. We take into account the modulated gravity field’s small amplitude up to the second order in € in
our study. Finding results compatible with linear theory, we discover that the parametric modulation has no substantial effect on
the convection development in the first order of ¢. But when we increase ¢ to the third order, we get Ginzburg—Landau amplitude
equation which is nonlinear in nature that shows the existence of nonlinearity throughout the system. Based on the findings of
our numerical results, we have deduced a number of conclusions. These findings clarify the effects of porous media and gravity
modulation on biothermal convection. Based on the acquired results, we make the following conclusions:

1. The parameters D,, Ra; and Le help in stabilizing the system by delaying the onset of convection.
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2. Modified bioconvective Rayleigh number Rap advances the onset of bioconvection, and the system gets destabilized due to its
increasing values.
3. The cell eccentricity o destabilizes the system by enhancing the onset of convection. The irregularity in the shape of microor-
ganisms leads to advancement in onset of convection.
4. Internal Rayleigh number R; helps in advancement of onset of convection by destabilizing the system.
5. Anincrease in heat and mass transport is observed when the parameter Y, is raised.
6. Increase in Rap number results in decreasing heat and mass transmission because of gravity modulation and internal heating
effect in porous media.
7. The microorganisms’ spherical form helps to improve the efficiency of the heat and mass transmission mechanism. The system’s
heat transfer decreases as the shape becomes more irregular.
8. Heat and mass transmission is inhibited when the modulation frequency €2 is increased since this lowers the fluctuations of the
Nusselt numbers Nu(t).
9. Heat and mass transport is improved by raising the modulation amplitude §.
10. Lewis number Le and solutal Rayleigh number Ra; help in increase in heat and mass transport with increase in their values.
11. Significant aspect of internal Rayleigh number R; is it improves heat transport and diminishes mass transfer on increasing its
values.
12. Streamlines show the convective cells in counterclockwise pattern.
13. Isotherms show the convection with increase in time scale.
14. Numerical and analytical results for unmodulated case for heat and mass transfer coincide with each other.

Our study provides an insight on how stationary thermo-bioconvection behaves in a porous media saturated by Newtonian fluid when
subjected to gravitational modulation and internal heating effect. We may better comprehend the impact of various factors on the
convection process by examining their impacts on Y,, D,, Rap, ag, 2, 8, Le, Rag and R;. Gaining this insight is essential to manage
and control heat transmission and mass transmission in the system as effectively as possible. It is feasible to improve or control the
heat and mass transfer in a system containing Newtonian fluid with gyrotactic microorganisms in a porous medium by adjusting the
previously specified parameters. With this understanding, more effective thermo-solutal transfer systems may be created, convection
control techniques can be developed and thermal management can be enhanced in a variety of applications. Thermal bioconvection is
arealistic problem. But the addition of gravitation effect and internal heat source adds up to its application as gravitation has an effect
on bioconvection, which is a phenomenon resulting from the negative gravitactic behavior of microorganisms. When the density
gradient generated by gravitaxis becomes large enough, it leads to an overturning convection and the formation of characteristic
patterns involving highly concentrated aggregation of cells into extended two-dimensional structures. Additionally, factors such
as the Vadasz number, modulation amplitude, modified bioconvection Rayleigh—-Darcy number, internal Rayleigh number and cell
eccentricity also impact heat transfer in bioconvection.

Acknowledgements One of the authors Akhila P A would like to thank the financial assistance received from Karnataka Science and Technology Promotion
Society (KSTePS) under the program of Karnataka DST - Ph.D fellowship for Science and Engineering: MAT- 03:2022-23/1019.

Author Contributions Patil Mallikarjun B, Palle Kiran and Ali J Chamkha helped in conceptualization; Akhila P A and Palle Kiran helped in methodology;
Akhila P A and Palle Kiran worked in investigation; Akhila P A and Patil Mallikarjun B worked in resources; Akhila P A worked in software; Akhila P A
contributed to writing—original draft; Patil Mallikarjun B, Palle Kiran and Ali J Chamkha worked in supervision; Patil Mallikarjun B, Palle Kiran and Ali J
Chamkha helped in validation; Patil Mallikarjun B and Palle Kiran contributed to writing—review and editing and Ali ] Chamkha helped in formal analysis

Funding The authors have no relevant financial or non-financial interests to disclose.

@ Springer



623  Page 18 of 19 Eur. Phys. J. Plus (2024) 139:623

Data Availability Statement The manuscript has associated data in a data repository. Data sets generated during the current study are available from the
corresponding author on reasonable request.

Declarations

Conflict of interest The authors declare that they have no conflict of interest.

References

—_

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

J.R. Platt, Bio-thermal convection pattern in cultures of free-swimming organism. Science 133, 1766-1767 (1961)

M.S. Plesset, H. Winet, Bio-thermal convection patterns in swimming microorganism cultures as an example of Rayleigh—Taylor instability. Nature
248, 441-443 (1974)

T. Pedley, N.A. Hill, J. Kessler, The growth of bio-thermal convection patterns in a uniform suspension of gyrotactic micro-organisms. J. Fluid Mech.
195, 223-237 (1988)

N.A. Hill, T.J. Pedley, J. Kessler, Growth of bio-thermal convection patterns in a suspension of gyrotactic microorganisms in a layer of finite depth.
Fluid Mech. 208, 509-543 (1989)

S. Chandrasekhar, Hydrodynamic and Hydromagnetic Stability (Dover), (1961)

P.G. Drazin, W.H. Reid, Hydrodynamic stability, 2nd edn. (Cambridge University Press, Cambridge, 2004)

K. Vafai, Handbook of porous media, 2nd edn. (CRC Press, Boca Raton, 2005)

S. Childress, M. Levandowsky, E.A. Spiegel, Pattern formation in a suspension of swimming microorganisms: equations and stability theory. J. Fluid
Mech. 69, 591-613 (1975)

D. Ingham, L. Pop, Transport phenomena in porous media (Elsevier, Oxford, 2005)

D.A. Nield, A. Bejan, Internal Natural convection: heating from below, convection in porous media (Springer, Berlin, 2017)

. P. Vadasz, Instability and convection in rotating porous media: a review. Fluids 4, 147 (2019)

M. Zhao, S. Wang, S.C. Li, Q.Y. Zhang, U.S. Mahabaleshwar, Chaotic Darcy-Brinkman convection in a fluid saturated porous layer subjected to gravity
modulation. Results Phys. 9, 1468-1480 (2018)

. B.S. Bhadauria, P.G. Siddheshwar, J. Kumar, O.P. Suthar, Weakly nonlinear stability analysis of tempeature/gravity-modulated stationary Rayleigh

Bénard convection in a rotating porous medium. Transp. Porous Med. 92, 633-647 (2012)
B.S. Bhadauria, P.G. Siddheshwar, O.P. Suthar, Nonlinear thermal instability in a rotating viscous fluid layer under temperature/gravity modulation. J.
Heat Transfer 10(1115/1), 4006868 (2012)

. T.J. Pedley, J.O. Kessler, Hydrodynamic phenomena in suspensions of swimming microorganisms. Ann. Rev. Fluid Mech. 24, 313-358 (1992)

U. Kils, Formation of micropatches by zooplankton-driven microturbulences. Bull. Mar. Sci 53(1), 160-169 (1993)

S. Ghorai, N.A. Hill, Wavelengths of gyrotactic plumes in bioconvection. Bull. Math. Biol. 62, 429-450 (2000)

A.V. Kuznetsov, A.A. Avramenko, Stability analysis of bioconvection of gyrotactic motile microorganisms in a fluid saturated porous medium. Trans.
Porous Media 53(1), 95-104 (2003)

D.A. Nield, A.V. Kuznetsov, A.A. Avramenko, The onset of bioconvection in a horizontal porous-medium layer. Transp. Porous Media 54, 335-344
(2004)

A.V. Kuznetsov, The onset of nanofluid bioconvection in a suspension containing both nanoparticles and gyrotactic microorganisms. Int. Commun. Heat
Mass Transfer 37(10), 1421-1425 (2010)

Y.D. Sharma, V. Kumar, The effect of high-frequency vertical vibration in a suspension of gyrotactic micro-organisms. Mech. Res. Commun 44, 40-46
(2012)

N.P. Dmitrenko, Main aspects of the process of bioconvection in nanofluids and porous media. Ind. Heat Eng. 39(5), 19-25 (2017)

M. Zhao, S. Wang, H. Wang, U.S. Mahabaleshwar, Darcy-Brinkman bio-thermal convection in a suspension of gyrotactic microorganisms in a porous
medium. Neural Comput. Appl. 31, 1061-1067 (2019)

A K. Kushwaha, Y.D. Sharma, A. Sharma, Stability analysis of vibrational system of shallow layers repleted with random swimming gyrotactic
microorganisms. Research Square (2022). https://doi.org/10.21203/rs.3.rs-1814108/v1

A.Garg, Y.D. Sharma, S.K. Jain, Stability analysis of thermo-bioconvection flow of Jeffrey fluid containing gravitactic microorganism into an anisotropic
porous medium. Forces Mech. 10, 100152 (2023)

M. Imran, U. Farooq, M. Tsseer, S.U. Khan, W. Hassan, Bioconvection transport of Carreau nanofluid with magnetic dipole and nonlinear thermal
radiation. Case Stud. Thermal Eng. 26, 101129 (2021)

J. Belabid, K. Allali, Thermo-bioconvection in horizontal porous annulus with the presence of phototactic microorganisms. Int. J. Eng. Sci. 140, 17-25
(2019)

S.U. Khan, K. Al-Khaled, A. Aldabesh, Bioconvection flow in accelerated couple stress nanoparticles with activation energy: bio-fuel applications. Sci.
Rep. 11(1), 3331 (2021)

S. Aziz, L. Kolsi, I. Ahmad, F. Al, M. Turjman, S.U. Khan. Omri, Thermal stability and bioconvection investigation for couple stress nanofluid due to
a three-dimensional accelerated frame. Waves Rand. Complex Media (2021). https://doi.org/10.1080/17455030.2022.2063989

M.IL Kopp, V.V. Yanovsky, U.S. Mahabaleshwar, Bio-thermal convection in a porous medium saturated by nanofluid containing gyrotactic microorgan-
isms under an external magnetic field. East Eur. J. Phys. 6(4), 23—47 (2022)

M. Azam, Bioconvection and nonlinear thermal extrusion in development of chemically reactive Sutterby nano-material due to gyrotactic microorganisms.
Int Commun. Heat Mass Transfer 130, 105820 (2022)

A.V. Kuznetsov, Investigation of the onset of thermo-bioconvection in a suspension of oxytactic microorganisms in a shallow fluid layer heated from
below. Theor. Comput. Fluid Dyn. 19, 287-299 (2005)

A.V. Kuznetsov, Thermo-bio-convection in porous media. J. Porous Media (2006)

A.V. Kuznetsov, Investigation of the onset of bioconvection in a suspension of oxytactic microorganisms subjected to high-frequency vertical vibration.
Theor. Comput. Fluid Dyn. 20, 73-87 (2006)

S. Saini, Y. Sharma, Double-diffusive bioconvection in a suspension of gyrotactic microorganisms saturated by nanofluid. J. Appl. Fluid Mech 12(1),
271-280 (2019)

M.IL Kopp, V.V. Yanovsky, Effect of gravity modulation on weakly nonlinear bio-thermal convection in a porous medium layer. J. Appl. Phys. 134,
104702 (2023)

@ Springer


https://doi.org/10.21203/rs.3.rs-1814108/v1
https://doi.org/10.1080/17455030.2022.2063989

Eur. Phys. J. Plus (2024) 139:623 Page 19 of 19 623

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.
47.

P.A. Akhila, B.P. Mallikarjun, P. Kiran, Analysis of weakly nonlinear Darcy—Brinkman bio-thermal convection in a porous medium under gravity
modulation and internal heating effect. Int. J. Non-Linear Mech. 159, 104615 (2024)

M.A. Bees, Advances in Bioconvection. Annual Rev. Fluid Mech. 52, 449-476 (2022)

P. Kiran, S.H. Manjula, Nanofluid gravity-driven oscillatory mode of convection in a porous medium. J. Appl. Mech. Tech. Phy. 64, 635-646 (2023).
https://doi.org/10.1134/S0021894423040090

P. Kiran, S.H. Manjula, Weakly nonlinear bio-convection in a porous media under temperature modulation and internal heating. Multiscale Multidiscip.
Model Exp. Des. (2024). https://doi.org/10.1007/s41939-024-00405-7

P. Kiran, Y. Narasimhulu, Centrifugally driven convection in a nanofluid saturated rotating porous medium with modulation. J. Nanofl. 6(3), 513-523
(2017)

B.S. Bhadauria, P. Kiran, Study of heat and mass transport in temperature-dependent-viscous fluid under gravity modulation. Malaya. J. Matematik
2013, 33-48 (2013)

B.S. Bhadauria, Palle Kiran, M. Belhaq, Nonlinear thermal convection in a layer of nanofluid under G-jitter and internal heating effects, MATEC Web
of conferences 16, (2014)

P. Kiran, Nonlinear thermal convection in a viscoelastic nanofluid saturated porous medium under gravity modulation. Ain Shams Eng. J. 7, 639-651
(2016)

P. Kiran, B.S. Bhadauria, V. Kumar, Thermal convection in a nanofluid saturated porous medium with internal heating and gravity modulation. J. Nanofl.
5(3), 328-339 (2016)

P. Kiran, Throughflow and gravity modulation effects on heat transport in a porous medium. J. Appl. Fluid Mech. 9(3), 1105-1113 (2016)

G. Arpan, Y.D. Sharma, S.K. Jain, Stability analysis of thermo-bioconvection flow of Jeffrey fluid containing gravitactic microorganism into an
anisotropic porous medium. Forces Mech. 10, 100152 (2023)

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a publishing agreement with the author(s) or other
rightsholder(s); author self-archiving of the accepted manuscript version of this article is solely governed by the terms of such publishing agreement and
applicable law.

@ Springer


https://doi.org/10.1134/S0021894423040090
https://doi.org/10.1007/s41939-024-00405-7

	Study of double-diffusive gravity modulated biothermal convection in porous media under internal heating effect
	Abstract
	List of symbols
	1 Introduction
	2 Problem statement and mathematical formulation
	2.1 Conduction (Basic) state
	2.2 Perturbed state

	3 Weakly nonlinear stability
	4 First-order system analysis
	5 Second-order system analysis
	6 Third-order system analysis
	7 Results and discussion
	8 Conclusions
	Acknowledgements
	References


