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Gyrotactic microorganism hybrid 
nanofluid over a Riga plate subject 
to activation energy and heat 
source: numerical approach
Ebrahem A. Algehyne 1,2, Anwar Saeed 3*, Muhammad Arif 3, Muhammad Bilal 4, 
Poom Kumam 3* & Ahmed M. Galal 5,6

The current article aims to examine the magnetohydrodynamics (MHD) impact on the flow of MgO–
Ag/water-based hybrid nanoliquid with motile microorganisms and the fluid is allowed to flow over a 
Riga plate subject to slip effects and activation energy. Furthermore, the presence of a uniform heat 
source/sink is also addressed in the energy equation. In addition to this, the thermophoresis effect 
is highlighted in the concentration equation. From the present proposed model, we get a non-linear 
system of the governing equations. The obtained system of partial differential equations (PDEs) is 
converted to the dimensionless system of ordinary differential equations (ODEs) using the similarity 
transformation. The obtained high non-linear system of equations has been solved numerically, 
using the parametric continuation method (PCM). In the present analysis, the main motivation is to 
highlight the heat transfer rate of MgO–Ag/water-based hybrid nanofluid flow over a Riga plate. The 
second motivation of the present research is to highlight the impact of slip conditions on the velocity, 
energy, and mass profiles. From the graphical analysis, it is depicted that the slip conditions reduce 
the velocity, energy, and mass outlines. From the present analysis, we concluded that volume friction 
reduced the flow profile while increasing the temperature of the fluid flow over a Riga plate. All the 
parameters of the present research are highlighted in velocity temperature and concertation of the 
fluid. In addition to this in all the figures we have compared the hybrid nanofluid with mono nanofluid 
and the also the comparison between slip and no-slip conditions have carried out through graphs for 
velocity, temperature, and concentration.

List of symbols
UW	� Free stream velocity
CW	� Wall concentration
VT	� Thermophoretic velocity
K2
r 	� Chemical reaction

K1	� Thermal slip
L1	� Slip velocity
Q	� Hartmann number
�	� Temperature difference
Sc	� Schmidt number
A	� Activation energy factor
σ1	� Bioconvection constant
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µhnf 	� Viscosity Kgm−1 s−1

ρhnf 	� Density Kgm−3

MHD	� Magneto hydrodynamics
Ag	� Silver
MgO	� Magnesium oxide
2D	� Two-dimension
khnf 	� Thermal conductivity
TW	� Surface temperature [K]
K	� Thermophoretic coefficient
Ea	� Activation energy
l 	� Plate length
K2	� Concentration slip
Q0	� Heat source
β	� Dimensionless parameter
Pr	� Prandtl number
τ	� Thermophoretic parameter
ω	� Chemical reaction term
Lb	� Bioconvection Lewis number
Pe	� Bioconvection Peclet number
S1	� Slip velocity factor
S2	� Thermal slip parameter
S3	� Concentration slip parameter
(ρCp)	� Thermal capacity
(ρβT )	� Thermal expansion
σhnf 	� Electrical conductivity

The new advanced mechanism of the magnetic field which can be designed by the adjustment of a cluster of 
changeless magnets and an alternative electrode over a plane surface is recognized as a “Riga plate”. This advanced 
arrangement and formulation of the Riga plate in different fluid flow models play a vital role and induced the 
influence of the Lorentz effect. This advanced mechanism of the Riga plate the first time was formulated by 
Gailitis and Lielausis1 where the authors carried out this research experimentally in the Riga Laboratory. This 
Riga plate arrangement is very effective and beneficial in different fluid flow problems. The arrangement helps 
to reduce skin friction in many physical situations specifically in the submarines. The Riga plate has numerous 
uses in fluid dynamics and different physical phenomena. The key factor magnetic term cast-off in Riga plate 
then the motion of the fluid in such situation is recognized as Hartmann number. The researchers and scientists 
investigated the Riga plate and discussed its enormous applications of the Riga plate. Recently, Prabakaran et al.2 
scrutinized the upshot of CNTs-based nanoliquid flow across a Riga sheet. Grinberg3 investigated and carried 
out research, using the applications of the Riga plate. Similarly, some novel physical insights of the fluid flow 
across a moving horizontal Riga plate with advanced physical applications are documented by Wakif et al.4. In 
addition to this Rasool et al.5 developed a second-grade nanofluid model and considered the flow over a vertically 
heated Riga plate for some advanced applications. Faizan et al.6 addressed the nanoparticles and bioconvective 
motile microorganisms-based Sutterby nanofluid flow with the entropy analysis over a Riga plate. Rasool and 
Wakif7 where the authors developed the numerical study of the spectral examination of EMHD. In this study, 
the authors considered second-grade fluid with nanoparticles, and the fluid is considered over a vertical Riga 
plate. Kayikci et al.8, Loganathan et al.9 and Prabakaran et al.2 investigated the unique properties of using the 
Riga plate in different physical situations.

Nanofluid is very important in modern sciences and has enormous applications in heat distribution process-
ing phenomena. The systems in which nanofluid is used as a working fluid can have better heat distribution 
and thermal performance compared to regular fluids. In comparison, the heat communication rate of solids is 
higher than any kind of fluid. Therefore, the researchers initially, tried to incorporate some solid particles to 
boost the energy transference rate. Therefore, keeping this motivation in mind Maxwell10 experimented by adding 
microparticles to regular fluids. During the experiment of Maxwell, he found that micro-sized particles failed to 
enhance the heat transference rate. This experiment failed because the suspension of microparticles makes the 
fluid unstable and the fluid passing through narrow channels causes the blockage and produces sedimentation 
in the fluid. After this unsuccessful experiment, Maxwell in 1992 Choi11 carried out an experiment in Argon 
national laboratory he tried to suspend nanosized particles in conventional fluids. During this analysis, he noticed 
that the addition of nano particulates does not affect the stability of the resultant fluid and also can’t produce 
sedimentation in the fluid. After this successful experiment, the idea of nanofluid is used in every field of sci-
ences and nanotechnology and has enormous applications in engineering and biological sciences. The research 
on nanofluid is getting more attention and can be applied nanofluid applications in many real phenomena. 
Recently, Alrabaiah et al.12, inspected the nanofluid its properties, and applications that how nanofluid boost up 
the heat transfer properties using different nano additives in base fluids. Molana et al.13 where the researchers 
investigated and highlight the influence of thermal properties on nanofluid thermal conduction. Alagumalai 
et al.14 established the conceptual examination of barriers to the nanofluid mechanism and their advance uses 
in modern science and commercialization. Arif et al.15 documented the effect of nano particulates in engine 
oil for advanced applications in automobiles. Ben et al.16 highlighted the unique applications of nanofluids as a 
cutting fluid in different operating systems and working machinery. Ali et al.17 developed a Casson fluid model 
and considered MoS2 nanoparticles with the consequence of radiation. Iqbal et al.18, calculated the buoyancy 
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upshot of the Maxwell nanoliquid flow across a vertical surface. Some other uses of nanoliquid in different fields 
of science can be found in the references19–21.

The suspension of two different nanocomposites in a single base fluid is termed a hybrid nanofluid. As the 
nanofluid performance was appreciated in many practical situations and produced good thermal conductivity 
in the working fluids. But still, in modern science and thermal sciences, we need an advanced cooling applica-
tion with good thermal performance. Therefore, researchers dissolve pairs of nanomaterials in a single base 
fluid and found that hybrid nanoliquid performance is higher than regular fluids. Due to the increase of hybrid 
nanofluid, researchers take two and more nanoparticles for high thermal efficiency in different systems. Like, 
Gholinia et al.22 highlighted the investigation of using different base fluids by the uniform dispersion of CNTs 
hybrid nanoparticles, and the authors consider circular cylinders for the fluid flow. Similarly, Arif et al.23, cal-
culated the thermal efficiency of engine oil-based hybrid nanofluid by the uniform dispersion of GO and MoS2 
nanoparticles, and the fluid flow is taken along an extending cylinder. In addition to this, the authors calculated 
the heat transfer rate and concluded that the hybrid nano-liquids are higher than the thermal distribution of 
nanofluid and regular fluids. Yahya et al.24 discussed the impact of MoS2 and ZnO nanoparticles using engine 
oil base hybrid nanoliquid flow. Lv et al.25 discoursed the magnetized hybrid nanoliquid flow in a vertical stretch 
cylinder and investigated some advanced features of hybrid nanofluid. Rajesh et al.26 the authors studied hybrid 
nanoliquid and calculated the impact on the MHD flow with heat allocation by considering the non-uniform 
temperature. The suspension of different nanoparticles with various shapes in water-based fluid for advanced 
cooling applications was reported by Arif et al.27. Ali et al.28 developed the hybrid nanoliquid flow model and 
discussed its applications for energy transmission.

Motivated by the unique characteristics and useful applications of heat sources in modern science scholars 
studied the influence of heat sources on the fluid flow. The heat source is moving fluids and has enormous daily 
life applications like nuclear reactors, heat turbines, heat generators, and metal waste, in the analysis of reactor 
safety and combustion processes. Motivated by these applications, many investigators inspected the upshot of 
heat source-sink in their studies. Chamkha29 reported the 2D flow over an elongating sheet with the heat source. 
Turkyilmazoglu30 discussed the MHD impact of natural convection with the mutual result of heat generation/
absorption and porous media. Cortell31 discussed the heat source effects in the free convection flow. Grosan and 
Pop32 and Postelnicu and Pop33 inspected the heat source upshot on the fluid flow across a vertical flat with the 
characteristics of energy transference.

In boundary layer flow problems, the presence of activation energy plays a key role. The activation energy has 
useful applications in various physical phenomena like the field of engineering sciences, in the field of oil reser-
voirs, geothermal, engineering and sciences reservoirs. Khan et al.34 and highlighted the axisymmetric rotating 
Oldroyd-B fluid flow and explained some mechanical applications. Liu and Li35 where the authors inspected the 
activation energy and its useful modern uses. Similarly, Ramesh36 studied the nanoliquid flow, by considering 
the upshot of activation energy. Alqarni et al.37, Alsallami et al.38, and Khan et al.39 where the authors examined 
the consequences of activation energy in different circumstances.

The motile gyrotactic microorganism has many daily life applications in different fields of science. The gyro-
tactic microorganism phenomenon is studied by many researchers. Lu et al.40 considered the numerical treat-
ment of nanoliquid flow with the combined effect of gyrotactic microbes. Azam et al.41 numerically reported the 
bioconvection and energy implications in the advancement of thermal transmission of chemically reactive Casson 
fluid over a porous cylinder with the effects of gyrotactic microorganisms and variable viscosity. Azam42 demon-
strated a theoretical formulation and simulation analysis of the steady bioconvective flow of chemically bonded 
Sutterby nanoliquid under the upshot of nonlinear radiation and gyrotactic microbes. It was worth noting that 
the micro-organisms field has been upgraded to allow for a more accurate estimation of the microbe’s difference 
variable and Peclet number. Furthermore, Azam43 reported the bioconvection and activation energy through 
radiative Williamson nanoliquid flow with gyrotactic microbes and heat flux. Additionally, they inspected the 
swimming of microbes in the unsteady flow with advanced biomedical applications25,44–46.

Motivated from the above-mentioned literature to the best of the author knowledge no work is carried out 
to highlight the impact of gyrotactic microorganism’s hybrid nanoliquid over a Riga plate subject to activation 
energy and heat source. The obtained model is solved numerically by applying the PCM methodology. The impact 
of all the flow constraints is highlighted on the flow heat and mass profiles. In the coming segments, the model 
is expressed, solved and debated.

Mathematical formulation
In the present research, we have considered the MHD steady 2D nanoliquid (MgO–Ag/water) flow thermal 
transport characteristics. It has been considered that the Riga plate is disturbed which starts a motion with a 
free stream velocity UW = cx and the fluid has temperature difference in ambient temperature T∞ and surface 
temperature TW , in a similar way the ambient concentration can be expressed C∞ and the wall concentration can 
be expressed as CW and finally the uniform and ambient concertation of the gyrotactic microorganism can be 
expressed as NW and N∞ respectively. The physical draft of the present proposed model is publicized in Fig. 1. 
The system of equations for the flow heat, concertation of fluid, and gyrotactic microorganism is given as6,47:
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Figure 1.   The physical representation of the fluid flow.
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Thermophoretic velocity is given as47:

Here it can be noticed that K is thermophoretic coefficient and the physical boundary conditions to be satis-
fied are given as under:

where Uw = cx, Tw = T∞ + b
(

x
l

)2
, Cw = C∞ + d

(

x
l

)2
, l denote the plate length, L1 denotes velocity,K1 ther-

mal slip, and K2 is the expression of concentration slip factors.
Similarity variables for the given proposed model are given as under:

By employing Eq. (8) in (1)–(5), we get:

Boundary conditions (6–7) are reduced into:

In the above Eqs. (9)–(11), A1, A2, A3 are expressed as:

Here, Q =
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Some important engineering values can be expressed as follows:

The terms τx , qm, qw and qn are described as:
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Numerical solution
The fundamental steps using parametric continuation methods are as follows48,49:

Step 1 Simplification to 1st order ODE

By putting Eq. (17) in Eq. (9)–(12) and (13), we get:

The boundary conditions are:

Step 2 Presenting parameter p in Eqs. (18)–(21):

Results and discussion
The impact of the motile gyrotactic microbe and Ag-MgO/ water-base hybrid nanoliquid flow over a Riga plate 
is highlighted in this section. The system of the equation of the proposed model is given in Eqs. (2)–(5) are trans-
formed by applying the similarity variables we get the transform system given in Eqs. (9)–(12). The non-linear 
equations are handled by finding the numerical solutions using the parametric continuation method. In addi-
tion to this, the absence and presence of the slip parameters S1 on velocity, S2 temperature, and S3 concentration 
fields are highlighted, and compared their results through graphs. All the pertinent parameters like a magnetic 
dimensionless parameter β , Hartmann number Q , volume friction φ , Schmidt number Sc , heat source S , activa-
tion energy A , chemical reaction ω , thermophoretic parameter τ , and Peclet number Pe.

The geometry of the proposed model is given in Fig. 1. The impact of constraints on the flow profile is por-
trayed in Figs. 2, 3 and 4. The impact of parameters of interest on temperature distribution is highlighted in 
Figs. 5, 6 and 7. The consequences of constraints on the mass profile of the fluid are highlighted in Figs. 8, 9, 
10, 11, 12, 13 and 14. Finally, the effect of Pe and volume friction φ on the motile gyrotactic microbe profile is 
shown in Fig. 14.

Flow characteristics.  Figure 2 elucidates the upshot of β the velocity curve f ′(η) . This fig is plotted for the 
velocity profile in which we carried out a comparison between the slip condition ( S1 > 0)and no-slip condition 
( S1 = 0 ) on the velocity profile. It is worth noting that in all the graphs the comparison between Ag-MgO/water-
based hybrid nanoliquid with MgO/water base nanofluid is highlighted. From the present figure, it is depicted 
that the growing values β decrease the fluid velocity in both cases with slip and no-slip conditions of velocity. 
This decrease occurs in the fluid velocity due the resistive forces developed within the fluid for higher values of 
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β due to which the fluid velocity declines. Moreover, the comparative analysis of hybrid nanoliquid and mono 
nanofluid shows that the thermal presentation of hybrid nanoliquid shows good results than nanofluid and 
regular fluid.

The impact of φ against f ′(η) is inspected in Fig. 3. From the fig a decrease is seen in the magnitude of the 
velocity in both the cases of slip and no-slip conditions. This decrease in the fluid velocity is due to the fact that 
higher φ concentration in the fluid increases due to which the viscous forces developed and retard the fluid 
motion over the Riga plate. The impact of the Hartman number Q demonstrated in Fig. 4. From the fig it is 
depicted that the improving values of Q upsurges in the fluid velocity it is because of higher values of Q reduced 

Figure 2.   f ′(η) versus β . When φ1 = φ2 = 0.01, Q = 0.1, S = 0.2, S2 = 0.2, S1 = 0.1, S3 = 0.1, A = 0.3, 
ω = 0.3, Sc = 0.7, τ = 0.4, Pe = 0.3, Lb = 0.1.

Figure 3.   f ′(η) versus φ . When β = 0.5, Q = 0.1, S = 0.2, S2 = 0.2, S1 = 0.1, S3 = 0.1, A = 0.3, ω = 0.3, 
Sc = 0.7, τ = 0.4, Pe = 0.3, Lb = 0.1.

Figure 4.   f ′(η) versus Q . When φ1 = φ2 = 0.01, β = 0.5, S = 0.2, S2 = 0.2, S1 = 0.1, S3 = 0.1, A = 0.3, 
ω = 0.3, Sc = 0.7, τ = 0.4, Pe = 0.3, Lb = 0.1.
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resistive forces due to which the viscosity within the fluid declines as a result of the velocity of the fluid increases 
in both the cases slip and no-slip condition.

Heat transfer characteristics.  This section provides the assessment of the energy curve against different 
embedded parameters. The flow parameters the effect of which are highlighted on the temperature profile are 
volume friction φ , heat source-sink S , and the thermal slip effect S2 are highlighted in the figures. The impact of 
volume friction  φ on temperature distribution is plotted in Fig. 5. From the fig it can be detected that flourishing 
values of φ the energy of the fluid gets high it is because when the nanoparticles concentration increases it make 

Figure 5.   θ(η) versus φ . When β = 0.5, Q = 0.1, S = 0.2, S2 = 0.2, S1 = 0.1, S3 = 0.1, A = 0.3, ω = 0.3, 
Sc = 0.7, τ = 0.4, Pe = 0.3, Lb = 0.1.

Figure 6.   θ(η) versus S . When φ1 = φ2 = 0.01, β = 0.5, Q = 0.1, S2 = 0.2, S1 = 0.1, S3 = 0.1, A = 0.3, 
ω = 0.3, Sc = 0.7, τ = 0.4, Pe = 0.3, Lb = 0.1.

Figure 7.   θ(η) versus S2 . When φ1 = φ2 = 0.01, β = 0.5, Q = 0.1, S = 0.2, S3 = 0.1, S1 = 0.1, A = 0.3, 
ω = 0.3, Sc = 0.7, τ = 0.4, Pe = 0.3, Lb = 0.1.
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the fluid temperature high because the concertation produces resistive and fractional forces which are the main 
causes for the enhancement in temperature. In addition to this, we plotted the comparison between the slip and 
no-slip conditions of the temperature profile. This is to notify that in all the figures the comparison is carried 
out between hybrid nanofluid and nanofluid. The impact of the heat source S is visualized in Fig. 6. During the 
analysis of the heat source-sink S on the energy outline it is found that higher the values of S the temperature 
get high it is because the main motivation behind considering the heat source-sink S in our proposed model 
is to increase the energy curve. Figure 7 depicts the slip effect S2 on the temperature. The growing values of S2 

Figure 8.   ϕ(η) versus A . When φ1 = φ2 = 0.01, β = 0.5, Q = 0.1, S = 0.2, S2 = 0.2, S3 = 0.1, S1 = 0.1, 
ω = 0.3, Sc = 0.7, τ = 0.4, Pe = 0.3, Lb = 0.1.

Figure 9.   ϕ(η) versus ω . When φ1 = φ2 = 0.01, β = 0.5, Q = 0.1, S = 0.2, S2 = 0.2, S1 = 0.1, S3 = 0.1, 
A = 0.3, Sc = 0.7, τ = 0.4, Pe = 0.3, Lb = 0.1.

Figure 10.   ϕ(η) versus φ . When β = 0.5, Q = 0.1, S = 0.2, S2 = 0.2, S1 = 0.1, S3 = 0.1, A = 0.3, ω = 0.3, 
Sc = 0.7, τ = 0.4, Pe = 0.3, Lb = 0.1.
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decreases the thermal distribution profile. This decrease in the temperature of the system is due the slip condi-
tions in the temperature distribution.

Mass transfer characteristics.  The aim of the present section is to explain the significance of different 
embedding constraints on concentration profiles. Figures 8, 9, 10, 11 and 12 displayed the impact of different 
embedding factor on the mass transference. The presence of activation energy A is portrayed in Fig. 8. The mass 
curve enhances with the growing values of A . This increment in the mass curve is due the increase in A because 
is helpful in the increase in mass profile. The influence of chemical reaction factor ω is emphasized in Fig. 9. 

Figure 11.   ϕ(η) versus Sc . When φ1 = φ2 = 0.01, β = 0.5, Q = 0.1, S = 0.2, S2 = 0.2, S1 = 0.1, S3 = 0.1, 
A = 0.3, ω = 0.3, τ = 0.4, Pe = 0.3, Lb = 0.1.

Figure 12.   ϕ(η) versus τ . When φ1 = φ2 = 0.01, β = 0.5, Q = 0.1, S = 0.2, S2 = 0.2, S1 = 0.1, S3 = 0.1, 
A = 0.3, ω = 0.3, Sc = 0.7, Pe = 0.3, Lb = 0.1.

Figure 13.   �(η) versus φ . When φ1 = φ2 = 0.01, β = 0.5, Q = 0.1, S = 0.2, S2 = 0.2, S1 = 0.1, S3 = 0.1, 
A = 0.3, ω = 0.3, Sc = 0.7, τ = 0.4, Pe = 0.3, Lb = 0.1.
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Increasing the values of ω declines the concentration distribution of the fluid. The physical sketch of the chemi-
cal reaction parameter clearly shows the decreasing behavior in the fluid concentration. In addition, the effect 
of concertation slip effect S3 is also highlighted. In both the cases the effect of ω is same. And the comparison of 
hybrid nanoliquid with the nanofluid are also addressed in different physical situation.

The impact of φ on mass outline is displayed in Fig. 10. It is clearly observed that cumulative values of φ 
increases the concentration profile. This is physically, correct because increasing the magnitude of concentration 
of nanoparticles will increase the concentration of the fluid. This impact of φ is highlighted in both the no slip 
and slip case. Furthermore, the concentration profiles have been compared for hybrid nanofluid and nanofluid 
and noticed that hybrid nanoliquid thermal performance is more operative. Figure 11 portrayed the presence of 
Sc on the concentration of the fluid. From the figure one can visualize that for the greater values of Sc the con-
centration profile gets lower. The impact of thermophoresis parameter τ is portrayed in Fig. 12. This fig shows 
that increasing the values of τ will off-course decline the mass outline. This decrease occurs in the mass outline 
with the increase in the τ because it develops and enhance the fluid concentration. The impact of τ is highlighted 
in both the slip and no slip conditions.

Motile gyrotactic microorganism characteristics.  In this section we provide the impact of volume 
fraction parameter and Peclet numebr Pe is revealed in Figs. 13 and 14 respectively. The cocnetration effect on 
the gyrotactic miroorgansim is highlighted in Fig. 13. We can see that the gyrotact microorganism enlarge with 
increasing volume fraction. The figure is plotted to compare the gyrotactic miroorganism with slip and no slip 
conditons and in both the case the influce of volume fraction isi same. The main motivation of the present is 
to highlight the comparatve analysis between hybris nanofluid and nanofluid. Keeping this motivation in mind 
in the gyrotactic microorganism profile is exposed in both cases. The impact of Peclect number and and Lb is 
emphasized in Fig. 14. It can be seen that the increasing values of Peclect numebr Pe increases the gyrotactic 
microbe profile while the higher values of Lb decreasee the gyrotactic microorganism profile.

Table 1 exhibits the numerical tentative values of MgO, Ag and water. The basic model cast-off for the simula-
tion of the hybrid nanoliquid is offered through Table 2. Table 3 provide the relative estimation of the existing 
results versus the circulated literature for legitimacy purpose. It can be detected that the current outcomes are cor-
rect and consistent. Table 4 demonstrates the numerical assessment of Re−1/2 Nux (Nusselt number), −Re1/2 Cfx 
(drag force), Re−1/2 Nnx (density of motile microbes) and Re−1/2 Shx (Sherwood number) versus physical enti-
ties. It can be detected that the energy communication rate drops with the mounting impact of magnetic field.

Conclusions
This section provides some major outcomes from the given proposed model. In the present research we have 
reported water as a base fluid and Ag and MgO nanoparticles are added to form a hybrid nano composite for 
efficient thermal performance. The present proposed model is transforming by applying the similarity variables. 
In the present study we focused to highlight all the embedded parameters on the fluid motion over Riga plate., 
temperature of the fluid concentration and gyrotactic microorganism profile.

Finally, we obtained the following main results from the present research.

Figure 14.   �(η) versus Pe and Lb . When φ1 = φ2 = 0.01, β = 0.5, Q = 0.1, S = 0.2, S2 = 0.2, S1 = 0.1, 
S3 = 0.1, A = 0.3, ω = 0.3,Sc = 0.7, τ = 0.4.

Table 1.   The experimental values of Ag, MgO and water50,51.

ρ (kg/m3) Cp (j/kgK) k (W/mK) βT × 10
5
(

k
−1

)

σ (S/m)

Water 997.1 4179 0.613 21× 10−5 0.05

MgO 3560 955 45 1.26 1.42× 10−3

Ag 10,500 235 429 1.89 -
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•	 The rising values of solid volume fraction of hybrid nanocomposite will improve the temperature and con-
centration while decrease the fluid velocity.

•	 The comparison between hybrid nanofluid and nanofluid is carried in the present research in all the flow 
heat and concentration configuration and found that hybrid nanofluid have shown good thermal results 
compared to regular and nanofluid.

•	 In all the physical configuration the slip and no slip conditions are highlighted and compared their obtained 
results through graphical analysis.

•	 The greater values of Q increases the fluid velocity while MHD decreases the fluid velocity.
•	 The temperature gets higher for the growing values of heat source sink S.
•	 The thermos-phoretic parameter decline the concentration profile.
•	 The increasing effect has been noticed in gyrotactic microorganism profile for the greater values of Pe, while 

decreasing effect is perceived in the gyrotactic microbe profile for the higher values of Lb.

Table 2.   The mathematical model of hybrid nanoliquid 
(

φ1 = φMgO , φ2 = φAg
)

50,51.

Properties Models

Viscosity µhnf

µbf
=

1

(1−φMgO−φAg )
2

Density ρhnf
ρbf

= φMgO

(

ρMgO

ρbf

)

+ φAg

(

ρAg
ρbf

)

+
(

1− φMgO − φAg
)

Thermal Capacity (ρCp)hnf
(ρCp)bf

= φMgO

(

(ρCp)MgO

(ρCp)bf

)

+ φAg

(

(ρCp)Ag
(ρCp)bf

)

+
(

1− φMgO − φAg
)

Thermal Expansion (ρβT )hnf
(ρβT )bf

= φMgO

(

(ρβT )MgO

(ρβT )bf

)

+ φAg

(

(ρβT )Ag
(ρβT )bf

)

+
(

1− φMgO − φAg
)

Thermal Conductivity
khnf
kbf

=





�

φMgOkMgO+φAg kAg
φMgO+φAg

�

+2kbf +2(φMgOkMgO+φAg kAg )−2(φMgO+φAg )kbf
�

φMgOkMgO+φAg kAg
φMgO+φAg

�

+2kbf −2(kMgOφMgO+kAgφAg )+2(φMgO+φAg )kbf





Electrical Conductivity
σhnf
σbf

=





�

φMgOσMgO+σAg φAg
φAg+φMgO

�

+2σbf +2(φMgOσMgO+φAg σAg )−2(φMgO+φAg )σbf
�

φMgOσMgO+φAg σAg
φMgO+φAg

�

+2σbf −(φMgOσMgO+φAg σAg )+(φMgO+φAg )σbf





Table 3.   The validation of results versus available studies. When φ2 = 0, Q = 0.0, S1 = 0.0.

Parameter Akbar et al.52 Chu et al.53 Madhukesh et al.54 Present results

φ1 −f ′′(0) −f ′′(0) −f ′′(0) −f ′′(0)

0.00 1.00000 1.00000 1.00000 1.00000

0.01 1.42421 1.42423 1.42421 1.41438

0.02 2.45948 2.45946 2.45948 2.44962

Table 4.   The numerical estimation of the drag coefficient, Nusselt number, density of motile microbes and 
Sherwood number. φ2 = 0.01, S = 0.2, S2 = 0.2, S1 = 0.1, S3 = 0.1, A = 0.3, ω = 0.3.

φ Q β Sc τ −Re1/2 Cfx Re−1/2 Nux Re−1/2 Shx Re−1/2 Nnx

0.01 0.02977 0.00174 0.14286 0.20376

0.02 0.03963 0.02497 0.13606 0.27271

0.03 0.05018 0.04988 0.12948 0.17675

0.2 0.04787 0.00098 0.16048 0.24843

0.4 0.06319 0.00016 0.15513 0.19614

0.6 0.2 0.02977 0.05174 0.16139 0.19858

0.4 0.02977 0.08192 0.16555 0.20328

0.6 0.02977 0.00174 0.16593 0.20376

− 0.5 0.02977 0.00174 0.16593 0.20376

0.0 0.02977 0.00174 0.12409 0.20581

0.5 0.02977 0.00174 0.10334 0.20726

0.1 0.02977 0.00174 0.15828 0.30647

0.3 0.02977 0.00174 0.16337 0.30892

0.5 0.02977 0.00174 0.17036 0.31222
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•	 The present mathematical model can be further extended by using different sorts of fluid and physical effects, 
and can also be resolved through other numerical, fractional and analytical and techniques.

Data availability
All data used in this manuscript have been presented within the article.

Received: 28 August 2022; Accepted: 4 January 2023

References
	 1.	 Gailitis, A. K. & Lielausis, O. A. On the possibility of drag reduction of a flat plate in an electrolyte. Appl. Magnetohydrodyn. Trudy 

Inst. Fisiky AN Latvia SSR 12, 143 (1961).
	 2.	 Prabakaran, R., Eswaramoorthi, S., Loganathan, K. & Gyeltshen, S. Thermal radiation and viscous dissipation impacts of water 

and kerosene-based carbon nanotubes over a heated Riga sheet. J. Nanomater. https://​doi.​org/​10.​1155/​2022/​18657​63 (2022).
	 3.	 Grinberg, E. On determination of properties of some potential fields. Appl. Magnetohydrodyn. Rep. Phys. Inst. Riga 12, 147–154 

(1961).
	 4.	 Wakif, A. et al. Novel physical insights into the thermodynamic irreversibilities within dissipative EMHD fluid flows past over a 

moving horizontal riga plate in the coexistence of wall suction and joule heating effects: A comprehensive numerical investigation. 
Arab. J. Sci. Eng. 45(11), 9423–9438 (2020).

	 5.	 Rasool, G., Zhang, T. & Shafiq, A. Second grade nanofluidic flow past a convectively heated vertical Riga plate. Phys. Scr. 94(12), 
125212 (2019).

	 6.	 Faizan, M. et al. Entropy analysis of sutterby nanofluid flow over a Riga sheet with gyrotactic microorganisms and Cattaneo-
Christov double diffusion. Mathematics 10(17), 3157 (2022).

	 7.	 Rasool, G. & Wakif, A. Numerical spectral examination of EMHD mixed convective flow of second-grade nanofluid towards 
a vertical Riga plate using an advanced version of the revised Buongiorno’s nanofluid model. J. Therm. Anal. Calorim. 143(3), 
2379–2393 (2021).

	 8.	 Kayikci, S., Eswaramoorthi, S., Postalcioglu, S. & Loganathan, K. Thermal analysis of radiative water-and glycerin-based carbon 
nanotubes past a Riga plate with stratification and non-Fourier heat flux theory. J. Therm. Anal. Calorim. 1–17 (2022).

	 9.	 Loganathan, K., Alessa, N., Jain, R., Ali, F. & Zaib, A. Dynamics of heat and mass transfer: Ree-Eyring nanofluid flow over a Riga 
plate with bioconvention and thermal radiation. Front. Phys. 990 (2022).

	10.	 Levin, M. L. V. & Miller, M. A. F. Maxwell’s treatise on electricity and magnetism. Sov. Phys. Uspekhi 24(11), 904 (1981).
	11.	 Choi, S. U. & Eastman, J. A. Enhancing thermal conductivity of fluids with nanoparticles (No. ANL/MSD/CP-84938; CONF-951135-

29). Argonne National Lab. (ANL), Argonne, IL (United States) (1995).
	12.	 Alrabaiah, H., Bilal, M., Khan, M. A., Muhammad, T. & Legas, E. Y. Time fractional model of electro-osmotic Brinkman-type 

nanofluid with heat generation and chemical reaction effects: Application in cleansing of contaminated water. Sci. Rep. 11(1), 1–19 
(2021).

	13.	 Molana, M., Ghasemiasl, R. & Armaghani, T. A different look at the effect of temperature on the nanofluids thermal conductivity: 
Focus on the experimental-based models. J. Therm. Anal. Calorim. 147(7), 4553–4577 (2022).

	14.	 Alagumalai, A. et al. Conceptual analysis framework development to understand barriers of nanofluid commercialization. Nano 
Energy 92, 106736 (2022).

	15.	 Arif, M., Ali, F., Sheikh, N. A. & Khan, I. Enhanced heat transfer in working fluids using nanoparticles with ramped wall tempera-
ture: Applications in engine oil. Adv. Mech. Eng. 11(11), 1687814019880987 (2019).

	16.	 Ben Said, L., Kolsi, L., Ghachem, K., Almeshaal, M. & Maatki, C. Application of nanofluids as cutting fluids in machining opera-
tions: a brief review. Appl. Nanosci. https://​doi.​org/​10.​1007/​s13204-​021-​02140-8 (2022).

	17.	 Ali, F., Arif, M., Khan, I., Sheikh, N. A. & Saqib, M. Natural convection in polyethylene glycol based molybdenum disulfide nano-
fluid with thermal radiation, chemical reaction and ramped wall temperature. Int. J. Heat Technol. https://​doi.​org/​10.​18280/​ijht.​
360227 (2018).

	18.	 Iqbal, Z., Khan, M., Shoaib, M., Matoog, R. T., Muhammad, T. & El-Zahar, E. R. Study of buoyancy effects in unsteady stagnation 
point flow of Maxwell nanofluid over a vertical stretching sheet in the presence of Joule heating. Waves Random Complex Media 
1–15 (2022).

	19.	 Arif, M., Ali, F., Khan, I. & Nisar, K. S. A time fractional model with non-singular kernel the generalized Couette flow of couple 
stress nanofluid. IEEE Access 8, 77378–77395 (2020).

	20.	 Eswaramoorthi, S., Alessa, N., Sangeethavaanee, M., Kayikci, S. & Namgyel, N. Mixed convection and thermally radiative flow of 
MHD Williamson nanofluid with Arrhenius activation energy and Cattaneo-Christov heat-mass flux. J. Math. https://​doi.​org/​10.​
1155/​2021/​24905​24 (2021).

	21.	 Azam, M., Abbas, N., Ganesh Kumar, K. & Wali, S. Transient bioconvection and activation energy impacts on Casson nanofluid 
with gyrotactic microorganisms and nonlinear radiation. Waves Random Complex Media 1–20 (2022).

	22.	 Gholinia, M., Hosseinzadeh, K. & Ganji, D. D. Investigation of different base fluids suspend by CNTs hybrid nanoparticle over a 
vertical circular cylinder with sinusoidal radius. Case Stud. Therm. Eng. 21, 100666 (2020).

	23.	 Arif, M., Kumam, P., Khan, D. & Watthayu, W. Thermal performance of GO-MoS2/engine oil as Maxwell hybrid nanofluid flow 
with heat transfer in oscillating vertical cylinder. Case Stud. Therm. Eng. 27, 101290 (2021).

	24.	 Yahya, A. U. et al. Thermal charactristics for the flow of Williamson hybrid nanofluid (MoS2+ ZnO) based with engine oil over a 
streched sheet. Case Stud. Therm. Eng. 26, 101196 (2021).

	25.	 Lv, Y. P. et al. Numerical approach towards gyrotactic microorganisms hybrid nanoliquid flow with the hall current and magnetic 
field over a spinning disk. Sci. Rep. 11(1), 1–13 (2021).

	26.	 Rajesh, V., Sheremet, M. A. & Öztop, H. F. Impact of hybrid nanofluids on MHD flow and heat transfer near a vertical plate with 
ramped wall temperature. Case Stud. Therm. Eng. 28, 101557 (2021).

	27.	 Arif, M., Kumam, P., Kumam, W. & Mostafa, Z. Heat transfer analysis of radiator using different shaped nanoparticles water-based 
ternary hybrid nanofluid with applications: A fractional model. Case Stud. Therm. Eng. 31, 101837 (2022).

	28.	 Ali, R., Asjad, M. I. & Akgül, A. An analysis of a mathematical fractional model of hybrid viscous nanofluids and its application 
in heat and mass transfer. J. Comput. Appl. Math. 383, 113096 (2021).

	29.	 Chamkha, A. J. Hydromagnetic three-dimensional free convection on a vertical stretching surface with heat generation or absorp-
tion. Int. J. Heat Fluid Flow 20(1), 84–92 (1999).

	30.	 Turkyilmazoglu, M. MHD natural convection in saturated porous media with heat generation/absorption and thermal radiation: 
closed-form solutions. Arch. Mech. 71(1), 49–64 (2019).

	31.	 Cortell, R. Internal heat generation and radiation effects on a certain free convection flow. Int. J. Nonlinear Sci 9(4), 468–479 (2010).
	32.	 Grosan, T. & Pop, I. Free convection over 3 vertical flat plate with a variable wall temperature and internal heat generation in a 

porous medium saturated with a non-Newtonian fluid. Tech. Mech. Eur. J. Eng. Mech. 21(4), 313–318 (2001).

https://doi.org/10.1155/2022/1865763
https://doi.org/10.1007/s13204-021-02140-8
https://doi.org/10.18280/ijht.360227
https://doi.org/10.18280/ijht.360227
https://doi.org/10.1155/2021/2490524
https://doi.org/10.1155/2021/2490524


14

Vol:.(1234567890)

Scientific Reports |        (2023) 13:13675  | https://doi.org/10.1038/s41598-023-27562-y

www.nature.com/scientificreports/

	33.	 Postelnicu, A. & Pop, I. Similarity solutions of free convection boundary layers over vertical and horizontal surfaces in porous 
media with internal heat generation. Int. Commun. Heat Mass Transf. 26(8), 1183–1191 (1999).

	34.	 Khan, M., Hafeez, A. & Ahmed, J. Impacts of non-linear radiation and activation energy on the axisymmetric rotating flow of 
Oldroyd-B fluid. Phys. A 580, 124085 (2021).

	35.	 Liu, X. G. & Li, B. Q. Theoretical elucidation of distributed activation energy model and its applications in char gasification and 
simulation distillation systems. Ranliao Huaxue Xuebao 29 (2001).

	36.	 Ramesh, G. K. Analysis of active and passive control of nanoparticles in viscoelastic nanomaterial inspired by activation energy 
and chemical reaction. Phys. A 550, 123964 (2020).

	37.	 Alqarni, M. M. et al. Mathematical analysis of casson fluid flow with energy and mass transfer under the influence of activation 
energy from a non-coaxially spinning disc. Front. Energy Res. 10, 986284 (2022).

	38.	 Alsallami, S. A., Zahir, H., Muhammad, T., Hayat, A. U., Khan, M. R. & Ali, A. Numerical simulation of Marangoni Maxwell 
nanofluid flow with Arrhenius activation energy and entropy anatomization over a rotating disk. Waves Random Complex Media 
1–19 (2022).

	39.	 Khan, U., Ahmed, N., Mohyud-Din, S. T., Alsulami, M. D. & Khan, I. A novel analysis of heat transfer in the nanofluid composed 
by nanodimaond and silver nanomaterials: Numerical investigation. Sci. Rep. 12(1), 1–11 (2022).

	40.	 Lu, D., Ramzan, M., Ullah, N., Chung, J. D. & Farooq, U. A numerical treatment of radiative nanofluid 3D flow containing gyrotactic 
microorganism with anisotropic slip, binary chemical reaction and activation energy. Sci. Rep. 7(1), 1–22 (2017).

	41.	 Azam, M., Xu, T., Nayak, M. K., Khan, W. A. & Khan, M. Gyrotactic microorganisms and viscous dissipation features on radiative 
Casson nanoliquid over a moving cylinder with activation energy. Waves Random Complex Media, 1–23 (2022).

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

	43.	 Azam, M. Non-linear radiative heat flux of Williamson nanofluid with gyrotactic microorganisms, activation energy and biocon-
vection. Waves Random Complex Media 1–23 (2022).

	44.	 Azam, M. Effects of Cattaneo-Christov heat flux and nonlinear thermal radiation on MHD Maxwell nanofluid with Arrhenius 
activation energy. Case Stud. Therm. Eng. 34, 102048 (2022).

	45.	 Algehyne, E. A. et al. Numerical simulation of bioconvective Darcy Forchhemier nanofluid flow with energy transition over a 
permeable vertical plate. Sci. Rep. 12(1), 1–12 (2022).

	46.	 Alrabaiah, H., Bilal, M., Khan, M. A., Muhammad, T. & Legas, E. Y. Parametric estimation of gyrotactic microorganism hybrid 
nanofluid flow between the conical gap of spinning disk-cone apparatus. Sci. Rep. 12(1), 1–14 (2022).

	47.	 Bhatti, M. M. & Michaelides, E. E. Study of Arrhenius activation energy on the thermo-bioconvection nanofluid flow over a Riga 
plate. J. Therm. Anal. Calorim. 143(3), 2029–2038 (2021).

	48.	 Shuaib, M., Shah, R. A., Durrani, I. & Bilal, M. Electrokinetic viscous rotating disk flow of Poisson-Nernst-Planck equation for 
ion transport. J. Mol. Liq. 313, 113412 (2020).

	49.	 Shuaib, M., Shah, R. A. & Bilal, M. Variable thickness flow over a rotating disk under the influence of variable magnetic field: An 
application to parametric continuation method. Adv. Mech. Eng. 12(6), 1687814020936385 (2020).

	50.	 Alharbi, K. A. M. et al. Computational valuation of darcy ternary-hybrid nanofluid flow across an extending cylinder with induc-
tion effects. Micromachines 13(4), 588 (2022).

	51.	 Ahmadian, A., Bilal, M., Khan, M. A. & Asjad, M. I. Numerical analysis of thermal conductive hybrid nanofluid flow over the 
surface of a wavy spinning disk. Sci. Rep. 10(1), 1–13 (2020).

	52.	 Akbar, N. S., Nadeem, S., Haq, R. U. & Khan, Z. H. Numerical solutions of magnetohydrodynamic boundary layer flow of tangent 
hyperbolic fluid towards a stretching sheet. Indian J. Phys. 87(11), 1121–1124 (2013).

	53.	 Chu, Y. M. et al. Thermophoresis particle deposition analysis for nonlinear thermally developed flow of Magneto-Walter’s B 
nanofluid with buoyancy forces. Alex. Eng. J. 60(1), 1851–1860 (2021).

	54.	 Madhukesh, J. K., Ramesh, G. K., Aly, E. H. & Chamkha, A. J. Dynamics of water conveying SWCNT nanoparticles and swimming 
microorganisms over a Riga plate subject to heat source/sink. Alex. Eng. J. 61(3), 2418–2429 (2022).

Acknowledgements
This research has received funding support from the NSRF via the Program Management Unit for Human 
Resources & Institutional Development, Research and Innovation [grant number B39G660025].

Author contributions
All authors equally contributed.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.S. or P.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Gyrotactic microorganism hybrid nanofluid over a Riga plate subject to activation energy and heat source: numerical approach
	Mathematical formulation
	Numerical solution
	Results and discussion
	Flow characteristics. 
	Heat transfer characteristics. 
	Mass transfer characteristics. 
	Motile gyrotactic microorganism characteristics. 

	Conclusions
	References
	Acknowledgements


