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Abstract

This research offers valuable insights for improving heat transfer and minimizing entropy generation
in engineering systems that involve nanofluids and microorganisms. It investigates the unsteady
squeezing bioconvection flow of a nanofluid between two parallel disks, with a focus on entropy
generation, flow dynamics, heat transfer, and the concentration of both nanoparticles and
microorganisms. The lower disk is stretched horizontally and subjected to suction, while the upper
disk moves vertically, creating a squeezing effect. Temperature and concentration slip conditions are
applied, and the problem is normalized using similarity transformations. To acquire numerical
solutions, the bvp4c approach is utilized. The influence of various physical parameters particularly
squeezing, magnetic, suction, Brownian motion, thermophoresis, and mass transfer parameters
associated with the concentration of nanoparticles and microorganisms on fluid velocity,
temperature, concentration profiles, and entropy generation is analyzed. Findings suggest that
increasing the suction parameter reduces fluid velocity, while the squeezing and magnetic parameters
enhance the velocity near the upper disk and hinders it near lower disk. Furthermore, an increase in
the Brownian motion and thermophoresis parameters results in a reduction in nanoparticle
concentration, whereas both parameters contribute to an elevation in the temperature profile. The
study also highlights the impact of various factors such as Brinkman number and mass transfer
parameter on entropy generation, Bejan number and overall system’s efficiency.

Keywords: Entropy analysis, heat transfer enhancement, bioconvection, nanofluid, MHD, squeezing
flow, slip condition, thermal efficiency

INTRODUCTION
Squeezing flows between parallel disks have
become a fascinating area of research due to their
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presence in various industrial applications, including
food processing, printing technologies, material
testing, coating processes and oil and gas industry.
By applying a magnetic field in these flows helps
mitigate unpredictable variations in lubrication
viscosity caused by temperature fluctuations under
extreme operating conditions. This phenomenon is
crucial for improving efficiency in areas like power
transmission, rotating machinery and geothermal
energy systems. A deeper understanding of fluid
transport and heat transfer in these setups is essential
for driving advancements in industries such as
chemical processing, electric power generation, and
data storage technologies. Squeezing flows have
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been studied since the 19" century, with Stefan [1] conducting the foundational research on this topic.
Misyura [2] analyzed a steady viscous flow generated by two rotating coaxial disks Von
Karman&#39;s [1] pioneering work on the single rotating disk [2] established the foundation for
rotating flow analysis, and numerous subsequent investigations have built upon his formulation [2—6].
However, the two-disk configuration presents further complexities arising from geometric
confinement and the unsteady nature of the squeezing motion. Batista [3] examined the steady and
laminar flow between two parallel, hollow, co-rotating disks. The unsteady flow in this configuration
has important industrial applications, prompting numerous researchers to explore the topic further.
Thermal fluid flow because of rotating disks is studied by Tashtaush [4] and Khan [5]. Duwairi [6]
has undertaken a study on the heat transfer properties associated with one directional squeezing flow
occurring between two parallel disks. Khaled and Vafai [7] provided a numerical solution for the
hydromagnetic squeezing flow occurring over a porous surface by considering the time variations.

Nanofluids consist of suspended nanoparticles with diameters smaller than 100 nm, utilized to
enhance thermal conductivity. They have found extensive applications in solar thermal systems, wind
turbines, refrigeration, hybrid vehicles and other renewable energy systems. Additionally, nanofluids
are employed for automotive cooling, cancer therapy, dialysis, water purification and irrigation
systems. The pioneering work in this field was carried out by Choi [8], whose research paved the way
for further exploration of nanofluids by other researchers. Hashim et al. [9] conducted innovative
research to develop and analyze a mathematical framework describing the behavior of a non-
Newtonian Williamson fluid incorporating nanoparticles. Their research utilized the Rosseland
approximation to describe the thermodynamic characteristics of the nanofluid and to exhibit the
effects of nonlinear radiation. Benos et al. [10] investigated 2D MHD laminar transport process within
a shallow cavity filled with a nanofluid. The study examined the impact of internal volumetric heat
sources and examined an interfacial nanolayer near the solid particles. Their outcomes revealed that
enhancing the concentration of carbon nanotube resulted in a reduction in fluid flow. Furthermore,
various researchers have explored and discussed the distinctive behavior of nanofluid flow in diverse
physical configurations, based on Buongiorno’s theory for example Kumar [11] investigated the flow
and characteristics related to transfer of heat of magnetite nanofluid over a porous disk which is
rotating while incorporating the effects of Arrhenius activation energy. Zaka et al. [12] developed an
effective numerical approach to analyze the transport process of a third-grade nanofluid, incorporating
gyrotactic microorganisms. Tausif et al. [13] examined the impact of multiple slip conditions on
bioconvection in a nanofluid flow that contains nanoparticles and gyrotactic microorganisms. The
flow and thermal transfer of hybrid nanofluids was studied by Xu [14].

Gyrotactic microorganisms exhibit a unique behavior known as gyrotaxis, where they align and
swim along a specific axis, often influenced by rotational or directional forces within the fluid.
Studying gyrotactic microorganisms in fluid flow is important because their movement significantly
impacts bioconvection, which affects the overall behavior of the fluid, including heat and mass
transfer. Understanding these microorganisms helps optimize processes in fields like biotechnology,
wastewater treatment and environmental engineering, where fluid dynamics and microorganisms’
behavior play a crucial role in system’s efficiency. Qayyum et al. [15] analyzed the effects of
radiation in a suspension containing nanoparticles and gyrotactic microorganisms on a rotating disk
whose thickness is variable. Alshomrani [16] examined the significance of multiple slip conditions on
cross nanofluid flow past a wedge in the existence of microorganisms.

Reducing entropy generation has become a key thermodynamic approach essential for the
development of heating control systems. Bejan [17] is recognized for pioneering the concept of
entropy generation. He concluded that minimizing entropy generation enhances a system’s
thermodynamic efficiency, thereby improving the overall performance of thermal control systems.
Studying entropy production in unsteady squeezing bioconvection flow of nanofluid between two
disks arranged in parallel is essential for understanding and optimizing the thermodynamic efficiency
of heat transfer systems. Entropy production quantifies the irreversibility of processes within the fluid,
and minimizing it leads to improved energy utilization and reduced waste heat. In systems involving
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nanofluids, which exhibit enhanced thermal properties, analyzing entropy generation helps optimize
heat transfer while minimizing losses due to viscous dissipation and other irreversible processes. This
is particularly important in applications like cooling systems, microelectronics, and heat exchangers,
where efficient flow control and stability are critical. The unsteady squeezing flow, under
compressive forces between the disks, leads to variation in pressure and temperature that influence
entropy generation, and understanding these effects allows for better design and operation of thermal
management technologies. Notably, the principles of irreversibility in thermodynamics provide a
robust framework for analysis than the first law, especially due to the first law’s constraints on
efficiency in thermal transfer engineering systems [18]. Recently, there has been a growing interest
among researchers in applying the principles of irreversibility in the making of thermal systems.
Aiboud and Saouli [19] discussed how these principles can be utilized to analyze MHD viscoelastic
flow on a stretching surface. Similarly, Sahin and Yilbas [20] investigated the impact of entropy
production in fluid flow within a channel formed by parallel plates. Rajvanshi et al. [21] explored the
effects of entropy on squeezing flow from a porous. Their findings revealed that the total entropy
production diminishes as the distance between the disks increases. Murshid et al. [22] studied the
entropy production and performed a statistical analysis of the timely-varying squeezing flow of
magnetohydrodynamic (MHD) hybrid nanofluid due to two rotating parallel plates, incorporating the
effects of activation energy. Effects of entropy production in unsteady squeezing flow within a
rotating channel that features a lower stretching permeable wall are analyzed by Butt and Asif [23].
Rashidi et al. [24] performed a parameter study and optimization of entropy generation in MHD flow
over a rotating and stretching disk that changes with time. They employed an Artificial Neural
Network along with a particle swarm optimization algorithm to analyze and enhance the system.
Louati et al. [25] analyzed entropy production in magnetohydrodynamics (MHD) Casson fluid flow,
incorporating the effects of Joule heating, using a non-similar numerical approach. The modified
second-grade nanofluid flow comprising microorganisms is analyzed by Waqas et al. [26]. Entropy
production in the radiative flow of tangent hyperbolic nanofluid is analyzed by Yong et al. [27],
considering the effects of gyrotactic microorganisms and activation energy. Khan et al. [28]
investigated entropy production in flow of bioconvection nanofluid through two stretchable rotating
disks. Zuhra et al. [29] investigated the combined effects of gyrotactic microorganisms, nanoparticles,
and second-grade nanofluid flow on heat transfer. They found that the temperature was increased as
the thermophoresis parameter was raised. Research by Mehmood et al. [37] explored entropy behavior
in a nanofluid on a rotating porous disk in forced flow. They observed that stronger forced flow,
greater suction, and larger rotational Brinkman numbers all increase the average entropy generation
number but decrease the average Bejan number. Adding nanoparticles, however, decreases average
entropy generation while increasing the average Bejan number. Khan et al. [38] examined how
entropy forms and heat distributes in a time-dependent squeezed nanofluid confined between parallel
disks, where the bottom disk stretches horizontally and is subject to suction. The findings indicate that
entropy generation grows with increases in the Brinkman parameter, magnetic parameter, and
diffusion parameter. Meanwhile, the Bejan number follows a mixed trend, rising alongside the
diffusion parameter yet falling as the Brinkman number climbs.

Building upon prior foundational studies, the present research provides a comprehensive investigation
of entropy generation, fluid flow dynamics, heat transfer, and the distribution of nanoparticles and
gyrotactic microorganisms. The governing equations are solved numerically using the MATLAB-based
built-in bvp4c command. The influence of distinct parameters on different profiles is illustrated using
graphs and tables.

Problem Description
Consider a two-dimensional, incompressible nanofluid flow between a pair of disks arranged in

h(t)= H\1-at

are expressed in terms of cylindrical coordinates (r,0,z ) The lower disk which is kept atZ =0has

(u,v,w)

parallel and set apart by a time-dependent distance . The velocity components

suction / injection Wo , is extended horizontally with velocity UW. The upper disk is positioned at height
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h(?) which moves vertically upward and downward with velocity " ) . The lower stretching disk has

temperature T, and nanoparticle concentration Co and upper squeezing disk’s temperature is T and
nanoparticle concentration Ch . The lower and upper disks have gyrotactic microorganisms’ distribution

Ny and M , respectively. The magnetic field B is oriented perpendicular to the surface of the disks
(Figure 1). In cylindrical coordinates, the equations that control the flow are [30]:

z=h(t)
A
Nanoparticles 778 o % /'/‘
/'/o/. T h(t) = V1 —at
Microorganisms 4| 7° © & oo rere
/8
2
z=0
e ar
> lw= 2(1 — at)
Wo
Figure 1. Fluid flow geometry and coordinate systems.
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(6)
and the boundary conditions are [23, 30]
dh oT oC
u=0, WZE, T:Th—é‘Tg, C:Ch—é‘cg, n=N,, at z=h(t),
= W:L, w=-w,, T:Tw+§Ta—T, C:Cw+5ca—c, n=N,_,, at z=0.
2(1—at) 0z oz %

Here h(t) = H~1-at illustrates the separation of disks and both @ and #/ are constants. ¥ and
W are the components of velocity in the directions of ¥ and Z , respectively. Py represents the

density of nanofluid, Hy is used for dynamic nanofluid’s viscosity, Pis representing pressure,
nanoparticles’ concentration is represented by C, nanofluid’s thermal diffusivity is given by ~/ ,D B

represents the Brownian motion coefficient, D, indicates the thermophoresis diffusion coefficient
and L, represents the fluid’s mean temperature. N, and N are constants related to distribution of
gyrotactic microorganisms. Moreover, Wo represents the suction or injection velocity of lower disk,

Sr and Oc are used for thermal and concentration slip parameters, respectively. The quantity 7 is the
ratio of the effective thermal capacity of the nanoparticle material to the base fluid. Consequently, 7
will vary depending on the particular fluid and nanoparticle’s material employed. Following Hashmi
and Pradhan [31, 32], the similarity variables are presented as:

ar ' _aH o
u= mf (m, w= N @), T=(T,-T)m)+T,,
BO

C=(C,-Chom+C,, n=(N,=N,)s(m)+N,, B(t):ﬂ,

V4

T e .

Equation (1) will remain true and Egs. (2—6) are transformed as follows when aforementioned
similarity transformations are applied.

IS, 0" =24 +3/)-2M?S, =0, o)
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0 +PS,(2/0 —nd)+p,N,0¢ +p,N,0% =0,

(10)
: (N,
» +LS,2fp —nw){;)ﬁ =0,
’ (11)
§ +8.8,2fs =115 ) = pu(s—N)@ —puos =0, 12

where S represents squeezing parameter, M symbolizes the magnetic parameter, I+ is used for

Prandtl number, N, denotes the Brownian motion coefficient, L, symbolizes the Lewis number, N, is
thermophoresis coefficient, P€, is the Peclet number, the symbol 5. is used for Schmidt number and

Ny is the constant associated with microorganism’s distribution, expressed by:

aH? o B’ D, (C. -C D (T, T
Sq: ,M: e ™0 ’Nb: B( w h)aN;: T(w h)’
20, apy Uy v,T,

v 1y 1y
L=-L, pe, =" p_Yr s =2 NN
D, D, a, D, N,—-N,

(13)

The following form of the boundary conditions (7) is obtained after the application of
transformations:

fO)=8, f(0)=1, 8(0)-780)=1 p(0)-7,(0)=1 5(0)=1,

FO=E, F1)=0, 60)+701=0, pl)+ 70 N)=0, s()=0,
2 (14)

where S is suction / injection parameter, Vs representing thermal slip parameter and 72 is used for
concentration slip parameter, given by:

wy,V1—at 0. Oc

S: R :—T , =

Fluid suction at the lower disk is indicated byS >0 whereasS <0 corresponds to the blowing of

the fluid. Zero values of both Ny and N, represent the case when effects of both Brownian motion
and thermophoresis are minimal and that kind of fluid is an ordinary fluid. The skin friction
coefficient, Nusselt number and Sherwood number are demonstrated mathematically as follows:

Com— Do Nu=— M0 gy M
p( “all J kK (T,-T,) ~ DyC,-C,)
!

2\1—at

w

(16)
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where ** denotes shear stress, 9w represents heat flux of the wall and Jw is the mass flux of the wall,
given as:

rf8) sl snl)
e e TN e ) T e ) an
By using the similarity transformations (7), we have:
X~ ), Nur=T—at Nu=-6@), Shr=—¢ @),
o (18)
where,
raH~1—at
Re, = ———
20
ENTROPY ANALYSIS

The entropy production for a viscous, incompressible fluid is calculated using:

k 2 2 2
SGz_f(aT) +&(6uj +2B2u2+@(86') +@(8_C8_T)

1*\ez) T,\ez) T, c\oz) T \ozex
RD(@njz RD(@naTj
+—| =+ ==
Nh 8Z T;l aZ 82 (19)

where D stands for diffusivity and R for the ideal gas constant. The characteristic entropy rate is given by:

3 k(AT )
GO — 2,2 °
hh (20)
N = Sa
By using transformations (7), the entropy production number Seo will be expressed as:
N, =6 +ﬁ(f"2 +2Mquf'2 )+i &go'z +0¢ |+ s 405 |,
QT QT QT QT NdQT
1)
where,
U’ T _T _
B’,:'uf w , QT:(W h), QC:(CW Ch)’
kaT 1, C,
RD RD
A =k—(Cw -G,) ¢ Zk—(NW -N,)
! A (22)

are the Brinkman number, thermal and concentration ratio parameter, mass transfer parameters of
nanoparticles and microorganisms’ concentration, respectively. Bejan number is expressed through
the following form:
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_ The production of entropy as a result of heat and mass transfer

Be B
Overall production of entropy (23)
o +é(gc¢z +0'(0'J+Q‘9[N o s +0's'j
Be= pih s Sk . (24)
0"+ B vamrs p e 2 Pyt g |+ B[ Lo
QT QT QT QT NdQT

[0,1]

Range of Bejan number is . Heat distribution is the primary cause of the entropy generation for

0.5<Be <1 whereas the primary source of entropy creation in 0<Be <0.5 s friction with the fluid.

Be=0.5 corresponds to equal contribution of thermal distribution and friction in the production of entropy.

PROBLEM SOLUTION
MATLAB built in package bvp4c [33] is adopted to solve the system of ODEs described by Egs.
(9-12) as well as boundary conditions specified by Eq. (14). The domain, based on the boundary

conditions, is defined as n¢[0,1] .

=X,

f=n

I =

/=y

I =y

y4' =S,(xy, =2,y +3y; +2M2qu3),
0=y,

6 = Vo>
=Y
® =5,
Ve ==BS, 29y = x3,)~ BN, yeys— BN,y

, N
Vs =—LS, 2y 5 —xx) _[tjyé >
N,

ylo’ ==5.5,2y0 _xym)"'Pebyoys' +PebNdy8' + P, YV (25)

After applying the transformations, the boundary conditions are reformulated as:

1(0)=35, 3,(0) =1, y5(0)=7,55(0) =1, y,(0) = 7,»5(0) =1, »,(0) =1,

D=2, M =0, y,(1) + 7.1 =0, v, (1) + 7,3, (1) =0, 3, (1) =0.
2 (26)

The entropy equation and Bejan number are transformed into the following form:
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2 Br 2 2 2 ﬂ, Q 2 & 1 2
N, =ys +97T(y3 +2M quz )+QT(Q;)’8 +y6y8j+QT(NdQTylo +y10y6}

(27)
. Vs o, 0, Ys T Ve)s Q, | N,Q, Yio T V10V
» Br . 2 2 A(Q 2 P 1 )
Vs +5T(y3 +2M°S,y, )+gTT nyg + Vs +977 mym + Y10V
(28)
RESULTS AND DISCUSSION

Equations (9—12) together with the boundary conditions (14) and Egs. (21) and (24) are numerically
solved using bvp4c. The results are presented and briefly discussed through tables and graphs.
Additionally, the influence of physical parameters on flow velocity, temperature distribution,
concentration profiles and entropy production are analyzed. Figure 2 shows how the fluid velocity

' . . : S . .
curve f changes with changing squeezing parameter ¢. As the squeezing parameter rises, the

velocity of the fluid drops close to lower disk, while near upper disk, the velocity escalates with Sq.
When the upper disk compresses the fluid through its squeezing motion, it creates a downward
pressure that resists the flow near the lower disk. As a result, this opposing force causes a significant
decrease in velocity near the lower disk. On the other hand, due to increased squeezing effect upper
plate imparts more energy to the surrounding fluid as a result velocity is increased near upper disk.

Figure 3 demonstrates the impact of the magnetic parameterM onf . As the magnetic parameter
increases, the fluid velocity near the lower disk decreases, while it increases close to upper disk. As
the strength of the magnetic field grows, the Lorentz force generated acts as a resistance to the fluid’s
movement, causing a decrease in velocity throughout most of the flow region. However, near the
upper disk, the squeezing motion of the disk plays a more significant role, transferring momentum to
the fluid. This results in a noticeable rise in velocity close to the upper boundary. Figure 4 illustrates

the impact of suction parameterS on / . A suction parameter value of zero indicates no suction,

resulting in a curve that is not parabolic. As A) grows, the velocity of the fluid is diminished
throughout the entire region between the parallel disks. With stronger suction, the fluid is drawn
downward, leading to a reduction in velocity across all layers, causing an overall decline in the
velocity of the fluid between the disks.

Figure 5 displays the effect of the Brownian motion parameter Ny on the thermal field for multiple

values of 71. As Ny elevates, the temperature profile also rises. In Brownian motion, the rapid
collision between particles leads to an increase in their movement, which in turn raises the

temperature field. Additionally, for higher values of 71, the thermal curves display a linear trend.

Figure 6 illustrates the effect of thermophoresis parameter N, on the thermal profile for multiple 7
values. It is evident from the figure that particles tend to move from regions of higher temperature to

low temperature. Consequently, thermal field is amplified with N, . Figure 7 demonstrates the

Brownian motion coefficient’s effect on (1) (nanoparticles concentration) for three different values

of 72. A growth in N, values cause decline in the graph of ? . As Brownian motion coefficient
intensifies, the particles experience more collisions, causing them to spread out more evenly. This
increased diffusion effect results in the redistribution of particles, which lowers the concentration of
fluid in any specific region. Essentially, the particles become more dispersed, reducing the overall
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concentration in the fluid. In Figure 8, influence of thermophoresis parameter N, on ? for multiple

values of 72 is presented. After analyzing three cases of the concentration slip parameter 72, we
found that increasing its values result in a reduction of the concentration field. Higher slip values
increase the rate at which particles are displaced from the surface, reducing their local concentration.

Figure 9 shows how the gyrotactic microorganisms’ concentration profile s(17) changes with the

squeezing parameter Sq. As the squeezing number Sq increases, the flow gets more compressed,
which spreads the gyrotactic microorganisms more evenly. This stronger squeezing pushes the
microorganisms away from the lower plate and reduces their buildup in one area. The increased
movement in the flow makes it harder for the microorganisms to stay concentrated, leading to an
overall decrease in their concentration. Figure 10 illustrates how the profile § is affected by the

Schmidt number S . With growth of S , the profile S decreases. The decrease is because higher S
values indicate that the mass diffusivity is low as compared to the momentum diffusivity. This results
in reduced mixing and slower spreading of microorganisms throughout the fluid. As a consequence,
the microorganisms are less able to diffuse, leading to a lower concentration profile. Figure 11

highlights the impact of the bioconvection Peclet number Pe, on the profile s(17) . A decrease in the

S is observed with surge in © . This occurs since Peclet number has inverse relation with diffusivity
of microorganisms, leading to a reduction in their density. Figure 12 demonstrates the bioconvection

Lewis number’s (L@) impact on the profile s(7) of gyrotactic microorganisms. A decrease in S is

observed as L, increases. This behavior is attributed to the reduced diffusivity of microorganisms.

Figure 13 depicts the impact of the Brinkman number Br on entropy production, showing that
entropy production rises with higher Brinkman number. This surge is mainly attributed to the friction
of the fluid, which amplifies entropy production. Physically, higher Br indicates that maximum
amount of mechanical energy is transformed to heat due to internal friction of the fluid, leading to a
decrease in the efficiency of thermal system. Figure 14 reveals the influence of mass transfer
parameter A on entropy production. As A increases, entropy production steadily increases. Figure 15
investigates how the microorganisms’ mass transfer parameter € influences entropy production.
Enhancement in € leads to a corresponding rise in entropy production. This is because higher
diffusivity allows the microorganisms to spread more rapidly, enhancing their interaction with the
surrounding fluid. As a result, maximum amount of mechanical energy is transformed to heat energy,
thereby increasing entropy. Figure 16 examines the effect of Br on the Bejan number Be as Bris
enhanced, Be is declined. This occurs because Br is the ratio of viscous dissipation to thermal
conduction. AsBY is increased, the effect of viscous dissipation becomes more significant. Thus,
higher viscous dissipation (with a higher Brinkman number) leads to a lower efficiency of thermal
energy transport, resulting in a reduced Bejan number. From Figure 17, with increase in mass transfer
parameteri, the Bejan number rises. As the concentration of nanoparticles increases, the diffusion of
particles in the fluid improves, which enhances the overall thermal conductivity, which leads to more

effective heat distribution that results in enhancement in the B€. Figure 18 illustrates the impact of

the mass transfer parameter of microorganism concentration € on Be ag € escalates, Be q]so rises.
Increase in € improves the diffusion process. As higher microorganism concentration promotes better
heat transfer, as a result Bejan number is boosted.
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Table 1 presents the numerical values of skin friction coefficient at upper disk against different

values of Sq ’ SandM by keeping lower disk fixed. The results show excellent agreement with
previously published work, thereby validating the accuracy and effectiveness of the numerical
approach adopted in this study. Table 2 is created to analyze the behavior of the skin friction

coefficient at lower and upper disks for various values of the magnetic parameter M, squeezing

parameter Sq , and suction parameter S 1t is observed that elevation in the squeezing and magnetic
parameters cause fall in shear stress at both disks. In contrast, the suction parameter reduces shear
stress at lower disk but increases it at upper disk. Table 3 is designed to show the Nusselt number in
relation to various parameters. The rate of heat transmission at the lower disk falls as the Prandtl
number increases, whereas it increases at the top disk. Heat transfer rate ascends at the lower disk
when the suction parameter values rise, but it decreases at the top disk. At both disks, the heat transfer

rate decreases as 71 is amplified. The influence of various parameters on the Sherwood number Sh,
is displayed in Table 4. It has been observed that the Prandtl and Lewis numbers have similar impact

on Sh, , 1.e., with rise in both parameters, the Sherwood number also shows surge at the lower disk
and diminishes at the upper disk. Additionally, concentration slip parameter values on the Sherwood

Sh

number ~’“ show a decreasing trend.
1 . . . .
F\
3
0.8 % -
A Sq=10,5.0,9.0
!I "‘.
0.6 i -',\\ ]
"\
.', ‘\‘
= Y
E 04F N\ -
N
‘\\"
0.2 | h\'\“" -
D | e ——
0.2 ' ' ' '
0 0.2 0.4 0.6 0.8 1

7
Figure 2. f (77) against T for different Sq values. Here:

M=05P=10,N,=N =03, L, =02, §=03,7,=05, 7,=05, S, =10, Pe,=1.0, N,=05
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oA M=0.0,5.0, 9.0
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Figure 3. Velocity profile against M for different M values. Here:

S,=0.5,P.=10, N,=N,=03, , =02, §=03,, =05, »,=05, S, =1.0, Pe,=1.0, N,=05
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Figure 4. Impact of 5 upon / (’7 ) Here:
M=05,P=10,N,=N,=03,L,=02, Sq =0.5,7,=05, »,=05, §.=1.0, Pe =10, N,=0.5
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Figure 6. Temperature profile against T for different 71 and N, values. Here:

M =05 P =10, N,=03,1,=02,5, =05 5=03,7,=05,5, =1.0, Pe, =1.0, N, = 0.5
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Figure 9. 5 (77 ) against T for different 5 values. Here:
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Figure 10. S (77) against T for different S values. Here:
P=10,N=03N,=03M=051L=02 =05 §=03,7,=05,7,=05,Pg =1.0,N, =0.5
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Figure 11. 5 (77 ) against '/ for different Pe, values. Here:
P =10, N,=03,N,=03,L,=02,§, =05 §=03,7,=05,7=05N,=05,5,=1.0,M =025.
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Figure 12. 5 (77 ) against T for different L, values. Here:
M=05,P=10,N,=03, N, =023, Sq =05, §=03,7,=05,7=05/N,=05,S.=1.0,Pe, =1.0
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Figure 13. Impact of Brinkman number upon N, . Here:

M=05,P=10,N,=N,=03,[,=02, §,=05, =03, 7,=05,7,=0521=02,Q =05,
Q, =10,5,=1.0, Pe, =1.0, N, =0.5
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Figure 14. N, against T for different 4 values. Here:
M=05,F=10,N,=N,=03,L,=02,§, =05, §=03, ,=05, y,=0.5, Br=0.5, Q. =0.5,

0, =1.0,5, =1.0,Pe,=1.0,N, =05, =0.5
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Figure 15. N, profile for different € values. Here:
A=02,F=10,N,=N,=03,L,=02,§5,=05,5=03,7=05,y,=05,Br=05,Q,=05,

Q, =1.0,8. =1.0,Pe, =1.0,N, =0.5,£ =0.5
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Figure 16. Be against T for different Br . Here:
M=05F=10,N,=N,=031,=02,§, =05, 8§=03,7=05,7,=0514=02,Q, =05,

Q, =1.0,S. =10, Pe, =1.0,N, =0.5,£ =0.5
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Figure 17. Be against M for different 4 values. Here:
M=05,F=10,N,=03,L,=02,5, =05, §=03, 5, =05, ,=0.5, Br=0.5, Q,=0.5,

Q, =1.0,5,=1.0,Pe, =1.0,N, =0.5,N, =03, =0.5
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Figure 18. B¢ against 7 for different € values. Here € =0.5
M=05P=10,N,=03,L,=02,S,=05, S=03, 7,=05, 7,=05, Br=05,Q, =05,

Q,=10,5,=1.0,Pe,=1.0,N, =0.5,N, =0.3,6 =0.5
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Table 1. Comparison of / (1) with [34] at upper disk against different values of M | 5 and S .

M Sq s Present solution f " (l) Previous solution f " (l)
0.0 0.1 0.1 —2.40788 —2.40788
0.1 -2.40796 —2.40828
0.2 —2.40820 —2.40948
0.4 -2.40916 —2.41426
0.6 -2.41075 —2.42221
0.2 0.0 0.1 —2.40000 -2.40160
0.2 —2.41640 —2.41735
0.3 —2.42458 —2.42522
0.4 —2.43276 —2.43308
0.5 —2.44093 —2.44093
0.2 0.1 0.1 -3.62115 -3.62306
0.0 -3.01394 -3.01553
0.1 —2.40820 —2.40948
0.3 -1.20116 —-1.20180
0.4 —0.59984 —0.60016

Table 2. Skin friction coefficient o =S (O) and &=/ ) at lower and upper disks, respectively, for
P =1,N, =023,

. S : .
distinct M | ¢ and S values, while the remaining parameters are taken as

[,=02y,=057,=0558=050 =050, =10,5.=1.0,Pe, =1.0, N, =0.5,N, =0.3,£=0.5

M S, o . (0) .M
0.0 0.5 0.3 -3.05796 0.663548
1.0 -3.16659 0.616706
2.0 -3.47619 0.486557
0.5 0.5 0.3 -3.08539 0.651660
1 -3.37119 0.518629
1.5 -3.65676 0.398830
0.5 0.5 0.0 —1.14270 —1.14079
0.2 —2.42474 0.061079
0.4 —3.75952 1.235410

Table 3. Nusselt number Nuy, ==0 (O) and Ny, =-0 (l) at lower and upper disks, respectively, for

N,

some £, and 71 values. While rest of the parameters are considered as: * ¢ =0.3, 7, =0.5, Br=0.5,

Q. =050,=10,5,=1.0,Pe, =1.0,N, =0.5,N, =0.3,6 =0.5,M =0.5,S, =0.5

F, S % -6(0) -6
1.0 0.3 0.5 0.489726 0.525109
2.0 0.479151 0.550872
3.0 0.468293 0.577253
3.0 0.0 0.5 0.347721 0.670680
0.2 0.425792 0.609017

0.4 0.512857 0.545118

3.0 0.3 0.0 0.745564 1.533170
0.4 0.508439 0.660553

0.8 0.377256 0.417748
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Table 4. Sherwood number

for

Shy, =—¢ (0) and Sh, =~¢ (1) at upper and lower disks, respectively,
L.S N, =03, 7,=0.5,

different £, and 72 values. While the other parameters considered as:

Br=05,0,=050,=10,5,=1.0,Pe,=1.0,N, =0.5,N, =0.3,6 =0.5,M =0.5,5, = 0.5
P, L S 7 -9 (0) - (1)
1.0 0.2 0.3 0.5 0.523655 0.464681
2.0 0.534558 0.438689
3.0 0.545747 0.412077
3.0 0.2 0.3 0.5 0.545747 0.412077
0.6 0.574204 0.392818
1.0 0.602960 0.373865
3.0 0.2 0.0 0.5 0.656549 0.325293
0.2 0.585130 0.382497
0.4 0.504182 0.442043
3.0 0.2 0.3 0.0 1.133810 0.760669
0.4 0.612346 0.451357
0.8 0.406911 0.330212

CONCLUSIONS

This study investigates the entropy effects in the unsteady squeezing bioconvection flow of
nanofluid between a pair of disks arranged in parallel. The disk at bottom is subjected to suction, and
stretched horizontally, while the disk at the upper end moves vertically, creating a squeezing effect.
Slip conditions are applied for temperature and concentration. The problem is normalized using
similarity transformations, and numerical solution is acquired using the bvp4c. The study yields the
following principal outcomes:

The proﬁlef (M) is enhanced near the upper disk and decreased near the lower disk when the

. S : .
squeezing parameter ¢ and magnetic parameter M are amplified.
A decrease in the fluid velocity is caused as the suction parameter is increased.

Suction parameter S results ina drop in the fluid velocity.
The Brownian motion and thermophoresis parameters serve as a vital function in modifying the
temperature and concentration fields, influencing particle behavior and thermal conductivity.

The Schmidt number S and bioconvection Peclet number Pe, affect the distribution of
gyrotactic microorganisms, higher Schmidt numbers result in lower microorganism
concentration due to reduced mass diffusivity.

Entropy generation increases with higher Brinkman numbers, diffusion parameters, and
microorganism diffusivity, indicating a decrease in thermal system’s efficiency.

The Bejan number is influenced by nanoparticle and microorganism diffusion, showing the
relationship between heat transfer and viscous dissipation in the system.

The findings offer insights for optimizing nanofluid-based systems, improving thermal and
bioconvection processes, and enhance the efficiency of engineering and environmental applications.
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