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EFFECT OF FREE CONVECTION ON THE FLOW AND
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ABSTRACT. This study explores the significance of free convec-
tion in the transfer of heat within fluid flow, which holds significant
relevance in the fields of hydrodynamics and engineering. An in-
crease in free convection causes the fluid’s velocity profile to rise
and its temperature to decrease. The study focuses on the flow of
Erying Powell fluid over a stratified sheet. The fluid is expected to
have properties of viscosity, incompressibility, two-dimensionality,
and laminar behavior. To analyze the flow, the governing system of
partial differential equations (PDEs) that describes the flow is trans-
formed into a system of nonlinear ordinary differential equations
(ODEs) using an appropriate similarity transformation. These non-
linear equations are then solved using Maple software. The study
examines the effects of various parameters on velocity and temper-
ature profiles through graphical representations. Additionally, the
flow’s skin friction coefficient and Nusselt number are examined
using graphs and tables. The findings conclusively demonstrate that
increasing the free convection parameter leads to a significant re-
duction in skin friction, resulting in a notable enhancement in the
velocity profile. This established relationship underscores the piv-
otal role of free convection in influencing the dynamic behavior of
the Eyring Powell fluid flow. The findings from the study align well
with the information available in the existing literature.
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1. INTRODUCTION

Fluid flow behavior in the vicinity of a stratified sheet is essential in
various fields, such as environmental science, oceanography, and engi-
neering applications that involve multi-phase or layered systems. Strat-
ification in the sheet can have significant implications for transport phe-
nomena, such as heat and mass transfer. Heat transfer is a complex
mechanism by which internal energy is exchanged between different
materials. It is an area of interest for researchers, physicists, engineers,
and mathematicians. Investigating the impact of heat transfer in diverse
materials and boundary layer flow over-stretching sheets is essential due
to its vast range of applications in industrial units, biological phenom-
ena, and engineering processes. These applications include metal extru-
sion, paper production, fermentation, and bubble absorption. ([[1-6]).

The primary objective of studying heat transfer is to reduce heat loss
during essential industrial processes. Heat loss can lead to increased
production costs due to additional heat consumption and can potentially
result in product failure. Heat transfer mechanisms occur through three
modes: conduction, convection, and radiation [7]].

A study investigated the flow of a power-law fluid in a square cham-
ber driven by a moving lid. The chamber contained a discrete thermal
source at the bottom surface. The researchers used the finite element
technique to solve the governing equations for fluid flow (Navier-Stokes
equations) and heat transfer. They performed a parametric simulation
by varying the direction of the moving walls in three cases, as well as
changing the Grashof and Reynolds numbers, power-law index (ranging
from 0.6 to 1.4), and non-dimensional thermal source length (ranging
from 0.25 to 1.00).

The results of the study were presented through isotherm and stream-
line plots, as well as the evaluation of various temperature parameters.
The researchers found that the heat transfer increased as the size of the
heat source decreased. The heat transfer performance of the smallest
heat source was up to 76% higher than that of the largest heat source.
When the sidewalls moved in opposite directions, the heat transmission
efficiency was 132% and 52% higher compared to the cases where both
walls moved downward and upward, respectively.

Additionally, the researchers observed changes in heat transfer per-
formance with varying power-law index values. Specifically, the heat
transfer performance increased by approximately 26.32% for one case
and decreased by around 3.45% and 18.18% for the other two cases as
the power-law index increased.
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In a study conducted by Swaranjali et al [8] , two-dimensional sim-
ulations of laminar free convection were performed in a square enclo-
sure filled with non-Newtonian fluid. A heated cylinder was present in
the enclosure, which was both rotating and oscillating. The constant
wall temperature created forced convection effects and natural convec-
tion. The researchers analyzed the dynamic behavior of flow patterns
and temperature fields resulting from the rotation and oscillation of the
hot cylinder within the square enclosure. They also compared the heat
transmission characteristics between the rotating and oscillating cylin-
ders. The primary focus of the study was to understand how the rotating
and oscillating cylinder influences the thermo-fluid behavior of non-
Newtonian fluids. The researchers aimed to quantify the heat transfer
characteristics associated with these different cylinder movements. The
study contributes to the understanding of the complex interactions be-
tween cylinder motion and heat transfer in non-Newtonian fluids within
an enclosed space.

In a separate study, Iskandar et al [9] investigated the free convection
and radiative flow of a non-Newtonian Reiner-Philippoff fluid near a
permeable vertical plate. The fluid exhibited both shear thickening and
shear thinning behaviors. The governing equations were formulated
based on theoretical assumptions and then reduced to a set of ordinary
differential equations (ODEs). The steady flow solutions were com-
puted using Matlab software with the bvp4c solver. The researchers
observed dual solutions, meaning there were two possible solutions for
the flow behavior, and they analyzed the physical significance of these
solutions using temporal stability analysis. The thermal development of
the fluid was influenced by the presence of a magnetic field and suction
effect. However, the high value of the radiation parameter had a neg-
ative impact on the thermal rate. The study also examined the impact
of the Reiner-Philippoff fluid parameter on the skin friction coefficient
and heat transfer rate. The results indicated that the maximum values of
these parameters were observed for the shear-thickening fluid, followed
by the Newtonian fluid, and finally the shear-thinning fluid.

In another study, Babar et al [10] studied the effect of energy trans-
port and entropy generation in the mixed convective flow of a non-
Newtonian fluid inside a square cavity subjected to a uniform, linear
heat source on the bottom and side walls, while the top wall is adia-
batic. The governing equations for the flow are formulated for a non-
Newtonian bi-viscous fluid model using conservation laws. The Galerkin
finite element method (FEM) is employed to solve the governing equa-
tions, and the penalty scheme is used to eliminate the pressure term.
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Heatlines, based on the concept of Bejan, are utilized to identify the
two-dimensional convective heat flow. They obtain numerical results
for various flow control parameters, including bi-viscosity, Prandtl, Richard-
son, Reynolds, and Grashof numbers. The results reveal that the fluid
velocity, energy transfer rate, and entropy generation increase with an
increase in the bi-viscosity parameter. Conversely, the velocity and tem-
perature decrease as the Hartmann number increases, while the entropy
generation increases. Consequently, the minimum entropy generation is
observed at specific values of the bi-viscosity, Hartmann, and Richard-
son numbers.

Muhammad et al [[11]. presented a study on heat transfer in the mixed
convective flow of an Eyring-Powell fluid over a stratified stretching
sheet. The effects of different parameters on temperature and velocity
profiles, as well as the skin friction coefficient and Nusselt number, are
investigated and illustrated through graphs and numerical values. Hayat
et al [12] investigated the impact of magnetohydrodynamics (MHD) and
Joule heating on heat and mass transfer through a double stratified sheet.
They analyzed the effects of different physio-chemical parameters on
heat flow, both numerically and graphically. The findings indicated that
an increase in temperature profiles resulted in a decrease in the mean
absorption coefficient.

Hayat et al [13]] conducted a study on the heat and fluid flow over a
rotating disk, specifically analyzing the magnetohydrodynamics (MHD)
flow of a nanofluid with double stratification effects. They employed an-
alytical techniques and boundary layer approximation to calculate an-
alytical solutions. The results revealed that the Prandtl number had a
direct relationship with heat flow and an indirect relationship with the
fluid temperature.

The analysis of fluid flow over a stretching or shrinking sheet is of
significant interest to researchers, as it has diverse applications in var-
ious industries and processes. This includes industrial processes, con-
densation of liquid films, paper production, plastic wire and film draw-
ing, crystal glowing, glass blowing, food industries, coatings, drug de-
livery systems, paints, ceramics, and manufacturing of rubber sheets,
among others. Sakiadis [14} [15] was the first to investigate boundary
layer flow on continuously moving flat and cylindrical surfaces. Dan-
dapat and Gupta [16] examined heat transfer in viscoelastic fluids along
a stretching sheet, analyzing boundary layer flow over continuous solid
surfaces and contrasting them with moving surfaces of finite length. Er-
ickson et al. [[17] considered boundary layer flow with suction and in-
jection, numerically solving the energy and diffusion equations. Crane
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[18] discussed the flow generated by a stretching sheet. Anderson et al.
[19] studied power-law fluid flow under the influence of magnetic forces
over a linearly stretched surface. Hayat et al. [20] analyzed the flow of
an Oldroyd-B fluid with heat generation/absorption effects. Sajid et
al. [21] investigated fluid flow over a curved stretching surface using
curvilinear coordinates. Overall, these studies contribute to the under-
standing of heat and fluid flow phenomena in various scenarios, offering
insights into different flow patterns, boundary layer behavior, and the in-
fluence of factors such as magnetic forces, heat generation/absorption,
and viscoelastic properties.

Researchers are currently interested in studying the effects of shear
stress and fluid flow behavior of non-Newtonian fluids, driven by their
industrial applications. Non-Newtonian fluids exhibit a diverse nature
that cannot be described by a single reference equation, as they demon-
strate a non-linear relationship between stress and strain. Among the
various non-Newtonian fluid models, the Eyring-Powell fluid is pre-
ferred due to its foundation on a kinetic molecular model rather than
empirical relations. The significance of different fluids in industries
has prompted investigators to explore their usage and address chal-
lenges associated with heat transfer phenomena. Ibrahim et al.[22] in-
vestigated the magnetohydrodynamics (MHD) boundary layer flow of
Eyring-Powell nanofluids, considering the Cattaneo-Christov heat flux
model. The study aimed to establish a strong correlation between heat
transfer, mass conservation, energy, and momentum. Eldabe et al. [23]]
focused on the magnetohydrodynamics effect on non-Newtonian, un-
steady, and incompressible fluids under extreme stress conditions and
external electric fields. They solved the mathematical model of Eyring-
Powell fluid using computational tools and finite difference techniques
for both first-order and second-order approximations. Malik et al. [24]]
investigated free convection flow over a stretching plate for MHD Eyring-
Powell fluid. They numerically solved the problem using the shooting
method and observed a significant decrease in heat and mass transfer
with an increase in the Eyring-Powell material parameter. Ogunseye
et al. [25] conducted a study on the thermal properties and charac-
teristics of Eyring-Powell nanofluids, focusing on minimizing entropy
loss. Prand et al. [26] recently discussed the boundary layer flow of
Eyring-Powell fluid, considering thermal and physiochemical aspects
of heat and fluid flow. Saleh et al. [27] conducted a comprehensive in-
vestigation on heat transfer and uniform, steady boundary layer flow of
Eyring-Powell fluid with Newtonian heating. They employed the finite
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difference method to solve the nonlinear differential equations. In sum-
mary, researchers are actively exploring the behavior of non-Newtonian
fluids, particularly the Eyring-Powell fluid model, to understand their
shear stress and fluid flow characteristics. Studies focus on various as-
pects such as magnetohydrodynamics, heat transfer, entropy loss, and
boundary layer flow, utilizing analytical and numerical methods to gain
insights into these complex phenomena.

After conducting a thorough analysis of the aforementioned research,
it is evident that there is a gap in the literature regarding the Eyring-
Powell fluid model with free convection boundary layer flow over a
stratified stretching sheet with heat generation/absorption. The model
incorporates an energy equation to examine the temperature flow over
the stratified stretching sheet. By employing the boundary layer approx-
imation and implementing appropriate similarity transformations, the
governing partial differential equations, along with the boundary con-
ditions, are transformed to a dimensionless form. A numerical scheme
based mainly on the shooting technique is used for the ODEs system.
Graphs and tables are utilized to discuss the effects of various physi-
cal parameters. Additionally, numerical outcomes for the Nusselt num-
ber and skin friction are calculated. By the end of this article, we will
be able to answer the following questions: What is the impact of the
Eyring-Powell fluid parameter on the velocity profile? Does the free
convection parameter have any effect on the fluid’s velocity? How does
the stratified sheet help increase the fluid’s temperature? Is the impact
of heat generation and heat absorption the same?

2. MATHEMATICAL FORMULATION

We have analyzed a flow situation where an incompressible Eyring
Powell fluid moves steadily in a free convection manner in two dimen-
sions. This fluid flow occurs through a stratified stretching sheet. The
sheet is being stretched vertically along the x-axis at a constant speed
of U,, = ax. The temperature of the fluid at the wall is denoted as T;,,
while T.. represents the temperature far away from the wall. The fluid’s
free stream velocity is zero 0. Additionally, we have considered the
influence of heat generation absorption in the energy equation.
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Fig. 1. Problem geometry

The effects of suction/injection and viscous dissipation have been dis-
regarded in this particular problem. The application of the boundary
layer approximation simplifies the continuity equation and momentum
equation to the following form:

di IV

3ty =0 @.1)
EIN AT N Je—
“ox V&’y_ pBC ) dy* 2pBC3 \dy) 0y? 8 ”

(2.2)

In the context of the boundary layer approximation, the energy equa-

tion can be expressed as follows, where 3 and C are material parameters

specific to the Eyring Powell fluid, i represents the kinematic viscosity
of the fluid, and g represents the gravitational acceleration.

- - »
ﬁa—T+178—T: k 8T+ Q (T - T.) (2.3)
dx dy pC,ady* pGC,
k represents thermal conductivity, C,, denotes the specific heat at con-
stant pressure, and Q represents the coefficient of heat generation/absorption.In
this particular flow problem, the boundary conditions are described as

follows:

i=U, =ax, v=0, T=T,=Ty+bx aty=0
i— 0= T—>Tw:T0+b2x7 y — o0 asy — oo
(2.4)

In the given problem, the horizontal and vertical components of fluid
velocity are represented by i and v respectively. The reference temper-
ature of the stretching sheet is denoted by 7Tj, and positive dimensional
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constants b; and b, are introduced. By employing a similarity transfor-

mation, the system of partial differential equations (PDEs) along with

their boundary conditions is transformed into a set of ordinary differ-

ential equations (ODEs). Notably, the continuity equation is automati-

cally satisfied, while the momentum and energy equations are reduced

to non-dimensional ODEs. The following stream function is defined
do . 09

now using the recommended similarity transformation as

¢ =+avxf(n),n = \/gy,

~Te - . 4 g
6(n) = =——= =T = (T, —1)(0)(n) + I,
T, — Ty
where ¢ stream function, f(7) is dimensionless stream function, and
N presents similarity variable, also

(2.6)

~h

T =b1x0(n) and Too = Ty + box 2.7)

So, the final dimensionless form of the present problem’s mathematical
model is

(1+s)f’”—80'f”2f”’—f’2+ff”+/’LG:0 2.8)
0" +Pro’ — Pre, f' +Pryd =0 (2.9)

with boundary conditions

f(0)=0,f(0)=1,0(0)=1—ey, atn =0,
f(M)=0,0() =0, as N — o

different parameters used in the above equations have the following for-
mulations:

(2.10)

1 Uw? G b C b
g— ,G:a W7 _ rc:gﬁ 1,Pr='u P,61:_27,y2 Q
pvBC 2C2%y Re2  a? K b pCpa
(2.11)

skin friction coefficient and Nusselt number is given as

w Xqy
Crr=—>5,Nity = —5——=— 2.12
= 50 Uy K(Ty— 7o) (2.12)

t,, 1s shear stress and gw = —k (%) is heat flux at the surface. The

dimensionless form of skin friction coefficient and Nusselt number is
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1 2
VReCr = (1+)f"(0) - 3€0 77 (0), Nuy/Res> = —0'(0) (2.13)
where Re, represents local Reynolds number and is defined as

U 2
Rey =~ =4 (2.14)
Vv \%

3. METHOD OF SOLUTION

The transformed equation (2.8)-(2.9) with the boundary conditions
(2.10) are solved numerically using the Maple script.

restart:

Eq[1] := (1 + epsilon)*diff(f(x), x $ 3) - epsilonx*sigmaxdiff (f(x),
x $ 2)"2xdiff(f(x), x $ 3) - diff(f(x), x)"2 + f(x)*diff(f(x),

x $ 2) + lambdaxtheta(x) = O;

Eq[2] := diff(theta(x), x $ 2) + Prkxdiff(theta(x), x)*f(x) -
Prxtheta(x)*diff (f(x), x) + Prxgammaxtheta(x) = 0;

BCs := [£f(0), D(£)(0) - 1, D(£f)(10), theta(0) - 1 + e[1], theta(10)];
pars := {Pr = 0.7, epsilon = 0.9, gamma = 0.1, lambda = 0.4,

sigma = 0.1, e[1] = 0.1};

for i to 2 do

eqli] := subs(pars, Eqlil);

end do;

egs := eqll], eql2];

vars := f(x), theta(x);

bcs := op(subs(pars, BCs));
sol := dsolve({bcs, eqs}, {vars}, type = numeric);
vskip 0.5 cm

4. RESULTS AND DISCUSSION

Table 1. Impact of different parameters on Skin friction and Nusselt number
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e o A Pr e vy (1+&)f'(0)—Llecs”(0) —6'(0)

01 01 0.1 07 03 0.1 0.92535475 0.53032533
03 01 0.1 07 03 0.1 0.93901920 0.54484635
05 0.1 0.1 0.7 03 0. 0.94309783 0.55661647
07 0.1 0.1 0.7 03 0.1 0.95447851 0.56635075
01 03 0.1 07 03 0.1 0.93723513 0.53004638
01 05 0.1 07 03 0.1 0.94943506 0.52978432
01 07 0.1 07 03 0.1 0.96197189 0.52949561
0.1 0. 03 0.7 03 0.1 0.78328365 0.54658446
0.1 0. 05 0.7 03 0.1 0.66082643 0.55912457
0.1 01 07 07 03 0.1 0.55351723 0.56987441
0.1 0.1 0.1 05 03 0.1 0.50870784 0.46831345
0.1 0. 0. 03 03 0. 0.44771213 0.34889643
0.1 0.1 0.I 0. 03 0.1 0.35455861 0.19127853
01 01 0.1 07 05 0.1 0.66082943 0.39941139
0.1 0.1 0.1 0.7 0.7 0.1 0.78328012 0.23426743
0.1 0.I 0. 0.7 09 0. 0.92536743 0.07576734
0.1 0.1 0.I 0.7 03 03 0.52100056 0.49324633
0.1 0. 0.I 0.7 03 05 0.47344056 0.39522234
01 01 0.1 07 03 07 0.40548567 0.25874253
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FIGURE 1
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Impact of the thermal stratification parameter e, on 6(n)

Impact of the Prandtl number Pr on 6(n)
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c=0.1,e;, =0.1 0.1,0=0.1,y=0.1
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FIGURE 2
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FIGURE 3
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Impact of heat generation/absorption parameter
v skin friction

Impact of free convection parameter A skin friction
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FIGURE 4
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The transformed governing equation considers several significant pa-
rameters in the following sequence: €,0,A, representing the material
parameter, fluid parameter, and free convection parameter, respectively.
Additionally, Pr, e, and y denote the Prandtl number, thermal stratifica-
tion parameter, and heat generation/absorption parameter, respectively.
The study investigates the influence of these physical parameters on the
distribution of velocity and temperature. Graphical figures were utilized
to elucidate the meaning and significance of each physical parameter in
this research. The detailed results of this study can be enumerated as
follows.

4.1 Velocity Distribution: The velocity distribution, also referred to
as the velocity profile, plays a crucial role in determining the rate of
fluid flow within a particular material. It is widely recognized that the
behavior of the fluid flow rate is entirely governed by the characteristics
of the velocity distribution. Thus, studying the variations in the veloc-
ity distribution is essential for understanding the changes in the fluid
flow rate. Figure illustrates how the velocity profile of the fluid
increases as the material parameter € increases. This increment in the
velocity profile can be attributed to a decrease in flow resistance. The
material parameter € is inversely related to the viscosity of the non-
Newtonian fluid, meaning that as € increases, the viscosity decreases.
Consequently, the reduced viscosity leads to a lower flow resistance,
resulting in an increase in the velocity profile of the fluid. Figure (Ib)
demonstrates the impact of the material parameter 6 on the velocity
profile of the fluid. It reveals that as ¢ increases, the velocity profile
decreases. Figure portrays the influence of the free convection pa-
rameter A. It reveals that an increase in the free convection parameter
leads to a rise in the velocity of the fluid. This increase in velocity is at-
tributed to the thermal buoyancy force. As the buoyancy force becomes
stronger, it causes an enlargement of the momentum boundary layer
thickness. Figure (Id) illustrates the impact of the thermal stratification
parameter e; on the velocity profile. The graph indicates that an in-
crease in the thermal stratification parameter leads to a reduction in the
fluid motion. This effect can be attributed to a decrease in the convective
potential between the surface of the sheet and the ambient temperature.
Figure displays the influence of the heat generation/absorption pa-
rameter Y on the velocity profile. It indicates that an increase in Y inten-
sifies the fluid motion over the stretching sheet. Figure (2b) depicts the
impact of the Prandtl number Pr on the fluid motion. It is observed that
an increase in the Prandtl number leads to a reduction in the velocity
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profile.

4.2 Temperature Distribution: The variation in fluid temperature plays
a crucial role in understanding fluid behavior, and it is essential to ex-
amine the influence of fluid parameters on the temperature distribution
over a stratified sheet. Figure illustrates the impact of the material
parameter € on the fluid temperature. As mentioned previously, an in-
crease in € leads to a decrease in the fluid viscosity, which consequently
contributes to a reduction in temperature. Figure demonstrates the
impact of the fluid parameter ¢ on the temperature distribution of the
fluid. The graph clearly indicates that as o increases, the temperature
of the fluid also increases. Figure (3a)) illustrates the influence of the
free convection parameter A on the fluid temperature. It is evident from
the graph that an increase in A leads to a reduction in the thermal buoy-
ancy force, resulting in a decrease in the fluid temperature. In Figure
(3b), the effect of the Prandtl number Pr on the temperature profile is
displayed. The Prandtl number is inversely related to the thermal con-
ductivity k and indicates the energy diffusion capability of the fluid. A
higher Prandtl number implies weaker energy diffusion. Therefore, as
the Prandtl number increases, the fluid temperature decreases, leading
to a thinner thermal boundary layer. The temperature profile of the mov-
ing fluid decreases with an increasing stratification parameter, as shown
in Figure 3c| The stratification parameter e affects the temperature dif-
ference between the ambient fluid and the fluid on the surface. As e; in-
creases, the temperature distribution decreases. Figure presents the
effect of the heat generation and absorption parameter y on the temper-
ature profile. Increasing y leads to an elevation in the fluid temperature.
4.3 Skin friction and Nusselt number profile: The skin friction coef-
ficient is a dimensionless measure of the resistance to fluid flow over a
solid surface, often referred to as drag. It plays a significant role in aero-
dynamics and fluid dynamics, indicating the level of drag experienced
by an object moving through a fluid. A higher skin friction coefficient
implies greater drag and increased resistance to flow. On the other hand,
the Nusselt number quantifies the enhancement of heat transfer result-
ing from convective effects compared to conductive heat transfer. A
higher Nusselt number signifies more efficient convective heat transfer.
Figure demonstrates the influence of the heat generation and ab-
sorption parameter Y on the skin friction coefficient. As 7y increases, the
skin friction coefficient decreases, as evidenced in Figure @, where
the velocity profile increases with higher y. Figure (b)) showcases the
impact of the free convection parameter A on skin friction, indicating a
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decrease in the skin friction coefficient for increasing values of A. This
observation aligns with the increased velocity resulting from reduced
resistance in fluid motion due to A. In Figure (4c), and Figure (4d)
an increase in the skin friction coefficient is illustrated for increasing
values of the fluid parameter ¢, Prandtl number Pr, and thermal strati-
fication parameter e[, respectively.

Table 1 presents the effects of different fluid parameters on both the
skin friction coefficient and the Nusselt number. It provides a compre-
hensive overview of the impact of these parameters on these important
measures.

5. CONCLUSION

In conclusion, this study highlights the significance of free convection
on boundary layer flow of an Eyring Powell fluid over a stratified sheet.
The findings show that changes in various fluid parameters significantly
affect the fluid velocity and temperature profiles. The results presented
in Table 1 provide valuable insights into the influence of specific pa-
rameters. Overall, this study helps to enhance our understanding of
the behavior of Eyring Powell fluids in free convection boundary layer
flows over stratified sheets. Based on the obtained findings, it can be
concluded that.

(1) When the free convection parameter A is heightened, the fluid
velocity increases while the temperature decreases.

(2) The augmentation of the Eyring-Powell fluid material parameter
€ leads to an elevation in both fluid velocity and temperature as
it flows over a stretching sheet.

(3) The magnitude of the thermal stratification parameter ejaids in
controlling the fluid’s velocity and temperature.

(4) By increasing the values of the heat generation parameter 7,
both the velocity and temperature profiles experience an incre-
ment.

(5) An escalation in the Eyring-Powell material parameter ¢ results
in an increase in temperature but a decrease in the velocity pro-
file.

(6) An increase in the Prandtl number Pr induces a reduction in
both fluid velocity and temperature.
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