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Abstract: - This study investigates entropy generation in Peristaltic transport of a non-compressible Bingham
plastic nanofluid through a symmetric channel, accounting for the impact of buoyancy forces and
thermodynamic irreversibility. By applying the long wavelength and low Reynolds number approximations, the
governing nonlinear ordinary differential equations are derived and solved numerically using MATLAB's in-
built bvp4c solver. A parametric sensitivity analysis is performed using Response Surface Methodology
(RSM), where the Bingham number (B,,), Brinkman number (B,), and Grashof number (G,) are considered as
input parameters, the entropy generation number (Eg) is used as the output answer. The RSM model
demonstrates excellent predictive capability, with a coefficient of determination (R?) of 99.95% and an
adjusted R? of 99.90%. Analysis of Variance (ANOVA) validates the statistical significance of the model and
reveals that the Brinkman number (B,) is the most influential parameter affecting entropy generation.
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1 Introduction first time, in [1] authors discussed the electro-
magneto flow through a peristaltic mechanism in an
asymmetric channel, including the impacts of
thermal boundary conditions, slip, thermal radiation,
and viscous dissipation, which are modeled and
simulated mathematically. In [2] authors examined
an electrokinetic peristaltic movement within a
magnetized nanofluid at a microchannel along Joule
heating, and entropy production is assessed. The
way metachronal waves behave rheologically in a
hydromagnetic Carreau-Yasuda reactive nanofluid

properties of this flow are determined by a number that is pushed along a curved conduit by cilia is
of factors, namely wave shape, fluid characteristics, discussed in [3]. The two-phase nanoﬂul-d S
and the character of the channel boundaries. For the peristaltic movement through flexible, wavy barriers

Peristaltic flow refers to the transport of fluid caused
by repeated contractions and expansions along the
walls of a deformable channel. Peristaltic flow is
characteristic of many biological systems, including
the digestive system, where it aids in the movement
of contents through muscular action. Peristaltic
mechanisms are applied in pumps for the
transportation of sensitive or contamination-prone
fluids in real-world applications, since the fluid is
kept isolated from moving components. The
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through Ohmic heating and thermal radiation as
discussed in [4]. The numerical analysis of the
Bingham plastic fluid flow on a heated spinning
disk was evaulated in [5]. In [6] authors investigated
a two-dimensional symmetric channel that contains
a mixed convective peristaltic flow of an
incompressible viscoplastic fluid. The entropy
created during the peristaltic flow of a nanofluid in a
flexible-walled conduit [7]. Authors [8] discussed
the effects of convective circumstances and mixed
convection are considered. These scholars have
studied peristaltic entropy formation flow like in [9],
[10], [11], [12] examined the inviscid fluid's
peristaltic movement in an asymmetric conduit with
a long wavelength and an approximate Reynolds
number of zero.

Next, RSM is employed to create correlations
between the outcome responses and the input
variables, providing greater insight into the behavior
of the system.In [13] authors discussed the ANN
model and performed a sensitivity analysis for the
best magnetic viscous fluid thermal transfer over a
diminishing wedge. Author in [14] that using RSM,
a sensitivity study has been conducted to determine
how nanoparticles affect the formation of entropy.
Some academics apply the sensitivity analysis to a
variety of thermal engineering challenges. In [15]
applied RSM to the sensitivity analysis of
permeable heat exchangers in a number of research.
The mathematical model for entropy generation in
peristaltic flow under long wavelength and creeping
flow assumptions was developed by [16].

This study investigates entropy production in
the Peristaltic transport of a Bingham plastic fluid in
a symmetric geometry, with the impact of buoyancy
forces. The study uniquely considers non-
Newtonian effects to assess thermodynamic
irreversibility. A sensitivity analysis using RSM is
performed, revealing the influence of key
parameters. The model shows excellent predictive
accuracy, with R? = 99.95% and Adj R?= 99.90%,
confirming the strength and reliability of the
regression model.

2 Problem Formulation
Examine the peristaltic movement of non-
compressible  viscoplastic fluids in a 2-D
homogeneous conduit with breadth 2a;. The wall of
the conduit is described through a mathematical
equation:

H(X,t) = A+ B cos(kX — wi) (1)
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Here k = -
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Here, A is the wavelength and B represents the
wave amplitude, w denotes the speed of the
peristaltic wave, and f is time. The coordinates
()? , f) refer to a fixed rectangular coordinate system.
A schematic representation of the flow is shown in
Figure 1.
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Fig. 1: Geometry of the Problem
Source: created by the authors

Here T, is the constant temperature of the wall.
The continuity, momentum, and energy equations of

the flow in (X', }7) for the problem is [4] as
follows:
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Here g, P, Cpsp,a, k, and T are gravitational
force, hydrodynamic pressure, specific heat, density
of fluid, coefficient of thermal expansion, thermal
conductivity, and temperature respectively. V =
[l7 17] is the velocity tensor, Ty%, Tyy and Tyy are

a 0
elements of the extra stress tensor 7, V= [ ]
X’ oy

and o is the Cauchy stress tensor, which is defined
as:

—PI+% (7)
where 7= (8
Z(nD +1,D )
In the above relation 1 and 7y are dynamic shear
viscosity and stress yield, respectively. The rate of

deformation tensor is D = %(VV + (VV)*) and the

tensor D is defined as:

_D
/‘/sl + 2trD?

The presence of an essential constant g; is the
way to prevent the unboundedness at D — 0.
By eq. (8) and eq. (9), the extra stress tensor
components, expressed in the laboratory frame, are
219Dzx

©)

Txx = 2nDgx +

(10)

v €1 + ZtTDZ

The transformation between the laboratory frame
[)? , 17] and wave frame [X, y/] are
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_ B(R,7.), u
=l7—y, ="V,

where 1 and ¥, p, are velocity components and
pressure in the wave frame (X, ¥), respectively.

Now, to use the eq (11) to transform the eqs (1)
-(6), and (10) in wave frame and introducing the
followmg non-dimensional variables:
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The dimensionless numbers, amplitude ratio
(¢), wave number (&), Reynold number (Re),
Prandtl number (Pr), Bingham number (Bn), Eckert
number (Ec), Grashof number (Gr) and & are

deﬁned as
aq Py, (22)
¢— (<1) 6=—, Re=——, Gr
B1 A n
pgaai(T —T,)
= , Bn
ny c
aq T
=1 O,Pr =Ln, Ec
m k
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y?
and
u=vy, v= —6Yy (23)

Eq (14), the continuity equation is identically
satisfied, while the eq (15) to eq (21) take the
following form

0 24
Reé (l/)y a — ( )

b ) by

E-ISSN: 2224-3461

Ahmed Zeeshan, Amad Ur Rehman,
Nikos Mastorakis, Shafig Ur Rahman

] 0 (25)
~Red® (1, 5= S5
__ 0 529
= ay"‘ ax xy
d
+ 6@1'3,3,
] 0 (26)
Reé? (ll)ya — &y @) 0
52 020 6 7]
Pr( axz dy? >
+ Nb (52 gd’ Zz
| 0690
ay ay)
06\°
+ Nt ((5 @)
GG
" (@) )
d¢ 9 27)
Re Sc (SII)y ) 8y ay)
B (?qu 9%¢
= <5 3zt ay2 )
52 02%6 029
+ Nb( ax2 y? )
Tox (28)
= 281y,
. 26Bnyy,,
Je + 262(¢xy)2 + 252(¢xy)2 + (yy
Toy (29)
= (‘/’yy - 52¢xx)
+ Bn(lpyy — 5211’%76)
\/e + 262(¢xy)2 + 252(¢xy)2 + (yy
Tyy (39)

= =281y,

N —26Bnyy,,

JE + 252(1/)xy)2 + 252(¢xy)2 + (yy

On the employing the approximation of long
wavelength and low Reynold number, eqs (23) to
(30) reduce to

_ap 9 (31)
0——a a—‘rxy+Gr9,
_ o (32)
= 3
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For the eliminating the pressure, differentiating
the eq (31) and eq (32) w.r.t y and X respectively,
one can write

92 00

0= 3 zrxy+Gray

(36)

Substituting Eq. (35) into Egs. (33), (34), and
(36) yield the following nonlinear coupled
differential equations

\ (37)
Gr—

6)’ \¢Yy 'ie . (lpyy /

Provided below are the non-dimensional volume
flow rate and its boundary conditions:

_F azp (38)
1/)——5, ay -1, 6 =0,
at y = —h,
_F azp (39)
1,0—5, ay -1, 6 =0,
at y =h,
40
g—2=F f Wty =py -y

In this context, F denotes the mean flow rate in
the wave frame, while ¢ corresponds to that in the
fixed frame, both in a form that is not dimensional.

The expression of entropy generation defines
the dimensionless entropy generation number for
Bingham plastic fluid undergoing peristaltic flow in
a symmetric channel, accounting for the combined
effects of viscous dissipation, buoyancy force, and
yield stress behavior [17].
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3 Problem Solution

In this study, entropy generation in the peristaltic
flow of an incompressible Bingham plastic fluid
through a symmetric channel is analyzed by
incorporating the effects of buoyancy force and
thermodynamic irreversibility. The governing flow
equations are simplified using the long wavelength
and low Reynolds number approximations, leading
to a set of nonlinear ODEs that can be numerically
solved with the MATLAB function bvp4c. The
dimensionless entropy generation number is
calculated based on the resulting velocity as well as
temperature graphs. To examine the influence of
key input parameters B,,, B, and G, on entropy
generation, a comprehensive sensitivity analysis is
performed using RSM. The statistical significance
of each parameter is evaluated through ANOVA,
with the regression model showing a high degree of
accuracy, indicated by a R? = 99.95% and an
adjusted R? = 99.90%. This integrated approach
provides deep insight into the relative contribution
of physical parameters to entropy generation and
thermodynamic irreversibility.

3.1 Response Surface Methodology
RSM is an empirical technique for modeling and
analyzing the impact of numerous input variables on
a response variable. In this work, the parameters B,,,
B,, and G, are considered the primary inputs and
are labeled as A, B, and C, respectively. Under the
full quadratic model of RSM, the expression for
entropy generation E; can be written as:
Eg = ag+ a;A+ a,B + azC + a1 A?
+ a;,B? + ay3C? + a,,AB
+ a,,AC + a,3BC,

(42)

Here, the coefficients a;, a;;, fori = j =1,2,3,
are unknown constants determined through
Response Surface Methodology. This study applies
the CCD, a methodology proposed by [18]. To
construct the quadratic model, RSM implies 20
experimental runs with 19 degrees of freedom,
considering three levels of each parameter under the
CCD framework. The response variable considered
is E;, and three input variables are carefully
selected for simulation. These input parameters B, ,
B,, and G, are varied within specific ranges, as
summarized in Table 1 (Appendix).

3.2 ANOVA

ANOVA is a statistical tool for determining if the
various input components influencing a
performance outcome differ in statistically
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significant ways. In this case, the output replies are
E; and the input parameters are B,,, B, and G,.. To
get the polynomial of correlation for the replies (Ej;)
we employed multiple regressions. The MINITAB-
19 is one of several statistical software programs
available for data analysis in this study. The serial
F-test, as seen in Table 2 (Appendix), regression
analysis with 29 degrees of freedom and 20 tests are
used. The surface design whose response will be
saved is determined using ANOVA. The ANOVA,
which is shown in Appendix in Table 3 and Table 4,
is used to get all statistical estimates for the output
response E;. Each term has its own set of F and P
values in equation (42). P-values demonstrate the
data's validity, whereas F-values are used to
compute the data's variance. Each term in the
regression model has a P-value larger than zero 0.5
will be eliminated at the 95% significance level. P-
values <0.05 in an ANOVA are considered
statistically significant, whereas P-values >0.05 are
considered  statistically  insignificant. The
mathematical equations (42) can be expressed as
follows:
E; = 12.4869 + 4.67004 + 9.1296B
—0.2724C + 1.365B2
+ 3.24094B

(43)

As shown in Table 4 (Appendix), the adjusted
coefficient of determination (Adj R?) 99.90% and
the E; coefficient of determination (R?) 99.95% are
near to one another, indicating the correctness of the
model. Next, a review of the model's correctness for
the output parameter E;, we turn our attention to the
input parameters' sensitivity analysis, which is
illustrated in the next section.

3.3 Sensitivity Analysis

In the RSM model, sensitivity is directly related to
the rate of change of the response function with
respect to its inputs. The regression coefficients for
E; are displayed in Table 4 (Appendix). The
sensitivity function for various response parameters
from the chosen inputs in the RSM model is inferred
as follows using equation (43).

)
— (Eg) = 4.6700 + 3.2409B (44)
EN
% (Eg) =9.1296+2.73B+3.2409A (45)
2 (Eg) =-02724 (46)
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4 Results and Discussion

This section presents a discussion of the results
obtained from the sensitivity analysis and the
evaluation of peristaltic flow efficiency measures,
such as entropy generation, using the Bingham
plastic model. Numerical solutions were computed
using the MATLAB-provided bvp4c solver routine.
This study aims to examine the Connection between
input quantity and outcome. To accomplish it,
expressions for entropy generation ( E; ) were
derived, and RSM was applied using CCD, as
shown in equation (43). The sensitivity of the
regression model to input factors A, B, and C is
evaluated and illustrated in Figure 2 (Appendix).
Sensitivity functions (Eqs. 44-46) describe the
increasing or decreasing trends of the response
variables with respect to A, B, and C. Figure 2
(Appendix) also visualizes the parameterized
sensitivity analysis of entropy generation, with
corresponding values at the medium level of B listed
in Table 5 (Appendix). The results indicate that
entropy generation increases with A and B (positive
sensitivity), while it decreases with C (negative
sensitivity), as shown in Figure 2 (Appendix).

In order to evaluate model dependability and
spot any discrepancies in data representation, this
study examines the relationship. Use plots of
residuals to compare the input parameters and
output responses. ANOVA was employed to
support the residual analysis presented in Figure 3
(Appendix). The normal probability plot in Figure
3(a) (Appendix) shows a near-linear trend,
confirming the normality of the data. Figure 3(b)
(Appendix) displays a residual histogram that is
nearly symmetric with minimal skewness, indicating
a well-fitting model. The observation order plot in
Figure 3(c) (Appendix) reveals a strong correlation
between observed and predicted values, with
residuals decreasing as the observation order
increases, further supporting the model’s reliability.

Figure 4 (Appendix) represents the surface
contour plot of E;. The entropy generation (E;) as
an objective of the A, B, and C represented in
Figure 4 (Appendix). The influence that B and C
have on E; when A=0 B=0, C=0 is shown in Figure
4(a-c) (Appendix). It is noted that the minimum E,
exists when B is lower and C is greater. Conversely,
the higher entropy is observed when B is low, and C
is high.

4 Conclusion
A thorough study of the sensitivity of the Bingham
plastic fluid model's peristaltic flow was conducted
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through both numerical simulations and statistical
methods. The developing D.E are numerically
solved using Matlab, which is incorporated into
bvp4c. The numeric values of E are calculated for
various input values. Then, using the numerical
values, create an empirical model for sensitivity
analysis of output responses E;. The main outcomes
identified in this study are:

e The high coefficient of determination (R?)
reflects a good model fit.

e The evaluation figures verify the validity of
the model, the normality of the residuals,
and its high prediction accuracy.

e FE; is most sensitive to the Brinkman
number (B), followed by the Bingham
number (A) and the Grashof number.

e The entropy generation E; is minimized at
lower Brinkman numbers and higher
Grashof numbers.
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APPENDIX

Table 1. Design factors and their defined Ranges. (Self Assumption)

Levels
Type Factor Symbol -1 0 1
B, A 0.5 1.0 1.5
Input Factors B, B 0.5 1.0 1.5
G, C 0.5 1.0 1.5

Source: created by the authors

Table 2. Design of experiments and observed outcomes. (Self generated numerical solution)

Exp. No. Point type Coded values Real values Output responses

A B C B, B G E

1 Factorial -1 -1 -1 0.5 05 05 34751
2 1 -1 -1 1.5 05 05 65863
3 -1 1 -1 05 1.5 05 156874
4 1 1 -1 1.5 1.5 05 319962
5 -1 -1 1 05 05 15 3.3921
6 1 -1 1 1.5 05 1.5 6.4488
7 -1 1 1 05 15 1.5 149215
8 1 1 1 1.5 1.5 1.5 30.7080
9 Axial -1 0 0 05 1 1 8.5372
10 1 0 0 1.5 1 1 16.9738
11 0 -1 0 1 05 1 4.8977
12 0 1 0 1 1.5 1 22.7826
13 0 0 -1 1 1 0.5 12.7179
14 0 0 1 1 1 1.5  12.2685
15-20 Centre 0 0 0 1 1 1 12.4945

Source: created by the authors
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Table 3. Analysis of entropy generation using ANOVA. (results)

Ahmed Zeeshan, Amad Ur Rehman,
Nikos Mastorakis, Shafig Ur Rahman

Source DF Adj SS Adj MS F-Value P-Value
Model 9 1148.98 127.664 2020.65 0.000
Eg Linear 3 1052.32 350.773 5551.98 0.000
Square 3 12.17 4.057 64.21 0.000
Interaction 3 84.49 28.164 445.77 0.000
Error 10 0.63 0.063
Lack-ofFit 0.63 0.126 * *
Pure error 5 0.00 0.000
Total 19 1149.61
Source: created by the authors
Table 4. Regression analysis of entropy generation (E;;). (results)
Terms Coefficient P-value Significant
Constants Y
12.4869 0.000
A 4.6700 0.000 Y
Y
9.1296 0.000
C Y
-0.2724 0.006
A? N
0.280 0.095
B? N
1.365 0.000
C? N
0.018 0.910
AB N
3.2409 0.000
AC Y
-0.0721 0.436
BC N
-0.2292 0.027
R2=99.95% AdjR?=99.90%
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Table 5. Sensitivity of E; (results)

A %, 9%, 9%
0A 0B ac
-1 4.6700 10.7500 —0.2724
-1 0 4.6700 10.7500 —0.2724
1 4.6700 10.7500 —0.2724
-1 4.6700 10.7500 —0.2724
0 0 4.6700 10.7500 —0.2724
1 4.6700 10.7500 —0.2724
-1 4.6700 10.7500 —0.2724
1 0 4.6700 10.7500 —0.2724
1 4.6700 10.7500 —0.2724

Source: created by the authors
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Fig. 2: Sensitivity for E; for variation of B with a. A=-1, C=-1, 0,1 b. A=0, C=-1,0,1 c. A=1,C=-1,0, 1.
Source: created by the authors
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Fig. 3 (a) Normal Distribution, (b) Histogram, and (c) observation order against standardized Residual plot of
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Fig. 4: Contour Maps of E;; : (a) A=0 (b) B=0, (c) C=0
Source: created by the authors
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