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Abstract
The biomedical applications along with nanotechnology field have generated considerable interest because of their unique thermal 
properties. The present investigation explores the irreversibility processes for the squeezing flow of a polar hybrid nanofluid where 
blood is considered the conventional liquid and copper (Cu) and Silver (Ag) are introduced as solid nanoparticles. The integration 
of dissipative heat effects (viscous and Joule) combined with thermal radiation adequately enhances the transport phenomena. 
Furthermore, the unique rheological significance of blood-based nanofluids is relevant for efficient drug delivery systems, improving 
circulation, optimizing side effects, etc. The essential study of entropy is used for optimizing the design and efficiency of devices 
used in various tasks ranging from medical diagnostics to environmental monitoring. The proposed system of dimensional equa-
tions is diverting into non-dimensional system by the use of similarity rules, and further, the spectral quasilinearization method is 
employed to tackle the transformed system. The parametric analysis upon the various flow profiles, rate coefficients, and entropy 
as well as the Bejan number is depicted through graphs, and the validation shows a good correlation in a particular situation.

Keywords  Blood-based Hybrid Nanofluid · Joule Dissipation · Thermal Radiation · Channel Flow · Entropy Analysis · 
Spectral Quasilinearization Method

1  Introduction

A micropolar hybrid nanofluid is a complex fluid system 
that combines the characteristics of micropolar fluids and 
nanofluids. Micropolar fluids exhibit unique properties due 

to the consideration of micro-rotations within the fluid 
structure. Hybrid nanofluids, on the other hand, involve 
the diffusion of nanocomposites in a conventional liquid. 
The combination of these features in a micropolar hybrid 
nanofluid introduces novel rheological and thermal prop-
erties, making it a subject of interest in various scientific 
and engineering applications, including heat transfer 
enhancement and biomedical fluid dynamics. In particu-
lar, blood-based nanofluids play a crucial role in designing 
drug delivery system. It aims to transport drug to specific 
target sites while minimizing side effects. However, blood 
circulation is important for delivering oxygen and nutri-
ents throughout the body. The physical properties of blood 
enhance the flow dynamics. By controlling the rheological 
properties of the nanofluid and the characteristics of the 
drug carrier, it enhances drug accumulation at the target 
site. This targeted delivery approach mitigates side effects 
associated with off-target drug distribution. The slippery 
motion of a Casson nanofluid over a non-linear widen-
ing sheet was explored by Sarwar et al. [1], considering 
the significant association of an inclined magnetized field 
together with radiative heat flux. Utilizing the shooting 
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scheme in coincidence with Runge–Kutta, numerical solu-
tions are acquired for the given boundary values problem. 
An inclined magnetic field finds diverse applications in 
science and technology, spanning areas such as magnetic 
resonance imaging (MRI), particle accelerators, magnetic 
levitation (Maglev), magnetic recording technologies, 
magnetometers, and compasses. This orientation of the 
magnetic field serves pivotal roles across various tech-
nological and scientific domains. In their observation, 
Lone et al. [2] investigated the influence of bioconvec-
tive motion in Casson nanofluids. The research involved 
employing a base liquid to simulate blood, with the addi-
tion of magnesium nanoparticles into the host fluid to form 
an effective nanofluid blend. In the study conducted by 
Baithalu et al. [3], an investigation was carried out on the 
motion of a magnetopolar-hybridized nanofluid over an 
elastic surface. The study emphasized the significance of 
both shear rate and couple stresses in influencing the flow 
behavior. The nanofluid, immersed with Ag and MoS4 
nanoparticles in a base fluid of water, was examined to 
understand their impact on the overall flow characteris-
tics. Their work utilized the response surface methodol-
ogy (RSM) along with analysis of variance (ANOVA) to 
optimize key parameters, contributing to a comprehensive 
analysis of the fluid flow dynamics. Farooq et al. [4] inves-
tigated the motion of fluid flow and thermal transportation 
of Casson nanofluid along a cylinder/plate in two dimen-
sions, exploring the mutual impacts of thermophoresis 
along with Brownian motion in their study. Furthermore, 
the resulting set of non-linear ordinary differential equa-
tions solved numerical evaluation using the bvp4c within 
the MATLAB mathematical solver. In their study, Mishra 
et al. [5] examined how particle shape influences the radia-
tive motion of a Casson-hybridized nanoliquid toward an 
elastic or diminishing convective sheet. Furthermore, the 
hybrid nanofluid discussed in this investigation consists of 
water and carbon nanotubes (CNTs) with varying particle 
shapes. A Casson-type model is utilized to determine the 
nanofluid’s rheological property while accounting for the 
fluid’s non-Newtonian dynamics. Panda et al. [6] presented 
the Williamson fluid flowing through two inclined parallel 
sheets. Additionally, the significant association of thermal 
radiation and Ohmic heating is discussed. Moreover, the 
homotopy perturbation method (HPM) is implemented 
analytically to the finalized transformed equations. Shao 
et al. [7] investigated the optimization of thermal trans-
mission rates in a squeezing channel featuring micropolar 
nanofluid flow, employing advanced statistical concepts. 
Their study assessed the influence of diverse constraints 
on heat transfer performance through response surface 
methodology (RSM).

Magnetic resonance imaging (MRI), particle accelerators, 
magnetic levitation (Maglev), magnetic recording technologies, 

magnetometers, and compasses are just a few of the many sci-
entific and technological uses for magnetic fields. This magnetic 
field orientation plays important roles in many scientific and 
technological fields. The magnetic nanofluid, which is a cutting-
edge nanotechnology application, consists of nanoscale mag-
netic particles suspended in a fluid medium. These unique fluids 
exhibit remarkable properties such as enhanced thermal conduc-
tivity and tunable magnetization. The magnetic nanoparticles 
within the fluid can be manipulated using external magnetic 
fields, making them promising for various applications, includ-
ing targeted drug delivery and advanced cooling systems. This 
liquid flow entails a hybridized nanofluid immersing Fe3O4 and 
CoFe2O4 nanoparticles dispersed in water, through a diminish-
ing Riga surface with velocity slip constraints. Panda et al. [8] 
considered the integration of significant conductivity models 
like the Hamilton-Crosser and Yamada-Ota models. The resolu-
tion of governing equations involved a collaborative application 
of the Runge–Kutta-Fehlberg (RKF) method and the shooting 
scheme. Azam et al. [9] studied the intricate dynamics of tran-
sient bioconvection flow over an expanding/contracting cylinder, 
with a focus on the influence of cross nanofluid. Bioconvection 
phenomena, characterized by the collective motion of microor-
ganisms, take center stage in this investigation, shedding light 
on its influence on the liquid flow. Additionally, the model takes 
into account the significant contribution of nonlinear radiation, 
highlighting its role in shaping the thermal behavior of the sys-
tem. Khan et al. [10] explored the utilization of viscoelastic 
nanoparticles in conjunction with mobile microorganisms within 
a wedge-shaped geometry. Furthermore, the analysis is con-
ducted within the context of the melting process, offering 
insights into the complex interplay of these factors in this spe-
cific geometric configuration. Habib et al. [11] recently con-
ducted a comparative analysis of mass and thermal transport 
outcomes within different fluid models, together with various 
Newtonian and non-Newtonian fluids under the influence of an 
elastic surface. Their work developments specifically evaluate 
the impact of double diffusion and the application of a magnetic 
field. Waqas et al. [12] explored the behavior of Sutterby nano-
fluid subjected to an applied magnetic field and convective 
boundary elements, utilizing two coaxially rotating stretching 
discs. Nanofluids, comprised of simple fluids with evenly dis-
tributed small particles in the base fluid, hold promising pros-
pects for thermal transport applications. They enhance heat 
transfer coefficients by incorporating nanomaterials into the base 
fluids. This investigation specifically targets non-Newtonian 
base fluids, employing the Sutterby model. Ordinary differential 
equations (ODEs) are addressed through shooting techniques, 
and the results of key physical parameters are obtained using the 
bvp4c solver in MATLAB computational software. The present 
study centers on examining the interaction among magnetic dis-
sipation, as well as inertial drag within an expanding permeable 
medium, as explored by Nayak et al. [13]. Their work’s signifi-
cance lies in the simultaneous impact of a uniform magnetic 
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field and an electric field. The mathematical model, employing 
the Buongiorno nanofluid model, is intricately designed, and the 
resulting set of ordinary equations is transformed using a suit-
able similarity transformation. Lone et al. [14] examined the 
mutual association of dissipation on thermal energy as well as 
inertial drag in the context of free convective flow over an 
expanding permeable medium. The unique aspect of this study 
is the investigation of the collective influence of a uniform mag-
netic field and an electric field. Developing a mathematical 
model in alignment with the Buongiorno nanofluid model, the 
set of equations is transformed using suitable similarity trans-
formations. To numerically solve these equations, the traditional 
shooting-based Runge–Kutta fourth-order technique is 
employed. Saleem et al. [15] examined the insertion of radiative 
heat flux as well as magnetized Casson nanofluid motion along 
a nonlinear widening surface. The analysis considers simultane-
ous incorporation of suction and a homogeneous magnetic field. 
The article introduces an efficient Levenberg–Marquardt meth-
odology for artificial neural networks (ANNs), a back-propaga-
tion algorithm with minimal nonlinear latency. Raut et al. [16] 

examined the varied influence of carbon nanotubes (CNTs) on 
micropolar nanofluid flow considering a porous widening/
diminishing surface embedded in a permeable medium. Addi-
tionally, the governing nonlinear partial differential equations 
are transformed into a set of nonlinear ordinary differential equa-
tions using appropriate similarity conversion rules. Subse-
quently, these equations are numerically solved using the fourth-
order Runge–Kutta technique based on the shooting method. 
Hayat et al. [17] investigated the stream of a viscous fluid adja-
cent to a revolving disk. Their study disregards heat generation 
and absorption, employing an entropy generation analysis based 
on the second law of thermodynamics. Iqbal et al. [18] examined 
the Eyring–Powell nanofluid under the addition of Catta-
neo–Christov heat flux and gyrotactic microorganisms’ motion 
in the presence of a strong magnetic field. The homotopy analy-
sis method (HAM) is used to solve the nonlinear ordinary dif-
ferential equations. The association of various factors is ana-
lyzed in detail. Mukdasai et al. [19] explored a numerical 
analysis of double diffusion as well as gyrotactic microorgan-
isms in a complex fluid, specifically over a widening cylinder 

Fig. 1   Flow geometry
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and surface. In their work, Fatima et al. [20] deliberated a 
numerical investigation into the boundary layer motion through 
a mobile horizontal flat plate immersed with nanofluid. The 
study included variable temperatures at the wall and accounted 
for viscous dissipation in the presence of gyrotactic microorgan-
isms. The transformed ordinary differential equations were sub-
sequently solved using the MATLAB built-in bvp4c scheme. 
Yusuf’s [21, 22] investigation focuses on thermodynamic analy-
sis and entropy generation analysis which affects the dynamics 
of unsteady nanofluid flow and heat transfer along a vertical 
plate; the altered equations are numerically integrated using the 
“spectral quasilinearization approach.” Finally, an average 
entropy generation retards with the inclusion of a temperature- 
and space-dependent heat source/sink, while an enhancement in 
the viscosity parameter leads to improvement. Additionally, the 
entropy generation rate is enhanced with variations in the Reyn-
olds number and volume fraction parameter. Yusuf et al. [23] 
investigated the semi-analytical solution concerning the rate of 
entropy generation in a steady flow of a micropolar fluid, driven 
by gravity, cascading over a heated inclined substrate while 
adhering to slip constraints. Employing a comprehensive semi-
analytical methodology, specifically the differential transforma-
tion method, was pivotal in deriving the solution for the nonlin-
ear governing model. The findings of this research reveal that an 
increase in the micro rotation parameter values leads to a 
decrease in the velocity gradient while simultaneously enhanc-
ing thermal effects, dimensionless Bejan number, and entropy 
generation profiles along the incline. Yusuf et al. [24, 25] exam-
ined the impact of thermal radiation on the magnetohydrody-
namic flow of a Williamson nanofluid and slip effect and evalu-
ated entropy production in hybrid nanofluids over a stretching 
sheet with chemical reaction as well as porous medium. A dis-
tinctive aspect of this study lies in its focus on thermodynamic 
analysis within the nonlinear convective flow of a Williamson 
nanofluid. Furthermore, slip flow is incorporated into a Darcy-
Forchheimer model, along with nonlinear thermal radiation 
effects. Water serves as the base fluid, with the inclusion of cop-
per and titanium dioxide nanoparticles. Finally, the study inves-
tigates the influence of relevant parameters on flow characteris-
tics, heat transfer, and rates of entropy generation. Khan et al. 
[26] explored the flow of magnetized water-based carbon nano-
tubes also examining chemical reactive flow within a Darcy-
Forchheimer porous space. Moreover, a model is developed for 
the relation between volumetric entropy generation rates. 
Finally, numeric solutions are obtained using a shooting scheme 
approach. Ahmed et al. [27, 28] investigated the solutions 
obtained for the square lid-driven cavity that describe classical 
mixed convection in the presence of heat generation, chemical 
radiation, and an inclined magnetic field as well as the homoge-
neous heterogeneous reactions in the magnetohydrodynamic 
boundary layer stalled flow of an Al2O3-Cu-water base hybrid 
nanofluid past a stretched decreasing sheet. Mathematically, the 
problem is reduced to Navier–Stokes equations. These nonlinear 

partial differential equations with their non-homogeneous 
boundary conditions are then solved using a recently proposed 
computing method called the Coiflet wavelet homotopy 
approach. Furthermore, the results show that their currently 
proposed approach has superior characteristics and strong non-
linear processing capabilities, making it more suitable for deal-
ing with complex nonlinear problems than the Coiflet wavelet 
analysis method and the traditional “homotopy analysis 
method.” A new hybrid nanofluid model is crafted by Ahmed 
et al. [29] for integrating key slip mechanisms such as Brownian 
diffusion and thermophoresis. To validate this innovative model, 
the study investigates the flow and heat transfer characteristics 
within a lid-driven square cavity filled with a porous medium. 
Employing the “Coiflet wavelet homotopy analysis method,” 
numerical findings are presented, focusing on Brownian motion 
and thermophoresis effects. Ahmed et al. [30] examined the 
natural convection of a complex fluid comprising nanoparticles 
and gyrotactic microorganisms within a heated square cavity. 
Furthermore, they utilize the Buongiorno model to characterize 
the nanofluid dynamics. The non-dimensional governing equa-
tions are derived using the stream-vorticity formulation and 
solved using the robust Coiflet wavelet homotopy analysis 
method, which has been recently developed. Ahmed et al. [31] 
investigated the dynamics of a hybrid nanofluid flowing through 
a microchannel under the influence of a time-dependent periodic 
pressure gradient. Furthermore, their work incorporates the pres-
ence of an electric double layer, magnetic field, and thermal 
radiation effects. Moreover, electrostatic potential is modeled 
using the Boltzmann-Poisson equation, while the conservation 
of momentum and thermal energy is described by employing 
the reduced Navier–Stokes equations, assuming small pressure 
amplitudes.

1.1 � The Prime Objectives

The main focus point of the proposed investigation is to 
explore the irreversibility processes due to various proper-
ties like heat transfer, diffusion, and dissipation occurring 
in the squeezing flow of a blood-based micropolar hybrid 
nanofluid through a parallel channel. In particular, the aim 
is to explore the role of these irreversibility processes on the 
flow behavior, providing the efficiency and potential chal-
lenges relating to the drug delivery processes utilizing such 
nanofluid systems.

1.2 � Novelty of the Proposed Model

The novelty of this study lies in several aspects:

•	 The utilization of microscale polar particles in a hybrid 
nanofluid, combined with biological fluid blood as the 
base fluid, presents a novel approach.
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•	 The thermophysical properties to the hybrid nanofluid, 
making it suitable for biomedical applications like drug 
delivery.

•	 Squeezing flows are pertinent in various biological and 
medical contexts, including microfluidic devices and 
physiological processes for optimizing drug delivery 
mechanisms.

•	 The analysis on the irreversibility processes within the 
squeezing flow plays a significant role in determining the 
efficiency and energy dissipation characteristics of fluid 
flows.

•	 The application of the spectral quasilinearization method 
for analyzing the squeezing flow of the hybrid nanofluid 
introduces a novel computational technique.

1.3 � Limitations of the Study

Based upon the objective and novelty of the study, the inno-
vative approach to utilizing hybrid nanofluid for biomedical 
applications has certain limitations.

•	 The current investigation lacks experimental validation 
of the results obtained, while theoretical analyses and 
mathematical modeling are important.

•	 The compatibility of the hybrid nanofluids which has bio-
medical applications like drug delivery needs thorough 
investigation.

•	 The long-term stability of the hybrid nanofluids in bio-
logical environments is uncertain.

2 � Description of Current Model

The problem of two plates at a distance h(t) = l
√
(1 − �t) . 

The upper plate makes contact with the lower plate at t = 1∕� 
while moving at a velocity dh∕dt considering the blood as the 
base fluid in a micropolar nanofluid flow between two parallel 
plates. Vertical and horizontal alignment exists between the 
x- and y-axes. Assuming constant temperature H1 at the upper 
plate, at the center of the channel it has no heat flux. The hori-
zontal plates’ direction is affected by the magnetic flux (Fig 1).

The flow and energy equations can be expressed as fol-
lows (Mustafa [32]):

(1)�xu + �yv = 0

(2)
�nf [�tu + u�xu + v�yu] = −�xP + (�nf + k)(�xxu + �yyu)

+ k�yN − �nf B
2

0
u − �nf K

∗−1u

(3)
�nf [�tu + u�xv + v�yv] = −�yP + (�nf + k)(�xxv + �yyv)

− k�xN − �nf B
2

0
v − �nf K

∗−1v

where (u, v) are the velocities along (x, y) direction.
The models against the thermophysical properties of 

nanofluid are assumed as follows:
Viscosity: �nf = �f (1 + 2.5� + 6.25�2) (Brinkman 

model).
Density: (�)nf = (1 − �)�f + �(�)s (Maxwell model).
Specific heat: (�c)nf = (1 − �)(�c)f + �(�c)s (Maxwell 

model).
Thermal conductivity: knf

kf
=

ks+(n−1)kf−(n−1)�(kf−ks)

ks+(n−1)kf+�(kf−ks)
 (Ham-

ilton-Crosser model).
Electrical conductivity: �nf

�f
= 1 +

3(�−1)�

�+2−(�−1)�
and� =

�s

�f
 

(Maxwell model).
The proposed surface conditions are as follows (Mustafa 

[32]):

Following Mustafa [32], the similarity transformations 
are

Substituting the transformation in the governing equa-
tion, there is a set of coupled non-linear ordinary differ-
ential equations and these are presented.

where Nr = 16�T3

1

3k∗kf
,Ec =

�2x2

4cpf T1(1−�t)
2 ,M =

�B2

0
l2

�
 , and K =

k

�f

 

are the non-dimensional vortex viscosity parameters, and 
� =

l
√
(1−�t)

x
 is a non-dimensional micropolar parameter. 

S1 =
j

l2(1−�t)
 is the micropolar parameter, and Sq =

�l2

2�
 is the 

(4)
�nf [�tN + u�xN + v�yN] = −2kN + k(�xv + �yu)

+ (�nf + k∕2)j(�xxN + �yyN)

(5)

(�c)nf [�tT + u�xT + v�yT] = (knf + 16∕3k∗−1�∗T3

1
)(�xxT + �yyT)(�nf + k∕2)j((�xN)

2

+ (�yN)
2) + k∕2(�xv − �yu − 2N)2 + 4�nf (�yv)

2

+ �nf (�yu + �xv)
2 + �nf B

2

0
(u2 + v2)

(6)
N = 0, �yu = 0, v = 0, �yT = 0, aty = 0

N = 0, u = 0, v = vw, T = T1, aty = h

}

(7)
� =

y

l
√
(1−�t)

,N =
�x

2l(1−�t)3∕2
g(�),

v =
−�l

2
√
(1−�t)

f (�), u =
−�x

2(1−�t)
f �(�), � =

T

T1

�

(8)

Lf (f , g, �) = (A1 + K)f iv + Kg�� −MA3f
�� − DaA1f

�� − SqA2f
���

Nf (f , g, �) = −SqA2(3f
�� + f �f �� − f �f ���)

}

(9)

Lg(f , g, �) = S1(A1 +
K

2
)g�� − Kf �� − 2Kg − A2SqS1(3g + �g�)

Ng(f , g, �) = −A2SqS1(f
�g − fg�)

}

(10)

L�(f , g, �) = (A4 + Nr)��� − A5SqPr��
�

N�(f , g, �) = A5SqPrf �
� +

KPrEc

2

�
f
��

+ 2g
�2

+
PrEc

A1

�
4f �

2
�2 + f

��2
�

PrEcS1

A1

[1 +
K

2
(1 − �)2.5](�2g2 + g�

2
) + PrEcMA3(�

2f 2 + f �
2
)

⎫⎪⎬⎪⎭
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squeezing parameter. The other nanoparticles’ volume frac-
tion-dependent parameters are written as

The values for A1,A2,A3,A4andA5 are designed for the 
assumed thermophysical models described earlier.

Again, the substitution of similarity transformations Eq. 
(12) into Eq. (11) results to the following dimensionless 
boundary conditions:

The dimensionless viscous drag at � = ±1 is

The dimensionless couple stress at � = ±1 is

The Nusselt number at � = ±1 is

The Sherwood number at � = ±1 is

3 � Entropy Generation

Entropy generation is a general concept in thermodynam-
ics to quantify the irreversibility of processes. This process 
is due to frictional heating, heat transfer, dissociative heat 
effect, etc. Entropy generation is calculated by using the 
entropy balance equation, which accounts for entropy gen-
eration within control volume because of heat transfer, fluid 
flow, and the irreversibility defined earlier. Though higher 
entropy generation corresponds to lower efficiency, it has 
implications for the efficiency of energy conservation. The 
total entropy is defined as

And the Bejan number, a dimensionless parameter in 
thermodynamics is used to characterize the relative impor-
tance of entropy generation and heat transfer within a 

(11)

A1 = 1 + 2.5� + 6.25�2,A2 = (1 − �) + �
�s

�f
,A3 = 1 +

3(�−1)�

�+2−(�−1)�
,

A4 =
ks+(n−1)kf−(n−1)�(kf−ks)

ks+(n−1)kf+�(kf−ks)
,A5 = (1 − �) + �

(�c)s

(�c)f

⎫
⎪⎬⎪⎭

(12)
g(0) = 0, f ��(0) = 0, f (0) = 0, ��(0) = 0,

g(1) = 0, f �(1) = 0, f (1) = 1, �(1) = 1,

}

(13)Cf =
2�

�v2
w

= −(A1 + K)f ��(�)

(14)Cs = −g�(�)

(15)Nu = −(A4 + Nr)��(�)

(16)Shx = −��(�)

(17)

EG =
kf

H2

1

(
knf

kf
+

16�∗T3

1

3k∗kf
)[(�xT)

2 + (�yT)
2] +

1

T
1

(�nf +
k

2
)j[(�xN)

2 + (�yN)
2]+

k
1

2T
1

(�xv + �yu − 2N)2 +
4�nf

T
1

(�xu + �yv)
2 +

�nf

T
1

(�yu + �xv)
2 +

�nf B
2

0

T
1

(u2 + v2)

system. It is defined as the ratio of entropy generation due 
to heat transfer and total entropy.

In the non-dimensional form, it may be written as

where

4 � Method of Solution

The ordinary differential equations (ODEs) derived, along 
with their corresponding boundary conditions governing 
both flow and heat transport, are rendered non-dimensional 
by introducing appropriate variables. To solve these non-
dimensional ODEs, the spectral quasilinearization method 
(SQLM) is employed. The SQLM utilized in this investi-
gation combines the Newton–Raphson-based linearization 
technique (QLM) with the Chebyshev spectral method. This 
method entails linearizing the governing equations through a 
Taylor series expansion, assuming small differences between 
the values of the unknown function at current (s + 1) and 
previous (s) iteration levels. For a more comprehensive 
understanding of the SQLM, please refer to [33]. Apply-
ing the QLM to the derived ODEs, using a one-term Taylor 
series expansion for multiple variables yields

The parameters ai,s , bi,s , and ci,s (with i taking the values 
from 0, 1, 2,⋯ ) are required through prior calculations and 
are expressed as follows:

(18)Be =
kf

SGT
2

1

(
knf

kf
+

16�∗T3

1

3k∗kf
)[(�xT)

2 + (�xT)
2]

(19)
E∗
G
=
(
A
4
+ Nr

)
��

2
+ Br

1

(
1 +

K(1 − �)2.5

2

)(
g2 + �2g�

2
)

+ Br
2
(f

� �

+
Br

3

(1 − �)2.5
(
�2f

�� 2

4
+ f �

2
) +

A
3
MBr

3

4
(f 2 + �2f �

2
)

(20)Be =
(A4 + Nr)��

2

E∗
G

Br1 =
�f j�

2

4kf T1(1 − �t)2
,Br2 =

�f x
2�2

8kf T1(1 − �t)2
,Br3 =

�f l
2�2

kf T1(1 − �t)2

(21)
a0,sf

����
s+1 + a1,sf

���
s+1 + a2,sf

��
s+1 + a3,sf

�
s+1 + a4,sg

��
s+1 = RHS1,

(22)
b
0,sg

��
s+1 + b

1,sg
�
s+1 + b

2,sgs+1 + b
3,sf

��
s+1

+ b
4,sf

�
s+1 + b

5,sfs+1 = RHS2,

(23)
c0,s�

��
s+1 + c1,s�

�
s+1 + c2,sf

��
s+1 + c3,sf

�
s+1

+ c4,sfs+1 + c5,sg
�
s+1 + c5,sgs+1 = RHS3,
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The right-hand side expressions of Eqs. (26) to (28) are 
defined as

Utilizing the Chebyshev spectral collocation method, Eqs. 
(26) to (28) are solved for fs+1 , gs+1 , and �s+1 . The process 
kicks off with an appropriate initial guess, specifically cho-
sen as a function that satisfies the boundary conditions. The 
initial guesses are as follows:

a
0,s = A

1
+ K, a

1,s = −SqA
2
� + SqA

2
fs
�
, a

2,s

= −MA
3
− DaA

1
− 3SqA

2
− SqA

2
fs
�
,

a
3,s = −SqA

2
fs

�0� + SqA
2
fs
���
, a

3,s

= −SqA
2
f
� �

s
+ SqA

2
f
���

s
, a

4,s = K,

b0,s = S1

(
A1 +

K

2

)
, b1,s = −A2SqS1� + SqA2S1f s,

b
2,s = −2K − 3A

2
SqS

1
− A

2
SqS

1
fs
�
, b

3,s = −K, b
4,s

= −SqA
2
S
1
gs, b5,s = A

2
SqS

1
gs

�
,

c0,s = A4 + Nr, c1,s = −A5SqPr� + SqA5Prf s, c2,s

= PrKEcf
� �

s
+ 2f

��

s

PrEc

A1

,

c3,s =
PrEc

A1

8�2fs
� + 2fs

�PrEcMA3, c4,s = A5SqPr�s
� + 2fs�

2PrEcMA3,

c5,s =
PrEcS1

A1

[
1 +

K

2
(1 − �)2.5

]
2gs

�,

(24)c6,s = KPrEc4gs +
PrEcS1

A1

[
1 +

K

2
(1 − �)2.5

]
2�2gs.

RHS1 = −SqA2f
�
fs
� �

s
+ SqA2f

�
fs
� � �

s
,

RHS2 = −SqA2S1fs
�gs + A2SqS1fsgs
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(25)
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KPrEc
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(
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Initiating the solution process for Eqs. (26) to (28) 
involves discretizing these equations through the applica-
tion of the Chebyshev spectral method within the interval 
[−1, 1]. To facilitate numerical computations, it is crucial 
to convert the domain [0, 1] into a computational range 
of [−1, 1] . This conversion is achieved using the equation 
� = (� + 1)∕2 . Subsequently, a differentiation matrix D is 
introduced to estimate the unknown variables, f (�) , g(�) , 
and �(�) , at the collocation points using a matrix–vector 
product, as described below:

where N is the number of collocation points, D = 2D,

Equations (26) to (28) can be expressed in matrix form as

where

where diag represents a diagonal matrix of size 
(N + 1) × (N + 1) , I  is an identity matrix of size 
(N + 1) × (N + 1) , and D represents differentiation with 
respect to �.

(26)f0(�) =
3

2
� −

�3

2
, g0(�) = 0, and�0(�) = �2.

(27)

�f

��
=
∑N

k=0
Dkjf

�
�k
�
= DF, j = 0, 1,… ,N,

�g

��
=
∑N

k=0
Dkjg

�
�k
�
= DG, j = 0, 1,… ,N

��

��
=
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Dkj�

�
�k
�
= DΘ, j = 0, 1,… ,N

⎫
⎪⎬⎪⎭
,
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[
F
(
�
0

)
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(
�
1

)
,… ,F

(
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,
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(
�
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(
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, and
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5 � Results and Discussion

The spectral quasilinearization method is employed for the effi-
cient solution of the designed equations proposed in the cur-
rent problem. To demonstrate the convergence of the SQLM 
numerical scheme, the errors are calculated up to a certain 
accuracy. These errors represent the disparities between the 
estimated function values at consecutive iterations. To illus-
trate the convergence of SQLM, infinity norms are utilized, 
which are defined as follows:

Table 1 displays the solution errors of Ef , Eg , and E� , which 
were computed using the SQLM at various iteration levels. 
It is evident that the error norm decreases as the number of 

Ef = max
0≤x≤N

‖fs+1,x − fs,x‖∞,Eg = max
0≤x≤N

‖gs+1,x − gs,x‖∞,E� = max
0≤x≤N

‖�s+1,x − �s,x‖∞.

iterations increases for each of the functions. This observa-
tion indicates that the SQLM numerical method exhibits 
rapid convergence as the error consistently diminishes with 
an increasing number of iterations.

Once again, the precision of the SQLM by assessing the 
residual error norm at infinity for each function is verified. 
The determination of the infinity norm entails substituting the 
approximate solutions into the differential Eqs. (26)–(28). The 
norms are precisely defined as follows:

‖Res(f )‖∞ = ‖�A
1
+ K

�
fs
iv + Kgs

�� −MA
3
fs
�� − DaA

1
fs
��

− SqA
2

�
3fs

�� + �fs
��� + fs

�fs
�� − fs

�fs
���
�‖∞,

‖Res(g)‖∞ = ‖S
1

�
A
1
+

K

2

�
gs

�� − Kfs
�� − 2Kgs

− A
2
SqS

1

�
3gs + �gs

� + fs
�gs − fsgs

�
�‖∞,

Table 2 illustrates the variation of the residual error with 
respect to the number of iterations. It is evident from the 
table that the residual error consistently decreases as the 
number of iterations increases. The decreasing norm of the 
residual indicates an improvement in the accuracy of the 
approximate solutions obtained using the SQLM. Moreo-
ver, the convergence is achieved as the norm of the residual 
decreases. The results presented in the table further affirm 
that the SQLM is a robust and accurate numerical method 
for effectively solving nonlinear differential equations.

However, the proposed methodology SQLM has certain 
limitations and these are generally the linearized approxi-
mation not accurately produce the behavior of the original 

nonlinear system, convergence procedure may require a large 
number of iterations, which will increase computational time 
and resource requirements, The quasilinearization method is 
sensitive to the choice of initial guess for the solution, etc.

6 � Parametric Behavior

Squeezing the flow of blood-based micropolar hybrid nano-
fluid comprised of Cu and Ag is proposed in this article with 
the association of dissipation together with thermal radia-
tion. The thermal attribute defining the density, specific heat, 

Table 1   Convergence of the SQLM for f (η) , g(η) , and �(�)

Iterations Ef Eg E�

1 6.585 × 10
−3

1.448 × 10
−1

1.016 × 10
−1

2 1.375 × 10
−7

1.040 × 10
−6

4.399 × 10
−5

3 3.536 × 10
−13

1.012 × 10
−13

2.980 × 10
−10

4 2.750 × 10
−13

1.946 × 10
−13

5.373 × 10
−13

5 3.050 × 10
−13

1.164 × 10
−13

4.508 × 10
−13

6 1.598 × 10
−13

1.439 × 10
−13

5.196 × 10
−13

7 3.525 × 10
−13

1.790 × 10
−13

1.931 × 10
−14

8 3.233 × 10
−13

1.776 × 10
−13

3.719 × 10
−14

9 2.219 × 10
−13

1.036 × 10
−13

1.676 × 10
−14

10 3.955 × 10
−13

2.747 × 10
−13

9.504 × 10
−14

Table 2   Residual error for Eqs. (26)–(28) obtained with the SQLM 
scheme

Iterations ‖Res(f )‖∞ ‖Res(g)‖∞ ‖Res(�)‖∞
1 1.260 × 10

−4
1.891 × 10

−4
5.549 × 10

−3

2 1.858 × 10
−6

3.023 × 10
−5

3.411 × 10
−5

3 2.994 × 10
−8

4.772 × 10
−13

2.094 × 10
−12

4 3.120 × 10
−11

2.273 × 10
−13

5.535 × 10
−12

5 2.479 × 10
−11

1.259 × 10
−13

5.622 × 10
−12

6 2.580 × 10
−11

4.700 × 10
−13

1.779 × 10
−12

7 1.886 × 10
−11

2.006 × 10
−13

7.955 × 10
−12

8 2.929 × 10
−11

3.987 × 10
−13

4.683 × 10
−12

9 2.256 × 10
−11

4.346 × 10
−13

1.448 × 10
−12

10 3.979 × 10
−11

5.611 × 10
−13

4.166 × 10
−12
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thermal, as well as electrical conductivity of the nanoparti-
cles, and the base liquids are depicted in Table 3. The cou-
pled nonlinear form of the governing equations is solved 
through SQLM combined with the characterizing parameters 
defined within their standard range. The behavior of these 
parameters is depicted through graphs, and the numerical 
values for the shear and thermal transportation rates are pre-
sented in tabular form. Tables 4 and 5 show the validation 
of the present outcome of the rate of heat transportation 
and shear rate with the works of Mustafa et al. [32], Gupta 
and Ray [34], and Kumar et al. [35], considering various 
squeezing constraints. The result reveals a good correlation 
since both the results coincide with each other up to a cer-
tain accuracy which suggest the convergence criteria of the 
present methodology. The convergence of the methodology 
is presented briefly in the previous section.

The illustration of the magnetic parameter affecting the 
axial fluid velocity is depicted through Fig. 2. The compara-
tive analysis is presented for the variation of Ag ~ blood nano-
fluid (dotted) and Ag + Cu ~ blood (solid) hybrid nanofluid. 
To discuss the physical behavior of the magnetic constraint 

on the momentum profile, the range of the parameter is 
restricted to the standard numerical values of 0.5 ≤ M ≤ 2 . 
The applied magnetic field proposed toward the normal direc-
tion of the fluid velocity urges to produce an external force, 
i.e., treated as a resistive force known to be “Lorentz force” 
which has the ability to resists the fluid motion. Therefore, 
near the lower wall of the channel, the velocity profile retards 
with the upsurging magnetization, and further, it reveals a 
dual characteristic from the point of inflection. It is seen that 
the momentum profile enhances toward the upper wall of the 
channel from central region. It validates the fact of the restive 
force produced by the magnetic property. Moreover, the char-
acteristic of the solid nanoparticles reveals that the hybrid 
nanofluid attenuates the velocity profile which is more pro-
nounced than the nanofluid. The fact is because of the heavier 
density of the nanoparticles and the combined effect both the 
solid particles. Figure 3 portrays the characteristic of the 
magnetic parameter on the temperature profile when both the 
scenario of nanofluid and hybrid nanofluid is presented. The 
stored energy near the lower wall of the channel led to boost-
ing up the profile, and the fluid temperature rises significantly 
with the growing magnetic parameter. The importance of the 
enhanced profile is due to the effective thermophysical prop-
erties used in the energy distribution. One of the important 
factors in the entire distribution is the use of the particle con-
centration since the addition of particle concentration carry-
ing out the behavior of all the physical models is considered. 
Figure 4 shows the role of the solid particle volume concen-
tration affecting the axial velocity profile. Here, the range of 
the volume fraction is considered 0.01 ≤ � ≤ 0.08 where 
both the behavior of Ag and Cu nanoparticles is presented 
briefly. Particle concentration is the dispersion of nanoparti-
cles into the base fluid. In the first case, the solid silver par-
ticles are dispersed into the blood to prepare nanofluid, and 

Table 3   Thermal attributes of the solid particles and blood

�(Kg∕m3) cp(J∕KgK) k(Wm−1K−1) �(S∕m)

Copper(Cu) 8933 385 400 5.96 × 10
7

Silver(Ag) 10,500 235 429 3.6 × 10
7

Blood 1063 3549 0.492 4.3 × 10
−5

Table 4   Comparison of the values of −��(1) with previously pub-
lished work of Ref. [32], Ref. [34], and Ref. [35] for different values 
of Sq when Ec = Pr = 1

Sq Mustafa et al. 
[32]

Gupta and Ray 
[34]

Kumar et al. 
[35]

Present

−1.0 3.319899 3.31989925 3.31991041 3.3199

−0.5 3.129491 3.12949109 3.12949100 3.1295

0.01 3.047092 3.04709193 3.04709268 3.0471

0.5 3.026324 3.02632345 3.02635546 3.0264

2.0 3.118551 3.11854353 3.11890544 3.1189

Table 5   Comparison of the values of f ��(1) with previously published 
work of Ref. [32], Ref. [34], and Ref. [35] for different values of Sq 
when Ec = Pr = 1

Sq Mustafa et al. 
[32]

Gupta and Ray 
[34]

Kumar et al. 
[35]

Present

−1.0 2.170090 2.17009087 2.1701501 2.1702

−0.5 2.614038 2.61740384 2.6174213 2.6174

0.01 3.007134 3.00713375 3.0071335 3.0071

0.5 3.336449 3.33644946 3.3364442 3.3364

2.0 4.167389 4.16738921 4.1674011 4.1674
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Fig. 2   f �(�) versus � for different M
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further, copper nanoparticles are dispersed in to the nanofluid 
to observe the behavior of hybrid nanofluid. The greater den-
sity of the nanofluid as well as hybrid nanofluid decelerates 
the velocity profile. This deceleration is projected smoothly 
near the lower wall up to the center of the channel, and after-
ward, reverse impact is rendered as the domain increases. A 
sharp fall in the profile is marked toward the upper wall of 
the channel. Therefore, it is noteworthy to conclude that it is 
beneficial to use the concentrated fluid which is favorable in 
restricting the velocity within the channel. Figure 5 demon-
strates the impact of the particle concentration on the angular 
velocity with the variation of nanofluid and hybrid nanofluid. 
The profile became symmetric about the center of the channel 
irrespective to the type of fluid considered. The result reveals 
that with the increasing concentration, the profile thickness 
diminishes at both the channel walls. However, the strength 

of the hybrid nanofluid is dominated by the nanofluid signifi-
cantly within the domain. Figure 6 explores the effect of par-
ticle concentration of the nanoparticles on the fluid tempera-
ture distribution. As discussed above, the effectiveness of the 
fluid properties exhibited due to the factor of concentration 
and the conductivity of the nanofluid as well as the hybrid 
nanofluid energies the properties in comparison to the con-
ventional fluid. Therefore, the energy at the upper wall of the 
channel will flows toward the lower wall with the increasing 
concentration and the fluid temperature upsurges in magni-
tude. The case of hybrid nanofluid attenuates the thickness at 
the lower wall as compared to the upper wall. Figure 7 exhib-
its the role of the squeezing constant on the axial velocity 
profile of the micropolar fluid. The characteristic is displayed 
for both the case of nanofluid and hybrid nanofluid. The dis-
cussion is presented for the adaptation of the particular 
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constraint within the range 0.01 ≤ Sq ≤ 0.5 . First of all, the 
positive values of the parameter suggest that both the walls 
move away from each other and the increasing range is dedi-
cated to the increasing distance between the walls. The dual 
characteristic is obtained in the fluid velocity distribution 
from the central region of the channel. It is seen that the 
lower wall and the upper wall thickness reduces for the 
increasing squeezing parameter. Figure 8 characterizes the 
physical behavior of the squeezing constant on the angular 
momentum profile. One of the interesting facts is that the 
profile became tilled toward the upper wall region and its 
strength retards from both the wall region. Figure 9 displays 
the variation of squeezing parameter affecting the fluid tem-
perature where the variation is depicted for both the scenario 
of nanofluid and hybrid nanofluid. As the difference between 

the walls increases, the fluid temperature leads to enhance the 
temperature of the fluid and this enrichment is greater in the 
situation of nanofluid in comparison to the hybrid nanofluid 
near to the lower wall. However, the growing domain of the 
profile attenuates significantly to meet adequate boundary 
constraints. Figure 10 renders the physical significance of the 
non-Newtonian constraint that is presented in the form of 
micropolar parameter on the fluid velocity. The micropolar 
parameter which is mathematically presented as K = �∕� 
varies within a standard value of 0.01 ≤ K ≤ 0.5 . Physically, 
the higher values of the material parameter signify the lesser 
in fluid viscosity. Therefore, the less viscous fluid has greater 
velocity which validates the fact presented here. Further, the 
existence of rotational viscosity that creates the non-Newto-
nian feature of the fluid conforms greater in fluid velocity 
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irrespective to the type of fluid considered. Further, the com-
parative analysis shows a two-fold form of the profile deviat-
ing from the central region of the channel. Near the lower 
wall, it is seen that the profiles of nanofluid dominate the fact 
of hybrid nanofluid, but the impact is opposite when domain 
varies from the center to the upper wall. Figure 11 portrays 
the characteristic of the factor relating to the micropolar 
parameter on the transverse velocity distribution. The signifi-
cant behavior is depicted for the variation of Ag ~ blood and 
Ag + Cu ~ blood hybrid nanofluid with the existence of other 
parameters. The profiles became symmetric with respect to 
center region, and it shows that its maximum magnitude 
arises at the center from where the profile falls toward the 
wall region. Further, the enhanced material parameter aug-
ments the profile strength toward both the walls. Moreover, 

the strength of the Ag ~ blood nanofluid dominates the case 
of blood-based hybrid nanofluid. Figure 12 depicts the role 
of thermal radiation on the fluid temperature with the varia-
tion of various types of nanofluids. Thermal radiation is gen-
erally used as a measure of the emitted electromagnetic 
waves from the surface of the fluid element. Further, this 
electromagnetic wave is transformed to thermal radiation. 
Therefore, the enhanced thermal radiation is supposed to 
improve the heat transport phenomenon, and this causes the 
increasing fluid temperature. Again, the hybrid nanofluid has 
a dominating characteristic over the case of nanofluid within 
the proposed domain. Figure 13 illustrates the significant role 
of the coupling constant affecting the fluid temperature. The 
non-dimensional constraint Ec is obtained due to the inclu-
sion of the dissipative heat which makes the set of governing 
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equation coupled. Mathematically, Ec is defined as the 
change in enthalpy of the kinematic viscosity. The increasing 
Eckert number signifies the reduction in enthalpy and this 
provides a significant hike in the fluid temperature at the 
lower wall. The boosted temperature distribution is due to the 
effective thermal properties adopted for the nanofluid.

The computation of the heat transport phenomenon along 
with the flow profiles and the irreversibility process within 
the system is presented by the computation of the entropy 
analysis. Generally, irreversibility occurs due to several pro-
cesses, i.e., irreversibility due to heat transfer, due to dissi-
pation, and due to diffusion processes, respectively. Further, 
the computation of the Bejan number is depicted which is 
obtained by the ratio between the irreversibility due to heat 

transfer and total entropy. Figure 14 describes the impact of 
magnetization on the entropy generation. The interaction of 
magnetic parameter and entropy generation is essential in 
different scientific and technological applications including 
information storage technologies, advanced cooling system, 
etc. With the increasing domain, the entropy change is dras-
tic. There is a significant hike in entropy for the enhanced 
magnetization. Further, the hybrid nanofluid is favorable in 
reducing velocity in comparison to the case of nanofluid. 
Figure 15 depicts the behavior of magnetic parameter on 
the value of the Bejan number. A similar tendency is ren-
dered for the profile of the Bejan number with the variation 
of magnetization. Further, Fig. 16 explores the significant 
behavior of the thermal radiation on the Bejan value. It 
is seen that although the profile hikes are irrespective to 
the situation of nanofluid as well as hybrid nanofluid, the 
increasing radiation favors in controlling the heat transport 
properties.

7 � Conclusion

Entropy analysis on the squeezing flow of hybrid nanofluid 
in association with the blood-based Ag and Cu nanoparticles 
through a parallel channel is presented in this article. The 
dissipative heat along with the thermal radiation on the heat 
transport phenomena energizes the flow properties. The nov-
elty of the proposed study is the solution of the governing 
equations using the spectral quasilinearization method and 
the comparative analysis with the work of others’ investiga-
tions. The important conclusive remarks are as follows:

•	 The validation and the comparative analysis with the 
earlier work suggest a good correlation and present a 
suggestive measure to carry out the research.

•	 The fluid velocity shows its dual properties within the 
domain irrespective to the type of fluid, but up to the 
central region, the profile of the fluid velocity enhances 
and afterward, the effect is reversed.

•	 Dissipative heat impact on the fluid temperature distri-
bution is relevant, and the enhanced in Eckert number 
enhances the fluid temperature.

•	 Entropy analysis due to various factors favors in succes-
sive growth of profiles of entropy and the Bejan number.

Further, the proposed study neither describes the para-
metric contribution on the various profiles but also gives 
synergetic impact in several applications used in daily life. 
Other than high cooling efficiency of the hybrid nanofluid, 
the present study is useful in production processes in indus-
tries and biomedical applications like blood pumping, drug 
delivery, cancer treatment, etc.
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