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Casson fluid-mediated hybrid nanofluids are more effective at transferring heat than traditional heat transfer fluids in
terms of thermal conductivity. Heat exchangers, cooling systems and other thermal management systems are ideal for use
with Casson fluids. Precise control of the flow and release of medication is necessary when using Casson fluids in drug
delivery systems because of their unique rheological properties. Nanotechnology involves the creation of nanoparticles that
are loaded with drugs and distributed in Casson fluid-based carriers for targeted delivery. In this study, to create a hybrid
nanofluid, both single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) are dispersed in
a Casson fluid with Fourier’s and Fick’s laws assumptions. The Casson fluid is suitable for various engineering and medical
applications due to the enhancement of heat transfer and thermal conductivity by the carbon nanotubes. Our objective
is to understand how SWCNTs and MWCNTs impact the flow field by studying the flow behavior of the Casson hybrid
nanofluid when it is stretched against a Riga plate. The Darcy–Forchheimer model is also used to account for the impact
of the porous medium near the stretching plate. Both linear and quadratic drag terms are taken into account in this model
to accurately predict the flow behavior of the nanofluid. In addition, the homotopy analysis method is utilized to address
the model problem. The outcomes are discussed and deliberated based on drug delivery applications. These findings shed
valuable light on the flow characteristics of a Casson hybrid nanofluid comprising SWCNTs and MWCNTs. It is observed
that the incorporation of carbon nanotubes makes the nanofluid a promising candidate for medical applications due to its
improved heat transfer properties.

Keywords: carbon nanotubes (CNTs), Riga plate, Casson fluid with Fourier’s and Fick’s laws, analytical
solutions

PACS: 47.27.nd, 47.15.gm, 44.15.+a DOI: 10.1088/1674-1056/ad624e

1. Introduction
The unique properties of carbon nanotubes (CNTs), in-

cluding their high strength, flexibility, electrical conductivity
and thermal conductivity, have led to their widespread applica-
tions in various industries. The typical diameter of CNTs is be-
tween 1 nm and 50 nm and they can be up to several microm-
eters long.[1] The size of nanoparticles can vary based on the
method of synthesis used and any post-processing steps that
are performed. CNTs are employed to create lightweight and
sturdy materials for aircraft and spacecraft components.[2,3]

Improving the structural integrity of these components leads
to better performance and fuel efficiency. The production
of electronic devices, such as transistors, sensors and touch
screens, involves the use of CNTs. Performance enhance-
ment of electronic components is made possible by the ex-
cellent electrical conductivity and high electron mobility of
CNTs. High-performance batteries and supercapacitors have
been developed using CNTs, which with their high surface
area and excellent electrical conductivity can increase energy
storage capacity and efficiency.[4] The automotive industry uti-
lizes CNTs to create lightweight and strong materials for ve-

hicle components such as body panels, chassis and batteries.
This contributes to the enhancement of fuel efficiency and ve-
hicle performance.

Drug delivery systems, tissue engineering and medical
imaging are just a few of the biomedical applications that
utilize CNTs. These applications are made possible by the
biocompatibility of CNTs and their ability to penetrate cell
membranes.[5] The addition of CNTs to a base fluid can en-
hance fluid properties because of their exceptional mechani-
cal, thermal and electrical properties. Complex flow behav-
ior can be described using the Casson fluid model, which is a
non-Newtonian model that accounts for yield stress and fluid
viscosity. Blood-borne drug carriers that target drug delivery
systems are facilitated by the potential and widespread use of
CNTs.[6] Their distinctive structure makes them a promising
candidate for drug delivery applications due to their efficient
loading and controlled release of therapeutic molecules. Fur-
thermore, CNTs have been demonstrated to have low toxicity
and are highly biocompatible, making them ideally suited for
use in the bloodstream without causing harm to the body.[7,8]

Targeted delivery to specific tissues or organs is made possi-
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ble by the ability of CNTs to easily penetrate cell membranes;
this minimizes side effects and improves treatment efficacy.
The field of drug delivery and patient outcomes could be revo-
lutionized by the use of CNTs as blood-borne drug carriers.[9]

Riga plates are suitable for use in drug delivery systems
due to their high surface area and unique properties. Hybrid
nanofluids (HNFs) can improve the dispersibility and stability
of the drug by combining with CNTs, improving therapeutic
efficacy.[10] CNTs are excellent for drug delivery because of
their high aspect ratio, high surface area and strong mechani-
cal properties. By utilizing Riga plates in CNT-based nanoflu-
ids, the drug carrier system can be improved to release drugs
and deliver them to specific tissues or organs with controlled
release.[11,12] The use of Riga plates in drug carriers with CNT
HNFs is a promising way to improve drug delivery systems
and advance nanomedicine. New and improved drug delivery
strategies for various medical applications could be developed
through further research and development in this area.[13]

The use of Darcy–Forchheimer model in drug delivery
using CNT HNFs is crucial because it can improve the trans-
port properties of drug-loaded nanofluids through porous me-
dia. Researchers can accurately predict drug transport char-
acteristics and optimize the delivery process by using the
Darcy–Forchheimer equation to describe the flow behavior
of nanofluids in porous media.[14] In addition, the Darcy–
Forchheimer model facilitates understanding of the connection
between the CNTs and the drug molecules, providing insight
into the diffusion and release processes within the nanofluid.
The design of efficient drug delivery systems that can effec-
tively target specific tissues or organs is crucial for improv-
ing therapeutic outcomes. The Darcy–Forchheimer model is
indispensable for examining and optimizing the drug deliv-
ery procedure with CNT HNFs. The development of ad-
vanced drug delivery systems with improved efficiency and
efficacy is assisted by a comprehensive understanding of trans-
port phenomena.[15] In various physical systems, including en-
vironmental processes and industrial applications, the trans-
port of energy and mass is crucial. Analysis of this transport
frequently involves using a generalized form of the Fourier
energy flux equation and Fick’s mass flux equation.[16] A tem-
perature gradient leads to the flow of thermal energy through
a material, as described by Fourier’s law of heat conduction.
The heat transfer process is significantly modified by incorpo-
rating the effects of a magnetic field.[17,18] Magneto-thermal
convection and magneto-enhanced thermal conductivity are
two additional heat transfer mechanisms that can occur when
a magnetic field is present, and can induce Lorentz forces.
The transport of mass through a material due to a concentra-
tion gradient is governed by it, similar to Fick’s law of dif-
fusion. Magnetophoresis can affect the mass transport pro-
cess when there a magnetic field is present, as magnetic forces

drive particle motion.[19,20] A complete understanding of en-
ergy and mass transport can be achieved when a magnetic field
is combined with Fourier’s and Fick’s equations. Complex
transport phenomena with important implications for various
fields of study can arise from the interaction between ther-
mal and concentration gradients and magnetic fields. Opti-
mizing performance in a variety of technological applications,
such as magnetic refrigeration systems and drug delivery de-
vices, requires us to understand and control these transport
processes.[21] Electromagnetic HNFs offer several advantages
when used in drug delivery applications.[22] The ability to re-
motely control the flow of nanofluids through the body using
an external magnetic field is a significant benefit. Targeted and
precise delivery of drugs to specific sites in the body is made
possible by this, resulting in a reduction in side effects and
improved efficacy.[23] In addition, nanofluids contain electro-
magnetic particles that can serve as drug carriers, allowing for
sustained release over time.[24,25] The use of electromagnetic
HNFs for drug delivery can be challenging due to the need for
stable and efficient flow through the body. In this study we
address this challenge by proposing a Riga flow system. A
microchannel that has grooves on the walls is used in a Riga
flow system to create vortices that help with the mixing and
dispersion of nanofluids. By improving the circulation and
distribution of nanoparticles throughout the body, this system
increases the effectiveness of the drug delivery process.[27]

A Riga flow system can improve the flow of electromagnetic
HNFs for drug delivery applications by controlling their size,
concentration and surface properties. Researchers can ensure
efficient drug delivery with minimal side effects by fine-tuning
these parameters to improve the carriers’ stability, biocompat-
ibility and drug-carrying capacity.[28]

The significance of the homotopy analysis method
(HAM) in solving fluid flow problems lies in its capacity to
provide precise and efficient solutions to complex nonlinear
equations.[29,30] This method can help researchers and engi-
neers gain valuable insights into fluid behavior in different
systems and optimize their designs for improved performance
and efficiency. Additionally, the HAM can also contribute to
the development of new analytical tools and approaches for
studying fluid dynamics, which can contribute to advances in
the field of fluid mechanics.[31,32]

We highlight the novelty of this study based on the above
discussion. The base fluid for drug delivery applications with
a Casson fluid is an HNF made up of single-walled CNTs
(SWCNTs) and multi-walled CNTs (MWCNTs). Drug de-
livery applications involve the assumption of electromagnetic
flow on a Riga plate. Double diffusion is included in the
Cattaneo–Christov thermal flux model, in contrast to the con-
ventional Fourier equation. Both thermophoretic and Brown-
ian motion are present in the Darcy–Forchheimer model.
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2. Mathematical formulation

To investigate drug delivery, the problem statement for a
CNT HNF flow on a Riga plate is formulated. External elec-
tromagnetic forces are used to model the flow behavior of CNT
nanofluids. This study focuses on the movement of a CNT
HNF through a Casson base fluid over a Riga plate while un-
der an electromagnetic field. The objective is to assess the im-
pact of the electromagnetic field on the flow and heat transfer
characteristics of the nanofluid, along with its corresponding
velocity and temperature profiles. The Riga stretched plate
velocity is uw (x) = ax along the x-axis. Tw and Cw are the
wall surface temperature and concentration, respectively. The
ambient temperature and concentration are T∞ and C∞, respec-
tively. Fourier’s and Fick’s laws are also assumed in the model
problem. Assumptions from the Darcy–Forchheimer model
are employed to model the flow field. The flow field is re-
stricted to laminar, preventing the effects of turbulence.

Free stream flow

Porous medium

Hybrid nanofluid

Electrode
Magnet

x↪u

y↪vT/T∞

u
/
U
w
↼x
↽/
ax

Fig. 1. The geometry of the proposed model.

Under the assumptions mentioned above, the basic gov-
erning equations are defined as

ux + vy = 0, (1)

ρhnf (uux + vuy)

=
(
1+β

−1)
υhnfuyy +

π j0M∗

8
exp
(
− π

a1
y
)

− µhnf

K∗
(
1+β

−1)u−F0u2−σhnf
(
E0B0−B2

0u
)
, (2)

(ρcp)hnf (uTx + vTy + τeΛT )

= khnfTyy + τ

[
DT

T∞

(Ty)
2 +DB (TyCy)

]
+σhnf (uB0−E0)

2 +Q(T −T∞), (3)

uCx + vCy + τmΛC

= DhnfCyy +
DT

T∞

(Tyy)+Kr(C−C∞), (4)

where

ΛT = uuxTx +uvxTy + vvyTy + vuyTx +u2Txx

+2uvTxy + v2vxTyy,

ΛC = uuxCx +uvxCy + vvyCy + vuyCx +u2Cxx

+2uvCxy + v2vxCyy, (5)

along with the boundary conditions

u(0) = ax =Uw(x), v(0) = 0,

T (0)−Tw = 0, C(0)−Cw = 0,

u(∞)→ 0, T (∞)→ T∞, C(∞)→C∞. (6)

Each component in the above equations is defined in the
nomenclature in Appendix A.

Table 1. Thermophysical characteristics of hybrid nanofluids.

Nanoparticle relations

µhnf

µf
= (1−φ1)

−2.5 (1−φ2)
−2.5 , φSWCNT = φ1, φMWCNT = φ2,

ρhnf

ρf
= (1−φ2)

[
(1−φ1)+φ1

(
ρ1

ρf

)]
+φ2

(
ρ2

ρf

)
,

(ρcp)hnf
(ρcp)f

= (1−φ2)

[
(1−φ1)+φ1

(
(ρcp)1
(ρcp)f

)]
+φ2

(
(ρcp)2
(ρcp)f

)
,

khnf

knf
=

[
(1−φ2)+2φ2

(
k2

k2− knf

)
ln
(

k2 + knf

knf

)][
(1−φ2)+2φ2

(
knf

k2− knf

)
ln
(

k2 + knf

knf

)]−1

,

knf

kf
=

[
(1−φ1)+2φ1

(
k1

k1− kf

)
ln
(

k1 + kf

kf

)][
(1−φ1)+2φ1

(
kf

k1− kf

)
ln
(

k1 + kf

kf

)]−1

,

σhnf

σf
= [σ2 +2σnf−2(σnf−σ2)φ2] [σ2 +2σnf +(σnf−σ2)φ2]

−1 ,

σnf

σf
= [σ1 +2σf−2(σf−σ1)φ1] [σ1 +2σf +(σf−σ1)φ1]

−1

Table 2. The experimental findings concerning the solid particles and base fluid.

Material
Density Thermal conductivity Electrical conductivity Heat capacity

ρ (kg·m−3) k (W·mK−1) σ (S·m−1) cp (J·kg−1·K−1)
SWCNTs 2600 3.7 1.1×107 425

Blood 1053 0.492 5.5×10−6 3594
MWCNTs 1600 3000 59.6×106 796

104701-3



Chin. Phys. B 33, 104701 (2024)

The relations between the thermophysical properties of
the nanoparticles are given in Table 1 and the experimental
values of these properties are given in Table 2.

In Table 1, φ1 and φ2 represent the concentration of SWC-
NTs and MWCNTs, respectively. The subscripts nf and hnf
are used to show the corresponding properties of the nanofluid
and HNF, respectively. Introducing the similarity variables

η = y
√

aυ
−1
f , u = ax f ′ (η) ,

Θ (η)(Tw−T∞) = T −T∞, v =−
√

aυf f (η) ,

ϕ (η)(Cw−C∞) =C−C∞, (7)

equations (1)–(7) transform as

υhnf

υf

(
1+β

−1) f ′′′ (η)− f ′ (η)2 + f (η) f ′′ (η)

−Fr
ρf

ρhnf
f ′ (η)2−λ

υhnf

υf

(
1+β

−1) f ′ (η)

− σhnf/σf

ρhnf/ρf
M
(
E− f ′(η)

)
+

ρf

ρhnf
α e(−Bη) = 0, (8)

αhnf

αf

1
Pr

Θ
′′ (η)+

σhnf/σf

(ρcp)hnf/(ρcp)f
EcM

(
f ′(η)−E

)2

+ f (η)Θ
′ (η)+

(ρcp)f
(ρcp)hnf

χΘ (η)

+NbΘ
′ (η)ϕ

′ (η)+NtΘ ′ (η)2− γeχT = 0, (9)
(1−φ1)(1−φ2)

Sc
ϕ
′′ (η)+ϕ

′ (η) f (η)− k1ϕ (η)

+
Nt
Nb

Θ
′′ (η)− γmχC = 0, (10)

where

χT =
(ρcp)f
(ρcp)hnf

χΘ
′ (η)− σhnf/σf

(ρcp)hnf/(ρcp)f

×EcM
(

f ′ (η)2 + f ′′ (η) f (η)−E
)

+ f (η)Θ
′ (η) f ′ (η)+Θ

′′ (η) f (η)2 ,

χC = f (η)ϕ
′ (η) f ′ (η)+ϕ

′′ (η) f (η)2

−k1ϕ
′ (η) f (η) f ′ (η)ϕ

′ (η)

+ϕ
′′ (η) f (η)2− k1ϕ

′ (η) f (η) , (11)

with

f ′ (0) = 1, Θ (0) = 1, f (0) = 0, ϕ (0) = 1,

f ′ (∞) = 0, Θ (∞) = 0, ϕ (∞) = 0. (12)

The parameters in the above transform equations are defined
as

Fr =
xF0

ρf
, E =

E0

B0(Uw)
, M =

σfB2
0

ρfa
,

λ =
νf

ak∗
, α =

j0M∗π
8a2xρf

,

Pr =
υf

αf
, γe = aτe, χ =

Q
(ρcp)f a

,

Ec =
a2x2

(cp)f (Tw−T∞)
, γm = aτm,

Nt =
τDT (Tw−T∞)

υfT∞

, Sc =
υf

DB
,

Nb =
τDB (Cw−C∞)

υf
, k1 =

kr
a
. (13)

Information about these parameters is given in the nomencla-
ture.

The skin friction coefficient (Cf), Nusselt number (Nu)
and Sherwood number (Sh) are the physical quantities con-
nected to the behaviors of drag force, heat transfer and mass
transfer. The simplified form of the above physical quantities
is

Re
1
2
x C f = f ′′ (0) , Re

− 1
2

x Sh = ϕ
′ (0) ,

Re
− 1

2
x Nu =−khnf

kf
Θ
′ (0) . (14)

3. HAM solution
In recent years, the HAM has become a significant mathe-

matical tool for solving complex fluid flow problems. The ap-
proach is designed to find approximate solutions to nonlinear
partial differential equations that are commonly encountered
in fluid dynamics using a systematic and efficient approach.
Nonlinear terms in equations are handled without lineariza-
tion, a common limitation in many traditional analytical meth-
ods, and this is one of the key advantages of the HAM. A more
precise representation of the flow dynamics is achieved in this
way, particularly in cases where nonlinearities have a signifi-
cant impact on the system’s behavior. The HAM’s versatility
makes it a valuable tool for analyzing a wide range of fluid
flow problems by allowing for the inclusion of various phys-
ical parameters and boundary conditions. The fluid’s behav-
ior is influenced by multiple factors, which is why flexibility
is crucial for investigating real-world scenarios. Furthermore,
converging series solutions provided by the HAM are easily
truncated to obtain precise approximations of the solutions.
Compared with numerical techniques that may require signif-
icant computational resources, this method for solving fluid
flow problems is computationally efficient.

4. Results and discussion
Casson HNFs, specifically those based on CNTs, have re-

ceived a lot of attention recently due to their potential use in
drug delivery systems. CNTs are a popular choice because
of their exceptional characteristics such as high aspect ratio,
mechanical strength and thermal conductivity. This investiga-
tion studied the flow of CNT-based HNFs on a Riga stretching
plate in the presence of an electromagnetic field and double
diffusion, which introduces complexity with external forces
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affecting the flow behavior of HNFs. Drug delivery applica-
tions will benefit greatly from our findings because controlled
flow of HNFs can be utilized to optimize the distribution and
release of drugs in the body. Figure 1 shows the geometry of
the proposed model and Fig. 2 the stepwise HAM solution.
The delivery of therapeutic agents to specific target sites with
high-precision drug delivery systems is modeled by tuning the
parameters M, E, β , Ec, φ1 + φ2, γe, γm, α and Nt, Nb, Sc,
χ , k1. The results obtained from changing parameters for the
velocity, temperature and concentration profiles are displayed
in figures and tables.

HAM technique

Proposed higher
order linear term

Solve the linear
term for initial

solution

Taylor series
approximation

Get series solution

Finish

Fig. 2. The chart which shows the main steps of solution using the
homotopy analysis method (HAM).

4.1. Velocity profile f ′ (η)

The Hartmann number α is a dimensionless number used
to determine the relative importance of viscous forces com-
pared with inertial forces in a fluid flow system, and its impact

is displayed in Fig. 3(a). According to the results, the inclusion
of CNTs in drug delivery systems leads to an enhancement of
the velocity profile and improved drug delivery efficiency
due to the increase in the value of the Hartmann number. The
Casson fluid model is typically employed in drug delivery sys-
tems, and the influence of the Casson fluid parameter β can
be seen in Fig. 3(b). When CNTs are used as carriers for drug
delivery, the flow performance of the Casson fluid is enhanced
even more. The velocity profile of the fluid flow is influenced
by increasing β in the presence of CNTs. A more prominent
shear-thinning behavior is observed when β is increased, and
the fluid becomes less viscous at high shear rates. The re-
sult of this is faster flow rates and enhanced drug dispersion
within the fluid. The velocity profile of drug transport through
porous media is significantly affected by the parameter Fr,
as shown in Fig. 3(c). The flow behavior within the porous
medium is modified by CNTs, as well as enhancing perme-
ability. The flow direction and velocity distribution within the
medium are also altered by CNTs. Their unique structure and
high aspect ratio result in a more uniform distribution f ′(η)

of the drug throughout the system. CNT-based HNFs dis-
play substantial variations in flow behavior when a magnetic
field parameter M is applied, as shown in Fig. 3(d). Varia-
tions in fluid viscosity and rheological properties are caused
by magnetic fields acting on HNFs. Magnetic fields gener-
ate magnetic forces that affect the dispersion and stability of
CNTs in the nanofluid. The alignment and dispersion of CNTs
are enhanced by increasing the magnetic field strength, which
improves the flow characteristics of the nanofluid, enabling
targeted delivery to specific tissues or organs by facilitating
better control over the drug delivery process. However, the
resistive behavior of magnetic parameters controls the fluid
distribution. The flow behavior of CNT-based nanofluids is

1.0
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0
0 1 2 3 4 5 6

Hybrid nanofluid

Nanofluid
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 ′(
η
)
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(c) (d)
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)
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0.4
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Fig. 3. Influence of (a) Hartmann number α , (b) Casson fluid parameter β , (c) parameter Fr, and (d) magnetic field parameter M on velocity field f ′ (η).
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crucially influenced by the electric field parameter, as shown
in Fig. 3(e). The movement of CNTs within the nanofluid is
triggered by electro-kinetic effects caused by electric fields,
such as electrophoresis and electro-osmosis. Enhanced dis-
persion and mobility are achieved by increasing the intensity
of the electric field and strengthening the electro-kinetic forces
acting on the CNTs. By promoting a uniform distribution of
drug-loaded CNTs throughout the nanofluid, the efficiency of
drug delivery is enhanced. Figure 3(f) displays the impact of
the volume fraction φ1 +φ2 of CNTs on the drug delivery sys-
tem. Drug delivery is affected by the presence of CNTs, which
increase resistance to flow and control drug transport. With
faster and more efficient delivery of drugs, the patient’s thera-
peutic outcome is enhanced.

4.2. Temperature profile Θ (η)

In fluid flow, the Eckert number measures the ratio of
kinetic energy to enthalpy through a dimensionless parameter.
The Eckert number Ec is vital for the temperature distribution
and the efficiency of drug delivery when using a CNT-based
HNF for drug delivery applications, as displayed in Fig. 4(a).
A higher ratio of kinetic energy to enthalpy is specified by
an increase in the Eckert number, showing that convective
heat transfer controls conductive heat transfer within the fluid
flow. CNT-based HNFs place more stress on temperature dis-
tribution than thermal conductivity. To ensure the stability
of therapeutic agents and prevent thermal degradation it is
vital to control the temperature distribution when consider-
ing drug delivery applications. The temperature distribution
within the nanofluid is influenced by the increased convective
heat transfer caused by a higher Ec. The local temperature
rise within the nanofluid can be reduced by enhanced cool-

ing effects. Additionally, the dispersion of therapeutic agents
within the nanofluid is enhanced by the increased convec-
tive heat transfer caused by a higher Ec. Optimizing Ec is
vital for balancing the desired convective heat transfer ef-
fects with practical considerations such as energy consump-
tion and system stability. The effectiveness of drug delivery
processes is enhanced by a higher Ec, which promotes con-
vective heat transfer and improves temperature control, drug
stability and uniformity of drug distribution within the HNF.
More efficient heat transfer throughout the system is attained
by increasing the heat absorption and emission parameter χ ,
as shown in Fig. 4(b). Increasing χ raises the temperature
of the HNF, which allows better transport of drug molecules
through the system. The improved heat transfer results in
better drug delivery rates and more precise drug release at
the target site. Furthermore, the increased heat emission pa-
rameter χ ensures that the extra heat generated during the
process is efficiently dissipated, keeping the drug molecules
stable and preventing overheating. The movement of par-
ticles in a fluid due to a temperature gradient is known as
thermophoresis, and the impact of the thermophoretic param-
eter Nt is shown in Fig. 4(c). The temperature profile for
drug delivery applications is affected by the increase in the
thermophoretic parameter in a Casson–CNT HNF flow. En-
hanced heat transfer within the HNF is achieved by increasing
Nt, which leads to a greater temperature difference across the
fluid. Drug delivery applications benefit from this as it main-
tains the specific temperature range needed for drug stability
or activation. The flow behavior of the Casson–CNT HNF
is influenced by an increase in Nt, which results in changes
in the velocity and temperature profiles within the flow.
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Fig. 4. Influence of (a) the Eckert number Ec, (b) the heat absorption and emission parameter χ , (c) the thermophoretic parameter χ , and
(d) the thermal relaxation time parameter γe on the thermal profile Θ (η).
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In this context, it is important to pay attention to the ther-
mal relaxation time parameter γe displayed in Fig. 4(d). This
is the time it takes for a system to return to thermal equilib-
rium after a temperature disturbance. The temperature profile
of the Casson–CNT HNF flow is significantly affected by in-
creasing the value of γe. Increasing γe results in a longer time
for the system to reach thermal equilibrium after a tempera-
ture change. A stable temperature profile throughout the drug
delivery process is achieved by the fluid’s slower response to
changes in temperature.

4.3. Concentration profile ϕ (η)

The Schmidt number Sc is a dimensionless number that
explains the difference between momentum and mass diffusiv-
ity in a fluid flow. The concentration profile of the flow is sig-
nificantly affected by an increase in Sc in Casson–CNT HNFs
used for drug delivery applications, as shown in Fig. 5(a). An
increase in Sc results in an increase in the momentum diffusiv-
ity of the fluid relative to its mass diffusivity. The capacity of
the fluid to transport momentum is greater than that for mass,
which results in changes in the complete flow dynamics and
temperature distribution within the system. The behavior of
the HNFs is influenced by the concentration relaxation time
parameter, particularly in terms of effectiveness of drug deliv-
ery. As the parameter γe increases, the concentration profile of
the Casson–CNT HNF shows changes that have a direct im-
pact on the drug delivery process, as shown in Fig. 5(b). The

HNF responds more slowly to changes in the concentration
gradients when this parameter increases. The drug delivery
rate is slowed because the HNF may take longer to reach a
steady-state concentration distribution.

Casson–CNT HNFs employed in drug delivery applica-
tions depend on Brownian diffusivity to regulate their con-
centration profile. Figure 5(c) shows the changes in the con-
centration profile as the Brownian parameter Nb increases.
The random motion of nanoparticles suspended in the fluid
is enhanced by an increase in Brownian diffusivity. The
nanoparticles are more effectively dispersed throughout the
fluid medium due to increased agitation. Consequently, the
concentration gradient between the drug-laden HNF and the
adjacent environment becomes sharper, leading to faster dif-
fusion of the drug molecules from the HNF to the targeted
tissues or cells. The concentration profile is greatly influenced
by the chemical reaction parameter k1 in Casson–CNT HNFs
used for drug delivery applications (Fig. 5(d)). The rate of
chemical reactions within the nanofluid system increases when
the chemical reaction parameter is increased. The stability
and release kinetics of the nanoparticles are affected by this.
Drug release from the nanofluid carrier decelerates depending
on the chemical reactions involved. Chemical reactions can
lead to faster drug release by promoting the degradation of the
nanoparticle shell. The rate of drug release is decreased by
reactions leading to the formation of stable complexes.
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Fig. 5. Influence of (a) Schmidt number Sc, (b) parameter γm, (c) Brownian motion Nb, and (d) chemical reaction parameter k1 on the
concentration profile ϕ (η).

4.4. The Nusselt number Re−1/2
x Nu and Sherwood number

Re−1/2
x Sh

Heat transfer and mass transfer are vital in drug delivery
applications that utilize Casson–CNT HNFs as they influence

the delivery system in numerous ways.
Heat transfer maintains the stability and functionality of

the HNF carrier, which is vital. Thermal fluctuations are com-
mon for Casson–CNT HNFs during transport. Operative heat
transfer mechanisms stop temperature-induced degradation of
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drug molecules and ensure the stability of the carrier fluid by
dissipating the heat generated by external factors within the
HNF.

Various parameters, such as the magnetic field M, elec-
tric field E, porous space parameters λ and Fr, Casson fluid
parameter β and the modified Hartmann number α , have an
impact on the flow of a CNT HNF over a stretched Riga plate.
To optimize drug delivery, it is crucial to understand the ef-
fects of these parameters (i.e., β , λ , Fr, α , M and E) on the
skin friction profile, as shown in Table 3.

Table 3. Skin friction versus β , λ , Fr, α , M and E.

β λ Fr α M E
Re

1
2
x Cf

Nanofluid HNF
0.5 0.4 0.3 0.5 0.5 1.214126 1.2392901
0.7 1.240853 1.2627162
0.9 1.2730665 1.3082119

0.4 1.214126 1.2392901
0.6 1.22641 1.2481906
0.8 1.239063 1.2592671

0.3 1.214126 1.2392901
0.5 1.240250 1.2691361
0.7 1.2641324 1.28903920

0.5 1.214126 1.2392901
0.7 1.201059 1.2292177
0.9 1.1921147 1.2125901

0.5 1.214126 1.2392901
0.7 1.241342 1.2547839
0.9 1.2720876 1.285372

0.5 1.214126 1.2392901
0.7 1.187652 1.2109821
0.9 1.1674298 1.1843522

The flow behavior of CNT HNFs is greatly influenced by
the magnetic field parameter M. The heat transfer and fluid
flow characteristics of the nanofluid are improved by the addi-
tion of a magnetic field, resulting in changes in the skin friction
profile. Higher skin friction values are caused by an increase
in M, which indicates a higher resistance to fluid flow over the
stretched Riga plate. This makes controlling the distribution
of drugs within the body easier in drug delivery applications.

The skin friction profile of CNT HNFs is also affected by
the electric field parameter E. The friction value of the skin
is changed by manipulating the flow behavior of the nanofluid
using an electric field. The flow characteristics of the nanofluid
are improved and the skin friction is reduced by increasing E,
potentially leading to more efficient drug delivery. The same
influence is observed for the modified Hartmann number α .

The skin friction profile of CNT HNFs is influenced by
the porous space parameter λ and the Forchheimer number
Fr. The flow dynamics of the nanofluid are influenced by λ

and Fr, leading to higher skin friction on the stretched Riga
plate. Adjusting these parameters can lead to more effective
drug delivery by controlling the distribution of drugs within
the body.

The skin friction profile of CNT HNFs is also influenced
by the Casson fluid parameter β . The Casson model is fre-
quently employed to depict the behavior of non-Newtonian
fluids, and modifications to β influence the flow characteris-
tics of the nanofluid. Increasing β can lead to higher skin fric-
tion values, indicating a higher resistance to fluid flow over the
stretched Riga plate for drug delivery applications.

The homogeneity of drug dispersion within the HNF is
enhanced and flow behavior is ensured, resulting in optimized
drug delivery. The diffusion of drug molecules from the HNF
carrier to the targeted tissues is governed by mass transfer,
which impacts the concentration profile and time course of
drug release. Mass transfer is intertwined with the transport
characteristics of Casson–CNT HNFs, which include diffu-
sivity, permeability and convective transport. Drug-loaded
nanoparticles are transported quickly and efficiently within the
HNF with enhanced mass transfer, ensuring timely delivery to
the desired sites of action.

Table 4. Local Nusselt number versus φ1 +φ2, χ , γe and Nt.

φ1 +φ2 χ γe Nt
Re
−1
2

x Nux

Nanofluid HNF
0.01 0.4 0.3 0.5 1.14030 1.1402999
0.03 1.143837 1.1449288
0.05 1.146962 1.149100

0.4 1.14030 1.1402999
0.6 1.142081 1.1441720
0.8 1.143452 1.1462341

0.3 1.14030 1.1402999
0.5 1.1423458 1.14628104
0.7 1.145094 1.14615056

0.5 1.14030 1.1402999
0.7 1.146054 1.1481381
0.9 1.1486021 1.15266291

Table 5. Local Sherwood number versus Nt, Nb, Sc and γm.

Nt Nb γm Sc
Re
−1
2

x Shx

Nanofluid HNF
0.2 0.5 1.0 1.0 1.1174 1.263411
0.4 1.1813 1.271013
0.6 1.2361 1.2930861

0.5 1.1174 1.263411
0.7 1.10309 1.893219
0.9 1.01576 2.005217

1.0 1.1174 1.263411
1.2 1.7263 2.012623
1.4 2.0362 2.231602

1.0 1.1174 1.263411
1.2 1.0768 1.1390768
1.4 0.8345 1.1034485

The numerical outputs for analyzing the heat transfer

Re
−1
2

x Nux are displayed in Table 4. We see that Re
−1
2

x Nux is
better for higher φ1 +φ2, χ , γe and Nt. An in-depth discussion
of these parameters is given with regard to temperature distri-
bution, with the impact on the heat transfer rate being analyzed
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in this table. The numerical data for Re
−1
2

x Shx for nanoparti-

cles are shown in Table 5. We see that Re
−1
2

x Shx is greater with
changes in Nt and γm while it is reduced for greater values of
Nb and Sc

5. Conclusions
The current research is focused on a theoretical analysis

of Casson-based HNFs using a Riga device. CNTs are used
as the solid materials in HNFs consisting of SWCNTs and
MWCNTs. A comparative analysis is performed by varying
the different embedded parameters. The solution to the prob-
lem is obtained using the HAM technique. The main findings
are obtained as follows:

The Eckert number Ec is vital in the temperature distri-
bution and efficiency of drug delivery using CNT-based HNFs
for drug delivery. By increasing Ec in HNFs, temperature dis-
tribution in the system becomes more efficient allowing target-
ing of the desired tissues in the drug delivery process.

Casson–CNT HNFs can enhance the efficiency and ef-

fectiveness of drug delivery systems by increasing the heat ab-
sorption parameter χ .

Overheating of the drug solution, that could potentially
damage the drug molecules or the surrounding tissue, is pre-
vented by increasing the thermal relaxation time parameter γe.

Drug mixing and dispersion within the HNF improves de-
livery efficiency by enhancing the Schmidt number Sc.

Boundary layers and stationary regions within the fluid
flow are disturbed due to enhanced Brownian motion Nt.

As the modified Hartmann number α increases, the flow
rate of the HNF is improved but it decreases with larger values
of Fr, β , λ and M. The results for the Hartmann number of
the Riga actuator can be applied when high-speed flows are
required.

The skin friction of CNT HNFs flow on a stretched Riga
plate for drug delivery applications is determined by the mag-
netic field, electric field, porous space and Casson fluid, all of
which have significant roles to play in improving the perfor-
mance of drug delivery.

Appendix A

Table A1. Nomenclature.

(u,v), velocity terms (m· s−1) ρnf, nanofluid density (kg·m−3)
(x,y), coordinate axis (m) α = j0M∗π

8a2xρf
, modified Hartmann number

f (η), velocity in dimensionless form γe = aτe, thermal relaxation time parameter
K, Darcy permeability (m2) λ = νf

ak∗ , porosity parameter

Q, heat source/sink M =
σfB2

0
ρfa

, magnetic field

Λ , thermophoresis coefficient υnf, kinematic viscosity of the nanofluid (m2·s−1)
D, mass diffusivity knf, thermal conductivity of the nanofluid (W·K−1·m−1)
Cf, skin friction (ρβ )nf, nanofluid thermal expansion (kg·m−3·K−1)
ax =Uw, stretching velocity (m·s−1) Pr = µcp

kf
, Prandtl number

k∗, mean absorption coefficient (m−1) Nu, Nusselt number
β , Casson fluid parameter µnf, dynamic viscosity of the nanofluid (kg·m·s−1)

T , local temperature (K) Ec = U2
w

(cp)f(Tw−T∞)
, Eckert number

η , similarity variable γm = aτm, concentration relaxation time parameter
cp, specific heat (J·kg−1·K−1) Nt = τDT(Tw−T∞)

υfT∞
, thermophoresis parameter

σ∗, Stefan–Boltzmann constant (W·K−4·m−2) Sc = υf
DB

, Schimdt number
B0, magnetic field strength (T) Q, heat generation/absorption parameter
E = E0

B0(Uw) , electric field χ = Q
(ρcp)fa

, heat generation/absorption parameter

E0, electric field strength (V·m−1) σnf, electrical conductivity of the nanofluid (S·m−1)
Fr = xF0

ρf
, Forchheimer number Nb = τDB(Cw−C∞)

υf
, Brownian diffusivity parameter

φSWCN = φ1, φMWCN = φ2, nanoparticle volume fraction k1 =
kr
a , chemical reaction parameter
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