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Abstract: This paper discusses the Darcy–Forchheimer three dimensional (3D) flow of a permeable
nanofluid through a convectively heated porous extending surface under the influences of the
magnetic field and nonlinear radiation. The higher-order chemical reactions with activation energy
and heat source (sink) impacts are considered. We integrate the nanofluid model by using Brownian
diffusion and thermophoresis. To convert PDEs (partial differential equations) into non-linear ODEs
(ordinary differential equations), an effective, self-similar transformation is used. With the fourth–
fifth order Runge–Kutta–Fehlberg (RKF45) approach using the shooting technique, the consequent
differential system set is numerically solved. The influence of dimensionless parameters on velocity,
temperature, and nanoparticle volume fraction profiles is revealed via graphs. Results of nanofluid
flow and heat as well as the convective heat transport coefficient, drag force coefficient, and Nusselt
and Sherwood numbers under the impact of the studied parameters are discussed and presented
through graphs and tables. Numerical simulations show that the increment in activation energy and
the order of the chemical reaction boosts the concentration, and the reverse happens with thermal
radiation. Applications of such attractive nanofluids include plastic and rubber sheet production,
oil production, metalworking processes such as hot rolling, water in reservoirs, melt spinning as a
metal forming technique, elastic polymer substances, heat exchangers, emollient production, paints,
catalytic reactors, and glass fiber production.

Keywords: nanofluid; Darcy–Forchheimer; thermal radiation; higher-order chemical reactions;
magnetic field; suction/blowing

1. Introduction

In recent years, there has been a growing interest in studying nanofluids due to their
enormous potential to enhance heat transfer. A nanofluid is a liquid suspension composed
of small particles of less than 100 nm in diameter [1]. This describes an essential fluid
type which can boost the thermal properties of different fluids. As a result of the inclusion
of a limited number of nanoparticles according to the experimental study by Choi and
Eastman [1], the effective thermal conductivity of the normal fluid is significantly enhanced.
The aberrant increase of thermal conductivity and viscosity in nanofluids is investigated
by [2]. The flow and heat transfer of nanofluids in moving surfaces have been studied in
recent years due to their importance in industry. Considering nonlinear radiations and
convective boundary conditions, Hady et al. [3] examined boundary-layer behavior on
a moving surface in a nanofluid. Alotaibi et al. [4] presented a comprehensive analysis
on the impact of the heat absorption and the suction on 2D Casson nanofluid flow via a
non-linear stretching surface with viscous dissipation. Several works [5–16] in the field of
nanofluids were conducted to demonstrate that heat transfer improves when introducing
nanoparticles to the base fluid.
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In many problems of practical interest, scientists and engineers have explored dif-
ferent methods to investigate variations in porosity, thermal distribution, local thermal
equilibrium effects between the fluid and solid phases, partly complete porous structures,
and anisotropic porous materials. For example, Abbas and Hayat [17] investigated thermal
radiation’s effect on the two-dimensional steady flow of a viscid fluid to a non-linear,
pore-saturated stretch layer. Yazdi et al. [18] probed the combined effects of the slip and
chemical reaction to electrically conduct through a non-linear, porous stretch layer. Hayat
et al. [19] explored the impacts of convective boundary constraints on the hydrodynamic
flow of magnetic nanofluids in a porous material by considering an exponentially ex-
panding surface. The influence of the mixed convective MHD (magnetohydrodynamic)
boundary-layer of nanofluid flow on a porous exponential stretch surface was investigated
by [20]. Makinde et al. [21] examined the influence of thermophoresis and radiation on the
heat transfer of the varyingly viscous MHD flux through a heated flat surface on the porous
material. Eid and Mahny [22] researched the flow and conversion of heat in the porous ma-
trix of a heat source/sink by a Sisko nanofluid over an exponentially stretching layer. Eid
et al. [23] investigated the effect of nanoparticles and the magnetic field on Buongiorno’s
model of Carreau fluid, with the presence of both injections and thermal radiation, over the
porous non-linear extending plate. In the power-law of non-Newtonian nanofluid, Eid and
Mahny [24] investigated the unstable convective layer movement through the extended
heat sheet. Eid et al. [25] numerically studied the convective heat and mass transportation
of Carreau nanofluid in the presence of chemical reactions and an internal heat source/sink
via a non-linear extended surface embedded in a porous material.

Darcy’s theory by [26] presented a more detailed review and discussed several physical
applications relevant to porous media issues. The Darcy–Forchheimer equation was first
introduced by Forchheimer [27] by adding the quadratic term to the transform equation.
References may provide additional relevant studies on Darcy–Forchheimer flow and a
variety of reports about this point in [27–38]. Although these studies focused on nanofluid
flow through Darcy–Forchheimer porous materials, they were able to study specific effects,
which are points of distinction for these studies, as follows: convective conditions [28], the
Williamson nanofluid model [29], binary reactions [30,31], activation energy [32], second-
order slip velocity [33], Ohmic heating and heat source (sink) [34], entropy production [35–37],
magnetic Reynolds numbers [38], and electromagnetic field [39].

This article aims to develop and support the study of nanofluid flow by investigating
the effect of higher-order chemical reactions with activation energy with a heat source
(sink) on the 3D flow of two-phase MHD radiative nanofluid. Here, we limit our attention
to discussing the Darcy–Forchheimer formula of numerical analysis for 3D two-phase
permeable nanofluid flow through the porous extending sheet under thermal radiation
and magnetic field impacts under convective constraint. The activation energy influence
with higher-order chemical reactions in the existence of a heat source is considered because
there are not only first-order chemical reactions, except in simple cases of the mathematical
model, nor are they in isolation from heat sources. The governing flow equations that
consist of motion, energy, and nanoparticle volume concentration formulas are facilitated
by employing the similarity conversion variables. The numeric shooting technique in
collaboration with the RKF45 method solves the resulting nonlinear coupled ODEs. The
effect on the velocity, temperature, and concentration is computed and presented by graphs
for different related parameters such as magnetic field parameters, thermal radiation, and
the suction/blowing parameters. Furthermore, tables demonstrate the values of the skin
friction and local Nusselt numbers.

2. Flow Problem Formulations

In the presence of a higher-order chemical reaction with activation energy, the steady
3D MHD incompressible nanofluid flows past the porous extending surface. The surface is
assumed to be smoothly embedded in a Darcy–Forchheimer-type porous material.
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Thermal radiation and the heat source are considered in the energy equation. Also, we
take into account the thermophoresis and Brownian motion effects. The measured surface
is extended along the x, y plane, whereas the fluid is positioned lengthways on the z-axis.
It is assumed that the induced magnetic field is insignificant and the magnetic field with
strength B0 is applied perpendicular to the fluid flow. Here, we assumed that u = ax and
v = by are the respective velocities along with the directions of the x-axis and y-axis with
constants a and b. The geometry of the model problem of the 3D flow of the permeable
nanofluid is revealed in Figure 1. The coefficient of heat transfer h f and temperature of the
hot fluid Tf below the surface temperature are governed by a convection heating operation.
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With the above suggestions and boundary layer approximations, the momentum
boundary-layer formulas of two-phase nanofluid flow are as follows [28,29]:

∂u
∂x

+
∂v
∂y

+
∂w
∂z

= 0 (1)

u
∂u
∂x

+ v
∂u
∂y

+ w
∂u
∂z

= ν f
∂2u
∂z2 −

σB2
0

ρ f
u−

ν f

K
u− Fu2, (2)

u
∂v
∂x

+ v
∂v
∂y

+ w
∂v
∂z

= ν f
∂2v
∂z2 −

σB2
0

ρ f
v−

ν f

K
v− Fv2, (3)

u
∂T
∂x

+ v
∂T
∂y

+ w
∂T
∂z

= α∗
∂2T
∂z2 +

(ρc)p

(ρc) f

[
DB

(
∂T
∂z

∂C
∂z

)
+

DT
T∞

(
∂T
∂z

)2
]
+

Q
(ρc) f

(T − T∞)− 1
(ρc) f

∂qr

∂z
, (4)

u
∂C
∂x

+ v
∂C
∂y

+ w
∂C
∂z

= DB

(
∂2C
∂z2

)
+

DT
T∞

(
∂2T
∂z2

)
− R

(
T

T∞

)m
exp

(
− Ea

κT

)
(C− C∞)n. (5)

These formulas are subject to the following boundary conditions:

u = Uw = ax, v = Vw = by, w = 0,−k ∂T
∂z = h f (T − T∞), DB

∂C
∂z + DT

T∞
∂T
∂z = 0 at z = 0,

u→ 0, v→ 0, T → T∞, C → C∞ as z→ ∞.

}
(6)

The convective boundary constraint here, also known as the Newton boundary con-
straint, is derived from the surface energy balance and relates to the occurrence of con-
vective heating (or cooling) at the surface in heat transport issues. Also, at the boundary,
the zero-mass fluxing constraint is considered. Here u, v, and w are the flow velocities in
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the x-, y-, and z-directions, F = Cb
x
√

K
is the coefficient of the non-uniform inertia of the

porous material, Cb is the coefficient of drag, K is the porous material permeability, k is
thermal conductivity, µ f is the dynamic viscosity, ν f =

µ f
ρ f

is the kinematic viscosity, ρ f is

the density, a and b are the material constants, σ is the electrical conductivity, α∗ = k
(ρc) f

is

the thermal diffusivity, (ρc) f and (ρc)p are the heat capacities of the fluid and nanoparti-
cles, Q is the heat generation/absorption coefficient, T and C stand for the temperature
and concentration, T∞ and C∞ are the ambient temperature and concentration, DB and

DT are the Brownian motion and thermophoresis, R
(

T
T∞

)m
exp

(
− Ea

κT

)
(C− C∞)n is the

modified Arrhenius equation in which R is the reaction rate, Ea is the activation energy,
κ is the Boltzmann constant, m is the fitted rate constant, and n is the order of a chemical
reaction. The Roseland approximation is used to give the radiative heat flux expression as
follows [4]:

qr = −
4σ∗

3k∗
∂T4

∂z
, (7)

where k∗ and σ∗ are the coefficient of mean absorption and the Stefan–Boltzmann constant,
respectively. Given the temperature variance within the flow, the issue is such that T4 can
be expanded in a Taylor series of T∞ and neglect higher-order expressions. The subsequent
results are approximated as

T4 ≈ 4T3
∞T − 3T4

∞ (8)

By using Equations (7) and (8), we obtain the following form:

∂qr

∂z
= −16σ∗T3

∞
3k∗

∂2T
∂z2 (9)

Consequently, through Equation (9), the heat Equation (4) converts to

u
∂T
∂x

+ v
∂T
∂y

+ w
∂T
∂z

=

[
α∗ +

16σ∗T3
∞

3k∗
(
ρcp
)

f

]
∂2T
∂z2 +

(ρc)p

(ρc) f

[
DB

(
∂T
∂z

∂C
∂z

)
+

DT
T∞

(
∂T
∂z

)2
]
+

Q
(ρc) f

(T − T∞) (10)

Introducing similarity transformations [32,36], we are given

u = ax f ′(ζ), v = ayg′(ζ), w = −√aν f [ f (ζ) + g(ζ)],
θ(ζ) = T−T∞

Tf−T∞
, φ(ζ) = C−C∞

C∞
, ζ =

√
a

ν f
z.

}
(11)

Equation (1) is now satisfied and Equations (2), (3), (5), (6), and (10) reduce to the
following non-dimensional form:

The non-linear system:

f ′′′ + ( f + g) f ′′ − (1 + Fr) f ′2 −
(

M2 + λ
)

f ′ = 0, (12)

g ′′′ + ( f + g) g ′′ − (1 + Fr) g′2 −
(

M2 + λ
)

g ′ = 0, (13)(
1 +

4
3

Rd

)
θ′′ + Pr

[
( f + g)θ′ + Nbθ′φ′ + Ntθ

′2 + Sθ
]
= 0, (14)

φ′′ +
Nt

Nb
θ′′ + Sc

[
( f + g)φ′ − γ(1 + δθ)m exp

(
− E

1 + δθ

)
φn
]
= 0. (15)

The transformed boundary conditions are

f (0) = g(0) = 0, f ′(0) = 1, g′(0) = α, θ′(0) = −Bi[1− θ(0)], Nbθ′(0) + Ntφ
′(0) = 0,

f ′(∞)→ 0, g′(∞)→ 0, θ (∞)→ 0, φ(∞)→ 0,

}
, (16)

where the prime here is referring to the similarity variable ζ, Fr is the Forchheimer number,
M is a magnetic parameter, λ is the permeability parameter, Rd is the radiation parameter,
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Pr is the Prandtl number, Nb is the Brownian motion, Nt is the thermophoresis diffusion,
S is the heat source/sink parameter, Sc is Sthe chmidt number, γ represents the chemical
reaction parameter, δ is the temperature relative parameter, E is the activation energy, α is a
material parameter, and Bi is the Biot number. These parameters are characterized by

Fr =
Cb√

K
, M2 =

σB2
0

aρ f
, λ =

ν f
aK , Rd = 4σ∗T3

∞
k∗k , Pr =

ν f
α ,

Nb = DB
(ρc)p
(ρc) f

C∞
ν f

, Nt =
DT
T∞

(ρc)p
(ρc) f

(Tf−T∞)
ν f

, S = Q
a(ρc) f

, Sc =
ν f
DB

γ = RCn−1
∞
a , δ =

(Tf−T∞)
T∞

, E = Ea
κT∞

, Bi =
h f
k

√
ν f
a , α = b

a .

 (17)

The quantities of physical interest such as the non-dimensional coefficient of skin
friction, the couple stress, and the Nusselt number are defined as follows [40]:

C f =
τw

ρ f U2
w

, τw = µ f

(
∂u
∂z

)
z=0

,

C f =
τw

ρ f V2
w

, τw = µ f

(
∂v
∂z

)
z=0

,

Nu = xqw
k f (Tw−T∞)

,

 (18)

where τw and qw signify shear stress and heat fluxing. The dimensionless form of Equa-
tion (18) after utilizing the similarity conversions in Equation (11) becomes

C f xRe1/2
x = − f

′′
(0),

C f yRe1/2
x = α−3/2g′′ (0),

NuxRe−1/2
x = −θ′(0),

, (19)

where Rex = Uwx
υ and Rey = Vwy

υ describe the local Reynolds numbers.

3. The RFK45 Technique

RFK45 [25] is utilized to solve the problem in the form dy
dx = f (x, y), y(xi) = yi for

i = 0, 1, . . . , N. The solution accuracy of the above Equation is determined by applying
the appropriate step size. Two solutions are assessed and compared. If the majority of the
values agree, the approximation is valid. The step size is adjusted if the approximations
are not near enough to each other to achieve the specified precision. If the values match
more than the significant digits, a step-size increase is produced. The following six steps
are wanted in each step:

k1 = h f (xi, yi),
k2 = h f

(
xi +

1
4 h, yi +

1
4 k1

)
,

k3 = h f
(
xi +

3
8 h, yi +

3
32 k1 +

9
32 k2

)
,

k4 = h f
(

xi +
12
13 h, yi +

1932
2197 k1 − 7200

2197 k2 +
7296
2197 k3

)
,

k5 = h f
(

xi + h, yi +
439
216 k1 − 8k2 +

3680
513 k3 − 845

4104 k4

)
,

k6 = h f
(

xi +
1
2 h, yi − 8

27 k1 + 2k2 − 3544
2565 k3 +

1859
4104 k4 − 11

40 k5

)
.


, (20)

The fourth-order estimate is

yi = xi +
25
216

k1 +
1408
2565

k3 +
2197
4101

k4 −
1
5

k5, (21)

The fifth-order estimate is specified by

zi+1 = yi +
16
135

k1 +
6656
12825

k3 +
28561
56430

k4 −
9

50
k5 +

2
55

k6. (22)
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Eventually, the optimal step-size δ is attained by multiplying h with a scalar δ, where
δ is itemized by

δ = 0.84
(

εh
2|zi+1 − yi+1|

)0.25
, (23)

where ε is the error tolerance. The boundary value problem in (12)–(16) converts to an
initial value problem as follows:

H1 = f , H2 = f ′, H3 = f ′′ , H4 = g, H5 = g ′, H6 = g ′′, H7 = θ, H8 = θ′, H9 = φ, H10 = φ′, (24)

By substituting (24) into (12)–(16), the result is the reduced first-order scheme of
Equations:

H3
′ + (H1 +H4)H3 − (1 + Fr) H2

2 −
(

M2 + λ
)
H2 = 0, (25)

H6
′ + (H1 +H4)H6 − (1 + Fr) H5

2 −
(

M2 + λ
)
H5 = 0, (26)(

1 +
4
3

Rd

)
H8
′ + Pr

[
(H1 +H4)H8 + NbH8H10 + NtH8

2 + SH7

]
= 0, (27)

H10
′ +

Nt

Nb
H8
′ + Sc

[
(H1 +H4)H10 − γ(1 + δH7)

m exp
(
− E

1 + δH7

)
H9

n
]
= 0. (28)

The transformed boundary conditions are

H1(0) = H4(0) = 0,H2(0) = 1, H5(0) = α,
H8(0) = −Bi[1−H7(0)], NbH8(0) + NtH10(0) = 0,
H2(∞)→ 0,H5(∞)→ 0, H7(∞)→ 0, H9(∞)→ 0.

 (29)

The criterion of convergence is determined to be at least 10−6.

4. Results and Discussion

This section aims to discuss and present the effect of different physical parameters.
Figures 2–14 present the quantities of physical interest such as the velocity profile f ′(ζ) in
the x-direction, the velocity profile g′(ζ) in the y-direction, the temperature profile θ(ζ),
and the concentration profile φ(ζ), considering the effect of physical parameters such as
the Forchheimer number Fr, the magnetic parameter M, the permeability parameter λ, the
radiation parameter Rd, the Prandtl number Pr, the Brownian motion parameter Nb, the
thermophoresis parameter Nt, the heat generation/absorption parameter S, the Schmidt
number Sc, the chemical reaction parameter γ, the temperature relative parameter δ, the
activation energy E, the fitted rate constant m, the order of the chemical reaction n, the ratio
parameter α, and the Biot number Bi. For the results, we considered, M = Fr = Rd = Nb =
Nt = m = 0.5, Pr = 2, E = Bi = n = Sc = δ = 1, S = γ = λ = 0.2, and α = 0.3.
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Figure 3. Influence of Darcy–Forchheimer number 𝐹௥ on velocities (a) 𝑓′(𝜁) and (b) g′(𝜁). 
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Figure 4. Influence of permeability parameter 𝜆 on velocities (a) 𝑓′(𝜁) and (b) g′(𝜁). 
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Figure 5. Influence of material parameter 𝛼 on velocities (a) 𝑓′(𝜁) and (b) g′(𝜁). 

Figure 3. Influence of Darcy–Forchheimer number Fr on velocities (a) f ′(ζ) and (b) g′(ζ).
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Figure 4. Influence of permeability parameter λ on velocities (a) f ′(ζ) and (b) g′(ζ).
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Figure 6. Influence of (a) Darcy–Forchheimer 𝐹௥ and (b) permeability parameter 𝜆 on 𝜃(𝜁). 
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Figure 7. Influence of (a) radiative flow 𝑅ௗ and (b) Prandtl number 𝑃𝑟 on 𝜃(𝜁). 
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Figure 8. Influence of (a) thermophoretic diffusion 𝑁௧ and (b) heat-generating 𝑆 on 𝜃(𝜁). 

Figure 6. Influence of (a) Darcy–Forchheimer Fr and (b) Prandtl number Pr on θ(ζ).
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Figure 7. Influence of (a) radiative flow Rd and (b) heat-generating S on θ(ζ).
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Figure 9. Influence of (a) Biot number 𝐵𝑖 and (b) material parameter 𝛼 on 𝜃(𝜁). 
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Figure 10. Influence of (a) Darcy–Forchheimer 𝐹௥ and (b) permeability parameter 𝜆 on 𝜙(𝜁). 
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Figure 11. Influence of (a) Brownian movement 𝑁௕ and (b) thermophoretic diffusion 𝑁௧ on 𝜙(𝜁). 

Figure 9. Influence of (a) Biot number Bi and (b) material parameter α on θ(ζ).
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Figure 10. Influence of (a) Darcy–Forchheimer Fr and (b) permeability parameter λ on φ(ζ).
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Figure 12. Influence of (a) chemical reactive 𝛾 and (b) temperature ratio 𝛿 on 𝜙(𝜁). 
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Figure 13. Influence of (a) activation energy 𝐸 and (b) fitted rate 𝑚 on 𝜙(𝜁). 
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Figure 14. Influence of (a) chemical order 𝑛 and (b) Biot number 𝐵𝑖 on 𝜙(𝜁). 

  

Figure 12. Influence of (a) chemical reactive γ and (b) temperature ratio δ on φ(ζ).
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Figure 13. Influence of (a) activation energy E and (b) fitted rate m on φ(ζ).
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Figure 14. Influence of (a) chemical order n and (b) Biot number Bi on φ(ζ).

Figures 2, 3a, 4a and 5a depict the effects of M, Fr, λ, and α on f ′(ζ), respectively. It
can be noted from these figures that the flow velocity decreases with rising values of the
magnetic field, Forchheimer number, permeability parameter, and material parameter. The
reason is the potentiality of the Lorentz force, which takes place due to the magnetic field,
where the corresponding boundary-layer appears extra thick and the movement of the
fluid cannot be easy. Figures 2b, 3b, 4b and 5b illustrate the influences of M, Fr, λ, and
α on g′(ζ), respectively. It can be observed from these figures that the velocity reduces
with increasing values of the magnetic field, Forchheimer number, permeability parameter,
and ratio parameter. This indicates that the magnetic field reduces collisions between
the nanofluid particles, which reduces the velocities in both the horizontal and vertical
directions. Figure 6a shows the impact of Fr on θ(ζ). It was found that an increment in
Forchheimer’s number causes temperature improvement and boundary layer thickness.
Figure 6b exhibits the effect of λ on θ(ζ ). It can be seen that the presence of the permeability
parameter augments the resistance contra the flow of the fluid, which results in a stronger
temperature profile. Figure 7a displays the impact of Rd on θ(ζ). It can be noted that θ(ζ )
enhances with increasing values of the radiation parameter. Figure 7b presents the effect
of Pr on θ(ζ). It can be interpreted that θ(ζ) dwindles with the growing values of the
Prandtl number. Physically, the thermal diffusivity deteriorates for large Pr. The Prandtl
number influences the thermal and momentum boundary layers. When Pr is small, the
temperature diffuses quickly relative to the velocity. Figure 8a shows the influence of Nt
on θ(ζ). It can be noted that θ(ζ) enhances with the higher values of the thermophoresis
parameter. Figure 8b shows the effect of S on θ(ζ); it can be seen that θ(ζ) rises with the
enhanced values of the heat source/sink parameter. This means that the nanofluid has
less heat transfer, which allows it to maintain its temperature for a longer period with the
presence of a heat source in the beginning. Figure 9a plots the effect of Bi on θ(ζ ). It can
be seen that θ(ζ) increases with the higher values of the Biot number. The thickness of the
thermal boundary also increases with a rise in the Biot number. Figure 9b describes the
influence of α on θ(ζ ). It can be noted that θ(ζ ) declines with higher values of the ratio
parameter.

Variations of the Fr, λ, Rd, Pr, Nb, Nt, S, Sc, γ, δ, E, m, n, and Bi parameters on φ(ζ)
are presented in Figures 10–14. Figure 10a presents the effect of Fr on φ(ζ ). It shows that
φ(ζ ) declines with the higher values of Fr up to a certain distance from the stretching sheet
(about ζ = 2.5). After this point, an increase in the values of Fr produces an increase in
the volume concentration distribution. Figure 10b indicates the effect of λ on φ(ζ). It is
obvious that an increase in the values of the permeability parameter reduces φ(ζ) up to a
certain distance from the stretching sheet (about ζ = 2.5); after this point, an increase in the
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values of λ leads to an increment in the concentration profile. Figure 11a shows the impact
of Nb on φ(ζ). It was found that φ(ζ) increases with the higher values of Nb up to a certain
distance from the stretching sheet (about ζ = 1); after this point, an increase in the value of
Nb leads to a decline in the concentration profile. Brownian motion force essentially tends
to move particles in opposite directions. Therefore, the higher the Brownian force, the
weaker the nanoparticle concentration. Figure 11b elaborates on the impact of Nt on φ(ζ).
It is clear that φ(ζ) diminishes with higher amounts of the thermophoresis parameter up
to a certain distance from the stretching sheet (about ζ = 1); after this point, the opposite
happens, with an increase in Nb leading to an increment in the concentration profile.

Figure 12a indicates the effect of γ on φ(ζ). It can be noticed that φ(ζ) decreases with
increasing values of the chemical reaction parameter. For that, the reaction rate can be
calculated by how rapidly the levels of concentration of a nanofluid decline. Figure 12b
shows the impact of δ on φ(ζ); it can be seen that φ(ζ) declines with higher values of the
temperature relative parameter. Figure 13a describes the influence of E on φ(ζ); it is clear
that φ(ζ) increases with increasing values of the activation energy. The Arrhenius functions
physically weaken with the increase of the activation energy value, which contributes to
an increase of the concentrations profile in the obstetrical chemical reaction. Figure 13b
demonstrates the effect of m on φ(ζ); it was found that φ(ζ) increases with an increase
of the fitted rate constant until arriving at point ζ = 1.5; after that, an increase in m leads
to a decrement in φ(ζ). Figure 14a depicts the impact of n on φ(ζ); it can be interpreted
that φ(ζ) increases with an increase in values of n. A certain number of molecules with
energies equal to or larger than the activation energy must exist for a chemical reaction to
occur. As the concentration increases, the number of molecules with the minimum energy
available is increased and the reaction rate increases. Figure 14b shows the effect of Bi on
φ(ζ); it can be seen that φ(ζ) declines with higher values of the Biot number until arriving
at point ζ = 1. After that, an increase in Bi strengthens the concentration profile. It can be
noted that the concentration boundary thickness is also boosted with an increase in Bi.

Table 1 shows the influence for different values of λ, Fr, and α on skin friction co-
efficients

(
−Re1/2

x C f x

)
and

(
−Re1/2

x C f y

)
when Rd = γ = S = 0. Table 2 presents the

numerical calculations of the Nusselt number
(

Re−1/2
x Nux

)
for numerous values of Fr, α,

γ, Nt, Nb, Pr, and Sc. When Rd = γ = S = 0, Tables 1 and 2 show the findings with the
results reported in [28]. We have observed an excellent agreement with these results. This
demonstrates the validity and accuracy of the numerical technique used in this study for
the present results. Among the most significant results of this research is that from the
quantitative analysis in Tables 1 and 2: increasing values of λ, Fr, and α increase the drag
forces in both directions, whilst an enhancement in γ values boosts the rate of heat transfer.

Table 1. Numerical values of skin friction coefficients for different values of parameters.

λ Fr α
Ref. [28] Present Results

−Re1/2
x Cfx −Re1/2

x Cfy −Re1/2
x Cfx −Re1/2

x Cfy

0.0 0.1 0.2 1.06945 1.67684 1.069452 1.676841
0.1 1.11471 1.81669 1.114711 1.816692
0.2 1.15830 1.94722 1.158301 1.947221
0.2 0.0 1.13041 1.19341 1.130412 1.193413

0.1 1.15830 1.94722 1.158301 1.947223
0.2 1.18561 1.96037 1.185611 1.960371

0.2 0.1 0.1 1.14160 2.54234 1.141603 2.542342
0.3 1.17449 1.70234 1.174493 1.702343
0.5 1.20663 1.47621 1.206632 1.476211
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Table 2. Computational values of Nusselt number for diverse parameter values.

λ Fr α γ Nt Nb Pr Sc
Ref. [28] Present Results

Re−1/2
x Nux Re−1/2

x Nux

0.0 0.1 0.2 0.3 0.2 0.5 1.0 1.0 0.20448 0.204481
0.2 0.20248 0.202481
0.5 0.19970 0.199702
0.2 0.0 0.2 0.3 0.2 0.5 1.0 1.0 0.20278 0.202782

0.2 0.20220 0.202203
0.4 0.20164 0.201644

0.2 0.1 0.0 0.3 0.2 0.5 1.0 1.0 0.19458 0.194583
0.3 0.20560 0.205601
0.5 0.21080 0.210802

0.2 0.1 0.2 0.2 0.2 0.5 1.0 1.0 0.15148 0.151482
0.5 0.27696 0.276963
1.0 0.38194 0.381939

0.2 0.1 0.2 0.3 0.0 0.5 1.0 1.0 0.20306 0.203058
0.5 0.20159 0.201591
1.0 0.20004 0.200038

0.2 0.1 0.2 0.3 0.2 0.5 1.0 1.0 0.20248 0.202481
1.0 0.20248 0.202481
1.5 0.20248 0.202482

0.2 0.1 0.2 0.3 0.2 0.5 0.5 1.0 0.16685 0.166854
1.0 0.20248 0.202482
1.5 0.21949 0.219493
1.0 0.5 0.20271 0.202712

1.0 0.20248 0.202483
1.5 0.20234 0.202344

5. Conclusions

This article explores the rheological behavior flow of a nanofluid past a porous stretch-
ing sheet, with the study of heat generation or absorption and heat transfer. The Darcy–
Forchheimer scheme of a porous medium was exhibited in the system of a flow problem.
The higher-order chemical reaction and thermal non-linear radiation were taken into ac-
count. The numerical computations were executed for the non-linear system by utilizing
the RKF45 technique with the shooting procedure. The findings are listed as follows:

• The velocity profile f ′(ζ) dwindled with augmented values of M, Fr, λ, and α by
keeping all the other parameters fixed in a single plot.

• The velocity profile g ′(ζ) was decreased with increasing values of M, Fr, and λ while
it is increased with an increase in α.

• Increasing Fr, λ, Rd, Nt, S, and Bi values has always been reasoned to raise the
temperature profile; nevertheless, in contrast, an upsurge in the parameters of Pr and
α caused a reduction in the temperature.

• An increase in E and n increased the distributions of concentration. The opposite is
true for increasing values of γ and δ.

• Decreasing Fr, λ, Rd, S, Nt and Bi increased the distributions of concentration, while
the opposite was true for the higher values of ζ.

• An increase in Pr, Nb and Sc increased the distributions of concentration, while the
opposite was true for the higher values of ζ.
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