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Abstract. A numerical analysis was performed on the steady-state magnetohydrodynamics of a
tangent hyperbolic nanofluid (THNF) flowing over a vertically expanding surface with nonlinear
expansion. This study examines the influence of factors such as sheet thickness variation, Darcy
number, magnetic field, heat source/sink, thermal conductivity, viscous dissipation, and thermal
radiation on THNF flow behavior. The THNF model, classified as a non-Newtonian fluid, is widely
utilized in laboratory settings and industrial machinery for the management of excessive heat. The
governing equations were non-dimensionalized and transformed into a system of ordinary differ-
ential equations (ODEs) using similarity variables to evaluate the flow. The ordinary differential
equations were solved numerically using the MATLAB BVP4C solver. A comparative evaluation
was conducted to assess the accuracy of the results. Graphical analysis demonstrated that activa-
tion energy increases the rate of mass transfer, while chemical reactions typically reduce it. The
research also demonstrated that the Weissenberg number, Brownian motion, and Rayleigh number
collectively increase the fluid temperature. Furthermore, increasing the Darcy number and ther-
mal radiation improved fluid flow and heat transfer rates, respectively. Skin friction increased with
higher Ec and magnetic field intensity, even though the rate of energy transmission decreased.
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1. Introduction

Tangent hyperbolic non-Newtonian fluids (THNFs) include various fluid types, each
characterized by distinct properties. Among non-Newtonian fluids, THNFs are notable
for their precise mathematical model, which provides benefits including tangible determi-
nation, intuitive behavior, and efficient computation. Common substances such as ashes,
vinegar, bloodstream fluid colorants, and whipped cream fall under this category. Recent
studies by researchers globally have extensively examined THNFs, investigating their be-
havior under different scenarios and influencing factors. The incorporation of tiny particles
in a cooling water nuclear system markedly improves safety margins and offers substantial
economic advantages [1–6].

Research has investigated the magnetohydrodynamics (MHD) of THNFs over stretch-
ing sheets. Mahdy and Chamkha [7] employed the Keller box procedure to mathematically
model the boundary layer flow (BLF) of dual-phase THNFs across an extended wedge in
a porous medium. Atif et al. [8] adopted the shooting method to examine the mass and
heat transfer in THNFs surrounding a sheet. Both studies, however, did not consider crit-
ical parameters such as wall porosity, buoyancy-induced forces, viscous dissipation, Joule
heating, and internal heat generation.

Nadeem and Akbar [9] developed an alteration method to simulate the movement of
THF within a uniform tube. Building upon earlier research [10], Nadeem and Akram [10]
examined the impact of partial slip in an asymmetrical channel and formulated perturba-
tion methods for the governing equations. Gireesha and Goutham [11] explored stretched
flows of THFs using the collocation method. Akbar et al. [12] conducted a numerical
investigation of boundary layer flow over a stretching sheet in the presence of a magnetic
field, revealing that the Hartmann number and Weissenberg number hinder fluid motion.
Malik et al. [13] studied THF flow over a stretched cylinder and derived solutions using the
Keller box method. Waqas et al. [14] applied the generalized Fourier heat law to analyze
THF flow over a nonlinear stretching sheet, employing the Homotopy Analysis Method
(HAM) to find an array solution for a boundary value problem. Rehman et al. [15] ex-
amined the influence of heat radiation [16, 17] on THF flow over smooth and cylindrical
surfaces.

Salahuddin et al. [18] and Varsha et al. [19] explored the MHD movement of THFs
along an elongating cylinder, accounting for exponentially varying thermal conductivity
and opposing magnetic fields. Azam et al. [20] statistically studied cross-nanofluid motion
around a moving cylinder, considering varying thermal characteristics and the presence
of an energy source or sink. Bibi et al. [21] examined instability migration and radiated
boundary effects in THFs with variable thermal conductivity. Shutaywi et al. [22] in-
vestigated ferrofluid flow across a porous paraboloid surface, incorporating variable fluid
properties, entropy production, and temperature effects.

Patra et al. [23] examined the unstable Falkner–Skan motion of THNF along a stretch-
ing sheet, considering chemical reactions and activation energy. Their results suggest that
increased reaction rates reduce nanoparticle concentration, while higher activation energy
increases it. Ullah et al. [24] studied the effects of suction and injection on 2D MHD hyper-
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bolic fluid flow along a boundary, concluding that increased suction/injection parameters
decrease both acceleration and boundary layer thickness.

Oyelakin and Sibanda [25] analyzed the influence of exponentially varying thermal con-
ductivity, magnetic field strength, and viscosity on hyperbolic fluids. They demonstrated
that reducing viscosity lowers flow resistance and enhances velocity, while temperature
and species concentration profiles decrease. Kumar et al. [26] investigated the effects of
activation energy on THF flow over a moving stretching sheet, finding that the velocity
increases with the higher Weissenberg number and the heat transfer rates improve with
higher values of radiation parameters. Noor et al. [27] studied MHD flow in a viscous fluid
through a non-Darcian porous medium adjacent to stretched sheets with permeable and
impermeable surfaces.

Ramly et al. [28] explored axisymmetric fluid flow saturated with nanoparticles under
thermal radiation, integrating both active and passive nanoparticle control. Their find-
ings suggest that thermophoresis significantly improves heat conduction, especially under
passive nanoparticle control.

This study focuses on the steady magnetohydrodynamic (MHD) flow and heat transfer
characteristics of a tangent hyperbolic nanofluid over a stretching sheet embedded in a
porous medium. The investigation incorporates complex physical effects, including viscous
dissipation, Soret and Dufour effects, internal heat generation or absorption, and magnetic
field influence. Despite extensive prior work by Amer et al. [29] and Kallem et al. [30]
on non-Newtonian fluids, limited attention has been paid to the combined effects of these
parameters, especially in the context of tangent hyperbolic fluids in porous media under
MHD and radiative environments.

To address this gap, the governing partial differential equations are transformed into a
system of coupled nonlinear ordinary differential equations and solved numerically using
MATLAB’s bvp4c solver. The study systematically analyzes the effects of key physical
parameters on the velocity, temperature, and nanoparticle concentration profiles. The
results are presented graphically to enhance understanding of heat and mass transfer
mechanisms in such complex flow systems.

2. Problem Statement

This research examines the two-dimensional, steady, incompressible flow of a tangent
hyperbolic nanofluid over a porous stretching sheet, as well as the effects of an angled
magnetic field. The deformable surface is positioned at y = 0, and the magnetic force is
applied at an inclined angle γ. The velocity components are denoted by u and v in the
physical model illustrated in Fig. 1.

Furthermore, the study explores the influences of viscosity, Soret number, and Dufour
number on the flow and thermal characteristics. Table 1 presents the precision and con-
sistency of the computational method employed, by comparing the values of f ′′(0) for the
case where We = n = Da = 0 and γ = π/2, with the reference data available in the lit-
erature for the limit scenario. This comparison serves to validate the numerical approach
used to solve the governing equations.
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The system of equations is formulated based on the assumptions outlined in our study,
consistent with the methodology demonstrated in the earlier works of Pasha et al. [31].

Figure 1: Fluid flow near porous stretching sheet.

The governing equations for the steady, incompressible tangent hyperbolic nanofluid
flow with inclined magnetic field and porous media are:
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Boundary Conditions [32]

{
u = uw(x) = ax, v = 0, T = Tw, C = Cw at y = 0

u → 0, T → T∞, C → C∞ as y → ∞
(5)
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Similarity Transformations

Using the following similarity transformations:

u =
∂Ψ
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= axf ′(η),

v = −∂Ψ

∂x
= −

√
aϑf(η),
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√
a

ϑ
y, g(η) =
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, θ(η) =
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Tw − T∞

(6)

Reduced Dimensionless Equations

Substituting into the governing equations yields the following.

[
(1− n) + nWef ′′] f ′′′ + f ′′f − (f ′)2 −Daf ′ −M sin2 γ f ′ = 0 (7)(

1 +
4R

3
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Dfg
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)
= 0 (9)

The dimensionless boundary conditions are:{
f ′ = 1, f = 0, θ = 1, g = 1 at η = 0

f ′ → 0, θ → 0, g → 0 as η → ∞
(10)

The non-dimensional parameters are defined as follows:

We =

√
2a3

ϑ
Γ (Weissenberg number)

n = power-law index
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(Darcy number)
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0(x)
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(Magnetic parameter)

γ = Inclined angle of magnetic field
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∞
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(Radiation parameter)

Pr =
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α
(Prandtl number)
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Df =
DmKT (Cw − C∞)

cscp(Tw − T∞)ϑ
(Dufour number)

Q =
Q0
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(Heat source parameter)

Ec =
u2w
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(Eckert number)

Sc =
ϑ
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(Schmidt number)

Sr =
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(Soret number)

γ1 =
k∗

a
(Reaction variable)

The mathematical expressions for the dimensionless quantities are[33]:
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where the local Reynolds number is given by:

Rex =
uwx

ϑ
(14)

2.1. Numerical Method

The severely complex unitless modified system of equations (7)–(9), together with the
boundary conditions in (10), constitute a two-point boundary value problem (BVP). Com-
plex governing equations are often more difficult to solve analytically than numerically.
Among the several numerical methodologies available, the bvp4c method distinguishes it-
self due to its simplicity of implementation and its ability to handle challenging boundary
conditions.

To obtain the numerical solution, we used the bvp4c solver available in MATLAB, and
the corresponding computational process is illustrated in Fig. 2. Since bvp4c is designed
to solve first-order ordinary differential equations (ODEs), the dimensionless governing
equations and their associated boundary conditions must be reformulated—using similar-
ity transformations [30, 34–36]—into a system of first-order ODEs.

The solver bvp4c iteratively refines the mesh and converges when the difference be-
tween the computed solution and the exact equations is within a specified tolerance, typ-
ically 10−4. It automatically adds points where necessary to ensure high accuracy.
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We define the following substitutions:

x1 = f(η), x′1 = x2,

x2 = f ′(η), x′2 = x3,

x3 = f ′′(η), x′3 =
x22 +M sin2 γ x2 − x1x3 +Dax2

(1− n) + nWex3
,

x4 = θ(η), x′4 = x5,

x5 = θ′(η), x′5 =
Pr

(
x1x5 −Df x

′
7 −Qx4 − Ecx23

)
1 + 4R

3

,

x6 = g(η), x′6 = x7,

x7 = g′(η), x′7 = Sc
(
γ1x6 − x7 − Sr x′5

)
.

The boundary conditions for the above system are the following:

x1(0) = 0, x2(0) = 1, x3(0) = b1,

x4(0) = 1, x5(0) = b2,

x6(0) = 1, x7(0) = b3,

x2(∞) → 0, x4(∞) → 0, x6(∞) → 0.

This study has valuable applications in areas such as electronic cooling (e.g., CPUs,
power devices), thermal management in porous heat exchangers, and biomedical fields
including drug delivery and hyperthermia therapy. Additionally, it supports enhanced
process control in material processing and metallurgy, and contributes to improved energy
efficiency in environmental and solar energy systems through a better understanding of
heat and mass transfer in complex flows.

The bvp4c method used in this study offers strong capabilities for solving nonlinear,
coupled, and steady-state boundary value problems with adaptive precision. Its efficiency,
reliability, and flexibility make it highly suitable for modeling complex physical phenomena
such as MHD flow, and heat and mass transfer in porous media and nanoparticle-enhanced
fluids.

3. Findings and Analysis

This portion delineates the quantitative and qualitative findings obtained from the
analysis of the inclined magnetohydrodynamic (MHD) flow of a hyperbolic tangent fluid
(HTF) over a stretching sheet (SS) embedded in a porous medium. The effects of key
factors such as the power-law exponent, Soret and Dufour numbers, Weissenberg number
(We), magnetic field strength (M), inclination angle (γ), radiation parameter (R), heat
source parameter (Q), Eckert number (Ec), Prandtl number (Pr), Schmidt number (Sc),
and reaction rate constant (Rc) are systematically analyzed on the concentration, velocity,
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Figure 2: Flow chart of the numerical solution procedure.

Table 1: Comparative Table for the Newtonian Case When We = n = Da = 0 and γ = π
2
.

M Waqas.et.al., [37] Amer et.al., [29] Khalid et.al [38] Present Study

0 -1 -1 -1.0001 -1.001
0.5 -1.1180 -1.1180 -1.2247 -1.2250
1 -1.4142 -1.4139 -1.4142 -1.4145
5 -2.4495 -2.4495 -2.4495 -2.4495
10 -3.3166 -3.3166 -3.3166 -3.3166
100 -10.0499 -10.0499 -10.0499 -10.0499
500 -22.3830 -22.3830 -22.3830 -22.3830
1000 -31.6386 -31.6386 -31.6386 -31.6386

and temperature fields. All computations are carried out using MATLAB’s boundary value
problem solver bvp4c. The inclination angle (γ) of the magnetic field has a pronounced
effect on the velocity, temperature, and concentration distributions in hyperbolic tangent
fluid flow. As shown in Fig. 3, increasing γ reduces the fluid velocity due to the added
resistive influence of gravitational and inertial forces along the inclined magnetic field.
Figure 4 further reveals that the temperature profile decreases with higher γ, indicating
enhanced thermal resistance and a thinner thermal boundary layer. Moreover, Fig. 5
shows that concentration also diminishes with increasing inclination angle, highlighting the
coupling between thermal and solutal transport.These findings emphasize the significance
of magnetic field strength and inclination angle in industrial applications such as materials
processing and advanced cooling technologies. The power-law exponent (n) significantly
affects the velocity and thermal profiles of the fluid. Fig. 6 and Fig. 7 reveal that increasing
n reduces the fluid velocity near the stretching sheet, indicating a greater resistance to
flow. Simultaneously, the temperature profile also decreases with increased n, suggesting
a thinner thermal boundary layer. This behavior is consistent with the non-Newtonian
characteristics of hyperbolic tangent fluids, where larger n values correspond to increased
viscosity. The resulting higher viscous forces impede both flow and heat transfer. However,
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Figure 3: Variation of γ on Velocity. Figure 4: Variation of γ on Temperature.

Figure 5: Effect of γ on Concentration profile Figure 6: Effect of n on Velocity profile

this trend contrasts with the behavior of the concentration profile, as indicated in Fig. 8,
where an increase in n leads to an increased species concentration near the surface.

Figure 7: Variation of n on Temperature Figure 8: Variation of n on Concentration

The Weissenberg number (We), which represents the elastic effects of the fluid, has
a noticeable impact on velocity profiles. Figures 9 and 10 demonstrate that increasing
We reduces both the temperature and velocity, particularly near the stretching sheet, as
elastic forces begin to dominate the fluid dynamics. This effect is more pronounced for
fluids exhibiting strong non-Newtonian behavior, highlighting the critical role of We in en-
gineering applications involving hyperbolic tangent fluids. Furthermore, the Weissenberg
number (We), associated with fluid elasticity, significantly alters the concentration profile,
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Figure 9: Variation of We on Velocity Figure 10: Variation of We on Temperature

as illustrated in Figure 11. An increase in We leads to higher concentration levels near the
sheet, as elastic forces interfere with mass transfer within the boundary layer. This results
in a thicker solutal boundary layer, especially in fluids with pronounced non-Newtonian
characteristics. Higher Darcy number (Da) values reduce the porous flow capacity, thereby

Figure 11: Variation of We on Concentration Figure 12: Variation of Da on Velocity

increasing obstruction to fluid momentum, as seen in Figure 12, where velocity decreases,
particularly near the sheet. Similarly, Figure 13 shows that higher Da facilitates heat
dissipation via enhanced convection, leading to lower temperature profiles and a thinner
thermal boundary layer. Regarding concentration, Figure 14 indicates that increased Da
enhances mass transfer, raising concentration levels near the sheet and thickening the solu-
tal boundary layer. The magnetic field strength (M) plays a crucial role in controlling the
flow characteristics. As shown in Figures 15 and 16, higher M values reduce both velocity
and temperature due to the magnetoelectric (Lorentz) force, which acts as a resistive drag
on fluid motion. These findings underscore the significance of magnetic field strength and
orientation in applications such as materials processing and cooling technologies. Further-
more, the parameter M influences concentration profiles indirectly by modifying the flow
dynamics. As illustrated in Figure 17, higher M values enhance concentration levels by
restricting fluid motion through the Lorentz force, which amplifies convective transport
mechanisms. The effect of radiation (R) on the behavior of hyperbolic tangent fluids re-
veals a different trend than initially expected. As shown in Figure 18, the velocity profile
decreases with increasing R, which can be attributed to the lowered fluid temperature.
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Figure 13: Variation of Da on Temperature Figure 14: Variation of Da on Concentarion

Figure 15: Variation of M on Velocity Figure 16: Variation of M on Temperature

This reduction in temperature increases the viscosity and dampens the flow motion. Addi-
tionally, the thinner thermal boundary layer reduces buoyancy-driven forces that typically
enhance fluid motion near the stretching sheet. The simulation results further indicate
that as R increases, the thermal field declines, as shown in Figure 19. This suggests that
higher radiation levels enhance thermal energy dissipation, leading to an overall reduc-
tion in fluid temperature. The thermal boundary layer becomes thinner with increasing
R, likely due to enhanced radiative cooling effects dominating over internal heat gener-
ation or absorption. Interestingly, the simulation results show that increasing R results

Figure 17: Variation of M on Concentration Figure 18: Variation of R on Velocity



K. U. Rao et al. / Eur. J. Pure Appl. Math, 18 (3) (2025), 6260 12 of 21

in higher concentration levels, as depicted in Figure 20. The reduction in temperature
appears to suppress thermal diffusion, allowing mass diffusion to dominate. This leads to
a thicker solutal boundary layer and increased solute concentration near the sheet. The
rise in concentration with higher R highlights the interplay between thermal and solutal
transport processes in the fluid. The increase in Prandtl number (Pr) indirectly affects

Figure 19: Variation of R on Temperature Figure 20: Variation of R on Concentration

the velocity profile. As the thermal boundary layer becomes thinner with higher Pr, the
fluid experiences less thermal buoyancy, resulting in a slight decline in velocity near the
sheet, as shown in Figure 21. This effect, though less pronounced than its impact on the
temperature profile, illustrates the coupling between thermal and momentum transport
processes. The results also indicate that as Pr increases, the temperature field rises, as
shown in Figure 22. This unusual trend can be attributed to the fluid’s specific heat and
thermal properties. While higher Pr values typically reduce thermal diffusivity, in this
case, the increase in Pr appears to enhance heat retention in the fluid, leading to a thicker
thermal boundary layer and elevated temperature levels. This behavior is likely due to the
dominant effect of viscous dissipation or other localized thermal sources within the system.
The concentration profile decreases with increasing Prandtl number (Pr), as depicted in

Figure 21: Variation of Pr on Velocity Figure 22: Variation of Pr on Temperature

Figure 23. Higher Pr values enhance thermal effects while reducing the dominance of mass
diffusion (Dufour effect). This results in a thinner solutal boundary layer, as the solute
disperses more effectively into the surrounding fluid, leading to lower concentration levels
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near the sheet. The coupling between mass and heat transfer processes plays a critical role
in this behavior. The heat source (Q > 0) or sink (Q < 0) parameter plays a crucial role

Figure 23: Variation of Pr on Concentration Figure 24: Variation of Q on Velocity

in regulating energy exchange within the hyperbolic tangent fluid. Since we are studying a
hyperbolic tangent fluid (a non-Newtonian fluid), the viscosity may vary nonlinearly with
the shear rate. Non-Newtonian fluids often exhibit complex responses to thermal and flow
conditions, which may result in a damping effect that moderates the influence of heat
emission or absorption on the velocity profile. The yield stress and viscoelastic properties
of the fluid could lead to a more stable velocity profile that is less sensitive to thermal
variations compared to Newtonian fluids, as explored in Figure 24. Its influence on the

Figure 25: Variation of Q on Temperature Figure 26: Variation of Q on Concentration

temperature profile is outlined in Figure 25, where a heat source (Q > 0) significantly
increases the temperature due to enhanced thermal energy input, leading to a thicker
thermal boundary layer. Conversely, a heat sink (Q < 0) reduces the temperature by
dissipating thermal energy, resulting in a thinner thermal boundary layer. The sensitivity
of the temperature field to Q highlights the critical role of energy supply or removal in
controlling thermal dynamics. The concentration profile is also influenced by Q due to
the coupling between mass and heat transfer. For a heat source (Q > 0), the enhanced
thermal diffusion (Soret effect) tends to reduce concentration near the sheet, as shown
in Figure 26. This leads to a thinner solutal boundary layer as solute particles disperse
more effectively. On the other hand, a heat sink (Q < 0) lowers thermal energy, sup-
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Figure 27: Variation of Ec on Velocity Figure 28: Variation of Ec on Temperature

pressing thermal diffusion and allowing mass diffusion to dominate, resulting in a higher
concentration and a thicker solutal boundary layer. The Eckert number (Ec), which quan-

Figure 29: Variation of Ec on Concentration Figure 30: Variation of Sc on Concentration

tifies the conversion of kinetic energy into thermal energy, further decreases the velocity
and amplifies the temperature profile, as observed in Figures 27 and 28. These findings
are crucial for applications such as thermal management and energy systems. While the
effect could be more complex depending on the Soret and Dufour effects and other trans-
port phenomena, in general, as Ec increases, the concentration profile near the surface
decreases due to increased thermal diffusion. This leads to a more uniform distribution
of solute particles, as shown in Figure 29. The Schmidt number (Sc), representing the
ratio of momentum diffusivity to mass diffusivity, significantly influences concentration
distribution. Figure 30 shows that higher Sc values suppress mass diffusion, leading to
a sharper concentration gradient and a thinner solutal boundary layer. This occurs be-
cause larger Sc values correspond to reduced mass diffusivity, limiting the spread of solute
molecules. Such behavior is essential in applications requiring controlled mass transfer,
such as in chemical reactors and separation processes. Figure 31 shows that increasing the
Soret number (Sr) reduces the temperature and the thickness of the associated thermal
boundary layer. This behavior is attributed to the fact that higher Sr inhibits thermal
diffusion, thereby lowering the temperature profile. In contrast, the impact of the Soret
number on the concentration field is opposite. As depicted in Figure 32, increasing Sr
enhances the redistribution of species due to temperature gradients, resulting in increased
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Figure 31: Variation of Sr on Temperature Figure 32: Variation of Sr on Concentration

Figure 33: Variation of Df on Temperature Figure 34: Variation of Df on Concentration

concentration and thickening of the solutal boundary layer. This contrasting behavior
highlights the dual role of the Soret effect: simultaneously reducing temperature while
increasing concentration due to thermal-concentration coupling. Figure 33 demonstrates

Figure 35: Variation of γ1 on Concentration Figure 36: The effect of n and We on Cf

that increasing the Dufour number (Df) causes a rise in temperature. A greater Df
strengthens the connection between momentum and heat transfer, substantially influenc-
ing the temperature distribution and possibly modifying heat transport patterns in the
system. The effect of the Dufour number on the concentration profile reveals a complex
relationship between heat and mass transport, as illustrated in Figure 34. An increase
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in Df typically indicates stronger thermal diffusion, where heat energy influences mass
transfer. This interaction decreases concentration at the surface, as enhanced thermal
diffusion leads to more uniform solute distribution across the flow field. Consequently, a
higher Dufour number results in a thinner concentration boundary layer. This behavior
emphasizes the inverse relationship between the Dufour effect (heat affecting mass trans-
port) and the Soret effect (mass influenced by thermal gradients), illustrating the intricate
dynamics of transport mechanisms in non-Newtonian fluids.

Figure 37: The impact of R and Df on Nu Figure 38: ThThe impact of n and Sr on Shx

The chemical reaction parameter (γ1) has a significant impact on the concentration
profile by introducing reactive mass transfer effects. As depicted in Figure 35, increasing
γ1 reduces concentration levels across the domain, with a noticeable thinning of the solu-
tal boundary layer. This is due to enhanced chemical reactivity consuming solute species,
thereby lowering overall concentration. These results are particularly relevant for chemi-
cally reactive systems, where control over the reaction rate is essential for optimizing mass
transport.

Figure 36 illustrates the effect of the power-law index (n) and Weissenberg number
(We) on the skin friction coefficient (Cf ), demonstrating that Cf increases with rising
values of both n and We. Figure 37 explores the effects of radiation (R) and Dufour
number (Df) on the local Nusselt number (Nux), showing that Nux decreases as both R
and Df increase. Lastly, Figure 38 exhibits that as n and Sr values increase, the local
Sherwood number (Shx) decreases.

4. Conclusion

This work analyzes the two-dimensional effects of tangent hyperbolic fluid (THF) in-
clined magnetohydrodynamic (MHD) flow, viscous dissipation, power-law index, radiation,
Soret and Dufour effects. The main conclusions of the analysis are summarized below.

Summary of Findings

• Velocity: Reduced by higher power-law index (n), magnetic field strength (M),
inclination angle (γ), Eckert number (Ec), and Weissenberg number (We). The
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combined effects of magnetic damping, gravitational resistance, elastic memory, and
viscous dissipation contribute to the retardation of fluid motion. This understand-
ing is crucial in designing systems where flow control, thermal regulation, or drag
reduction is desired. These influences aid in optimizing industrial and biomedical
applications involving non-Newtonian nanofluids.

• Temperature: Enhanced by Prandtl number (Pr), heat source (Q > 0), Dufour
number (Df), and Eckert number (Ec), while reduced by higher radiation (R) and
Soret number (Sr). The temperature distribution in a tangent hyperbolic nanofluid
is governed by energy addition mechanisms (e.g., heat source, viscous dissipation,
Dufour effect) and energy loss mechanisms (e.g., radiation, Soret-driven diffusion).
Understanding these opposing effects is essential for thermal management in ad-
vanced systems such as nanofluid-based cooling devices, biomedical treatments, and
porous media heat exchangers.

• Concentration: Increased by Soret number (Sr), but decreased by higher Schmidt
number (Sc), Eckert number (Ec), and chemical reaction parameter (γ1). The con-
centration of nanoparticles in a tangent hyperbolic nanofluid is shaped by a balance
between thermal-driven diffusion (Soret effect) and restrictive or consumptive mech-
anisms such as viscous heating (Eckert number), limited diffusivity (Schmidt num-
ber), and chemical reactions. Understanding these factors is crucial for controlling
nanoparticle distribution in bioengineering, chemical processing, and energy systems
where precise mass transport is required.

• Skin Friction: Higher values of n and We lead to an increase in the skin friction
coefficient (Cf ).

These results provide critical insights into the interplay of physical parameters on the
flow, heat, and mass transfer characteristics of hyperbolic tangent fluids. The findings have
direct implications for industrial processes, energy systems, and environmental engineering
involving non-Newtonian and nanofluid-based systems.
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