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ABSTRACT
The study on Thermodynamic Irreversibility of Steady Viscous Couette Flow with Convective Cooling and Temperature‐Dependent
Viscosity reveals that increasing the pressure gradient parameter enhances both temperature and velocity profiles while

reducing entropy production, indicating improved thermodynamic efficiency. Similarly, higher Reynolds numbers steepen the

thermal and momentum boundary layers with complex patterns in entropy production caused by competing viscous and

thermal effects, while increasing viscosity dampens velocity but retains more thermal energy, thereby reducing irreversibilities.

Rising Eckert numbers further amplify temperature yet lower entropy production due to viscous dissipation dominance, and

higher Prandtl numbers improve heat transfer while reducing entropy production. Conversely, higher Brinkman numbers

increase entropy production through intensified viscous dissipation, shifting the irreversibility contribution toward fluid fric-

tion, while elevated Biot numbers enhance convective heat transfer but raise entropy production near the boundary. The results

show that key parameters markedly influence the coefficient of skin friction (Cf ) and coefficient of thermal convection (Nu),

which regulate thermodynamic irreversibility. While β1 and Bi decrease Nu with little effect on Cf , higher Ec and Re enhance

Nu but reduce Cf , highlighting the coupled roles of frictional and thermal irreversibilities in entropy production. The novelty of

this study lies in incorporating temperature‐dependent viscosity with convective cooling in the analysis of entropy production in

viscous Couette flow, offering new insights into how simultaneous variations in key flow and thermal parameters govern the

balance between frictional and thermal irreversibilities. Overall, the results demonstrate that careful parameter tuning can

significantly improve thermal performance and reduce irreversibility in Couette flow systems.

1 | Introduction

Thermodynamic irreversibilities in Couette‐type flows have
been widely examined considering the influence of internal
friction, heat transfer mechanisms, and variable viscosity.
Earlier investigations have confirmed that incorporating
temperature‐dependent viscosity can significantly alter the rate
of entropy generation in Couette systems, especially when

frictional heating and pressure‐dependent effects are present
[1–3]. The significance of temperature‐dependent viscosity lies
in its ability to capture realistic flow behavior, since viscosity
decreases with increasing temperature in most fluids, thereby
affecting both velocity distribution and thermal transport. This
variation directly impacts entropy production, shifting the bal-
ance between viscous retards and heat transfer irreversibilities.
Similarly, assessments of irreversible losses under the influence
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of convective cooling conditions demonstrate that thermal
gradients can strongly influence entropy production and flow
resistance in these configurations [4–6]. The interplay between
these factors provides important insights into optimizing energy
performance in practical applications where viscous shear and
heat exchange processes dominate.

Recent works have further enriched this understanding by
quantifying the impact of viscosity fluctuations under transient
and magnetic flux conditions, revealing complex coupling
between momentum and thermal fields. Investigations involv-
ing magnetic fields, porous boundaries, and nanofluids have
shown an increase in entropy production with magnetic
intensity while being moderated by slip and permeability con-
ditions [7–9]. Moreover, introducing radiative heat transfer and
prescribed heat sources has been found to amplify the
irreversibility, which suggests careful parameter control is vital
for advanced cooling technologies [10–12]. These findings point
to a nuanced thermodynamic picture where multiple mecha-
nisms can simultaneously contribute to exergy destruction.

Several studies have investigated the influence of temperature‐
dependent fluid properties and chemical reactions on convective
flows, particularly in nanofluids and magnetohydrodynamic
(MHD) contexts. Ali et al. [13] analyzed the effect of chemical
reactions and variable viscosity on free convection MHD radiat-
ing flow over an inclined plate embedded in a porous medium,
highlighting the strong interplay between chemical kinetics,
viscosity variations, and magnetic effects in modifying flow and
heat transfer characteristics. Similarly, Nasrin and Alim [14]
examined entropy generation in a flat plate solar collector using
nanofluids with temperature‐dependent thermal conductivity
and viscosity, demonstrating that thermophysical property vari-
ations significantly affect irreversibility and thermal perform-
ance. Earlier works by Nasrin et al. [15] extended this analysis to
natural convection across nanofluid layers, showing that
temperature‐dependent conductivity and viscosity considerably
influence velocity and temperature profiles. The impact of vis-
cosity modeling in complex geometries was further explored in
triangular wavy chambers, where Nasrin et al. [16] observed
substantial changes in convective patterns due to viscosity vari-
ations. In annular configurations with internal heat generation,
Nasrin et al. [17] highlighted that variable viscosity leads to
notable modifications in flow structure and heat transfer rates.
Additionally, the foundational study by Nasrin and Alim [18] on
MHD free convection along a vertical flat plate established that
temperature‐dependent viscosity and thermal conductivity criti-
cally affect boundary layer development and the overall con-
vective heat transfer.

Additionally, instability phenomena associated with viscous
heating in temperature‐dependent viscosity flows have been
examined, highlighting the onset of thermodynamic destabili-
zation under certain shear conditions [19–21]. In particular,
local entropy generation can act as a marker for such flow in-
stabilities, allowing researchers to predict operating regimes
prone to excessive irreversibility. Numerical simulations have
strengthened these insights by capturing the detailed distribu-
tions of velocity and temperature profiles in channels and
between rotating or permeable surfaces [22–24]. Overall, these

contributions help identify design parameters for minimizing
entropy production while maintaining efficient heat
removal [25–27].

Finally, comprehensive reviews and parametric studies have
emphasized the broader relevance of entropy generation in
Couette and related shear‐driven flows, particularly under
convective cooling boundary conditions. The role of activation
energy, chemical reactivity, and buoyancy effects has also been
addressed, showing significant impacts on flow irreversibility
[28–30]. Hybrid nanofluid suspensions and the inclusion of
porous or rotating channels were reported to further complicate
the entropy dynamics, though they offer promising routes for
enhanced thermal management [31–33]. Such comprehensive
results have laid a solid foundation for advancing the thermo-
dynamic optimization of Couette flow configurations with
variable viscosity, positioning them as a key element in modern
heat and mass transfer systems [34, 35]. The study of entropy
production in fluid flows has received considerable attention in
recent years due to its relevance in evaluating thermodynamic
irreversibility and optimizing thermal systems. Several theo-
retical frameworks have been put forward to explain
temperature‐dependent viscosity, thermal conductivity, and
convective effects, highlighting their influence on flow char-
acteristics and heat transfer performance [36–38]. Recent
studies have specifically addressed entropy generation in MHD
and porous channel flows [39–41], while cross‐diffusion effects
in free convective MHD flows under chemical reactions and
thermal radiation have also been investigated [42]. In particu-
lar, investigations into nanofluid flow in wavy channels dem-
onstrated the critical role of viscous dissipation and Joule
heating in enhancing entropy production [43, 44].

Although previous studies have explored entropy production in
Couette flows, few have addressed the integrated influence of
temperature‐dependent properties and convective cooling in a
steady configuration. The previous works have provided valu-
able insights into how internal friction, thermal gradients, and
convective cooling contribute to thermodynamic irreversibility;
however, they generally overlooked the combined effects of
temperature‐dependent viscosity and convective boundary
conditions in a steady viscous Couette flow framework. In
contrast, the present investigation incorporates viscosity varia-
tion with temperature alongside convective cooling at the
boundary, thereby capturing a more realistic thermal‐flow
interaction. This study fills the existing gap by providing a
systematic analysis of thermodynamic irreversibility under
realistic viscosity‐temperature relations with convective
boundary conditions, offering new insights into how these cou-
pled mechanisms influence entropy production and supporting
the design of more efficient thermal and energy systems.

2 | Mathematical Framework

The model is developed provided that the following conditions
hold:

• The flow is two‐dimensional, steady, viscous, and
incompressible.
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• The fluid is confined between two infinite, parallel flat
plates; the lower plate is stationary while the upper plate
moves with constant velocity U .

• The viscosity of the fluid is temperature‐dependent and
modeled as

μ T μ β T T( ) = (1 + ( − )).0 a

• The fluid's viscosity is assumed to be temperature‐
dependent, following the formulation in [45].

• The energy equation incorporates viscous dissipation
effects.

• Exchange of thermal energy at the upper plate occurs
through Newtonian convective cooling, although the lower
surface is maintained at a fixed reference thermal condition
Ta (Figure 1).

The physical configuration of steady viscous Couette flow
between parallel plates, where the lower plate allows for Navier
slip and the upper plate is subject to convective cooling. Key
dimensionless parameters, pressure gradient (A), Reynolds
number (Re), Eckert number (Ec), viscosity parameter (β1),
Prandtl number (Pr), and Biot number (Bi), govern the velocity
distribution, temperature profile, and entropy generation,
highlighting the sources of thermodynamic irreversibility. This
type of geometry has numerous practical applications in en-
gineering and industrial processes. It is encountered in lubri-
cation flows within machinery, where fluid is confined between
moving and stationary surfaces, and in polymer processing and
extrusion, where temperature‐dependent viscosity significantly
affects flow between rollers or dies. It also appears in micro-
fluidic devices and lab‐on‐chip systems, where precise control
transfer of heat and flow between flat surfaces is essential, as
well as in cooling systems for electronics, where convective heat
removal occurs between flat plates or microchannels. Addi-
tionally, this geometry is relevant in material processing in
metallurgical and chemical industries, such as glass manu-
facturing or chemical reactors involving parallel plate setups.
The graphical abstract illustrates the thermodynamic
irreversibility associated with viscous dissipation, magnetic field

effects, and convective cooling in Couette flow. The model
incorporates temperature‐dependent viscosity, which signifi-
cantly modifies the velocity and temperature fields. Variations
in the A, Reynolds number (Re), Eckert number (Ec), Viscosity
parameter (β1), Prandtl number (Pr), and Biot number (Bi)
demonstrate their influence on entropy generation. This visual
summary concisely presents the physical setup, governing
mechanisms, and main outcomes of the study.

2.1 | Model Governing Equations

The continuity, momentum, and energy equations are as fol-
lows [46, 47]:
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with the temperature‐dependent viscosity
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governed by Boundary conditions below:
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2.2 | Nondimensionalization

We define the normalized quantities as follows:
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Then, the dimensionless momentum equation becomes
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and the energy equation
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governed by BCs:
FIGURE 1 | Flow of thermodynamics. [Color figure can be viewed

at wileyonlinelibrary.com]
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2.3 | Entropy Production

The dimensional local entropy production rate is given by
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Introducing the dimensionless variables and numbers into Equation
(10), the dimensionless entropy production number results to
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Temperature‐dependent viscosity introduces an additional
nonlinear effect in entropy generation since
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2.4 | Bejan Number

We define the local Bejan number as follows:
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2.5 | Coefficient of Skin‐Friction and Thermal
Convection

The coefficient of skin‐friction Cf and the coefficient of thermal
convection Nu are fundamental quantities for characterizing
viscous and thermal transport in Couette flow. The coefficient
of surface shear, which measures the surface shear force rela-
tive to dynamic pressure, is defined as
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where τw is the shear stress at the moving plate. The Nusselt
number, representing the dimensionless rate of heat transfer at
the boundary, is given by
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3 | Numerical Discretization

The numerical computations were performed on a uniform grid in
the transformed coordinate ∈η [0, 1]. A grid independence study
was conducted by varying the number of grid points from 50 to 200,
and 100 points were found sufficient to achieve negligible variation
(<0.5%) in the maximum temperature, velocity, and entropy gen-
eration profiles. The computational mesh is essentially one‐
dimensional, extending from fixed surface at η = 0 to the mobile
surface at η = 1, with boundary conditions applied at both ends.
Each simulation required approximately 0.5 s of CPU time on a
standard desktop computer, and the maximum residual error of the
numerical solution was of the order 10−8, confirming the accuracy
and reliability of the BVP solver. Equations (7)–(9) were discretized
using a finite difference method on a uniform grid
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Now, the discretized momentum and energy equations are
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together with BCs:
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Thus, the systems (11)–(17) are solved using the fourth‐order
Runge–Kutta method [48], and the discretized systems will be
implemented via MATLAB [49].

4 | Results and Discussion

The temperature, velocity, entropy production, Bejan number,
skin friction, and Nusselt number profiles deduced from
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dimensionless Equations (11)–(17), as represented in Figures 2–13.
The desirable values chosen for simulation are Eckert number
Ec=2.00, 3.50, 5.00, and 7.00; Prandtl number Pr=2.00, 3.00, 4.00,
and 5.00; Reynolds number Re=1.00, 10.00, 15.00, and 20.00; vis-
cosity parameter variation β1=0.50, 1.50, 2.00, and 2.50; Biot
number Bi=0.50, 1.00, 2.00, and 5.00; Brinkman number Br=5.00,
10.00, 15.00, and 20.00; pressure gradient A=0.10, 0.60, 1.10, and
1.60. The analysis in Figure 2 illustrates the behavior of three
key physical quantities: temperature profile θ η( ), velocity
profileW η( ), and entropy production number N η( )s for several
values of A. The temperature profiles show a clear decrease
with increasing A, with the temperature near the wall (η = 0)
dropping more steeply for larger A; specifically, the tempera-
ture for A = 0.10 is higher than for A = 1.60, and the tem-
perature difference between the wall and the free stream
(η = 1) is smallest for A = 1.60, corresponding to an approx-
imate 40%–50% reduction in temperature across this range.
Similarly, the velocity profiles increase with A throughout
the fluid domain, with steeper slopes near the wall as A grows.
The velocity rises gradually for A = 0.10 but increases rapidly
for A = 1.60, representing a 30%–50% increase at η = 0. The
entropy production number exhibits nonmonotonic behavior,
initially decreasing and then increasing for larger η; higher A
values produce higher peaks of N η( )s , reflecting an approxi-
mate 30%–40% increase from A = 0.10 to 1.60, indicating
greater thermodynamic irreversibility. Physically, these trends
demonstrate that increasing the pressure gradient enhances
convective cooling, steepens velocity gradients, and amplifies
energy dissipation within the fluid. Consequently, the system
experiences higher entropy generation, with more energy lost
as heat rather than being converted into useful work, high-
lighting the reduced efficiency of flows with higher A. These
findings are particularly relevant for engineering applications
involving fluids with temperature‐dependent viscosity, where
minimizing energy losses is critical for optimizing system
performance.

Figure 3 shows that increasing the Reynolds number (Re) leads
to a significant rise in both temperature θ η( ) and velocityW η( ),
as seen in the first and second plots, respectively. Higher Re
enhances the thermal and momentum boundary layers,
resulting in steeper and taller profiles. Specifically, the maxi-
mum temperature near the wall (η = 0) increases by approxi-
mately 25% when Re rises from 1.00 to 10.00, 15% from 10.00 to
15.00, and 10% from 15.00 to 20.00. Similarly, the velocity at
η = 0 increases by about 30% from Re = 1.00 to 10.00, 15% from
10.00 to 15.00, and 10% from 15.00 to 20.00. In the third plot, the
entropy generation number N η( )s initially decreases with
increasing Re, reaching a minimum, then increases again at
higher η; this behavior reflects the complex interplay between
viscous dissipation and heat transfer, with the peak entropy
generation near the wall rising by roughly 20% from Re = 1.00

to 10.00, 12% from 10.00 to 15.00, and 8% from 15.00 to 20.00,
while the midregion shows a temporary reduction before
increasing farther from the wall. These results highlight that
higher Reynolds numbers intensify thermal and momentum
transport, leading to enhanced energy dissipation and greater
entropy generation in specific regions of the flow.

The three plots in Figure 4 illustrate the impact of increasing
the viscosity parameter (β1) on temperature θ η( ), velocityW η( ),
and entropy generation number N η( )s . In the left plot, θ η( )
increases with higher β1, indicating that greater viscosity en-
hances thermal energy retention; specifically, the maximum
temperature near the wall rises by approximately 15% when β1
increases from 0.50 to 1.50, 10% from 1.50 to 2.00, and 8% from
2.00 to 2.50. The middle plot shows that W η( ) decreases as β1
rises, reflecting the damping effect of viscosity on fluid motion;
the velocity near the wall drops by roughly 20% from β = 0.501

to 1.50, 12% from 1.50 to 2.00, and 8% from 2.00 to 2.50. Finally,
the right plot demonstrates that N η( )s decreases with increasing
β1, suggesting that stronger viscous effects reduce entropy
production due to diminished velocity gradients and suppressed
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FIGURE 2 | Impact of variation of pressure gradient (A). [Color figure can be viewed at wileyonlinelibrary.com]
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irreversibilities; the peak entropy generation declines by about
18% from β = 0.501 to 1.50, 10% from 1.50 to 2.00, and 7% from
2.00 to 2.50. These results indicate that higher viscosity en-
hances thermal retention while reducing flow velocity and
thermodynamic irreversibility within the fluid.

The findings in Figure 5 show the variation of temperature θ η( )
and entropy generation N η( )s with the Eckert number (Ec). It is
observed that as Ec increases, the temperature profile rises,
with the maximum temperature near ≈η 0.4 increasing by
approximately 20% when Ec changes from 2.00 to 3.50, 15%
from 3.50 to 5.00, and 12% from 5.00 to 7.00, indicating the
dominance of viscous dissipation in the flow. In the second plot,
N η( )s decreases as Ec increases, with the peak entropy gener-
ation reducing by 18% from Ec = 2.00 to 3.50, 12% from 3.50 to
5.00, and 10% from 5.00 to 7.00. These plots demonstrate that
higher Eckert numbers enhance thermal energy in the fluid
while reducing entropy generation, highlighting the significant
influence of viscous dissipation on both the thermal and flow
characteristics within the system.

The results in Figure 6 reveal that the thermal profile rises as
the increase of Pr , with higher Pr values leading to a steeper
rise in temperature. Specifically, the maximum temperature
near the wall increases by approximately 17.68% when Pr rises
from 2.00 to 3.00, 12% from 3.00 to 4.00, and 8.76% from 4.00 to
5.00, indicating that higher Prandtl numbers enhance the
thermal boundary layer growth. It is further observed that
the entropy generation N η( )s decreases as Pr increases, with the
peak entropy reduction by 19.14% from Pr = 2.00 to 3.00, 12%
from 3.00 to 4.00, and 6.45% from 4.00 to 5.00. These results
suggest that increasing Pr improves heat transfer while reduc-
ing entropy production, likely due to enhanced thermal con-
ductivity efficiency, and highlight the effect of Pr on thermal as
well as thermodynamic characteristics of the fluid system.

The plots in Figure 7 show the entropy generation N η( )s and
Bejan number Be η( ) for different values of the Brinkman
number (Br). It is observed that an increase in Br leads to a
significant rise in entropy generation across the profile, with the
peak N η( )s near the wall increasing by approximately 20% when
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FIGURE 3 | Impact of variation of Reynolds number (Re). [Color figure can be viewed at wileyonlinelibrary.com]
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Br rises from 5.00 to 10.00, 15% from 10.00 to 15.00, and 12%
from 15.00 to 20.00. The upward shift of the curves with
increasing Br demonstrates that higher Brinkman numbers
intensify viscous dissipation effects, thereby enhancing overall
entropy production within the fluid. The Bejan number Be η( ),
on the other hand, exhibits a slight decrease as Br increases,
particularly in the central region of the profile; the minimum
Be η( ) reduces by approximately 5% from Br = 5.00 to 10.00, 4%
from 10.00 to 15.00, and 3% from 15.00 to 20.00. This behavior
indicates that as Br increases, the contribution of heat transfer
irreversibility diminishes relative to fluid friction irreversibility,
implying that viscous effects become more dominant in the
entropy generation process at higher Brinkman numbers.
Overall, these results highlight the significant role of viscous
dissipation in controlling both the magnitude of entropy gen-
eration and the balance between thermal and frictional irre-
versibilities in the system.

The left plot in Figure 8 shows the temperature profile θ η( ),
where an increase in the Biot number (Bi) leads to a decrease in
temperature throughout the domain, with the peak temperature
reducing by approximately 13% from Bi = 0.50 to 1.00, 11.50%
from 1.00 to 2.00, and 7.25% from 2.00 to 5.00. This indicates
that higher Biot numbers enhance convective heat transfer at

the boundary, thereby lowering the fluid temperature. The
middle plot presents the entropy generation number N η( )s ,
where increasing Bi causes a notable rise in entropy generation
near the upper wall (η = 1), increasing by about 16.89% from
Bi = 0.50 to 1.00, 9.07% from 1.00 to 2.00, and 7.63% from 2.00
to 5.00, while a slight reduction occurs near the lower η region.
This suggests that higher Biot numbers increase entropy pro-
duction due to stronger thermal gradients at the boundary.
Finally, the right plot shows the Bejan number Be η( ), which
decreases in the central region by 3.7% from Bi = 0.50 to 1.00,
2.94% from 1.00 to 2.00, and 1.5% from 2.00 to 5.00, indicating
an increased contribution of fluid friction irreversibility com-
pared to heat transfer irreversibility, while Be η( ) increases near
the boundaries, demonstrating a shift in the dominant
irreversibility mechanism with higher Biot numbers. Overall,
these results emphasize that higher Biot numbers strengthen
convective effects at the boundary, enhancing entropy produc-
tion and altering the balance between thermal and frictional
irreversibilities.

The graphs in Figure 9 illustrate the effect of the viscosity‐
temperature parameter β1 on skin friction and heat transfer. On
the left, an increase in β1 reduces the magnitude of the skin
friction coefficient C( )f , indicating that temperature‐induced
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viscosity growth lowers flow resistance. On the right, the Nus-
selt number Nu( ) decreases with rising β1, showing a decline in
convective heat transfer efficiency. Together, these trends imply
that higher viscosity not only weakens drag but also suppresses
heat exchange, thereby enhancing thermodynamic irreversibility
through increased energy dissipation and entropy generation.

The graphs in Figure 10 illustrate the impact of Bi on Cf and Nu
in steady viscous Couette flow with convective cooling. On the
left, Cf shows a very slight increase with Bi, indicating that
stronger convective effects at the boundary have only a mar-
ginal influence on the frictional resistance of the flow. On the
right, however, Nu decreases significantly with increasing Bi,
suggesting that higher convective heat exchange at the surface
reduces the overall thermal gradient driving heat transfer
within the fluid. As Bi increases, the system experiences
reduced heat transfer efficiency (falling Nu), which enhances
entropy generation and thus thermodynamic irreversibility,
while frictional irreversibility remains nearly constant. This
means convective cooling at the boundary plays a dominant

role in the thermal irreversibility of Couette flow compared to
viscous frictional effects.

The plots in Figure 11 show that Cf slightly decreases with
increasing Ec, while Nu increases almost linearly. Physically, a
higher Ec indicates stronger viscous heating due to dissipation,
which elevates the fluid temperature and enhances thermal
gradients near the surface, thereby improving heat transfer
(higher Nu). However, the decrease in Cf suggests that viscous
resistance to flow is reduced as internal heating reduces the
effective viscosity near the boundary. The results reveal that
increasing Ec promotes higher entropy generation due to
thermal irreversibilities, showing that viscous dissipation is a
major contributor to thermodynamic irreversibility in this
system.

The graph in Figure 12 depicts that Cf increases slightly with
Pr , while Nu decreases significantly. A higher Pr implies a fluid
with lower thermal diffusivity relative to momentum diffusivity.
This means that heat diffuses less efficiently, leading to reduced

0.4 0.5 0.6 0.7 0.8 0.9 1
0

1

2

3

4

5

6

7

8

9

10

N
s(

)

Br=5.0
Br=10.0
Br=15.0
Br=20.0

0 0.2 0.4 0.6 0.8 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

B
e(

)

Br=5.0
Br=10.0
Br=15.0
Br=20.0

FIGURE 7 | Impact of variation of Brinkman number (Br). [Color figure can be viewed at wileyonlinelibrary.com]

0 0.2 0.4 0.6 0.8 1
0

0.02

0.04

0.06

0.08

0.1

0.12

(
)

Bi=0.5
Bi=1.0
Bi=2.0
Bi=5.0

0.3 0.4 0.5 0.6 0.7 0.8 0.9

1

2

3

4

5

6

7

8

9

10

N
s(

)

Bi=0.5
Bi=1.0
Bi=2.0
Bi=5.0

0 0.2 0.4 0.6 0.8 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

B
e
(

)

Bi=0.5
Bi=1.0
Bi=2.0
Bi=5.0

FIGURE 8 | Impact of variation of Biot number (Bi). [Color figure can be viewed at wileyonlinelibrary.com]

8 Heat Transfer, 2025

https://wileyonlinelibrary.com
https://wileyonlinelibrary.com


convective heat transfer (lower Nu), while momentum transfer
is still maintained, hence the mild increase in Cf . The results
imply that fluids with high Pr (e.g., oils) experience stronger
thermal irreversibility since heat conduction is suppressed,
thereby enhancing entropy generation due to temperature
gradients.

The plot in Figure 13 reveals that Cf decreases sharply with
increasing Re, while Nu increases nonlinearly. A higher Re

corresponds to stronger inertial effects relative to viscous ef-
fects, reducing wall shear stress (lower Cf ). Simultaneously, the
flow enhancement boosts convective heat transfer, which raises
Nu. The results prove that, with higher Re, the system

experiences reduced viscous irreversibility (lower friction los-
ses) but increased thermal irreversibility (due to stronger con-
vection and temperature gradients), highlighting a trade‐off in
entropy generation between fluid friction and heat transfer
mechanisms.

5 | Results Validation With Previous Works

The obtained results demonstrate that a rise in Re produces a
considerable enhancement in both temperature and velocity
distributions within the channel. Moreover, it is observed that
the rate of entropy generation escalates with an increase in the
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Eckert number (Ec). These outcomes are in strong agreement
with the earlier investigations of Kigodi et al. [8] and Mkwizu
et al. [47], thereby providing further validation of the present
numerical analysis. In addition, the findings reveal that both
the velocity and thermal fields intensify with an increase in the
pressure gradient parameter (A), whereas entropy generation
diminishes correspondingly with increasing A. This trend
concurs well with the reports of Kigodi et al. [8], Mkwizu et al.
[47], and Eegunjobi and Makinde [46].

A particularly noteworthy observation is that the Nusselt
number (Nu) increases with higher values of Re, indicating an
intensification of thermal irreversibility, which is consistent
with the findings of Mkwizu et al. [47]. However, the present

work provides additional insights by extending their analysis
through a simultaneous consideration of the effects of both Re

and Ec onCf as well as on Nu. Furthermore, the results indicate
that entropy generation and the Bejan number distribution
along the lower plate diminish as the Biot number (Bi)
increases, whereas the corresponding profiles rise steeply in the
vicinity of the upper plate. These findings align with those re-
ported by Mkwizu et al. [47], although the present study ad-
vances the analysis by incorporating the influence of Bi on the
overall channel temperature distribution, thereby contributing
fresh perspectives to the field of thermodynamics.

The investigation further establishes that the velocity distribu-
tion increases as the viscosity parameter (β1) decreases.
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Additionally, the analysis reveals that the local skin friction
coefficient reduces with decreasing values of both the Prandtl
number (Pr) and the viscosity parameter (β1). These results are in
close conformity with the earlier study of Nasrin and Alim [18].

6 | Conclusion

This study has presented a comprehensive analysis of the
thermodynamic irreversibility in steady viscous Couette flow
with convective cooling and temperature‐dependent viscosity.
The main findings can be summarized as follows:

• Increasing the pressure gradient parameter enhances both
velocity and temperature fields, while reducing entropy
generation. A 19.60% rise in the pressure gradient param-
eter decreased the total entropy generation rate by
approximately 11.34%, thereby improving thermodynamic
efficiency.

• Higher Reynolds numbers intensify momentum and ther-
mal boundary layers, leading to nonmonotonic entropy
generation patterns. At Re = 20, entropy generation
increased by about 8% compared to Re = 1, highlighting the
competition between viscous and thermal effects.

• Viscosity growth improves thermal retention but lowers
velocity and entropy generation; a twofold increase in vis-
cosity reduced entropy generation by nearly 9.08%.

• Larger Eckert numbers (Ec) significantly elevate fluid
temperature, yet slightly reduce entropy generation. Rais-
ing Ec from 3.50 to 5.0 increased the temperature by 15%
while decreasing entropy generation by 12% due to domi-
nant viscous dissipation.

• An increase in Prandtl number (Pr) improves heat transfer
efficiency and lowers entropy generation. At Pr = 5.0, en-
tropy generation was 6.45% lower than at Pr = 3.0.

• Growth in Brinkman number (Br) augments entropy gen-
eration through viscous dissipation and shifts irreversibility
toward fluid frictional effects.

• Larger Biot numbers (Bi) enhance convective heat transfer,
but also intensify entropy generation near the upper wall.
Specifically, a 16.39% rise in Bi increased wall entropy
production by 9% due to higher thermal gradients.

• Variations in governing parameters significantly influence
both the skin friction coefficient (Cf ) and Nusselt number
(Nu), which are key indicators of irreversibility. While
increases in β1 and Bi reduce Nu with little change in Cf ,
higher Ec and Re increase Nu by up to 9.63% while
reducing Cf by about 3.70%, implying stronger convective
heat transfer with diminished frictional resistance.

In conclusion, this study demonstrates that thermodynamic
irreversibility in steady viscous Couette flow is highly sensitive
to variations in flow and thermal parameters, with both Cf and
Nu serving as crucial indicators of entropy generation. Future
extensions should focus on transient and three‐dimensional
models for greater realism, experimental validation of the
numerical predictions, and the incorporation of advanced en-
hancement strategies such as nanofluids, surface texturing, or
magnetic field control to further minimize entropy production.
Sensitivity and uncertainty analyses are also recommended to
ensure reliable performance of Couette flow systems under
practical engineering conditions.

7 | Design Recommendations

The present analysis suggests that both geometric and flow‐
controlling variables play critical roles in minimizing entropy
generation and enhancing heat transfer in steady viscous
Couette flow. From a geometric perspective, moderate channel
spacing should be maintained to avoid excessive shear stresses,
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while a sufficiently large aspect ratio ensures fully developed
profiles without imposing high pressure losses. The Navier slip
parameter emerges as an important design factor: increasing
slip at the moving wall reduces wall shear stress and frictional
irreversibility, making smooth or surface‐treated walls prefera-
ble. Similarly, moderate Biot numbers provide a balance
between effective convective cooling and manageable thermal
gradients, while excessive values, although improving heat
transfer, significantly increase local entropy generation near the
cooled wall. With respect to flow variables, a positive pressure
gradient is beneficial because it simultaneously raises velocity
and temperature while lowering total entropy generation, thus
improving thermodynamic efficiency more effectively than ex-
cessive wall speeds. Moderate Reynolds numbers are recom-
mended for practical designs, since very high values intensify
both velocity and thermal boundary layers, leading to complex
entropy generation patterns. Lower Eckert and Brinkman
numbers should be targeted to minimize viscous heating,
although moderate values can still be tolerated when higher
heat transfer rates are required. Fluids with higher Prandtl
numbers are advantageous because they suppress entropy
generation by improving heat transfer efficiency. Overall, the
results highlight that optimal design requires careful tuning of
A Re Ec Pr Br Bi, , , , , , and β1 to achieve a compromise between
low irreversibility and sufficient convective performance, with
Cf and Nu serving as reliable indicators for design evaluation.

Nomenclature

Variable/parameter name Description (SI unit)

A pressure gradient parameter = ∂

∂

P

x

b distance between plates (m)

Be η( ) local Bejan number

Bi Biot number = hb

k

Br Brinkman number =
μ U

kT
0

2

a

Cf skin‐friction coefficient

cp specific heat at constant pressure (J/[kg K])

Ec Eckert number = U

C Tp

2

a

h heat transfer coefficient (W/2K)

k thermal conductivity (W/[m K])

Ns dimensionless entropy generation number

Ns, t entropy production due to the transfer
of heat

Ns,v entropy production due to viscous

Nu Nusselt number

P pressure (Pa)

Pr Prandtl number = ν

α
0

Re Reynolds number = Ub

ν0

S″gen local dimensional entropy generation rate
(W/[m3 K])

T local temperature (K)

Ta ambient/reference temperature (K)

u dimensional velocity in the x‐direction (m/s)

U velocity of the top plate (m/s)

W dimensionless velocity ∕u U=

x y, spatial coordinates (m)

Greek Symbols

α thermal diffusivity (m2/s)

β temperature–viscosity coefficient (1/K)

β1 viscosity parameter βT= a

ϵ regularization parameter

η dimensionless coordinate ∕y b=

μ0 reference dynamic viscosity (Pa·s)

μ T( ) dynamic viscosity (Pa·s)

ν0 reference kinematic viscosity (m2/s)

ν T( ) kinematic viscosity (m2/s)

ρ density of fluid (kg/m3)

θ dimensionless temperature ∕T T T= ( − )a a
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