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In this study, the entropy generation resulting from heat and mass transfer of water-
based nanofluid through an annulus within two concentric vertical pipes filled with a porous
medium is investigated. This study considers the effects of thermal radiation, viscous dissi-
pation, thermal buoyancy, and axial pressure gradient in addition to heat and mass transfer.
Brownian motion and thermophoresis have been introduced through the Buongiorno model.
The similarity solution was used to solve nonlinear ordinary differential equations. The Runge-
Kutta-Fehlberg method is used to solve these equations with the related boundary conditions.
The effects of pertinent parameters such as pressure gradient, thermal radiation, viscosity
parameter, thermophoretic parameter, Brownian motion parameter, and Eckert number are
investigated numerically. This study found that the Bejan number increases as the viscosity
parameter increases and decreases as the other active parameters increase. As the radiation
parameter, thermophoretic parameter, Brownian parameter, and Eckert number increase, the
Nusselt number decreases. The total entropy generation rate is found to increase with the fluid
viscosity rate, Grashof number, thermal Biot number, and variable pressure gradient. However,
the Bejan number is found to decrease with these parameters, as well as the Prandtl number.
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1. Introduction

In recent years, convective flow in a concentric annulus has attracted much
attention owing to its importance for engineering applications such as thermal
energy storage systems, cooling of electronic components, oil and gas drilling
wells, and extruders. In all these applications, the concentric cylinders can be
stationary, in motion, or one stationary and the other in motion during op-
eration. Watanabe et al. [1] studied the fluid flow within concentric cylin-
ders with vertical axes, both theoretically and experimentally. They discovered
that the movement of the inner cylinder alters the flow structure. Addition-
ally, they found that the critical Reynolds number at the free surface fluctuates
with a rapid increase in both the velocity components and the kinetic energy.
Makinde [2] numerically studied the steady axial Couette flow of Ostwald-de
Waele power-law fluids between concentric cylinders. The outer cylinder, which
is fixed, exchanges heat with the surrounding environment according to New-
ton’s law of cooling, while the inner cylinder, which is isothermal, moves in an
axial direction. The work revealed the thermal criticality for the onset of in-
stability in the flow environment. It was reported that the entire circulating
structure and thermal decomposition strongly depend on the embedded ther-
mophysical parameters. The heat transfer capability of a viscoelastic fluid in an
annular flow within two rotating concentric cylinders was analytically examined
by Lorenzini et al. [3] using the Giesekus model. It was found that a rise in the
Brinkmann number may lead to the asymptotic behavior of the Nusselt num-
ber. Coelho and Pinto [4] theoretically examined the impact of an embedded
porous medium in conduit flows of a non-Newtonian fluid and obtained a gen-
eralized Brinkmann number that is valid for any flow regime to calculate the
proportion of frictional heat and heat exchange at the wall.

The thermodynamic enactment of industrial systems can be heightened with
different aspects linked to entropy generation. Thermodynamic irreversibility
and entropy generation are connected, and this happens in practically all flow
and heat exchange activities. Bejan [5] investigated the impact of entropy gener-
ation minimization on fluid flow and heat transfer in a thermal device. Makinde
and Eegunjobi [6, 7] theoretically examined the inherent irreversibility in both
forced and mixed convective flow between two concentric pipes in the presence
of a magnetic field, porous medium and thermal radiation. Other researchers
[8–19] have investigated entropy generation in fluid flow with heat and mass
transfer under different physical situations.

Recently, heat transfer in nanofluid became an extensive research area
amongst scientists and authors because nanofluid can substantially boost the
heat transfer features in the base fluid. It is a known fact that the heat transfer
process plays an incredibly significant role in engineering and industries. Hence,
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these fluids have applications in industrial processes, nuclear reactors, solar col-
lectors, solar thermal systems, photovoltaic systems, coolants, biomedicine, and
electronic devices. Primarily, Choi and Eastman [20] introduced nanofluid phe-
nomena, in which they concluded that thermal conductivity rises tremendously
in the presence of nanoparticles in the base liquid. Khan and Pop [21] theoreti-
cally studied the impact of nanoparticles on the flow structure of nanofluid past
a linearly stretching sheet surface. The problem of non-Newtonian nanofluids
convection over a radially stretching rotating disk was investigated by Shahzad
et al. [22]. Ferdows et al. [23] numerically examined the combined effects of
heat source and suction on the thermal boundary layer of a nanofluid past a mov-
ing permeable surface. Mabood et al. [24] explored Arrhenius pre-exponential
factor law for electro-magnetohydrodynamics (EMHD) of non-Newtonian nano-
fluids over the thin needle with Robinson’s condition. Other authors [25–29]
have studied the heat mass transfer enhancement capability of nanofluids under
different physical situations.

Chakraborty and Ray [30] combined the first and second laws of ther-
modynamics to optimize the thermal-hydraulic performance of laminar fully
developed flow through square ducts with rounded corners. The study showed
that the optimal duct geometry strongly depends on the thermal-hydraulic con-
straints as well as the objective functions. They found that the rounded corner
ducts produce better performance under constant heat input and uniform tem-
perature along the periphery of the duct at a given axial location. Additionally,
they observed that the perfectly square ducts offer the best performance in
terms of the first law objective function. Lorenzini and Suzzi [31] studied
the fully developed steady laminar flow of a Newtonian liquid through a mi-
crochannel subject to different thermal boundary conditions. They used the
entropy generation number and the constrained total heat transfer area to eval-
uate the effect of smoothing the corners of an initially rectangular cross-section
on the thermal-hydraulic performance. They found that smoothing the corners
of the microchannel led to an improvement in its performance.

From a literature survey, it was found that the irreversibility analysis for
mixed radiative convection flows in porous regimes within concentric pips has
not been thoroughly investigated yet, which is, in fact, the extension of [6].
Hence, the present work aims to fill this gap in the literature. Nanofluid in two
concentric pipes consisting of porous media has many important applications,
namely, in heat exchange systems in metallurgical and petrochemical proce-
dures, underground discarding of nuclear wastes, and thermal converters with
a porous liner. Makinde [2] also evaluated the effect of various parameters on
the velocity profile, temperature profile, concentration profile, skin friction, Nus-
selt and Sherwood numbers, entropy generation rate, and the Bejan number. The
results of these evaluations are presented with graphs and discussed in the study.
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2. Model problem

We consider the steady flow of an incompressible variable viscosity nanofluid
through the annulus inside two concentric vertical pipes filled with a porous
medium in addition to the united action of thermal buoyancy and axial pres-
sure gradient. The inner pipe surface was assumed to be smooth and at a con-
stant high temperature (T0) due to a heat-generating mechanical process within
the pipe, while the outer surface of the pipe was able to exchange heat with the
surrounding environment through convection, in accordance with Newton’s law
of cooling, as shown in Fig. 1. To describe the flow of the fluid through a porous
medium with high velocity, the Brinkmann-Darcy-Forchheimer model was em-
ployed. The Forchheimer model incorporates two terms that indicate the viscous
effect and the inertial effect. The model utilizes the square root of permeabil-
ity as the corresponding length characteristics are in agreement with the lin-
earized Darcy law at low velocities, while the non-dimensional coefficient in the
quadratic term is used to represent the inertial effect.

Fig. 1. Schematic diagram of the model problem.

With these assumptions, the continuity, momentum, energy, and volumetric
entropy generation rate equations take the following form [6]:
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where b is the reaction rate, τ is the specific heat ratio, DB is the nanopartic-
les’ mass diffusivity, DT is the thermophoresis coefficient, R is the nanoparticles’
mass transfer irreversibility coefficient, z is the axial length, K is the porous
medium’s permeability, c is the Forchheimer inertial coefficient, r is the radial
coordinate, T denotes the temperature of the fluid, u stands for axial velocity
component while other velocity components are zero, ρ is the density of the
nanofluid, k is the thermal conductivity of the nanofluid, P is the fluid pressure,
C is the nanoparticles concentration, C0 is the nanoparticles concentration at the
inner cylinder surface while Ca is the nanoparticles concentration at the outer
cylinder surface, β represents the volumetric thermal enlargement coefficient,
EG is the volumetric entropy production (generation) rate, and g represents
acceleration as a result of gravity.

The dynamical temperature-dependent viscosity µ(T ) is taken as

(2.6) µ(T ) = µ0e
−m(T−Ta),

where µ0 is the dynamic viscosity of the nanofluid at ambient temperature Ta
such that Ta < T0, and m is the viscosity variation coefficient. In line with
the Roseland approximation [18, 19], the local radiative heat flux term for an
optically thick gray nanofluid is given by
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a (using Taylor series estimation), and k∗ is the mean
absorption coefficient and σ∗ is the Stefan-Boltzmann constant. The relevant
boundary conditions at both the inner slip surface and the outer convective
cooling surface are as follows:
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where h is the heat transfer coefficient, δ is the slip coefficient, and r1, r2 are the
inside and outside radii, respectively. The following non-dimensional variables
and parameters are introduced into the model Eqs. (2.1)–(2.9):
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The dimensionless controlling equations, together with the suitable boundary
conditions, can be written as
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where γ is the decrease rate of fluid viscosity due to temperature variation, Nr is
the thermal radiation parameter, Da is the Darcy number, F is the Forchheimer
inertial parameter, λ is the slip parameter, ε is the pressure gradient variable,
Gr is the Grashof number, Cp represents the specific heat at a steady pressure,
L denotes the concentric cylinder annulus parameter, Pr is the Prandtl number,
Ec refers to the Eckert number, Bi represents the thermal Biot number, Nb is
the Brownian motion parameter, Nt is the thermophoresis parameter, χ is the
reaction rate parameter, H1 corresponds to irreversibility parameters due to
nanoparticles diffusion while η denotes the non-dimensional annulus within the
two cylinders. Other relevant parameters of engineering interest are skin friction
(Cf ), Nusselt number (Nu), Sherwood number (Sh) and can be expressed as
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The Bejan number (Be) is defined as the ratio of heat and mass transfer
irreversibility to the total entropy generation rate given as
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3. Numerical procedure

The dimensionless governing Eqs. (2.11)–(2.14) coupled with the boundary
conditions (2.15)–(2.16) are treated numerically via the Runge-Kutta-Fehlberg
(RKF) with the shooting technique that considers several values of parame-
ters. Then, an investigation exploring the dynamic parameters’ influences on

Table 1. Comparison of w(η) values between exact solution [1] and RKF-45 when L = 2,
Da =∞, Gr = F = γ = λ = Nb = Nt = 0.

η Makinde and Eegunjobi [6]
(exact solution)

Present results (RKF-45)

0.0 0.000000 0.000000

0.1 0.055478 0.055478

0.2 0.093135 0.093136

0.3 0.116407 0.116406

0.4 0.127513 0.127513

0.5 0.127964 0.127961

0.6 0.118842 0.118840

0.7 0.100942 0.100942

0.8 0.074871 0.074870

0.9 0.041099 0.041099

1.0 0.000000 0.000000
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the non-dimensional velocities, temperature, concentration, skin frictions, Nus-
selt, Sherwood, and Bejan numbers can be carried out. The innermost step size
of ∆η = 0.01, having accurateness up to the 5th decimal place, is reserved as
the convergence criterion. To validate the precision of the developed model, the
numeric outcomes of w(η) are estimated for various inputs of η, as presented in
Table 1, and found in the best agreement with [6].

4. Results and discussion

In this study, the heat and mass transfer of water-based nanofluid flow
through concentric cylindrical annulus associated with slip and convective bound-
ary conditions is performed numerically. Table 1 compares the axial velocity
results from Makinde and Eegunjobi [6] to validate the numerical model.
It demonstrates that the study’s numerical results are very similar to those of
earlier published articles. The effects of pertinent parameters on non-dimensional
axial velocity are presented in Figs. 2 and 3. It can be seen in Fig. 2a that with
an increase in the concentric gap parameter, the fluid velocity in the annular gap
decreases. This may be attributed to the existence of wall shear stress, which
has a great impact on the flow motion. It can be seen in Fig. 2b that the main
driving force is the pressure gradient. The non-dimensional velocity within the
annulus gap rises as the pressure gradient rises. The slip parameter also helps in
enhancing the axial velocity within the annulus gap. The buoyancy effect on the
flow is analyzed through the Grashof number in Fig. 2b. As seen in Fig. 2b, an
increase in the Grashof number leads to an increase in the temperature differ-
ence, which leads to an increase in the non-dimensional velocity. Increasing the
temperature difference also helps with flow convection. The Forchheimer inertial

a) b)

Fig. 2. Velocity distribution in the axial direction for different values of (a) pressure gradient
and slip parameters and (b) rate of fluid viscosity and Grashof number.
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a) b)

Fig. 3. Velocity distribution in the axial direction for different values of (a) Forchheimer inertial
and Darcy numbers and (b) concentric cylinder annulus and thermal Biot parameters.

parameter connects the pressure loss caused by friction in a porous medium to
the velocity of the flow inside the medium.

The influence of the Forchheimer inertial parameter on the velocity distri-
bution is depicted in Fig. 3a. With a rise in the Forchheimer inertial parameter,
a decreasing effect is observed near the gap’s center. Figure 3a also shows the
effect of the Darcy number on the velocity distribution. The permeability of
a porous medium increases with an increase in the Darcy number. As a result,
the flow through the porous medium encounters less resistance. As a result, the
velocity rises. Figure 3b depicts the influence of the concentric gap parameter
on the non-dimensional velocity. In the absence of the Forchheimer inertial pa-
rameter, the axial velocity is higher at the inner surface and decreases with
an increasing Forchheimer inertial parameter. It increases between inner and
outer surfaces, reaches up to the maximum, and then decreases to zero. The
Darcy parameter dictates the flow of a fluid through the porous medium. For
small values of the Darcy parameter, the axial velocity is lower and increases
for higher values of the Darcy number. Figure 3b also displays the impact of
the Biot number on the axial velocity. For smaller values of the Biot number, the
axial velocity is found to be higher and decreases with increasing Biot number.

Figure 4a presents the effects of the pressure gradient parameter and Darcy
number on the non-dimensional temperature. . It can be seen that an increase
in the pressure gradient causes the fluid molecules to increase and thereby
raise the temperature contour. In addition, increase in the Darcy number in-
creases the non-dimensional temperature at the outer surface. However, the
non-dimensional temperature decreases between the inner and outer surfaces.
Figure 4b presents the effects of concentric gap parameters and reaction rate
parameters on the non-dimensional concentration of nanoparticles. As the con-
centric gap parameter is increased, the non-dimensional temperature declines,
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a) b)

Fig. 4. Temperature distribution in the axial direction for different values of (a) pressure
gradient parameter and Darcy number and (b) concentric cylinder annulus and reaction rate

parameters.

which is most noticeable towards the pipe’s outside. The reaction rate parameter
also helps in reducing the non-dimensional temperature between the surfaces.

Figure 5 describes the variation in skin friction with slip parameters for
different values of pressure gradient, concentric gap parameter, and Darcy num-
ber on the inner and outer surfaces. Skin friction portrays the frictional force
at the inner and outer boundaries between a fluid and a wall. At both bound-
aries, the skin friction reduces with the slip parameter. At the inner boundary,
the skin friction increases with Darcy’s number. It is because a rise in Darcy’s
number causes a support in velocity gradients at the surface, which increases
the skin friction coefficient. The pressure gradient parameter tends to increase the
skin friction at the inner surface, see Fig. 5a. Negative skin friction can be no-

a) b)

Fig. 5. Variation in skin friction with slip parameter for different values of (a) pressure gra-
dient parameter and Darcy number on the inner surface and (b) concentric cylinder annulus

parameter and Darcy number on the outer surface.
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ticed when skin friction is examined at the outer surface, see Fig. 5b. When
the friction force increases with decreasing load, negative friction coefficients
appear. The concentric gap parameter increases the skin friction at the outer
surface.

At the inner surface, the Nusselt number increases with thermal radiation
and thermal Biot number. However, the Nusselt number decreases with increas-
ing viscous dissipation, Fig. 6a. At the outer surface, the Nusselt number in-
creases with an increase in each parameter, as shown in Fig. 6b. The total heat
input into the fluid through the surface is the sum of radiation and convection
heat transfer. This total heat transfer rate is converted into a non-dimensional
number, known as the Nusselt number. The Biot number describes the obsta-
cle to heat transfer “within” a solid body. The Biot number is defined as the
ratio of a surface’s external resistance to convection energy exchange to its inter-
nal resistance to transmitting energy by conduction. A low Biot number signifies
low conduction resistance and, thus, very low-temperature gradients within the
body, leading to the lumped system analysis, which assumes a uniform tempera-
ture distribution throughout the body. This effect of thermal radiation and Biot
number is explained graphically in Fig. 6.

a) b)

Fig. 6. Variation in Nusselt number with thermal radiation parameter for different values of
Eckert and thermal Biot numbers on (a) the inner surface and (b) the outer surface.

The Sherwood number measures the mass convection at the surface. It is
defined as the ratio of mass diffusivity to convective mass transfer. So, the Sher-
wood number decreases at the lower surface as the Brownian motion parameter
Nb grows (Fig. 7a), but at the outer surface, the Sherwood number increases
with an increase in Nb (Fig. 7b) for convective cooling. Nanofluid is a two-phase
flow in which nanoparticles move about randomly, increasing energy exchange
rates. The nanoparticles improve the heat transfer surface area. Brownian mo-
tion corresponds to the random movement of nanoparticles in the base fluid. This
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a) b)

Fig. 7. Variation in Sherwood number with Brownian motion parameter for different values of
thermophoresis and reaction rate parameters on (a) the inner surface and (b) the outer surface.

random movement accelerates the nanoparticles’ collision with base fluid mo-
lecules. Consequently, molecules’ kinetic energy is converted into thermal energy
and hence temperature rises. As Nb increases, the temperature rises, but con-
centration falls within the boundary layer, as demonstrated in Fig. 7. Due to an
increase in the reaction rate parameter, the mass transfer rate increases at the
inner surface while decreasing at the outer surface.

Figure 8a presents the effects of fluid viscosity rate, pressure gradient, and
Grashof number on the non-dimensional entropy generation rate profile. The
porous medium leads to a high disorder of the flow particles inside the annulus
and increases the entropy generation, while little or no effect of the restrictive
medium is detected at the outer surface. The fluid viscosity also tends to enhance
the entropy generation rate, as shown in Fig. 8a. The entropy generation rate due
to fluid friction increases as the pressure gradient rises. Because of the viscous

a) b)

Fig. 8. Effects of fluid viscosity rate and Grashof number in the presence of variable pressure
gradient on (a) the total entropy generation rate and (b) the Bejan number.
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friction between the walls and the fluid, entropy generation due to fluid friction is
expected to be higher on the wall than anywhere else in the channel. The fluid
motion accelerates, and convective heat transfer rises as the Grashof number
increases. As a result, the entropy generation rate increases with the Grashof
number. The Bejan number reveals the proportion of overall entropy generation
that is produced by thermal irreversibility. Consequently, it defines the entropy
generated by heat transfer and fluid friction. When the Bejan number for any
thermal system is close to one, it means that thermal entropy generation takes
precedence over frictional entropy generation. However, Be = 0 corresponds to
the case in which the irreversibility is dominated by the fluid friction effects.
Also, Be = 0.5 corresponds to the case in which the heat transfer irreversibility
and the fluid friction irreversibility are equal. Figure 8b shows that, in each case,
the Bejan number is greater than 0.5. Therefore, the irreversibility due to heat
transfer dominates over friction. At the outer surface, every parameter tends to
reduce the Bejan number.

The effect of the concentric gap parameter on the entropy generation rate is
seen in Fig. 9a. As the concentric gap parameter is increased, the entropy gen-
eration rate increases at the inner wall and near the channel center. Meanwhile,
from the middle of the gap to the outer pipe, there is no effect. The restrict-
ing medium gradually fades away from the inner pipe toward the outside pipe,
according to this finding. An increase in the irreversibility parameters due to
nanoparticle concentration also tends to raise the total entropy generation rate,
whereas the slip parameter shows little effect on the entropy generation rate, see
Fig. 9a. The effects of the same parameters on the Bejan number are presented
in Fig. 9b. It reveals that heat transfer makes a major contribution to the en-
tropy generation rate. Like the total entropy generation rate, the Bejan number

a) b)

Fig. 9. Effects of concentric cylinder annulus and irreversibility parameters due to nanoparticles
concentration in the presence of slip on (a) the total entropy generation rate and (b) the Bejan

number.
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also increases with an increase in the concentric gap as well as heat transfer
irreversibility parameters.

Figure 10a shows how the entropy generation number varies with thermal
radiation depending on the Darcy number and Forchheimer inertial parameter.
It is observed that the entropy generation rate escalates with an increase in the
radiation and Darcy parameters, whereas an upsurge in Forchheimer inertial
parameter lowers the entropy generation rate. As the value of thermal radiation
rises, more heat flux is absorbed into the fluid, resulting in increased entropy
generation due to heat transfer, and therefore the entropy generation rate due
to heat transfer dominates. A rise in Darcy’s number improves the permeability
of the medium, which increases the entropy generation rate. Figure 10b illus-
trates the variation in Bejan number with thermal radiation parameter and
Darcy number. The thermal radiation parameter enhances heat transfer irre-
versibility and thus raises the Bejan number. The Darcy number (Da) shows
the relative effect of the medium’s permeability vs. its cross-sectional area in
fluid dynamics across porous media. Consequently, it reduces irreversibility due
to heat transfer, and as a result, the Bejan number decreases with increasing
Darcy number. The irreversibility parameter due to Forchheimer inertial param-
eter also tends to increase the Bejan number.

a) b)

Fig. 10. Effects of Darcy number and Forchheimer inertial parameter in the presence of thermal
radiation on (a) the total entropy generation rate and (b) the Bejan number.

Brownian motion and thermophoresis are heat and mass transfer mecha-
nisms that cause nanoparticles to migrate in the direction of falling tempera-
ture and concentration gradients. The effects of these nanofluid parameters on
the non-dimensional entropy generation rate and Bejan number are displayed
in Fig. 11a and 11b, respectively. This is performed in the presence of viscous
dissipation. Since incremental thermal diffusion and temperature rise are caused
by the Brownian motion of nanoparticles, the total entropy generation rate de-
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a) b)

Fig. 11. Effects of thermophoresis and Brownian motion parameters in the presence of viscous
dissipation on (a) the total entropy generation rate and (b) the Bejan number.

creases with increasing Brownian motion parameters, and hence Bejan number
decreases. Similarly, when nanoparticles travel from a hotter to a cooler zone, the
thermophoretic effect occurs, distributing heat in the thermal boundary layer.
Consequently, an increase in the thermophoresis parameter tends to increase
the total entropy generation rate, and hence Bejan number rises. The viscous
dissipation helps in increasing irreversibility due to friction which increases the
total entropy generation rate and decreases the Bejan number, Eq. (2.18).

The Biot number represents the ratio of the resistance to heat transfer from
the inner surface to the outer surface. A reaction rate is a useful diagnostic
tool. We can develop strategies to optimize production by learning how fast
items are made and what causes responses to slow down. Figure 12a shows the
impact of reaction rate on the total entropy generation for two values of Prandtl
numbers while the Biot number is increasing. It can be observed that the entropy

a) b)

Fig. 12. Effects of Prandtl number and reaction rate parameter on (a) the total entropy
generation rate and (b) the Bejan number.
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generation rate increases with an increasing Biot number. It is due to an increase
in resistance to heat transfer. However, reaction rate and Prandtl number show
negligible effects on the total entropy generation rate. Figure 12b displays the
variation in the Bejan number with both the Biot number and reaction rate.
Both parameters tend to increase in Bejan number due to an increase in the heat
transfer irreversibility. However, an increase in the Prandtl number reduces the
Bejan number.

5. Conclusion

This study combines the principles of thermodynamics, fluid dynamics, and
heat transfer to understand the behavior of nanofluids. It focuses on the thermal-
hydraulic performance of the system, including the heat transfer, fluid flow, and
thermodynamic behavior of the nanofluids within the concentric pipes. The
presence of an embedded porous medium enhances the nanofluid temperature
profiles and lessens the thermal resistance of the system. The following is a sum-
mary of our findings:

• The axial velocity increases with Grashof and Darcy numbers, fluid vis-
cosity, pressure gradient and slip parameters, while Forchheimer inertial,
concentric cylinder annulus and thermal Biot parameters tend to decrease
the axial velocity.

• The non-dimensional temperature increases with the pressure gradient pa-
rameter and Darcy number.

• The non-dimensional concentration of nanofluid decreases with concentric
cylinder annulus and reaction rate parameters.

• The skin friction increases with Darcy number, pressure gradient and con-
centric cylinder annulus parameters but decreases with slip parameter.

• The thermal radiation parameter and Biot number boost the Nusselt num-
ber, while viscous dissipation reduces the Nusselt number at the inner
surface and improves the Nusselt number at the outer surface.

• The Brownian motion parameter reduces the mass transfer rate at the
inner surface while it improves the mass transfer rate at the outer surface.

• The thermophoresis and reaction rate parameters help in improving the
mass transfer rates while they decrease the mass transfer rates at the outer
surface.

• An increase in the radiation and Darcy parameters boost the entropy
generation rate, whereas Forchheimer inertial parameter lowers the rate.

It is important to note that the appropriate selection of the thermo-physical
and nanofluid parameters would minimize entropy generation in engineering
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thermal and fluid flow applications such as concentric pipe heat exchangers
with mixed convection in a porous medium for best performance. The results
of the study can be used to optimize the thermal-hydraulic performance of the
system and to design more efficient heat exchangers, solar collectors, and other
thermal systems that use nanofluids and porous media.
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