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Abstract

The present study numerically investigates the influence of thermal radiation and chemical reac-
tion on thermosolutal mixed convection in a vertical pipe embedded in a porous medium, focus-
ing on air water systems, which are directly applicable in technologies such as humidification-
dehumidification desalination units and industrial cooling towers. The flow dynamics are mod-
eled using the non Darcy Brinkman Forchheimer (NDBF) extended framework. The flow is
driven by a combination of buoyancy forces arising from temperature and solute concentration
gradients, along with an external pressure gradient. The governing coupled differential equa-
tions are solved using the Chebyshev spectral collocation method for high accuracy and spec-
tral convergence. The results demonstrate that both the thermal radiation parameter (R) and
chemical reaction parameter (vy) significantly affect the velocity, temperature, and concentration
profile of an air-water system. According to our findings, 'R” has a substantial effect on the in-
stability of the fluid flow mechanism. In a Darcy porous media, where the Darcy number ranges
from 107° to 10~ 2, the Prandtl number is taken as Pr = 0.71 for air and is Pr = 7 for water, it has
been observed that the point of inflection arises faster in radiative flow than in non radiative flow
with change of radiation parameter from 1 to 3 and subsequently to 5. The radiation parameter
(R) leads to a decrease in temperature profile due to enhanced radiative heat loss, while it causes
an increase in concentration profile. Additionally, as the chemical reaction parameter increases,
the concentration profile diminishes due to species consumption. A similar suppressive effect
on concentration is observed with higher Schmidt number (Sc), which indicates reduced mass
diffusivity.

Keywords: thermosolutal mixed convection; porous medium; pipe flow; thermal radiation;
chemical reaction; spectral collocation method.
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1 Introduction

Heat and mass transfer in porous media is essential in various engineering and natural systems,
including chemical reactors, geothermal energy, heat exchangers, and biological transport. When
both temperature and concentration gradients are present, thermosolutal (double-diffusive) con-
vection arises, leading to complex flow and transport behaviors. Thermal energy transfer plays
a vital role in many industrial and technological systems to manage heat and prevent overheat-
ing. Heat is transferred through three primary mechanisms: conduction, convection, and radi-
ation. Conduction involves heat flow through direct contact, while convection is driven by the
bulk movement of fluid. Thermal radiation, the transfer of energy via electromagnetic waves,
becomes significant in high temperature environments. In thermal analyses of modern engineer-
ing systems, radiation effects must often be considered especially when it dominates or interacts
with other modes of heat transfer. Thermal radiation analysis is crucial in various applications,
including aerospace systems, high-temperature processes, power generation, and solar energy. In
medical science, it also plays a key role in treatments like thermal therapy for cancerous tissues
[12].

Radiation and convection are interdependent heat transfer modes, both influenced by temper-
ature dependent properties. When radiation is significant, it must be coupled with convection due
to their nonlinear interaction, making the combined problem complex to solve. Chiou [7] investi-
gated the combined effects of radiation and convection heat transfer in pipes under reflood steam
cooling conditions, highlighting the role of radiation in high-temperature steam flows. Building
on this, Yang [35] examined mixed convection with thermal radiation in a vertical pipe, demon-
strating the influence of radiative parameters and buoyancy forces on the local Nusselt number
and velocity distribution. Also, Yang [36] conducted a numerical study on forced convection in
vertical pipe flow, incorporating both radiation and buoyancy effects. His findings revealed that
radiation enhances heat transfer by reducing the temperature gradient across the pipe, thereby
diminishing density variations and weakening the buoyancy-driven flow. Furthermore, Campo
and Schuler [6, 30] developed a radiation transport model using the moment method and numeri-
cally solved the coupled heat transfer problem. Their work addressed both laminar and turbulent
forced convection with thermal radiation in the thermal entrance region of an isothermal pipe,
providing valuable insights into radiative-convective interactions in pipe flow. Continuing in this
direction, thermal radiation effect in pipe flow, Ahmad et al. [1] also invesigated that by consid-
ering one-dimensional Eyring-Powell fluid. Their findings show the temperature profile predicts
the declining behavior of the radiation parameter.

Many science and engineering sectors benefit from chemical reaction mass transfer research.
This type of flow has several industrial and engineering applications including nuclear reactor,
metallurgy, in chemical engineering and combustion systems. Most of industrial chemical pro-
cesses are converting the cheaper raw materials into high-valued products, commonly through
chemical reactions. Bachok et al. [4] studies on homogeneous-heterogeneous reactions near the
stagnation point of a stretching surface revealed that reaction parameters control boundary layer
behavior. Furthermore, an analytical investigation on solute dispersion in peristaltic flow consid-
ering combined homogeneous and heterogeneous chemical reactions was conducted by Sankad
and Dhange [29]. Similarly, a study on steady MHD flow of a non-Newtonian power-law fluid over
a continuously moving stretching surface with chemical reaction has been analyzed by Hayat et
al. [9], the influence of magnetic and reaction parameters on the flow and mass transfer behavior
has been demonstrated. Furthermore, a numerical investigation on non-Newtonian fluid under
chemical reaction over a radiative paraboloid surface was presented by Sobhana et al. [31], while
Sridhar et al. [32] conducted a computational study on micropolar fluid flow over a stretched sur-
face with chemical reaction. Noon [19] examined the impact of chemical reactions on rotating
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thermosolutal mixed convection, highlighting that chemical reactions, rotation, and variations
in gravity significantly affect the onset of convection and the critical Rayleigh number in Darcy
porous media. Considering the importance of chemical reactions in pipe flow analysis is evi-
dented from studies in [20, 8]. Ooms et al. [20] developed a model for turbulent heat transfer
in pipe flow involving a first-order chemical reaction, demonstrating its notable impact on flow
dynamics and thermal behavior. Similarly, Chitra and Kavitha [8] investigated MHD flow in a
porous vertical pipe and observed that increasing the chemical reaction parameter leads to a de-
cline in concentration levels.

Chemical-thermal radiation interactions in fluid flow is crucial for optimizing various engi-
neering processes. Understanding this interaction can lead to improved system performance and
energy efficiency in applications such as high temperature chemical reactors, like combustion
chambers and reformers, often use vertical porous systems where radiation dominates heat trans-
fer, significantly affecting reaction rates. Other applications include solar energy receivers, thermal
collectors, waste heat recovery systems, catalytic reactors, and biomedical systems involving drug
perfusion in porous tissues, where controlled chemical reactions and thermal radiation respond
to local temperature and concentration gradients. Matao et al. [17] conducted an investigation
on the effects of Hall current and viscous dissipation in a mixed convection MHD fluid flow past
a vertical porous plate, incorporating both chemical reactions and thermal radiation. Extending
this, Reddy et al. [26, 27] performed numerical simulations on Casson MHD fluids under similar
conditions, highlighting the interplay of chemical reactivity and radiative heat transfer in vertical
porous systems. Additionally, a finite difference approach was adopted by Reddy et al. [28] to ex-
amine the combined impact of thermodiffusion (Soret effect) and chemical reactions on radiative
MHD flow through porous plates. Further studies by the same group [24, 25] explored thermodif-
fusion and unsteady mixed convection in MHD Casson fluids, emphasizing the significant role of
thermal radiation and chemical reaction. Recent studies have numerically investigated MHD Cas-
son nanofluid flows in different configurations. Madhavi et al. [16] analyzed heat source effects
over a porous wedge for electrically conducting Casson nanofluids with activation energy, includ-
ing second-law analysis and chemical reactions. Similarly, Rani et al. [21] explored hybrid Casson
nanofluid stagnation-point flow over a transient stretching surface under thermal radiation and
Joule heating.

Hayatetal. [10] examined 3D MHD flow with thermal radiation and chemical reactions, show-
ing that increased radiation raises temperature but reduces concentration, while the chemical reac-
tion parameter similarly lowers concentration. Arifuzzaman etal. [3] studied MHD Maxwell fluid
on a vertical porous plate, observing that radiation enhances temperature and velocity, whereas
higher-order reactions reduce concentration. Contrarily, Reddy [23] reported that radiation de-
creases both temperature and velocity in mixed convective MHD flow. Akter et al. [2] explored
thermodiffusion and chemical reaction effects, noting that higher Prandtl numbers reduce velocity
and temperature, and increased reaction parameters reduce velocity and concentration. Recently,
Yedhiri et al. [37] analyzed nonlinear mixed convective MHD flow in a porous channel with radi-
ation and chemical reaction, further affirming the significance of these parameters in modulating
flow and transport properties.

Considering vertical pipe flows in porous media, which have been studied by many researchers
due to their relevance in vertical heat exchangers, reactive porous columns, and geothermal bore-
holes. In such configurations, fluid flow is often driven by an external pressure gradient and
buoyancy forces caused by temperature and concentration differences. Previous studies, such as
Kumar et al. [15] investigated the mechanism of double diffusive mixed convective fluid flow
considered in a vertical pipe. Bera et al. [5] study double diffusive mixed convection under local
thermal non equilibrium in vertical pipe. Kapoor et al. [11] numerically investigate the impact of
Rayleigh number on non-Darcy thermosolutal mixed convective flow in a vertical pipe. However,
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these works often simplify the system by ignoring radiation effects, neglecting chemical reactions,
which limits their application to real-world scenarios. The present study aims to develop a more
comprehensive model by incorporating the non-Darcy Brinkman-Forchheimer (NDBF) model,
thermal radiation (via the Rosseland approximation), and first-order chemical reaction into the
formulation of mixed thermosolutal convection in a vertical porous pipe. The pipe wall is assumed
to have linearly varying temperature and concentration, and the pipe is embedded in a homoge-
neous and isotropic porous medium. The considered specified boundary conditions simulate a
fully developed, axisymmetric thermosolutal flow through a vertical pipe, commonly encountered
in engineering, geophysical, and industrial piping system.

2 Mathematical Formulation

A thermosolutal mixed convective flow is investigated within a vertical pipe filled with porous
medium under thermal radiation and chemical reaction effect. The fluid is considered to be newto-
nian, incompressible, fully developed and the flow is driven by an external pressure gradient and
two buoyancy forces due to temperature and concentration differences. The gravitational force is
acting in negative Z direction, as shown in the Figure 1.
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Figure 1: Schematic diagram for vertical flow in pipe.

The wall temperature and solute concentration are prescribed to vary linearly with the vertical
coordinate Z, representing a situation where the pipe wall is subjected to uniform thermal and
solutal fluxes. Mathematically, this is expressed as,

T, =Ty + A1RyZ, Cyp=Co+ AsRyZ,

where A; and A; are constants, Ty and Cj the up stream wall temperature and concentration of
the fluid are respectively and R is the radius of pipe.
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We consider the non-Darcy Brinkiman-Forchheimer (NDBF) extended model to represent the
complex behavior of fluid flow through a porous medium inside a vertical pipe [15, 5]. The pipe
is filled with a porous medium of uniform and isotropic permeability, offering equal resistance to
flow in all directions. In addition, thermal radiation [18] and chemical reactions [23] are incorpo-
rated into the model to simulate high-temperature reactive flows, which are common in chemical
reactors, geothermal systems, and industrial heat exchangers. The flow is steady, fully developed,
and unidirectional, with velocity vector of (0,0, @), implying motion only in the axial direction.
Based on these assumptions, the governing equations for continuity, momentum (incorporating
the NDBF model), energy under thermal radiation, and species transport with chemical reaction
are expressed in cylindrical coordinates.

Continuity equation:

ow
— =0. 1
0z )
Momentum equation:
10w 1 /=
pr 222 L (Jo) + <5 (Ve + o a2 || =
eot € K2
. i (2)
=5 D] g wosg [ (T T) 80 (€ - )
55 TH D*w Hige T Prg Br (T —Ty)+Bc (C Cw) :
Energy equation:
oT < - 1 0q
Sr+ [T =a. [ D2T] - 2. 3
o5+ | @ c, or 3)
Solutal equation:
G4 {C} =D [D%j*] — k. C, (4)
ot
whereby,
= 0 v 0 0 ~ 9?2 10 1 67 0?
J=lgm+ — 5+ WA d D*= =t =75+ ==
Yor tFag TVar ™ o2 T ior T oy T o
Here,
(4,0, w) : flow velocity components, D : pressure,
K : permeability of the porous medium, t: time,
T : temperature, D : solute diffusivity,
C : concentration of solute, o, : thermal diffusivity,
s : fluid velocity, '« effective viscosity,
¢ : gravitational acceleration, e : porosity of the medium,
py : reference-state fluid density, o= ((pcs))m : heat capacities ratio,
PCp) f
Bc : solutal volume expansion coefficient, k, : chemical reaction rate,
Br : volumetric thermal expansion,
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The radiative heat flux for thermal radiation (g, ), in Rosseland approximation is presented by
[22],

_ 4o o1
&= "3 or

Hereby, o is the Stefan-Boltzmann constant, and ; is the average absorption coefficient. Flow
temperature variations are represented by T being a function of temperature. To do this, ignore
higher-order terms and extend 7™ in the Taylor series of Tj,

(T —Ty)?

o 1272 - -« = 4TTy® — 3T

T =Ty + (T — Tp)4Ty® +

By using the non-dimensional quantities listed below,
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The above equations use dimensionless parameters (u, v, w) as non-dimensional velocity vector
of the fluid, § as temperature of fluid, ¢ as concentration of fluid, p is pressure and ¢ is temperature.
Another non-dimensional parameters considered are:

A1 Ry® WiR
Rayleigh thermal number, Rar = M, Reynold number, Re = Cfo’
(e v
AR 5 ~
Rayleigh solutal number, Ra, = gﬁcl#’ Prandel number, Pr = i,
v Qe
v K
Schmidt number, Sc = %, Darcy number, Da = Ri(%’
R W*Q R .
Forchheimer number, F = 0761@7 buoyancy ratio, N = Ri’
2 arT
2

viscosity ratio, A = —.
w
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Furthermore,
W is base velocity at center of the pipe,
v is the kinematic of viscosity, o, is thermal diffusivity,

1604 Tp°
-~ 3uCpky

is the thermal radiation parameter,

K. Ro® . .
~ = ——— is the chemical reaction parameter,
v

K, Cy

kg = ——l
Ay RoW,.*

2.1 Basic flow

Fully developed, stable, unidirectional, laminar flow is basic. Thus, the flow is considered
along vertical direction only. Under the above above assumption the preceding governing equa-
tions (5)—(8) can be expressed as,

d*Wy  1dW, A

dTQ ; ar — FQW(] — (RG,T@() + RCLS(P()) Re T - RGF‘VV()|VV() - 0 <9>
1 d?0y 1dO,
(Pr +R> o + - ~dr = —Wy, (10)
d’®, 1dP
0 4 220 1Se®g + K, = —Wy.  (11)
dr r dr

Thus, the boundary conditions are
AWy _ d0y _ dby
dr— dr  dr
W():@Q:(bo:(), atr:L (13)

=0, atr=0, (12)

with Wy, 6¢, ®¢ and Py representing basic velocity, temperature, concentration, and pressure.

3 Numerical Solution of Basic Flow

Here we calculate numerically the basic flow by dividing (9)-(13) by Re— Consequently,

the aforementioned equations are adjusted

2w 1dw 1

- — W - o) —1-F =
proa et DaW (Rar© + Ra,®) F'\W|W =0, (14)
1 d?0  1de
(P+R>dr2+rdr——W, (15)
d?®  1dd

0] =-W. 1
T b S 4k = WV (16)

To estimate variables W, ©, and ® using Chebyshev polynomials [34], the function { = 1 — 2r
transforms the independent variable r from the range [0, 1] to [-1, 1].

543



S. Kapoor and S. Sahoo Malaysian J. Math. Sci. 20(2): 537-558(2026) 537 - 558

In terms of &, these equations characterize the flow dynamics (14)-(16) with boundary condi-

tions.
Chebyshev variable;
W 4 dwW 1
—F'\WWw -1 4 — | - =W - s®) =0,
W] +( & 1€ df) Da (Rar® + Ra®)
1 d*e 4 do
(Pr +R>4d§2 1-¢€de =W
d*® 4 do
— — ~Sed - _
& T T_cde vSc® + k, W,
subject to boundary conditions:
aw  de 4P
W =06 0, at & , and @ TS T3 0, at &

For Chebyshev variable &, discretized governing equations are (17)—(19)

M M
4 1
—F|W‘Wj + 4ZBjka — (1 — §1> ZAjka — EWJ‘ — (RaTG)j + Ras@j) =1,
k=0 k=0
M

M
1 4
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M M
4
(Wj + ka) +4 E Bjkq)k - (1 — f) E Ajkq)k - ’VSC(bk = 0,
k=0 t/ k=0

where j =1,2,3,...,M — 1.

The corresponding boundary conditions are
Wj:G)j:@j:O, at é.:*l,

and
M M M
ZAjka = ZAjk@ = ZAjkq> =0, até&=1,
k=0 k=0 k=0

where j = 0 and M.

In the above equations,

CJ(*I)kJF]' .
9 k?
(&) 17
2M2 +1
=k=0
6 b b
Aj =
2M* +1 kM
6 b - - b
& .
1<j=k<M-1
2 b — — b
2(1 - &%)
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and Bjk = Ajm.Amk.
In the above,

1<j<M-1,
Cj: 9 .
) j_07M’

and §; = cos (E), where 0 < j < M are considered Chebyshev collocation points and M is

the order of polynomial. Subject to boundary conditions, the aforementioned equations yield the
following system,

AX =b. (25)

The square matrix A is a obtained from the discritized differential operators of left hand side of
(20)—(24), bis the column matrix obtained from right hand sides of (20)—(24) and X is the column
matrix of unknown field variables. The matrices A, X and bhaving orders are (3M +3) x (3M +3),
(3M + 3) x 1 and (3M + 3) x 1, accordingly. The linear equation system (25) was solved using
MATLAB’s A/b tool.

To obtain basic velocity, temperature and concentration,

Wy = Re@ W, ©g= Re@ O, and &j= Re@ .
dz dz dz

d
For Re%, the axial pressure gradient is calculated using global mass conservation,
z

1
1
/0 r (Re(fg)) W(r)dr = 3

This implies,

4 Results and Discussion

To gain deeper insight into the physics of thermosolutal mixed convection fluid flow in a verti-
cal pipe through a porous medium under the influence of heat radiation and chemical reactions,
we computed numerical results and to demonstrate results of the given analysis for various dy-
namical parameters involved in the topic under consideration. The behavior of velocity profile,
temperature profile, and concentration profile can be seen in plotted Figures 2 to 17. The con-
sidered fluids for the study are air having Pr = 0.71 and water having Pr = 0.7 at 20° and the
corresponding Schmidt number (Sc) value is taken as 0.60 which is the same as water vapor and
is a chemical species that diffuses through air that is most often studied [23]. The other param-
eters such as Rar (Thermal Rayleigh number), Ra, (Solutal Rayleigh number), F (Forchheimer
number) are fixed at 1000, 500 and 1 respectively as per the existing literature sources. Determi-
nation of the range for other governing parameters is based on the practical applications of this
type of problem. In this study, we have considered four distnict values (1072,1072,107*,1075) of
Darcy number, radiation parameter(R) in a range of 0 to 5 and chemical reaction parameter v in
a range between 0 to 3 based on the available literature.
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4.1 Code validation of numerical solution

To authenticate the findings provided in the document, we undertook the following processes.
The solution’s response to grid size was first examined by altering the order of Chebyshev poly-
nomials. Secondly, comparison of the numerical findings with the referenced ones.

By examining Table 1, it illustrates the grid independence characteristics of the obtained nu-
merical results concerning the order of the approximation polynomial, in which basic velocity
(W), temperature (6y) and concentration (®) are computed by considering different order Cheby-
shev polynomials varying from 50 to 100 at r = 0, at F = 1, Da = 1072, Rag = 103, Ras = 500, Pr
=0.71, R=1,v =1, Sc= 0.60. It has been observed that the accuracy in velocity and temperature
are reached up to 7-digits and in concentration up to 6 digits. In Table 2, we have compared our
present work with the previous results [5] at Da = 1072, Rar = 103, F= 0, R = y = 0 at different
buoyancy ratio (N). The new findings closely align with the previous ones when v and R are taken
to be zero.

Table 1: At r = 0 dependence of the velocity, temperature and concentration of the flow on the order of approximation polynomial at
Pr=0.71,F=1, Rap = 10®, Ra, = 500, Da= 10"2, R = 1,y = 1,Sc = 0.60.

N (Terms) Velocity (W) atr =0 Temperature () atr =0 Concentration (¢) atr =0

N =50 0.00479580706146543 0.0331092089734551 —0.01373350098986
N =55 0.00479580915376632 0.0331092091334899 —0.01373350134507
N =60 0.00479581041661157 0.0331092107878656 —0.01373350158788
N =65 0.00479581121715774 0.0331092109856344 —0.01373350467882
N=70 0.00479581185249973 0.0331092116705398 —0.01373350644456
N=75 0.00479581225815310 0.0331092125576898 —0.01373350886519
N =280 0.00479581254849595 0.0331092129890078 —0.01373350986733
N =85 0.00479581276085680 0.0331092145450001 —0.01373351166321
N =90 0.00479581276085680 0.0331092186789001 —0.01373351177689
N =295 0.00479581291896386 0.0331092190067583 —0.01373351298001
N =100 0.00479581303870138 0.0331092200089651 —0.01373351452231

Table 2: Comparison with published result [5] and present result at Da = 1072, Rar = 10%,F=0, R = v =0.

Buoyancy Velocity (W T ture (6 Concentration (®
Ratio (N) elocity (W) emperature (6) oncentration (®)
Bera et al. [5] Present work Beraetal. [5] Presentwork Beraetal [5] Present work
0 0.2507699342 0.2507661108 0.1105627481 0.1105879170 0.1072458657 0.1072453233
1 0.1114379510 0.1114370986 0.0902378930 0.0902354648 0.0875307562 0.0875316895
10 —0.0063132885 —0.0063137894 0.0473089399 0.0473086503 0.0458896717 0.0458885469
100 —0.0000950235 —0.0000951378 0.0229862681 0.0229864339 0.0222966800 0.0222966902

4.2 Velocity profile

Figures 2—5 depict the effect of thermal radiation on velocity profile for Darcy values 1072,

1073,107* and 10~° respectively in a porous vertical pipe flow, with air as the working fluid
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(Pr = 0.71 and Sc = 0.60) and with chemical reaction parameter v = 1. Both radiative and non-
radiative scenarios are presented for comparison.The results reveal a non-monotonic response of
velocity to increasing radiation parameter R. Initially, velocity increases with radiation, due to the
enhanced thermal energy available in the system, which boosts buoyancy-driven flow. However,
beyond a critical value of R, the velocity begins to decline. This reversal occurs because exces-
sive radiative heat transfer smooths the temperature gradient, thereby weakening the buoyancy
force responsible for driving the flow. A distinctive feature observed is the appearance of inflec-
tion points in the velocity profiles, which shift closer to the wall as the Darcy number decreases.
A lower Darcy number signifies increased porous resistance, which disturbs the balance among
pressure, viscous, and buoyancy forces. As a result, the velocity profile’s inflection point shifts
toward the wall, indicating flow instability. Moreover, radiative cases exhibit inflection points ear-
lier than non-radiative ones, highlighting the destabilizing role of thermal radiation. Radiation
modifies the internal energy distribution, which in turn affects both thermal stratification and
momentum diffusion, leading to significant changes in flow structure.

Effect of thermal radiation parameter (R) on the velocity profile where the horizontal axis
denotes the radial position (r), while the vertical axis corresponds to the velocity component (W).

0.8 T T

07r-

06

05 Radiative

Da=102,R=5

0 I I I 1 I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

r

Figure 2: Velocity profile for Da = 10~2.
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Figure 3: Velocity profile for Da = 1075.
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Figure 7: Velocity profile for Pr = 7.

Figures 6 and 7 illustrate the influence of thermal radiation on the velocity profile for two
different fluids: air Pr = 0.71 and water Pr = 7, by taking Darcy value Da = 1073. It is observed
that with a rise in radiation parameter(R) 1 to 3 and subsequently to 5, the velocity decreases.
This behavior aligns with the findings reported in [23]. Another important observation is that the
inflection point in the velocity profile appears sooner for water than for air. This is attributed to
the higher Prandtl number of water, which implies lower thermal diffusivity. As a result, thermal
energy diffuses more slowly in water, maintaining steeper temperature gradients near the wall.
This leads to stronger velocity shear and an earlier development of inflection points, signaling a
higher tendency toward flow instability compared to air.

4.3 Temperature profile

The impact of R on temperature distribution for Darcy value 1072 and 107 are plotted in
Figures 8 and 9. Both the radiative and non-radiative case well explained, with a rise in thermal
radiation parameter(R), from 1 to 3 and subsequently to 5 temperature profile falls accordingly.
The figures show that the temperature is highest in the center and falls as one moves towards
the pipe’s walls. Thermal radiation parameter(R) has a diminishing influence on temperature
profile, this trend agrees with previous findings in [1, 23]. The temperature is seen to peak at
the pipe center and gradually decrease toward the walls, indicating a typical thermal boundary
layer behavior in vertical pipe flows. Physically, an increase in R signifies stronger radiative energy
transport, which competes with conduction and convection. Since radiation allows heat to escape
more efficiently from the fluid to the surroundings, the internal energy available for conduction
and convective heating decreases, leading to cooler temperature profiles.

Effect of thermal radiation parameter (R) on the temperature profile where the horizontal axis
denotes the radial position (), while the vertical axis corresponds to the temperature component

(%0).
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Figure 10: Temperature profile for Pr = 0.71.
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Figure 11: Temperature profile for Pr = 7.

Figures 10 and 11 indicate the impact of the R on the temperature profiles of air and water, re-
spectively. These graphs show, increasing the radiation parameter produces a drop in the temper-
ature of both air and water. Effect of radiation parameter(R) is more pronounced in case of water
as compare to air. This difference arises from the higher Prandtl number of water, which implies
lower thermal diffusivity relative to momentum diffusivity. As a result, heat diffuses more slowly,
forming a thinner thermal boundary layer and reducing the core fluid temperature. In contrast,
air’s lower Prandtl number allows faster heat diffusion, producing a thicker boundary layer and
a milder temperature drop with radiation. Similar kind of phenomenon observed by Mwamba et
al. [18] analyzing hydromagnetic flow in a cylinder subjected to thermal radiation and chemical
reaction effects.

4.4 Concentration profile

Figures 12 and 13 represents effect of radiation parameter on concentration distribution for
Darcy value Da = 1072 and Da = 107" accordingly. The figures indicate that as the radiation
parameter increases from 1 to 3 and then to 5, a clear rise in the concentration profile is observed.
This behavior is attributed to the fact that radiative energy enhances thermal agitation, promoting
greater molecular motion and diffusion of solute particles. The increased energy supply reduces
solutal stratification, resulting more concentration distribution. Similar observation seen in Krish-
namurty et al. [14]. In their experiment, they investigated the influence of chemical reactions and
heat transfer on the flow of the MHD boundary layer within a porous medium.

Figures 14 and 15 represents the effect of v on the concentration profiles of air and water re-
spectively. As v increases, the concentration profile consistently decreases in both cases. This
decline is attributed to the enhanced rate of chemical reaction, which consumes the solute species
more rapidly, thereby lowering the solute concentration. From a physical standpoint, a higher
signifies a stronger reaction rate, acting as a sink in the species transport equation. This reduces
molecular diffusivity and limits solute spreading. The effect is more noticeable in water due to
its higher Schmidt number, indicating lower mass diffusivity and greater suppression of concen-
tration under reactive conditions. This decreasing trend of chemical reaction parameter towards
concentration profile also observed in [33, 10].
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Figure 16 and 17 represents the impact of Sc on concentration distribution for air and water
separately. A particular case is discussed taking the fluid at 25°. Figure 16 plotted for air (Pr =
0.71), considering Methane CHy; Sc = 0.99, Oxygen O,; Sc = 0.84, Carbon dioxide Coy; Sc = 1.14
and Ammonia NHj; Sc = 0.57, as provided in [13] and it has been seen that Sc has a decreasing
trend towards concentration. Figure 17 represents concentration distribution for water (Pr = 7)
under consideration of Sc values, Methane CHy; Sc = 570, Oxygen O5; Sc = 441, Carbon dioxide
Coy; Sc = 410 and Ammonia NH3; Sc = 360 [13]. Figure 17 clearly shows that with a rise in
Schmidt number concentration profile decreases, similar observation found in [18]. This happens
due to the rising Schmidt number, which suggests mass transmission is less effective than the
momentum transfer. As mass diffusion diminishes, so does the concentration distribution. The
momentum diffusivity in the pipe’s core is greater than that towards the wall.

Thermal radiation parameter (R), chemical reaction(vy) and Schmidt number (Sc) effect on con-
centration profile where the horizontal axis denotes the radial position (1), while the vertical axis
corresponds to the concentration component (®).

0.07 T T T
Radiative | Da=10?,R=0
0.06 F — — = Da=10"R=1
————— Da=102R=3
T ——— Da=10",R=5
0.05 - ——— 4
'---.'_..
________ R
0.04 TSl :
o B ~
=) Y \\:‘
0.03- N :
D
B
0.02 - > B
0.01 -
0 | | | 1 | | | 1 |
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
r
Figure 12: Concentration profile for Da = 10~ 5.
0.14 T T
-----------
7 ——— Da=10%R=1
— — Da=10"R=3
0M2E=-=—Cr= e Da=10",R=5 ||
3
0.06 — -
0.04 =
0.02 — =
0 1 1 1 | | L | | |
0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 1

r

Figure 13: Concentration profile for Da = 10™°.
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Figure 14: Concentration profile for Pr = 0.71.
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Figure 16: Concentration profile for different values of Sc and Pr = 0.71.
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Figure 17: Concentration profile for different values of Sc and Pr = 7.

5 Conclusions

The study investigated thermal radiation (R) and chemical reaction (y) effects on fully devel-
oped thermosolutal mixed convection in a vertical pipe filled with a porous medium.The proposed
model is applicable to systems like high-temperature reactors, solar thermal collectors, and waste
heat recovery units, where radiative heat transfer in vertical porous media is significant. It also
applies to catalytic reactors and biomedical implants, where chemical reactions are influenced
by temperature and concentration gradients.The flow behavior is modeled using the non-Darcy
Brinkman-Forchheimer (NDBF) formulation. The resulting one-dimensional, fully developed,
and coupled governing equations are solved numerically using the Chebyshev spectral colloca-
tion method. We validated our numerical results in two ways: first, by assessing the solution’s
sensitivity to grid size variations in the Chebyshev polynomial order and second, by confirming
strong agreement between our results and established benchmark solutions under limiting condi-
tions. Basically, the research is conducted to find the effect of thermal radiation (R) and chemical
reaction () on the flow mechanism in the pipe filled with porous medium for air and water sys-
tem. Also the impact of Darcy number (Da) with a variation 1072, 1072, 10~% and 1075 on flow
mechanism and effect of Schmidt number on concentration profile are explored.

1. With a variation of Darcy value (Da), 1072, 103, 10~% and 10~° the velocity profile posses
point of inflection and with a decreasing Darcy from 102 to 10~° value the pint of inflection
moves towards the wall. It has also been identified that the radiation impact causes such
points of inflection to occur quickly. Radiation parameter, R enhance the instability in fluid
flow mechanism.

2. For air and water, in a Darcy porous medium with Darcy value 1073, the velocity profile
decreases as the radiation parameter, R increases from 1 to 3 and finally to 5.

3. Radiation parameter, R has decreasing trend towards temperature profile and the tempera-
ture is highest at the center and declines towards the wall of the pipe.
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4.

The temperature distribution for air, Pr = 0.71 and water, Pr = 7 falls with a rise in R from 1
to 3 and then to 5. The consequences of radiation parameter, R is more prominent in case of
water as compare to air.

The concentration distribution for mixed convective flow, using two Darcy values 1073 and
1073, grows as R grows from 1 to 3 and eventually to 5.

Effect of v on concentration profile for air and water is perceived as, concentration profile
falls with growth in chemical reaction parameter y in a range between 1 to 3.

. As a higher Schmidt number reduces mass diffusion, results a decrease in concentration

distribution. Similar phenomenon observed here for air-water system at 25° considering
Methane CH,4, Oxygen O,, Carbon dioxide Co, and Ammonia NHj.

The present study, while offering valuable insights, has certain limitations that open avenues
for future research. This study is limited to steady, laminar, and fully developed vertical pipe
flow with homogeneous, isotropic porous media. It uses a first-order chemical reaction and the
Rosseland approximation for radiation, which may not apply to all scenarios. Future work may
address transient or turbulent flows, anisotropic media, complex reaction kinetics, more general
radiation models, and extended geometries for broader applicability.
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