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Abstract

This study explores the flow dynamics of chemically reacting Maxwell fluids over porous stretching sheets, focusing
on the interplay between fluid rheology, chemical kinetics, and porous media effects. It analyzes the influence of the
viscoelastic properties of a fluid on momentum and concentration of boundary layers, considering chemical reactions
and the permeability of the stretching sheet. The mathematical model accounts for the non-Newtonian nature of the
Maxwell fluid, reaction Kinetics, and porous medium resistance. Numerical solutions explore the effects of key
parameters on velocity, concentration profiles, heat, and mass transfer rates. The findings offer insights into coupled
transport phenomena in engineering processes involving non-Newtonian fluids, chemical reactions, and porous
media. Dimensionless problems are numerically solved using the Runge-Kutta approach. The study focuses on
important engineering parameters that affect velocity, concentration, and temperature profiles. Quantitative values
of engineering factors such as skin-friction, Sherwood number, and Nusselt number coefficients are presented, and
the results are analyzed using graphics and tabular representations. For program code validation, a numerical
comparison with previously released data is provided.

Keywords: Maxwell fluid; Stretching sheet; Nanofluid; Chemical reaction; R-K technique; Porous medium.

MOJE/TIOBAHHA JUHAMIKH ITIOTOKY XIMIYHO PEAT'YIOUYUX PIIVUH MAKCBEJIJIA HA
INOPUCTHUX PO3TAXHUX JIUCTAX
A. 1. Cy6amunil, /1. P. Kipy6axapan?, B. K. Togkapi?, I'yuaaradi Mypauis3, K. Bigxenaep?, /I. bxar’ammas
1Ynisepcumem I1PUCT, Tandxcagyp-613403, wmam TaminHad, IHdis.
3IHxceHepHO-mexHon02ivHUll iHcmumym imeni Kamaanasina badxcas Porndy «Bidsa [IpamiwumxaH», M. Bapamami-413 133,
IH0is.
4IHoiceHepHO-mexHo02iuHUll koedxc I'imxanadcani, Yipian-501301, wmam TeaauzaHa, IHOis.
S[Hcmumym Hayku i mexHo.oz2iil Cpinioxi, AmHamnem, Teaaneana-501301, Indis.
6IHsceHepHuli konedxc MVSR, Hadepaya-501510, wumam TeaaHzawa, IHOis.
AHoTaliga
Y npoMy AOCHiJ)KeHHI BMBYA€ETbCA AMHAMiIKa NOTOKY XiMiYHO peaKTHBHHUX piAuH MakcBesia HaJ, MOPUCTUMH
PO3TAKHUMHU JIMCTAaMH, 3 aKLEHTOM Ha B3aEMOJil0 MK peoJiori€l piguHU, XiMiyHO KiHETHMKOW Ta edeKTaMH
NMOPHUCTOTO CepesoBHIIA. AHAMI3y€ThCA BIVIMB B'A3KONPY>KHUX BJIACTUBOCTEH PiAMHU HaA iMIyJIbC i KOHIEHTpaLilo
NpUMEKOBUX LIAPIB 3 ypaxyBaHHAM XiMiYHMX peakuiil i NPOHUKHOCTI PO3TAXKHOIO JiMcTa. MaTeMaTU4YHa MOJeJjb
BpaxOBy€ HEHbLIOTOHIBCbKY NpHUpoAy piauHM MakcBe/ula, KiHETUKY peakuii Ta omip mopucToro cepejpoBuila.
YucenbHi pilleHHs JOCAiJKyIOTh BIUIUB KJIIOYOBUX MapaMeTpiB Ha WIBHAKICTb, Npo¢isli KOHLeHTpalii, Tenyjao Ta
IBUAKICTE MaconepeHocy. OTpuMaHi pe3yjabTaTH JAal0Th YABJEHHS IPO CHOJIydyeHI TPaHCNOPTHI fABHMIA B
IlPKeHepHUX Mpouecax, 10 BK/IIOYAalTh HEHBIOTOHIBCBKiI pigvHH, XiMiyHi peaknii Ta mopucri cepeposuiia.
Be3po3mipHi 3aaa4i ynce/IbHO BUPINIYIOTHCA 3a A0noMoroi MetoAay PyHre-Kyrra. JloctigkeHHA 30cepeKy€EThCS HA
BaOX/JIMBUX iH)KEHEPHHUX NapaMeTpax, L0 BIUIMBAOTh Ha Npodini IMBUAKOCTI, KOHIEHTpaLii Ta TeMmepaTypH.
HaBogaTbcs KinbKicHi 3HaYeHHs iHkeHepHHMX PaKTOPiB, TAaKUX K KoedilieHTH TepTa 06 NoBepxHIo, yuco lllepByaa
Ta 4yucao HyccesbTa, a pe3y/bTaTH aHaMi3ylOTbCA 3a AonmoMorow rpadikiB ta Ta6auub. Jasa mepeBipku Koay
NnporpamMy HaBOAUTHCS YUCe/IbHe NOPIBHAHHA 3 paHille ony6/71iKOBaHUMH AAHMMHU.
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Introduction

Advanced heat transfer fluids, or nanofluids,
have been the focus of much study for almost 20
years. However, despite their complexity, there is
disagreement about their potential benefits. The
difficulties in formulating, implementing, and
comprehending heat transfer processes restrict
the practical use of nanofluids. One of the biggest
technical challenges is optimizing the size and
shape of nanoparticles. Future studies should
examine the effects of viscosity and wettability,
which are variables other than thermal
conductivity, on fluid dynamics and thermal
energy transfer. Nanofluids are synthesized using
solid particles, which can be metallic (e.g., gold,
silver, copper) or non-metallic (e.g, alumina,
silica, titanium dioxide). Metallic liquids, such as
sodium, can also be employed.

Njane-Mutuku and Makinde [1] investigated
nanofluid flow over a permeable surface with
Newtonian heating under MHD boundary layer
conditions. Sheikholeslami [2] presented a novel
numerical methodology for analyzing MHD
nanofluid flow in a porous enclosure. Further
studies, such as those by Sheikholeslami et al. [3],
Chamkha et al. [4;5], Rashad et al. [6;7],
Sivasankaran et al. [8], Rokni and Sheikholeslami
[9], Muhammad et al. [10], Sreenivasulu et al. [11],
Zaidi etal. [12], and Ibrahim and Negera [13], have
explored diverse aspects of nanofluid behavior
under various conditions, including mixed
convection, non-Newtonian fluids, thermal
radiation, and magnetic fields. Behseresht [14]
examined the influence of thermophoresis and
Brownian motion on natural convection heat
transfer of nanofluids near a vertical cone in a
saturated porous medium, employing numerical
methods such as the Runge-Kutta method. Several
recent studies have further assessed the
practicality and efficacy of nanofluids (references
[15-23]), expanding on earlier studies (references

Momentum equation

1
u(uy) +v(uy) = —[—)(Px) +v(uyy) -

[24-27]) and utilizing solutions for heat and mass
transport concerns caused by MHD (references
[28-30]).

This work investigates how MHD Maxwell
nanofluid flow on a stretched surface is affected by
velocity and concentration slip, incorporating
chemical reactions and porous media effects.
Expanding on prior research, the analysis
emphasizes thermophoresis, Brownian motion,
and chemical interactions under magnetic and
porous conditions. The mathematical model was
computationally solved through an optimized
numerical approach combining fourth-order
Runge-Kutta integration with an iterative
shooting algorithm. This sophisticated dual-
method technique enabled precise solution
convergence while maintaining computational
efficiency for the complex boundary value
problem under investigation. The implementation
incorporated adaptive step-size control to ensure
solution accuracy across all parametric variations
studied. Graphical results illustrate key trends,
with atypical cases examined to confirm accuracy.
The findings enhance understanding of nanofluid
dynamics, offering valuable insights for
hydrodynamic applications, including lubrication
theory, thermo-bio convection, and oil reservoir
modeling. This research provides a foundation for
future studies on complex fluid behaviors in
industrial and thermal systems.

Flow governing equations and their formulation

The present work investigates steady, two
dimensional incompressible, viscous electrical
conducting nanofluid flow, chemical reactions,
velocity and concentration slip results, and
surface stretching in the presence of a magnetic
field.

The governing equations are given below:
Continuity Equation:

(0.)+lu,)=0 g

(7))

kq (2)
— Blu?(uex) + v2(uyy) + 2%y (Usy)]
Equation of thermal energy:
D
u(T) +v(Ty) = (Tyy)a + [(Cy)(Ty)DB + T_T(Ty)z] 3)
equation for nanoparticle concentration distribution
D
u(Cy) +v(Cy) = (Cyy)Dp + (T—T) (Tyy) + Kr(Coo — €) (4)

Maxwell-nanofluid flow’s boundary conditions are
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u=u,(x)=arx+Ly(uy)v=0-k(T,) = (T —T)B;,,C=C, +L,(C,) at y=0 5)
u-0v-0T->T, as y— o
Introducing the following similarity transformations
R R L (©)
avx P =
=y Tr — To Co — Con
Using standard boundary layer theory, a large-  characteristic values.
scale analysis of the transverse momentum U >> V> Uy, Vy, V), Shows that 7
equation was performed to determine the py=0 (7)
dominant terms by comparing
Under the above conditions, the governing equations will take the following forms:
f" =M = (") —Kf' = A(f2f" = 2ff'f") =0 (8)
0" +Prf0 +PrNbo'¢p'+ PrNt(60')> =0 9)
Nb¢" + LeNb Pr f ¢' + Nt6" — Nbygp = 0 (10)
The governing boundary conditions for equation (6) are formulated as follows:
f(0) =0,f(0) =1+ xf (0),6(0) = —Bi(1-6(0)),$(0) =1+ 5¢ (0)} (11)
f(0) = 0,6(c0) = 0,(0) - 0
Engineering parameters concerned are
¢)p,Dp(Cyy — Coo C)pDr(Tr — Too hx [v
Pr =—Le——Nb (Pc)y D (Cy ) e = PPry ),Bi=—\F]
Dg’ (pc)pv (pc) pvTo Kk Na
2 (12)
M—JBOK akl Lf L\/i/l K, Kr
- ap , =—X=1L - b2 ay =
Quantities of physical 1nterest
Cr=0A+ 1)— = Re Cr=f"(0)1+1)
1
Nu, = — _where q,, = —k (a—T) = Re 2N u, = —0'(0)
K(Tyw—Teo) dy y=0 x (13)
1
Xqm _ ac -2 Y
Sh, = DT} where q,, = —Dp (ay)y , = Re,?Sh, = —¢'(0)

Methods

The study employs an advanced computational
scheme to solve the governing equations (8)-(10)
with boundary conditions (11). The infinite
physical domain [0, o) is truncated to a finite

f= Yi: f'= Y2 f"= y3;9: y4;¢: y5;¢’: y7-}

A sophisticated numerical framework
combining fourth-order Runge-Kutta integration
with an adaptive shooting algorithm is
implemented. This approach converts the
boundary value problem to an initial value
formulation, utilizes the MAPLE's computational
environment for efficient solution, and
incorporates an iterative procedure to satisfy all
boundary constraints. The solution protocol
features: a) precision step size control (An =
0.001); b) strict convergence criteria (107°
tolerance; c¢) careful specification of initial

values f (0), £'(0), 6(0) ¢(0)

computational domain while maintaining solution
accuracy. The higher-order differential equations
are systematically reduced to a system of seven
first-order equations through strategic variable
transformations:

(14)

Results and discussion

This study analyzes the behavior of a non-
Newtonian Maxwell nanofluid under the influence
of magnetic fields, slip effects, and porous media,
employing the R-K method with a shooting
technique for numerical solutions. Key
observations include:

Magnetic field (M) reduces fluid velocity (Fig.
1), while permeability (K) opposes boundary layer
thickness and flow speed (Fig. 2). Higher porosity
weakens momentum distribution. The Deborah
number (A), linked to relaxation time, decreases
velocity as it increases (Fig. 3), particularly in
highly viscous fluids.
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Velocity slip further diminishes flow speed (Fig.
4), whereas the Prandtl number thins the thermal
boundary layer, lowering temperatures (Fig. 5).
Brownian motion enhances thermal boundary
layer thickness but reduces nanoparticle
concentration (Figs. 6 & 7). Thermophoresis boosts
both temperature and concentration profiles

nanoparticle concentration (Fig. 11). Chemical
reaction rates (y) delay concentration buildup due
to rapid molecular interactions (Fig. 12). Lastly,
concentration slip (§) decreases nanoparticle
distribution as it rises (Fig. 13). These insights
advance the understanding of nanofluid dynamics,
with potential applications in heat transfer and
industrial fluid systems. Future studies could
explore additional non-Newtonian models under
varying conditions.

M=05,08 10,12

(Figs. 8 &9).
The Biot number elevates temperature (Fig.
10), while the Lewis number suppresses
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Numerical values of the Skin-friction
coefficient resulting from velocity profiles are
displayed in Table 1. The values of the Skin-
friction coefficient increase in tandem with the
values of these factors. The Nusselt number or
rate of heat transfer coefficient values for
different parameters are shown in Table 2. While
Prandtl number values are inverted, Nusselt

number values rise as these parameters' values
do. The Sherwood number, also known as the
rate of mass transfer coefficient, is shown in
Table 3 as a function of concentration profiles for
a variety of factors. It decreases as Le-, Nb-, -, y-
, and Nt-values increase, and increases as Nt-

values increase.

Table 1
Skin-friction coefficient results
M K A Pr Nb Nt Le r X Bi 9 cf
0.5 0.5 0.5 0.71 0.3 0.5 0.5 0.5 0.5 5.0 0.5 2.1874530124536
0.8 2.1546343436869
1.0 2.1277582493938
0.7 2.1686633476349
0.9 2.1486347438077
0.8 2.1556378373460
1.0 2.1316642708401
1.00 2.1434451878437
3.00 2.1296744874380
0.6 2.2026473834392
0.9 2.2267474170307
0.8 2.2186787394933
1.0 2.2394634608742
0.8 2.1567898196836
1.2 2.1315674028702
0.8 2.1676743139033
1.0 2.1377813986234
0.7 2.1576634780467
0.9 2.1315674082402
7.0 2.2164637383460
9.0 2.2346763643086
1.0 2.1567673763430
1.5 2.1216768739363
Table 2
Nusselt Number results
Pr Nb Nt Bi Nuy
0.71 0.3 0.5 5.0 1.7561396938639
1.00 1.7275317403640
3.00 1.7078768183967
0.6 1.7875738734783
0.9 1.8078789481892
0.8 1.7998719786897
1.0 1.8116547387845
7.0 1.7965763783641
9.0 1.8206398463961
Table 3
Skin-friction coefficient results
Nb Nt Le y A Shyx
0.3 0.5 0.5 0.5 0.5 1.9678719386983
0.6 1.9488168979181
0.9 1.9215673468659
0.8 1.9878498187367
1.0 2.0867847597199
0.8 1.9277548185971
1.2 1.8977888738768
0.8 1.9377489304730
1.0 1.9115643762304
1.0 1.9463738368063
1.5 1.9215674362076
Conclusions nanofluid over a porous stretching sheet under

This research examines the steady, two-
dimensional flow of an incompressible Maxwell

electromagnetic
demonstrates that:

effects. The

analysis
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(1]

Magnetic fields inhibit velocity profiles, while
permeability and slip parameters show
diminishing effects

The Maxwell parameter contributes to
additional velocity reduction

Thermal profiles intensify with Brownian
motion and thermophoresis but weaken with
Prandtl number elevation

Biot number augmentation improves heat
transfer characteristics

Concentration fields are suppressed by Lewis

number, Brownian effects, chemical
reactions, and slip parameters, but enhanced
by thermophoresis

The study provides significant insights into
the coupled thermo-fluid phenomena in
complex media, highlighting:

The intricate balance between
electromagnetic and rheological factors
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