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This study investigates the effects of first-order chemical reaction, thermophoresis, electrification, and Brownian motion on Cu
nanoparticles within a free convective nanofluid flow past a vertical plane surface, focusing on skin friction, heat and mass transfer.
The unique combination of chemical reaction and electrification effects sets this study apart from previous research on nanofluid flow.
By utilizing similarity functions, the governing PDEs of the flow are converted into a system of locally similar equations. These
equations are then solved using MATLAB's bvp4c function, incorporating dimensionless boundary conditions. The findings are
verified through a comparison with previous studies. Graphical illustrations show the numerical explorations for concentration,
velocity, and temperature profiles in relation to the electrification parameter, thermophoresis parameter, chemical reaction parameter,
and Brownian motion parameter. The computational results for heat transfer, mass transfer and dimensionless skin friction coefficients
are presented in tabular form. The primary finding indicates that the electrification parameter accelerates heat transfer, while the
electrification parameter, Brownian motion parameter, and chemical reaction parameter enhance the rate of mass transfer from the
plane surface to the nanofluid. This indicates encouraging potential for cooling plane surfaces in manufacturing industries.
Keywords: Chemical Reaction; Thermophoresis, Electrification; Brownian Motion; Nanofluid

PACS: 47.70.Fw, 44.20.+b, 44.25.+f, 47.10.ad, 47.15.Cb

Nomenclature
c specific heat capacity Ra, local Rayleigh number
c local concentration s dimensionless concentration
Cr Local skin friction coefficient Sc Schmidt number
Dg  Brownian diffusion coefficient Sh, local Sherwood number
Dy Thermophoresis diffusion coefficient T local temperature
(Ex, Ey) electric intensity components (u,v) velocity components
f dimensionless stream function a thermal diffusivity
F time constant for momentum transfer between the fluid and By  volumetric thermal expansion coefficient
nanoparticles &  permittivity
g gravitational acceleration n similarity variable
k thermal conductivity Y chemical reaction parameter
kq rate of chemical reaction u dynamic viscosity
m nanoparticle mass 0 temperature in dimensionless form
M electrification parameter p density
Nb  Brownian motion parameter v kinematic viscosity
Nc concentration ratio P stream function
Np momentum transfer number Subscripts
Nr buoyancy ratio s nanoparticle phase
Ng. electric Reynolds number nf  nanofluid phase
Nt  thermophoresis parameter f base fluid phase
Nu, local Nusselt number w  condition at the plane surface
Pr  Prandtl number © free stream condition

q charge of the nanoparticle

1. INTRODUCTION
Recent progress in nanoscience arises from exploring the physical properties of matter on the nanoscale. One notable
area of industrial application is nanofluids, which have become prominent in the field of heat transfer. These nanofluids
have garnered significant attention because of their exceptional thermal transport properties and their fascinating uses
across several industries. The motivation for researching nanofluids stems from the improved heat transfer in applications
such as nuclear engineering, computer processor microchips, air conditioning and refrigeration systems, space cooling,
micromanufacturing, and fuel cells. The classical theory of single-phase fluids can be adapted for nanofluids by treating
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their thermophysical properties as dependent on both the base fluids and their individual components. It is crucial to
recognize that factors such as thermal conductivity, volume fraction, particle size, and temperature all play a role in
enhancing the thermal conductivity of nanofluids. Buongiorno [1] formulated a dual-phase framework aimed at
investigating thermal energy transfer utilizing nanofluids. Subsequently, Tiwari and Das [2] introduced a more
streamlined approach where the thermophysical characteristics varied with the nanoparticle volume fraction. These
models have proven highly effective in addressing diverse flow challenges related to nanofluids. For example, Kuznetsov
and Nield [3] were the first to use the Buongiorno model to study the effects of thermophoresis and Brownian motion on
free convective nanofluid flow near a vertical plate. Since then, numerous researchers (Khan and Aziz [4], Ibrahim and
Makinde [5], Khan et al. [6], Ganga et al. [7], Mohamed et al. [8], Goyal and Bhargava [9], Rana et al. [10], and Dey et
al. [11]) have examined the impacts of Brownian motion and thermophoresis on nanofluid flow past a plate surface. Some
researchers (Dey et al. [11], Padmaja and Kumar [12], Padmaja and Kumar [13], Dey et al. [14]) have recently reported
on the influences of chemical reaction on nanofluids.

The effect of electrification on nanofluid flow has recently garnered significant interest. The pioneering examination
of the improvement in heat and mass transfer due to nanoparticle electrification was conducted by Pati et al. [15] in a
study of nanofluid flow over a stretching cylinder. Further investigations into the impact of nanoparticle electrification
on nanofluid flow have been carried out by researchers such as Panda et al. [16], Pati et al. [17, 18] and Pattanaik et al.
[19]. In a more recent study, Pati et al. [20] explored the effects of electrified nanoparticles and the electric Reynolds
number on nanofluid flow past a vertical flat surface, concluding that the electrification mechanism significantly enhances
both heat and mass transfer.

Previous studies have rarely explored the impact of nanoparticle electrification on nanofluid flow. Additionally,
there are no existing studies that consider both electrification and chemical reaction effects on nanofluid flow. This study
aims to investigate the combined effects of electrification and chemical reaction on the free convective flow of Cu -water
nanofluid past a vertical plane surface. It incorporates Brownian motion and thermophoresis, using Buongiorno’s model.

2. MATHEMATICAL FORMULATION
A laminar incompressible steady free convective flow is analyzed, with the vertical plane surface aligned along the
x-axis. The plane surface consistently maintains fixed values for both concentration (C,,) and temperature (T,,). A
schematic representation is shown in Fig. 1.
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Figure 1. Schematic representation

The governing equations (Pati et al. [21]) incorporating first-order chemical reaction, thermophoresis, electrification,
and Brownian motion, and utilizing the Oberbeck-Boussinesq approach, can be formulated as follows:

du  0v
P Pl 0, 1)
ou  ,0u _ Knp (07w | ps 4 _ Preo (1 _ —Ty-—L(c— _
it ver = (EE) LR (€~ Co) + 2 (= €I 9T = To) = 5= (C = Codos = ppa)g. @)
aT , 9T _ (p)s py 0COT | (pO)s 4 C(p OT . 0T\ , kns (92T , (p)s Dr (0T)?
Yox + vay N (POnf Bayay (pOngmF (Ex ox +Ey 63/) + (POnf (6y2) + (POnf Teo (By) ’ Q)
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u 0x T 3y Teo 0y2 Dg dy? + (m) F[ ax + ay ] kl(c COO)’ (4)
along with the boundary conditions:
y=0,v=0,u:0,T=Tw,C=CW} 5
y—->0,v=0u=0,T->T,C—>Cyx ) ®)
The electric field equation is expressed as follows:
%y _psa (6)
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The equations are converted into a non-dimensional format by defining the following dimensionless functions:

1 1 T—Too C—Coo
Y = (Ra)sarf ()0 =2 (Ra,00) = —=,5(n) = =, ()
—Co)a3 (T —
where Ra, = (=62 Tu =g
vrar
The stream function, denoted by 1, can be defined as follows:
= % g
v=-—= and y W ®)

By substituting equations (6), (7), and (8) into equations (1) to (4), the non-dimensional equations are obtained as follows:

" 17 M Nb S
frr= =B [3ff7 - 2(f)H] - BB — — (9 — Nr ), ©)
Ps
6" = ——-PrNt(6')* — -Sc Nb [———M] (s + Ne)no' —2-Pr Nbs'6' —>——fé/, (10)
Il__& " EMSC r_ _EE
s = =07+ e (ns +s+Nc)+ -Ys 4prfs (11)

where prime (') denotes differentiation with respect to 7).
The equations (5) are transformed to

Atn=0,f=0,f =0,e=1,s=1}. 12)

Asn—> oo, f'">50,0-50,s—-0

The nondimensional parameters are represented as
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The thermophysical constants ¢4, ¢, @3, P, and ¢5 are expressed according to Pati et al. [20]. This study employs
a nanofluid with a 1% concentration of Cu nanoparticles. The thermophysical properties of both pure water and the
nanoparticles are assessed following the data provided by Oztop and Abu-Nada [22].
C¢, Nuy and Sh,, are presented for use in skin friction, heat and mass transfer applications as follows:

X%ty

Cf = ———5, where 1, = iy (a_u)

prap(Ras 0¥/ y=0

_ Xqw —
Nu, = T —Todk; where q,, = kf( )

Sh, = —XIm__ \where qm = —Dg (ay)

(Cw_Coo)DB y= 0

The reduced skin friction coefficient (f ”(0)), heat transfer coefficient (—9’(0)) and mass transfer coefficient
(—s'(0)) in non-dimensional form are expressed as follows:

Cr = £"(0), —6'(0) = Nu,/Ra,"’*, —s'(0) = Sh,/Ra,*/*

3. NUMERICAL SOLUTION AND COMPARISON OF RESULTS

The MATLAB bvp4c function is used to derive numerical solutions of the equations (9) to (11) along with boundary
condition (12), which are recognized as local similarity equations since the parameters y, M, Ng, and Ny depend on x.
Numerical results are considered valid as long as they produce a locally similar solution, as highlighted by Farooq et al.
[23]. In this context, y, M, Ng, and N are treated as constants, as per [23].
The computed numerical values of the non-dimensional heat transfer coefficient for a regular fluid without considering
chemical reaction, thermophoresis, electrification, or Brownian motion have been compared and validated against the
results obtained by Bejan [24]. Table 1 demonstrates a significant agreement between both results.
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Table 1. Comparison of - 6’ (0).

Pr —6'(0) [Bejan] -6'(0) [present]
1.0 0.40100 0.40099
10.0 0.46500 0.46267

4. ANALYSIS OF RESULTS

The influence of key governing parameters, including y, Nb, M and Nt on the dimensionless profiles of velocity
(f'(m)), temperature (6(1n)), and nanoparticle concentration (s(n)) with respect to n were examined numerically. The
findings are illustrated through graphs. Additionally, the impact of these parameters on f''(0), —6'(0) and —s'(0) is
displayed in a table.

4.1 Velocity Profiles
f'(n) profiles are shown in Figures 2 to 5. These figures explore the effect of y, Nb, M and Nt on f'(n) against 1.
Figure 2 shows that dimensionless velocity decreases as y increases. Figure 3 illustrates that dimensionless velocity
increases with Nb due to the rise in the number of fluid particles colliding with nanoparticles. In Figure 4, f' () increases
with an increase in M. Finally, Figure 5 shows that f'(n) increases with an increase in Nt. This is because the increased
thermophoresis force causes nanoparticles to move faster, thereby raising the dimensionless velocity profiles.
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Figure 2. Effects of y on f'(n) when Ng, = 2.0, N = 0.1 Figure 3. Effects of Nb on f'(n) when Ng, = 2.0, Np = 0.1
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Figure 4. Effects of M on f’(n) when Ng, = 2.0, Ny = 0.1

Figure 5. Effects of Nt on f'(n) when N, = 2.0, Ny = 0.1

4.2 Temperature Profiles
Figures 6 to 9 illustrate 8 (n) profiles corresponding to f' (1) profiles depicted in Figures 2 to 5. In every illustration,
the surface's peak temperature is standardized to one, gradually diminishing to the free stream temperature (8 = 0) at the

thermal boundary layer's outer edge.
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Figure 6. Effects of y on 6(n) when Ni, = 2.0, N = 0.1
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Figure 7. Effects of Nb on 6(n) when Ni, = 2.0, N = 0.1
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Figure 6 shows the temperature profiles for y, while Figure 7 demonstrates the impact of Nb. Increasing y slightly
enhances the dimensionless temperature, as depicted in Fig. 6. Figure 7 illustrates that increasing Nb enhances
temperature, attributed to increased diffusion of nanoparticles due to higher Brownian motion. The presence of
nanoparticles induces Brownian motion in the nanofluid, which intensifies with higher Nb values. This motion enhances
thermal conduction through two mechanisms: direct heat transfer via nanoparticles and indirect micro-convection around
them. Brownian motion exerts significant influence on small particles under high Nb conditions, whereas it has the
opposite effect on large particles under low Nb conditions. Figure 8 reveals that increasing M decreases 8(n). The
parameter Nt, highlighted in Figure 9, enhances thermophoresis force, prompting nanoparticles to migrate from warmer
to cooler regions and amplifying temperature profiles.
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Figure 8. Effects of M on 6(n) when Ng, = 2.0, Np = 0.1 Figure 9. Effects of Nt on 6(n) when Ng, = 2.0, Np = 0.1

4.3 Concentration Profiles

Figures 10 to 13 illustrate the impact of y, Nb, M and Nt on s(n). Figure 10 shows that s() decreases with
increasing y. Figure 11 demonstrates that as Nb increases, the concentration of nanoparticles decreases, primarily due to
enhanced Brownian motion warming the boundary layer and leading to increased nanoparticle deposition away from the
fluid region (onto the plane surface), thus reducing s(n). Figure 12 indicates that nanoparticle concentration decreases
with increasing M, attributed to heightened electrification causing nanoparticles to migrate from the fluid region towards
the plane surface, thereby lowering their concentration. Figure 13 reveals that increasing Nt results in higher nanoparticle
concentration, as greater Nt intensifies forces on nanoparticles away from the heated plane surface, enhances nanoparticle
diffusion into the nanofluid region, and ultimately increases concentration magnitude.
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Figure 10. Effects of y on s(1) when Ng, = 2.0, Np = 0.1 Figure 11. Effects of Nb on s(n) when N, = 2.0, Nz = 0.1
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Figure 12. Effects of M on s() when Ng, = 2.0, Nz = 0.1 Figure 13. Effects of Nt on s(n) when Ng, = 2.0, Np = 0.1

4.4 Non-dimensional Skin Friction, Heat and Mass Transfer Coefficients
Table 2 illustrates how changes in y, M, Nb and Nt affect f"(0), —6'(0) and —s'(0) while keeping other
parameters fixed (Sc = Ng, = 2.0, Nz = Nr = Nc = 0.1 and Pr = 6.2). f"'(0) increases with higher values of M, Nb
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and Nt, but decreases as y rises. This trend is attributed to the velocity distribution near the plane surface, which intensifies
with M, Nb and Nt, but diminishes with y. Similarly, —6'(0) increases as M rises and decreases with higher values of
y,Nb and Nt. This trend occurs because increasing M reduces the temperature distribution near the surface, whereas
higher values of y, Nb and Nt enhance temperature. Values of —s’(0) increases with y, M, and Nb, but decreases with
increasing Nt. This pattern arises because the nanoparticle concentration near the surface decreases with higher values of
¥, Nb, and M, thereby enhancing —s’(0). Conversely, increasing Nt leads to higher nanoparticle concentrations near the
surface, resulting in a decrease in —s’(0).

Table 2. The effects of y, M, Nb and Nt on f''(0), —6'(0) and —s'(0)

y M Nb Nt £7(0) —9'(0) —s'(0)
0.0 1.41442 0.36235 0.14057
0.1 1.40370 0.35248 0.20466
0.5 0.1 0.1 0.1 1.37049 0.32358 0.41039
1.0 1.34253 0.30120 0.59803
0.0 0.97884 030109 0.17498
0.1 1.40370 0.35248 0.20466
0.1 0.2 0.1 0.1 1.79457 0.38830 0.22064
0.3 2.16287 0.41670 0.23155
0.1 1.40370 0.35248 0.20466
0.1 0.1 0.2 0.1 1.58380 032715 0.28574
0.3 1.75312 0.29981 033132
0.1 1.40370 0.35248 0.20466
0.1 0.1 0.1 0.2 1.45044 0.32904 0.17859
0.3 1.49351 0.30635 0.17309

5. CONCLUSIONS

The influences of some key governing parameters, such as y, Nb, M and Nt on velocity, concentration and temperature
profiles are graphically demonstrated in free convective nanofluid flow past a plane surface. Numerical results for '’ (0),
—6'(0) and —s’(0) are highlighted in tabular form. The study yields the following conclusions:

e An increase in Nb, Nt and M enhances velocity within the boundary layer, while velocity reduces with

increasing y.

Higher values of Nb, Nt and y intensify temperature, whereas increasing M reduces temperature.

Increasing Nt enhances concentration, whereas Nb, y and M lead to decreased concentration.

Nb, Nt and M all enhance the dimensionless reduced skin friction coefficient, while y reduces it.

The dimensionless heat transfer coefficient diminishes with increasing Nb, Nt and y, but significantly rises with

an increase in M.

e  The rate of heat transfer from the plane surface to nanofluid rises with increasing M and conducts heat into the
cooler fluid, cooling the plane surface.

e The dimensionless mass transfer coefficient improves with y, Nb and M but diminishes with Nt.
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XIMIYHA PEAKIISL, EJJEKTPU3ALILA, BPOYHIBCHKHM PYX TA TEPMO®OPE3HUI EQEKT HAHOYACTHHOK
MIJII HA ITIOTOK HAHOPIAWHU 3 TIOBEPXHEBUM TEPTSAM, TEIIJIO-TA MACOITIEPEHOCOM
Anitba Kymap Iari?, Magan Moxaun Poyt?, Pyny Caxy®, I. Cisa Pamakori®, Koycrasa Kymap Iaunaa?®, Kpymna Yanapa Ceri?
“Vuisepcumem mexuonozii ma meneddxcmenmy Llenmypion, Ilapanaxemynoi, Odiwa, Inois
bYuisepcumem NIST, Bepxamnyp, Ianoxcam, Odiwa, Inodis

VY 1BOMY JOCII/PKEHHI OCIHIKY€EThCSl BILUIMB XiMIUHOT peakiil Mepiioro mopsaky, repmodopesy, eaekrpusanii Ta OpoyHiBCEKOTo
pyxy Ha HaHo4acTHHKH Cu y BUIBHOMY KOHBEKTHMBHOMY HOTOL HAaHOQIIIOiLy MOB3 BEPTHKAIbHY IUIOCKY IIOBEPXHIO, 3 TEPTAM
MOBEPXHi, TEIIO- Ta MaCOOOMIiHOM. YHIiKaJIbHE MOEIHAHHS XiMi4HOT peakiii Ta eeKTiB eaeKkTpu3anii Biapi3Hse e TOCITiHKSHHS Bif
MOTIEPEAHIX TOCTIKEHb MMOTOKY HaHOpiAWHHU. BukopucroByroun ¢yHKuii momidHocTi, kKepyroui PDE moToky mepeTBoproroThCcs Ha
CHCTEMY JIOKAJIbHO MOMIOHUX piBHsAHB. [10TiM i piBHSHHS PO3B’SI3YIOThCA 3a pornomoror ¢yHkuii bvpdc MATLAB, mo Brimodae
0e3po3MipHi TpaHH4YHI yMOBH. BHCHOBKM MiATBEP/DKYIOTHCS IUIIXOM HOPIBHSHHS 3 IIONEPETHIMH JOCHKEHHAMH. ['padidni
UTFOCTpail MOKa3yITh YHCENBHI JOCHIPKEHHS MPpOo(diTiB KOHIEHTpAIlii, IBUIKOCTI Ta TEMIEpPATypd y 3B’s3Ky 3 MapaMeTpoM
eJIeKTpH3alii, mapamerpoM TepModope3dy, HapaMeTpoM XiMIUHOI peakilil Ta IapaMeTpoM OpOYHIBCBKOro pyxy. PesympraTn
PO3paxyHKiB KOe(DillieHTIB TEIIO0OMiHY, MacoOOMiHy Ta 0€3pO3MIpHOrO MIKIPHOTO TEPTS MOJAHO Yy BUNIAAI Tabmuii. OCHOBHE
BIZIKPUTTS BKa3ye Ha Te, IO IapaMeTp eJICKTPH3alii NPHCKOPIOE Iepenady TeIula, TOAI K IapaMeTp eleKTpu3alii, napamerp
OpOYHIBCHKOTO pyXy Ta mapameTp XiMiuHOI peakiii 30iIbIIy0Th MBHIKICT Hepeaadi MacH BiJ] INIOCKOI MOBEpXHi 70 HaHOpiauHu. e
BKa3ye€ Ha 0OHaAIHINBUI MOTEHIIAN IS OXOJOKEHHS TNIOCKUX OBEPXOHb Y MTPOMHCIOBOCTI.

KurouoBi cinoBa: xiviuna peaxyis, mepmogopes; erexkmpuixayis; 6poyHiCoKUll pyX; HAHOPI0IO



