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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  𝐶 local concentration   𝐶௙ Local skin friction coefficient  𝐷஻ Brownian diffusion coefficient  𝐷் Thermophoresis diffusion coefficient  (𝐸௫,𝐸௬) electric intensity components  𝑓 dimensionless stream function 𝐹 time constant for momentum transfer between the fluid and 
nanoparticles 𝑔 gravitational acceleration 𝑘 thermal conductivity  𝑘ଵ rate of chemical reaction 𝑚 nanoparticle mass 𝑀 electrification parameter 𝑁𝑏 Brownian motion parameter 𝑁𝑐 concentration ratio 𝑁ி   momentum transfer number 𝑁𝑟   buoyancy ratio  𝑁ோ௘   electric Reynolds number 𝑁𝑡  thermophoresis parameter  𝑁𝑢௫ local Nusselt number 𝑃𝑟 Prandtl number 𝑞 charge of the nanoparticle 

𝑅𝑎௫ local Rayleigh number 𝑠 dimensionless concentration 𝑆𝑐 Schmidt number 𝑆ℎ௫ local Sherwood number 𝑇 local temperature (𝑢, 𝑣) velocity components  𝛼 thermal diffusivity 𝛽௙ volumetric thermal expansion coefficient 𝜀଴ permittivity 𝜂 similarity variable 𝛾 chemical reaction parameter 𝜇 dynamic viscosity 𝜃 temperature in dimensionless form 𝜌 density 𝜐 kinematic viscosity 𝜓 stream function 
Subscripts 𝑠 nanoparticle phase 𝑛𝑓 nanofluid phase 𝑓 base fluid phase 𝑤 condition at the plane surface ∞ free stream condition 

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 (𝐶௪)  and temperature (𝑇௪). A 
schematic representation is shown in Fig. 1. 

 
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: 

 డ௨డ௫ + డ௩డ௬ = 0, (1) 

 𝑢 డ௨డ௫ + 𝑣 డ௨డ௬ = ఓ೙೑ఘ೙೑ ቀడమ௨డ௬మቁ + ఘೞఘ೙೑ ௤௠ 𝐸௫(𝐶 − 𝐶ஶ) + ఘ೑ಮఘ೙೑ (1 − 𝐶ஶ)𝛽௙ಮ𝑔(𝑇 − 𝑇ஶ) − ଵఘ೙೑ (𝐶 − 𝐶ஶ)൫𝜌௦ − 𝜌௙ಮ൯𝑔, (2) 

 𝑢 డ்డ௫ + 𝑣 డ்డ௬ = (ఘ௖)ೞ(ఘ௖)೙೑ 𝐷஻ డ஼డ௬ డ்డ௬ + (ఘ௖)ೞ(ఘ௖)೙೑ ௤௠ ஼ி ቀ𝐸௫ డ்డ௫ + 𝐸௬ డ்డ௬ቁ + ௞೙೑(ఘ௖)೙೑ ቀడమ்డ௬మቁ + (ఘ௖)ೞ(ఘ௖)೙೑ ஽೅ಮ் ቀడ்డ௬ቁଶ, (3) 

 𝑢 డ஼డ௫ + 𝑣 డ஼డ௬ = ஽೅ಮ் డమ்డ௬మ + 𝐷஻ డమ஼డ௬మ + ቀ௤௠ቁ ଵி ቂడ(஼ாೣ)డ௫ + డ൫஼ா೤൯డ௬ ቃ − 𝑘ଵ(𝐶 − 𝐶ஶ), (4) 

along with the boundary conditions:  

 𝑦 =  0,   𝑣 = 0,𝑢 = 0, 𝑇 = 𝑇௪ ,   𝐶 = 𝐶௪𝑦 → ∞,𝑣 = 0,𝑢 = 0, 𝑇 → 𝑇ஶ,𝐶 → 𝐶ஶ ൠ. (5) 

The electric field equation is expressed as follows: 

 డா೤డ௬ = ఘೞఌబ ௤௠. (6) 
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The equations are converted into a non-dimensional format by defining the following dimensionless functions: 

 𝜓 = (𝑅𝑎௫)భర𝛼௙𝑓(𝜂), 𝜂 = ௬௫ (𝑅𝑎௫)భర,𝜃(𝜂) = ்ି ಮ்்ೢ ି ಮ் , 𝑠(𝜂) = ஼ି஼ಮ஼ೢି஼ಮ, (7) 

where 𝑅𝑎௫ = (ଵି஼ಮ)௫య(்ೢ ି ಮ்)ఉ೑௚ఔ೑ఈ೑ . 

The stream function, denoted by 𝜓, can be defined as follows: 

 𝑣 = −డటడ௫  and 
డటడ௬ = 𝑢. (8) 

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

 𝑓ᇱᇱᇱ = − ఝభ  ସ௉௥ ሾ3𝑓𝑓ᇱᇱ − 2(𝑓ᇱ)ଶሿ − ఝభఝమெ  ே௕ ௌ௖௉௥ேಷ 𝑠 − ଵఝఱ (𝜃 − 𝑁𝑟 𝑠 ), (9) 

 𝜃ᇱᇱ = − ଵఝర 𝑃𝑟 𝑁𝑡(𝜃ᇱ)ଶ − ଵఝర 𝑆𝑐 𝑁𝑏 ቂ ேಷேೃ೐ − ଵସ𝑀ቃ (𝑠 + 𝑁𝑐)𝜂𝜃ᇱ − ଵఝర 𝑃𝑟 𝑁𝑏𝑠ᇱ𝜃ᇱ − ଷସ ଵఝయఝర 𝑓𝜃ᇱ, (10) 

  𝑠ᇱᇱ = − ே௧ே௕ 𝜃ᇱᇱ + ଵସ ெ ௌ௖௉௥ 𝜂𝑠ᇱ − ேಷௌ௖௉௥ேೃ೐ (𝜂𝑠ᇱ + 𝑠 + 𝑁𝑐) + ௌ௖௉௥ 𝛾𝑠 − ଷସ ௌ௖௉௥ 𝑓𝑠ᇱ , (11) 

where prime (′) denotes differentiation with respect to 𝜂. 
The equations (5) are transformed to 

 𝐴𝑡 𝜂 = 0, 𝑓 = 0, 𝑓ᇱ = 0,𝜃 = 1, 𝑠 = 1𝐴𝑠 𝜂 → ∞, 𝑓ᇱ → 0,𝜃 → 0, 𝑠 → 0 ൠ. (12) 

The nondimensional parameters are represented as 

𝛾 = ௞భ௫ഀ೑(ೃೌೣ)భమೣ
, 𝑀 = ቀ௤௠ቁ ଵ

ி൮ഀ೑(ೃೌೣ)భమೣ ൲𝐸௫, 𝑁𝑏 = (ఘ௖)ೞ஽ಳ(஼ೢି஼ಮ)(ఘ௖)೑ఔ೑ , 𝑁𝑡 = (ఘ௖)ೞ஽೅(்ೢ ି ಮ்)(ఘ௖)೑ఔ೑ ಮ் , 𝑁ி = ൮ഀ೑(ೃೌೣ)భమೣ ൲
ி௫ , 

𝑁𝑟 = ൫ఘೞିఘ೑൯(஼ೢି஼ಮ)(ଵି஼ಮ)ఘ೑ఉ೑(்ೢ ି ಮ்), 𝑆𝑐 = ఔ೑஽ಳ, 𝑁𝑐 = ஼ಮ(஼ೢି஼ಮ),  𝑃𝑟 =  ఔ೑ఈ೑, ଵேೃ೐ = ቀ௤௠ቁଶ ఘೞఢబ ௫మ
൮ഀ೑(ೃೌೣ)భమೣ ൲మ. 

The thermophysical constants 𝜙ଵ, 𝜙ଶ, 𝜙ଷ, 𝜙ସ and 𝜙ହ 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௙, 𝑁𝑢௫ and 𝑆ℎ௫ are presented for use in skin friction, heat and mass transfer applications as follows: 𝐶௙ = ௫మఛೢఓ೑ఈ೑(ோ௔ೣ)యర , where 𝜏௪ = 𝜇௙ ቀడ௨డ௬ቁ௬ୀ଴, 

𝑁𝑢௫ = ௫௤ೢ(்ೢ ି ಮ்)௞೑ , where 𝑞௪ = −𝑘௙ ቀడ்డ௬ቁ௬ୀ଴, 𝑆ℎ௫ = ௫௤೘(஼ೢି஼ಮ)஽ಳ , where 𝑞௠ = −𝐷஻ ቀడ஼డ௬ቁ௬ୀ଴. 

The reduced skin friction coefficient ൫𝑓ᇱᇱ(0)൯, heat transfer coefficient ൫−𝜃ᇱ(0)൯ and mass transfer coefficient ൫−𝑠ᇱ(0)൯ in non-dimensional form are expressed as follows: 𝐶௙ = 𝑓ᇱᇱ(0), −𝜃ᇱ(0) = 𝑁𝑢௫/𝑅𝑎௫ଵ ସ⁄  , −𝑠ᇱ(0) = 𝑆ℎ௫/𝑅𝑎௫ଵ ସ⁄ . 
 

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 𝛾, 𝑀, 𝑁ோ௘ and 𝑁ி 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, 𝛾, 𝑀, 𝑁ோ௘ and 𝑁ி 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. 



155
Chemical Reaction, Electrification, Brownian Motion and Thermophoresis Effects... EEJP. 4 (2024)

Table 1. Comparison of –𝜃ᇱ(0). 𝑃𝑟 −𝜃ᇱ(0) [Bejan] –𝜃ᇱ(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 𝛾, 𝑁𝑏, 𝑀 and 𝑁𝑡 on the dimensionless profiles of velocity 
(𝑓ᇱ(𝜂)), temperature (𝜃(𝜂)), and nanoparticle concentration (𝑠(𝜂)) with respect to 𝜂 were examined numerically. The 
findings are illustrated through graphs. Additionally, the impact of these parameters on 𝑓ᇱᇱ(0), −𝜃ᇱ(0) and −𝑠ᇱ(0)  is 
displayed in a table. 
 

4.1 Velocity Profiles 𝑓ᇱ(𝜂) profiles are shown in Figures 2 to 5. These figures explore the effect of 𝛾, 𝑁𝑏, 𝑀 and 𝑁𝑡 on 𝑓ᇱ(𝜂) against 𝜂. 
Figure 2 shows that dimensionless velocity decreases as 𝛾 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, 𝑓ᇱ(𝜂) increases 
with an increase in 𝑀. Finally, Figure 5 shows that 𝑓ᇱ(𝜂) increases with an increase in 𝑁𝑡. This is because the increased 
thermophoresis force causes nanoparticles to move faster, thereby raising the dimensionless velocity profiles. 

  
Figure 2. Effects of 𝛾 on 𝑓ᇱ(𝜂) when 𝑁ோ௘ = 2.0,𝑁ி = 0.1 Figure 3. Effects of 𝑁𝑏 on 𝑓ᇱ(𝜂) when 𝑁ோ௘ = 2.0,𝑁ி = 0.1 

  
Figure 4. Effects of 𝑀 on 𝑓ᇱ(𝜂) when 𝑁ோ௘ = 2.0,𝑁ி = 0.1 Figure 5. Effects of 𝑁𝑡 on 𝑓ᇱ(𝜂) when 𝑁ோ௘ = 2.0,𝑁ி = 0.1 

 
4.2 Temperature Profiles 

Figures 6 to 9 illustrate 𝜃(𝜂) profiles corresponding to 𝑓ᇱ(𝜂) 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 (𝜃 = 0) at the 
thermal boundary layer's outer edge. 

  
Figure 6. Effects of 𝛾 on 𝜃(𝜂) when 𝑁ோ௘ = 2.0,𝑁ி = 0.1 Figure 7. Effects of 𝑁𝑏 on 𝜃(𝜂) when 𝑁ோ௘ = 2.0,𝑁ி = 0.1 
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Figure 6 shows the temperature profiles for 𝛾, while Figure 7 demonstrates the impact of 𝑁𝑏. Increasing 𝛾 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 𝜃(𝜂). The 
parameter 𝑁𝑡, highlighted in Figure 9, enhances thermophoresis force, prompting nanoparticles to migrate from warmer 
to cooler regions and amplifying temperature profiles. 

  
Figure 8. Effects of 𝑀 on 𝜃(𝜂) when 𝑁ோ௘ = 2.0,𝑁ி = 0.1 Figure 9. Effects of 𝑁𝑡 on 𝜃(𝜂) when 𝑁ோ௘ = 2.0,𝑁ி = 0.1 

 
4.3 Concentration Profiles 

Figures 10 to 13 illustrate the impact of 𝛾, 𝑁𝑏, 𝑀 and 𝑁𝑡 on 𝑠(𝜂). Figure 10 shows that 𝑠(𝜂) decreases with 
increasing 𝛾. 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(𝜂). 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. 

  
Figure 10. Effects of 𝛾 on 𝑠(𝜂) when 𝑁ோ௘ = 2.0,𝑁ி = 0.1 Figure 11.  Effects of 𝑁𝑏 on 𝑠(𝜂) when 𝑁ோ௘ = 2.0,𝑁ி = 0.1 

  
Figure 12. Effects of 𝑀 on 𝑠(𝜂) when 𝑁ோ௘ = 2.0,𝑁ி = 0.1 Figure 13. Effects of 𝑁𝑡 on 𝑠(𝜂) when 𝑁ோ௘ = 2.0,𝑁ி = 0.1 

 
4.4 Non-dimensional Skin Friction, Heat and Mass Transfer Coefficients 

Table 2 illustrates how changes in 𝛾, 𝑀, 𝑁𝑏 and 𝑁𝑡 affect 𝑓ᇱᇱ(0), −𝜃ᇱ(0) and −𝑠ᇱ(0) while keeping other 
parameters fixed (𝑆𝑐 =  𝑁ோ௘ = 2.0, 𝑁ி = 𝑁𝑟 = 𝑁𝑐 = 0.1 and 𝑃𝑟 = 6.2). 𝑓ᇱᇱ(0) increases with higher values of 𝑀,𝑁𝑏 
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and 𝑁𝑡, but decreases as 𝛾 rises. This trend is attributed to the velocity distribution near the plane surface, which intensifies 
with 𝑀,𝑁𝑏 and 𝑁𝑡, but diminishes with 𝛾. Similarly, −𝜃ᇱ(0) increases as 𝑀 rises and decreases with higher values of 𝛾,𝑁𝑏 and 𝑁𝑡. This trend occurs because increasing 𝑀 reduces the temperature distribution near the surface, whereas 
higher values of 𝛾,𝑁𝑏 and 𝑁𝑡 enhance temperature. Values of −𝑠ᇱ(0) increases with 𝛾, 𝑀, and 𝑁𝑏, but decreases with 
increasing 𝑁𝑡. This pattern arises because the nanoparticle concentration near the surface decreases with higher values of 𝛾, 𝑁𝑏, and 𝑀, thereby enhancing −𝑠ᇱ(0). Conversely, increasing 𝑁𝑡 leads to higher nanoparticle concentrations near the 
surface, resulting in a decrease in −𝑠ᇱ(0). 
Table 2. The effects of 𝛾, 𝑀, 𝑁𝑏 and 𝑁𝑡 on 𝑓ᇱᇱ(0),  −𝜃ᇱ(0) and  −𝑠ᇱ(0) 𝜸 𝑴 𝑵𝒃 𝑵𝒕 𝒇ᇱᇱ(𝟎) −𝜽ᇱ(𝟎) −𝒔ᇱ(𝟎) 

0.0  
 

0.1 

 
 

0.1 

 
 

0.1 

1.41442 0.36235 0.14057 
0.1 1.40370 0.35248 0.20466 
0.5 1.37049 0.32358 0.41039 
1.0 1.34253 0.30120 0.59803 

 
 

0.1 

0.0  
 

0.1 
 

 
 

0.1 

0.97884 0.30109 0.17498 
0.1 1.40370 0.35248 0.20466 
0.2 1.79457 0.38830 0.22064 
0.3 2.16287 0.41670 0.23155 

 
0.1 

 
0.1 

0.1  
0.1 

1.40370 0.35248 0.20466 
0.2 1.58380 0.32715 0.28574 
0.3 1.75312 0.29981 0.33132 

 
0.1 

 
0.1 

 
0.1 

0.1 1.40370 0.35248 0.20466 
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 𝛾, 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 𝑓ᇱᇱ(0),  −𝜃ᇱ(0) and −𝑠ᇱ(0) are highlighted in tabular form. The study yields the following conclusions:  

• An increase in 𝑁𝑏, 𝑁𝑡 and 𝑀 enhances velocity within the boundary layer, while velocity reduces with 
increasing 𝛾.  

• Higher values of 𝑁𝑏, 𝑁𝑡 and 𝛾 intensify temperature, whereas increasing 𝑀 reduces temperature. 
• Increasing 𝑁𝑡 enhances concentration, whereas 𝑁𝑏, 𝛾 and 𝑀 lead to decreased concentration. 
• 𝑁𝑏, 𝑁𝑡 and 𝑀 all enhance the dimensionless reduced skin friction coefficient, while 𝛾 reduces it. 
• The dimensionless heat transfer coefficient diminishes with increasing 𝑁𝑏, 𝑁𝑡 and 𝛾, but significantly rises with 

an increase in 𝑀.  
• 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.  
• The dimensionless mass transfer coefficient improves with 𝛾, 𝑁𝑏 and M but diminishes with  𝑁𝑡. 
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ХІМІЧНА РЕАКЦІЯ, ЕЛЕКТРИЗАЦІЯ, БРОУНІВСЬКИЙ РУХ ТА ТЕРМОФОРЕЗНИЙ ЕФЕКТ НАНОЧАСТИНОК 

МІДІ НА ПОТОК НАНОРІДИНИ З ПОВЕРХНЕВИМ ТЕРТЯМ, ТЕПЛО-ТА МАСОПЕРЕНОСОМ 
Адітья Кумар Патіa, Мадан Мохан Роутa, Руну Сахуb, І. Сіва Рамакотіa, Коустава Кумар Пандаa, Крушна Чандра Сетіa 

aУніверситет технології та менеджменту Центуріон, Паралахемунді, Одіша, Індія 
bУніверситет NIST, Берхампур, Ганджам, Одіша, Індія 

У цьому дослідженні досліджується вплив хімічної реакції першого порядку, термофорезу, електризації та броунівського 
руху на наночастинки Cu у вільному конвективному потоці нанофлюїду повз вертикальну плоску поверхню, з тертям 
поверхні, тепло- та масообміном. Унікальне поєднання хімічної реакції та ефектів електризації відрізняє це дослідження від 
попередніх досліджень потоку нанорідини. Використовуючи функції подібності, керуючі PDE потоку перетворюються на 
систему локально подібних рівнянь. Потім ці рівняння розв’язуються за допомогою функції bvp4c MATLAB, що включає 
безрозмірні граничні умови. Висновки підтверджуються шляхом порівняння з попередніми дослідженнями. Графічні 
ілюстрації показують чисельні дослідження профілів концентрації, швидкості та температури у зв’язку з параметром 
електризації, параметром термофорезу, параметром хімічної реакції та параметром броунівського руху. Результати 
розрахунків коефіцієнтів теплообміну, масообміну та безрозмірного шкірного тертя подано у вигляді таблиці. Основне 
відкриття вказує на те, що параметр електризації прискорює передачу тепла, тоді як параметр електризації, параметр 
броунівського руху та параметр хімічної реакції збільшують швидкість передачі маси від плоскої поверхні до нанорідини. Це 
вказує на обнадійливий потенціал для охолодження плоских поверхонь у промисловості. 
Ключові слова: хімічна реакція; термофорез; електрифікація; броунівський рух; нанофлюїд 


