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ELECTRICALLY 
CONDUCTING MHD 
CASSON NANOFLUID 
FLOW IN A UNIFORM 
TRANSVERSE 
MAGNETIC FIELD OVER 
A STRETCHING SHEET  

This study focuses on volumetric sensible enthalpy formulation of ethylene glycol-
based nanofluids that replaces the conventional temperature-based energy equation. 
The nanofluid contains Al2O3 nanoparticles with volume fractions in the range 
(0.01≤φ≤0.05), consistent with experimentally investigated concentrations. Unlike 
conventional temperature-based energy formulations, the present approach describes 
thermal transport through volumetric sensible enthalpy, representing the sensible 
energy stored per unit volume of the nanofluid. This framework enables the analysis 
of coupled momentum, enthalpy, and nanoparticle transport in electrically conducting 
Casson nanofluids involving thermophoresis, viscous dissipation, and Joule heating. 
The governing momentum, enthalpy, and nanoparticle concentration equations were 
transformed into coupled nonlinear ordinary differential equations using similarity 
transformations and solved numerically using an adaptive collocation scheme 
(SciPy’s solve_bvp). Parameter effects are systematically evaluated, including the 
Casson parameter, magnetic field parameter, Schmidt number, Biot number, thermal 
and solute Grashof numbers, Brinkman number, Eckert number and thermophoresis 
parameter. The results show that the magnetic field parameter and Casson rheologi-
cal effects strongly influence the momentum characteristics of the flow. Increasing the 
magnetic field parameter suppresses the velocity distribution through the Lorentz 
force while enhancing the volumetric sensible enthalpy due to Joule heating. The Eck-
ert number produces a significant increase in volumetric sensible enthalpy owing to 
viscous dissipation, whereas the Schmidt number primarily controls nanoparticle 
concentration transport with only a weak influence on the enthalpy field. Thermal and 
solutal buoyancy parameters enhance fluid motion through buoyancy-driven convec-
tion, while thermophoresis promotes nanoparticle migration and moderately increas-
es thermal energy storage within the boundary layer. In contrast, the Biot and Brink-
man numbers exhibit limited influence on the velocity, volumetric sensible enthalpy, 
and concentration profiles within the considered parameter ranges. The proposed 
volumetric sensible enthalpy formulation provides an alternative framework for quan-
tifying internal energy storage and redistribution in MHD non-Newtonian nanofluids. 
Potential applications include thermal energy storage, electronic cooling with 
nanofluids, polymer extrusion, magnetohydrodynamics (MHD) pumping, biomedical 
flows, solar thermal collection, and nuclear reactor cooling. 
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Introduction 
Nanofluids have attracted considerable attention in recent years owing to their enhanced thermal 

transport capabilities and wide applicability in modern engineering systems such as microelectronic cooling, 
solar thermal collectors, nuclear reactors, biomedical devices, and industrial heat exchangers [1]. Nanofluids 
are engineered by dispersing nanoparticles, such as metallic or metal-oxide particles, into conventional base 
fluids to improve their thermal conductivity and heat transfer performance [2]. Among the various nanoparti-
cles employed in thermal systems, aluminum oxide (Al2O3) nanoparticles (range 0.01≤φ≤0.05), dispersed in 
ethylene glycol at different volume fractions have demonstrated excellent thermal stability and enhanced con-
vective heat transfer characteristics [3]. The enhancement in thermal and transport properties strongly depends 
on the nanoparticle concentration and dispersion characteristics. The practical relevance of Al2O3−ethylene gly-
col nanofluids has been demonstrated through several experimental investigations. Experimental studies have 
shown that the thermophysical properties of Al2O3−based ethylene glycol and ethylene glycol–water nanofluids 
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depend strongly on nanoparticle concentration, temperature, and suspension characteristics. In particular, in-
creasing the nanoparticle volume fraction generally enhances the effective thermal conductivity and heat trans-
fer capability, although it also increases the effective viscosity and hydraulic resistance [4–7]. These experi-
mentally established trends have motivated the application of Al2O3−based nanofluids in electronic cooling sys-
tems, compact heat exchangers, automotive cooling, and solar thermal energy systems, where efficient heat 
removal is essential. Furthermore, when these electrically conducting nanofluids are subjected to a uniform 
transverse magnetic field, magnetohydrodynamic (MHD) control provides an additional mechanism for regu-
lating fluid motion and heat transfer, making them attractive for advanced thermal management and energy 
conversion technologies. Such MHD-controlled nanofluid flows are also relevant to liquid metal cooling in nu-
clear reactors, electromagnetic casting, and plasma processing applications. Consequently, mathematical mod-
els that accurately describe the coupled momentum, thermal, and nanoparticle transport behaviour of MHD 
Al2O3−ethylene glycol nanofluids are of considerable practical importance. 

The study of magnetohydrodynamic (MHD) nanofluid flow has gained significant attention because elec-
trically conducting fluids are widely encountered under magnetic fields in metallurgical processing, magnetic drug 
targeting, electronic cooling, petroleum engineering, crystal growth, and energy conversion [8, 9]. An external 
magnetic field generates Lorentz forces that considerably alter the fluid momentum and heat transfer [10]. In 
many practical thermal systems, working fluids with higher nanoparticle concentrations ranging from φ=1% to 
5% in this study exhibits non-Newtonian rather than ideal Newtonian behaviour due to enhanced particle interac-
tions and concentration-dependent effects. Therefore, non-Newtonian models such as the Casson formulation are 
employed to represent the rheological behaviour of such fluids. Among non-Newtonian models, the Casson fluid 
model has been extensively adopted owing to its ability to describe yield-stress materials such as blood, polymer 
suspensions, printing inks, molten chocolate, and honey [11, 12]. Consequently, MHD Casson nanofluid flow 
analysis has emerged as an active research area in transport phenomena, with recent investigations focusing on 
thermal radiation, Joule heating, porous media, activation energy, and hybrid nanofluid applications [13–15]. 

In boundary layer transport, mechanisms such as thermophoresis, Brownian motion, viscous dissipa-
tion, thermal radiation, and chemical reactions considerably alter the thermal and concentration distributions 
[16]. Thermophoresis drives nanoparticle migration from hotter to cooler regions under temperature gradients, 
thereby modifying the concentration and energy transport. Brownian motion accounts for random nanoparticle 
movement, contributing significantly to thermal diffusion. Viscous dissipation converts kinetic energy into in-
ternal thermal energy owing to frictional heating, particularly in high-speed or highly viscous flows. Among the 
dimensionless parameters characterizing viscous dissipation, the Eckert number (Ec) represents the conversion 
of kinetic energy into internal energy, whereas the Brinkman number (Br) measures viscous dissipation relative 
to conductive heat transfer. These coupled mechanisms strongly influence heat and mass transfer in nanofluid 
systems under various flow configurations, including flows over stretching surfaces, channels, and other ther-
mal engineering devices [17–19]. Among these configurations, stretching surfaces have received considerable 
attention because of their relevance to polymer processing, coating, extrusion, and cooling applications. 

Stretching surface flow problems arise in various industrial processes, including polymer extrusion, 
wire drawing, metal spinning, and continuous casting [20, 21]. In such applications, the incorporation of 
nanofluids can enhance thermal transport performance, while product quality depends strongly on the ther-
mal and concentration distributions within the boundary layer. Therefore, accurate mathematical modeling of 
heat and mass transport over stretching surfaces remains an important research topic. Most previous investi-
gations of nanofluid flow have formulated the thermal transport equation using temperature as the primary 
energy variable, while incorporating nanoparticle-dependent thermophysical properties such as thermal con-
ductivity, heat capacity, and viscosity. Although this temperature-based formulation has been widely applied, 
it may not explicitly represent the volumetric sensible enthalpy associated with energy storage and dissipa-
tion effects. Therefore, the present study adopts an enthalpy-based formulation to provide an alternative de-
scription of coupled momentum, thermal, and nanoparticle transport. Recent studies have shown that MHD 
nanofluid transport over stretching sheets has been investigated under diverse physical effects, including 
chemical reactions, thermal radiation, viscous dissipation, and bioconvection [22–32]. Most of these studies 
adopted temperature-based energy equations while differing mainly in the constitutive fluid model and addi-
tional transport mechanisms. However, none reformulated the energy equation using volumetric sensible en-
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thalpy as the primary thermal variable. Consequently, the direct representation of internal energy storage and 
redistribution in electrically conducting Casson nanofluids remains largely unexplored. 

However, temperature alone does not fully capture the thermal energy storage characteristics of nanoflu-
ids, particularly in systems involving viscous heating and nanoparticle interactions. To overcome this limitation, 
the present study adopts a volumetric sensible enthalpy formulation that directly accounts for the internal energy 
content rather than temperature variations. This formulation is particularly suitable for advanced thermal systems 
involving coupled thermofluidic interactions, energy storage and redistribution. While most existing enthalpy-
based studies have primarily focused on phase change and latent heat applications, the application of the sensible 
enthalpy framework to MHD Casson nanofluid flow with thermophoresis and viscous dissipation remains large-
ly unexplored. For example, [33] developed an enthalpy-based lattice Boltzmann method for solid–liquid phase-
change heat transfer in metal foams under local thermal non-equilibrium conditions, using enthalpy as the prima-
ry thermal variable. [34] proposed a low-Mach-number enthalpy method for non-isothermal gas–liquid–solid 
flows involving melting and solidification, incorporating density variations and phase-transition effects. Similar-
ly, [35] presented a generalized energy equation with enthalpy diffusion for multicomponent droplet heat and 
mass transfer, demonstrating the importance of sensible enthalpy transport in accurately describing the evapora-
tion processes. These studies establish the thermodynamic relevance of enthalpy formulations; however, their 
application to electrically conducting non-Newtonian nanofluid boundary layer flow with simultaneous magnetic 
effects, thermophoresis, and viscous dissipation has not yet been adequately investigated. 

The study investigates an enthalpy-based formulation for MHD Casson nanofluid flow over a stretching 
sheet, accounting for coupled momentum and thermal transport phenomena, including thermophoresis, viscous 
and thermal dissipation, and Joule heating. The governing PDEs for momentum, sensible enthalpy, and nanoparti-
cle concentration were transformed into coupled ODEs via similarity transformations. Numerical solutions exam-
ine the effects of key parameters: Casson parameter, magnetic parameter, Brownian motions, thermophoresis pa-
rameter, Schmidt number, Biot number, thermal and solutal Grashof numbers, Brinkman number, and Eckert 
number on velocity, sensible enthalpy, and concentration profiles. Despite these contributions, most existing stud-
ies on MHD Casson nanofluid boundary-layer flow formulate thermal transport using temperature as the primary 
variable, restricting the analysis to wall temperature distributions and external thermal boundary-layer characteris-
tics. In contrast, this study introduces an enthalpy transport model in which the energy equation is recast in terms 
of internal energy density rather than temperature. The key novel aspects of this study are as follows: 

(i) The application of a volumetric sensible enthalpy formulation to the MHD Casson nanofluid flow 
over a stretching surface, which has not been previously reported in the literature. 

(ii) The simultaneous incorporation of thermophoretic particle migration and viscous dissipation (via 
both Eckert and Brinkman numbers) within the enthalpy framework, enabling direct tracking of internal en-
ergy storage and redistribution. 

(iii) The use of a volumetric sensible enthalpy formulation that explicitly accounts for the coupled effects 
of Lorentz force, Joule heating, thermophoresis, Brownian motion, and dual buoyancy forces on energy transport. 

(iv) A systematic parametric evaluation of the Casson parameter, magnetic parameter, Schmidt 
number, Biot number, thermal and solutal Grashof numbers, Eckert number, Brinkman number, and thermo-
phoresis parameter on velocity, volumetric sensible enthalpy, and concentration fields. 

Unlike conventional temperature-based models that focus on wall heat flux, the volumetric sensible en-
thalpy formulation provides a thermodynamic framework for analyzing the internal energy pathways in electrical-
ly conducting non-Newtonian nanofluids. This approach establishes a foundation for extending enthalpy-based 
analyses to more complex scenarios involving property variations, phase changes, or large temperature ranges. 

Mathematical Formulation of the Problem 
This study examines the steady two-dimensional boundary layer transport of an electrically conducting 

Casson nanofluid over a stretching surface. The sheet is stretched at a velocity axxU )( , where, a>0 is the 
constant stretching rate. A uniform transverse magnetic field of strength B0 is applied perpendicular to the sheets. 
The nanofluid consisted of aluminum oxide (Al2O3) nanoparticles suspended in ethylene glycol as the base fluid. 
The physical configuration incorporates nanoparticle transport effects, thermophoretic particle migration, vis-
cous dissipation, Joule heating, and buoyancy forces arising from thermal and concentration gradients. Unlike 
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conventional temperature-based formulations, this 
study employs a volumetric sensible enthalpy 
framework in which the thermal energy transport is 
expressed in terms of the internal energy density as 
follows: 

)(ˆ
,  TTch nfpnf , 

where ĥ  represents the internal energy content per 
unit volume relative to the ambient state; ρnf is the 
nanofluid density; cnf is its specific heat at constant 
pressure; T is the local temperature, and T∞ is the 
ambient temperature (Fig. 1). This formulation 
directly tracks the volumetric energy storage and 
redistribution within the nanofluid boundary layer.  

 
Fig. 1. Schematic diagram of the flow 

Under the usual boundary layer and the Boussinesq approximations for buoyancy, the governing con-
servation equations for mass, momentum, volumetric sensible enthalpy, and nanoparticle concentration are 
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The boundary conditions are as follows: 

 axu  ; 0v ; )ˆˆ(
ˆ

hhh
y

h
ff 




 ; )(xCC w  at y=0;  (5) 

 0u ,  hĥ , CC  as y .  (6) 
In the above equations, u and v denote the velocity components along the x and y directions, respective-

ly. The quantities μnf and ρnf represent the dynamic viscosity and density of the nanofluid, respectively, whereas 
vnf and vf denote the kinematic viscosities of the nanofluid and base fluid, respectively. The parameter β is the 
Casson fluid parameter, and g denotes the gravitational acceleration. The coefficients βT and βC represent the 

thermal and solutals expansion coefficients, respectively. Furthermore, ĥ  denotes the ambient (freestream) vol-

umetric sensible enthalpy, whereas wĥ  represents the wall volumetric sensible enthalpy. The nanoparticle con-
centration is denoted by C, while Cw and C∞ corresponds to the wall and freestream concentrations, respectively. 
In addition, σnf represents the electrical conductivity of the nanofluid. The parameter B0 represents the strength of 
the applied transverse magnetic field, where (ρcp)nf represents the effective heat capacity of the nanofluid, and αnf 

denotes its thermal diffusivity. The thermal conductivity of the base fluid is represented by κf. Furthermore, fĥ  

represents the volumetric sensible enthalpy evaluated at the fluid-side temperature at the wall, and hf is the con-
vective heat transfer coefficient. The stretching velocity along the plate is represented by Uw(x) while Cw(x) de-
notes the nanoparticle concentration distribution along the plate. Finally, the subscripts nf and bf correspond to 
the nanofluid and base fluid, respectively. 



АЕРОГІДРОДИНАМІКА ТА ТЕПЛОМАСООБМІН 

ISSN 2709-2984. Проблеми машинобудування. 2026. Т. 29. № 3 21

In the present investigation, the thermal conductivity of the nanofluid )ˆ(h  was considered to vary 
linearly with the volumetric sensible enthalpy. Following the modified variable thermal conductivity formu-
lation reported by [36, 37], the effective thermal conductivity is expressed as 

 )1()ˆ( * hh  ,  (8) 
where h denotes the dimensionless enthalpy function; κ* represents the ambient thermal conductivity of the 
fluid. The thermal conductivity variation parameter is defined as 

 wĥ ,  (9) 
where δ is the thermal conductivity variation coefficient m3/J, which characterizes the sensitivity of the 
thermal conductivity to changes in the local volumetric sensible enthalpy. Furthermore, the reference thermal 
diffusivity employed in the non-dimensionalization process is given by 
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The following similarity transformations are introduced to reduce the governing partial differential 
equations (1)–(4) subject to the boundary conditions (5) and (6) 
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Substituting Equations (8)–(13) into Equations (1)–(4) reveals that Equation (1) is identically satis-

fied, whereas Equations (2)–(4), together with the boundary conditions (5)–(6), reduce to the following non-
linear ordinary differential equations: 
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Subject to the dimensionless boundary conditions 
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In order to solve the coupled nonlinear ordinary differential Equations (14)–(16), the equations are 
transformed into a system of first-order equations, as follows 
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The boundary conditions at η→0 are 
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at η→∞, the conditions are as follows: 
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– wall sensible enthalpy flux 
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– wall mass flux 
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with variable conductivity at the wall, as follows  )0(1 hw   . Differentiating Equations (29)–(31) 

using the similarity Equations (11)–(13) where, 0ˆ h , )(ˆ
,  TTch wnfpnfw  and evaluate at η=0, the en-

gineering quantities are obtained as 
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   )0()0(1Re 2/1 hhN xu  ;  (33) 

 )0(Re 2/1 
xSh .  (34) 

Results and Discussion 
This study presents a volumetric sensible enthalpy analysis of magnetohydrodynamic (MHD) Cas-

son nanofluid flow over a stretching sheet, incorporating the effects of thermophoresis and viscous dissipa-
tion. The governing partial differential equations (2)–(4), subject to boundary conditions (5)–(6), were trans-
formed using similarity variables (11)–(13) into a coupled system of nonlinear ordinary differential equations 
(14)–(16) with dimensionless boundary conditions (17)–(18). The coupled equations were further reduced to 
a system of first-order ODEs and solved numerically using the collocation method implemented in the 
solve_bvp routine of the SciPy library. The Base physical properties of Al2O3-ethylene glycol nanofluid and 
effects of governing parameters on surface quantities are presented in Tables 3 and 4, whereas the numerical 
results on the effects of the thermophysical properties on the velocity, enthalpy, and concentration profiles 
are displayed in Figs. 2–28. The base parameter values, chosen in agreement with the established literature, 
are β=0.2; Grt=5.0; Grs=2.0; M=3.0; Ech=0.1; Sc=0.62; Brh=0.01; Nt=0.1; Bi=0.2. 

Numerical Validation and Convergence Analysis 
The nonlinear ordinary differential equations (14)–(16) were converted into a system of seven first-

order differential equations as given in Equations (19)–(26). The resulting boundary-value problem was 
solved using an adaptive collocation method implemented through SciPy's solve_bvp solver. The solver em-
ploys a residual-controlled adaptive mesh refinement technique to achieve accurate solutions while satisfying 
the boundary conditions given in Equations (27)–(28). To ensure numerical accuracy, the computational do-
main was selected as 0≤η≤15, which was sufficiently large to satisfy the far-field conditions as 0)( f , 

0)( h , 0 . The solver tolerance was set to 10-8, while the maximum number of adaptive mesh nodes 
was limited to 60,000. 

The accuracy of the numerical solutions was monitored through the maximum boundary residual ob-
tained after convergence of the collocation scheme. The solver automatically refined the computational mesh 
until the prescribed tolerance was achieved (Table 1). For all investigated parameter variations, the maximum 
boundary residual remained below 3×10-13, indicating excellent satisfaction of the imposed boundary conditions. 

The residual values of order 10-16 observed for most cases demonstrated that the numerical solutions 
satisfy the boundary conditions with high precision, while the slightly larger residual observed for the Cas-
son parameter variation (2.85×10-13) remains sufficiently small, confirming the stability of the numerical 
procedure (Table 2). 

Table 1. Boundary condition residuals  
for parameter variations 

Parameter 
variation 

Most  
frequent 
residual 

Maximum 
residual 

β 1.67×10-16 2.85×10-13 
M 1.67×10-16 1.67×10-16 
Sc 1.67×10-16 4.46×10-14 
Bi 1.67×10-16 3.47×10-16 
Grt 1.67×10-16 4.52×10-15 
Grs 1.67×10-16 2.16×10-15 
Brh 1.67×10-16 1.67×10-16 
Ech 1.67×10-16 9.10×10-15 
Nt 1.67×10-16 1.23×10-14 

 

Table 2. Validation of the present numerical method against the classical 
Newtonian stretching-sheet solution [73] 

Quantity Present result Exact solution Error 
f"(0) -0.99999956 -1.00000000 4.44×10-7 

Table 3. Base physical properties of Al2O3-ethylene glycol  
nanofluid at 25 °C 

Property 
Ethylene Glycol (Base 

fluid) 
Al2O3 

(Nanoparticles) 
Density ρ, kg/m3 1110.0 3970.0 

Specific heat  
cp, (J·K)/kg  

2415.0 765.0 

Thermal conductivity  
k, (W·K)/m 

0.25 36.00 
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Table 4. Effects of Governing Parameters on Surface Quantities 

Parameter Value h(0) f"(0) 2/1ReCf  2/1ReNu  2/1ReSh  

β 

0.1 
0.2 
0.5 
1.0 

0.926945 
0.890738 
0.863275 
0.853390 

-0.24094 
-0.25034 
-0.22499 
-0.18289 

-0.50684 
-0.52662 
-0.47329 
-0.384740 

-0.180720 
-0.17223 
-0.16583 
-0.16354 

1.064279 
1.026086 
0.992638 
0.979012 

M 

1 
2 
3 
5 

0.318716 
0.611676 
0.890738 
1.421723 

-0.19299 
-0.22407 
-0.25034 
-0.29425 

-0.40599 
-0.47136 
-0.52662 
-0.61899 

-0.04514 
-0.10859 
-0.17223 
-0.30193 

0.724094 
0.879215 
1.026086 
1.302501 

Sc 

0.4 
0.5 

0.62 
0.8 

0.937687 
0.912667 
0.890738 
0.867466 

-0.17615 
-0.21465 
-0.25034 
-0.29064 

-0.37056 
-0.45154 
-0.52662 
-0.61140 

-0.18325 
-0.17737 
-0.17223 
-0.16681 

0.879377 
0.949346 
1.026086 
1.130142 

Bi 

0.1 
0.2 
0.5 
1 

0.900165 
0.890738 
0.863829 
0.823066 

-0.24793 
-0.25034 
-0.25722 
-0.26766 

-0.52155 
-0.52662 
-0.54109 
-0.56304 

-0.08722 
-0.17223 
-0.41491 
-0.78258 

0.952957 
1.026086 
1.23560 

1.555218 

Grt 

1 
3 
5 
1 

0.856370 
0.873005 
0.890738 
0.940545 

-0.43214 
-0.34375 
-0.25034 
0.008418 

-0.90904 
-0.72311 
-0.52662 
0.017709 

-0.16423 
-0.16810 
-0.17223 
-0.18392 

0.9864300 
1.005678 
1.026086 
1.082883 

Grs 

0.5 
1 
2 
5 

0.782656 
0.820141 
0.890738 
1.080566 

-0.54867 
-0.44589 
-0.25034 
0.289150 

-1.15419 
-0.93798 
-0.52662 
0.608259 

-0.14722 
-0.15584 
-0.17223 
-0.21730 

0.893472 
0.941525 
1.026086 
1.235119 

Nt 

0.1 
0.2 
0.3 
0.4 

0.890738 
0.956657 
1.023502 
1.091321 

-0.25034 
-0.108210 
0.034576 
0.178359 

-0.52662 
-0.22762 
0.072734 
0.375198 

-0.17223 
-0.18772 
-0.20360 
-0.21990 

1.026086 
1.634849 
2.340328 
3.145559 

Brh 

0.01 
0.1 
0.5 
1 

0.890738 
0.891040 
0.892383 
0.894055 

-0.25034 
-0.250200 
-0.249570 
-0.248800 

-0.52662 
-0.52632 
-0.52501 
-0.52337 

-0.17223 
-0.17231 
-0.17262 
-0.17301 

1.026086 
1.026264 
1.027054 
1.028037 

Ech 

0.01 
0.1 
0.2 
0.3 

0.082810 
0.890738 
2.002887 
3.414919 

-0.556310 
-0.25034 
0.180387 
0.732324 

-1.17026 
-0.52662 
0.379463 
1.540523 

0.003466 
-0.17223 
-0.456800 
-0.889390 

0.526886 
1.026086 
1.743620 
2.690632 

 

Further validation was performed by reducing the present formulation to the classical Newtonian 
stretching-sheet problem. The limiting case was obtained by removing magnetic effects, buoyancy forces, 
nanoparticle transport, viscous dissipation, and enthalpy coupling terms, while setting the Casson parameter 
to the Newtonian limit β→∞. The computed wall shear parameter f"(0) agrees excellently with the exact ana-
lytical solution, with an absolute error of 4.44×10-7. This agreement verifies the correctness of the similarity 
transformation, the implementation of the governing equations, and the reliability of the numerical solver. 

The influence of the Casson parameter β on velocity, volumetric sensible enthalpy, and concentra-
tion profiles is presented in Figs. 2–4. Increasing β from 0.1 to 1.0 systematically reduced the velocity mag-
nitude throughout the boundary layer as shown in Fig. 2, resulting in a thinner hydrodynamic boundary layer. 
This occurs because a higher β intensifies the opposing flow interaction, thereby suppressing the fluid mo-
mentum near the wall. Fig. 3 shows that increasing β reduces the volumetric sensible enthalpy across the 
boundary layer, producing a steeper enthalpy gradient and thinner energy-storage boundary layer. This re-
duction was attributed to the weakened convective transport caused by the suppressed velocity field. In con-
trast, Fig. 4 reveals a slight enhancement in concentration near the wall with increasing β, as the reduced ve-
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locity weakens convective mass transport, allowing diffusion to dominate locally. This leads to modest spe-
cies accumulation and a slightly thicker concentration-boundary layer. These trends are qualitatively con-
sistent with previously reported Casson fluid and MHD boundary-layer studies [41–44], demonstrating that 
the volumetric sensible enthalpy formulation captures the same qualitative physics as conventional tempera-
ture-based models while providing a direct measure of energy storage per unit volume. 

The influence of the magnetic parameter M on the velocity, volumetric sensible enthalpy, and con-
centration profiles is presented in Figs. 5–7. 

 

Fig. 2. Effects of β on velocity profiles 

 

Fig. 3. Effects of β on enthalpy profiles 

 

Fig. 4. Effects of β on concentration profiles 

 

Fig. 5. Effects of M on velocity profiles 

 

Fig. 6. Effects of M on enthalpy profiles 

 

Fig. 7. Effects of M on concentration profiles 

Increasing M from 1 to 5 significantly suppressed the velocity throughout the boundary layer, as 
shown in Fig. 5. The velocity magnitude decreased monotonically, and the decay toward the free-stream 
condition became more rapid at higher M. This behavior is attributed to the Lorentz force, which acts as a 
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resistive body force opposing the fluid motion, thereby reducing the momentum transport and thinning the 
hydrodynamic boundary layer. Fig. 6 revealed an increase in M enhances the volumetric sensible enthalpy 
distribution within the boundary layer, particularly in the near-wall region. The enthalpy increases owing to 
Joule heating (Ohmic dissipation), where electrical resistance converts kinetic energy into internal energy. In 
addition, the suppression of the velocity reduces convective transport, allowing the thermal energy to accu-
mulate near the wall. Consequently, the magnetic field indirectly intensified internal energy generation with-
in the flow domain. An increase in M enhances the concentration distribution across the boundary layer, as 
shown in Fig. 7. The peak concentration increased, and the decay toward the free-stream condition became 
more gradual. This is because the Lorentz force reduces the fluid velocity, thereby weakening advective 
mass transport and allowing molecular diffusion to dominate. Consequently, species accumulation near the 
wall increased, leading to a thicker concentration boundary layer. These results are consistent with estab-
lished MHD Casson nanofluid studies [45–48], confirming that the volumetric sensible enthalpy formulation 
preserves the classical transport behavior observed in conventional temperature-based models while provid-
ing a more physically explicit representation of energy storage per unit volume within the boundary layer. 

The influence of the Schmidt number Sc on the velocity, volumetric sensible enthalpy, and concen-
tration profiles is shown in Figs. 8–10. Increasing Sc from 0.4 to 0.8 progressively decreased the velocity 
distribution across the boundary layer, as shown in Fig. 8. A higher Sc corresponds to a reduced mass diffu-
sivity, which weakens the concentration gradients near the wall and diminishes the buoyancy-driven contri-
butions in the momentum equation. Consequently, the hydrodynamic boundary layer became thinner, and the 
velocity decayed more rapidly away from the wall. In the volumetric Sensible Enthalpy of Fig. 9, an increase 
in Sc caused a slight but consistent decrease in the enthalpy profile. The reduced mass diffusivity at higher Sc 
weakened nanoparticle transport and its contribution to energy redistribution, slightly lowering the volumet-
ric sensible enthalpy. The weak sensitivity of h(η) compared to the concentration field indicates that heat 
conduction and viscous dissipation are the dominant energy transport mechanisms. Similarly, the concentra-
tion profile of Fig. 10 shows a pronounced decrease as Sc increases. A higher Sc reduces the mass diffusivi-
ty, thereby restricting the diffusion of nanoparticle into the free stream. The concentration boundary layer 
becomes thinner, and the profile decays more rapidly with η. The strong sensitivity of the concentration field 
to Sc confirms that mass transport is primarily governed by the Schmidt number, and these findings demon-
strate that Sc indirectly influences the momentum and enthalpy distributions through coupling effects while 
directly controlling the concentration boundary layer thickness. 

The present observations regarding the Schmidt number effects show qualitative agreement with the 
trends reported in earlier MHD Casson nanofluid studies [45–50], where increasing Sc, enhances the concentra-
tion gradient at the wall. A direct quantitative comparison with these studies is not feasible due to differences in 
the dimensionless parameter definitions, scaling factors, and the use of an enthalpy-based energy equation in 
the present work as opposed to the classical temperature-based formulation employed in [45–50]. Therefore, 
the comparison is presented as a qualitative trend discussion rather than quantitative validation. The accuracy of 
the numerical method is demonstrated through the convergence analysis presented in Table 1, where the maxi-
mum boundary residuals remain below 3×10-13 for all parameter variations, confirming the stability and preci-
sion of the solve_bvp solver with adaptive mesh refinement and the correctness of the similarity transformation. 

The novelty and contribution of the present study lie in the following aspects: 
1) Unlike previous studies [45–50], which employed a temperature-based energy equation, the pre-

sent investigation formulates thermal transport in terms of volumetric sensible enthalpy, providing a thermo-
dynamically consistent representation of internal energy storage and redistribution, which is particularly sig-
nificant for nanofluids where the specific heat varies with nanoparticle concentration. 

2) The enthalpy formulation naturally couples’ thermophoresis and viscous dissipation effects, offer-
ing a more rigorous treatment of thermal transport compared to classical temperature-based models. 

3) The present study provides a comprehensive parametric analysis of the enthalpy and concentration 
distributions (Figs. 2–28), which are not available in [45–50]. 

4) The combined effects of Casson rheology, MHD, thermophoresis, viscous dissipation, and enthal-
py-based energy transport in a unified framework have not been previously reported. 
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Fig. 8. Effects of Sc on velocity profiles 

 

Fig. 9. Effects of Sc on enthalpy profiles 

 

Fig. 10. Effects of Sc on concentration profiles 

 

Fig. 11. Effects of Bi on velocity profiles 

 

Fig. 12. Effects of Bi on enthalpy profiles 

 

Fig. 13. Effects of Bi on concentration profiles 

The influence of the Biot number Bi on the velocity, volumetric sensible enthalpy, and concentration 
profiles is shown in Figs. 11–13. Increasing the Biot number Bi from 0.1 to 1.0 produced negligible variations in 
the velocity profile, as shown in Fig. 11. Because the Biot number appears explicitly in the thermal boundary 
condition rather than in the momentum equation, its influence on the velocity is only indirect through thermal 
buoyancy coupling. The nearly overlapping velocity profiles indicate that momentum transport is primarily gov-
erned by magnetic, buoyancy, and viscous effects rather than surface convection strength. Fig. 12 shows that 
increasing slightly Bi reduces the near-wall volumetric sensible enthalpy distribution. A larger Biot number cor-
responds to a stronger convective heat exchange at the surface, which enhances heat removal and reduces the 
amount of energy stored per unit volume near the wall. The influence of Bi remains localized within the thermal 
boundary layer and diminishes rapidly with increasing η, with all profiles approaching the ambient state at a dis-
tance from the surface. The concentration profiles in Fig. 13 exhibit only slight variations, with a small decrease 
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observed as Bi increases. Although the Biot number does not appear directly in the concentration equation, it 
indirectly affects the concentration through thermal coupling associated with the thermophoresis parameter Nt. 
Enhanced surface heat exchange modifies the enthalpy gradient, inducing a weak thermophoretic response that 
slightly reduces the nanoparticle concentration near the wall. The proximity of the concentration curves confirms 
that mass transport is governed predominantly by the Schmidt number effects and solutal buoyancy, whereas 
surface convection plays a secondary role. The present results are qualitatively comparable to those of earlier 
investigations on Casson nanofluid [51–54]. Previous temperature-based studies, such as [51], reported enhanced 
thermal and concentration distributions with increasing Bi, whereas the present volumetric sensible enthalpy 
formulation predicts a slight reduction in the near-wall stored energy owing to enhanced convective heat ex-
change and reduced local energy retention. Nevertheless, the weak sensitivity of the velocity field and the locali-
zation of the Biot number effects within the thermal and concentration boundary layers remain consistent with 
earlier studies [52–54]. These observations confirm that the Biot number primarily influences thermal and solutal 
transport near the wall, without significantly altering the bulk momentum field. 

The influence of the thermal Grashof number Grt on the velocity, volumetric sensible enthalpy, and 
concentration profiles is shown in Figs. 14–16. Increasing Grt from 1 to 10 slightly enhanced the velocity 
distribution (Fig. 14) owing to buoyancy-driven acceleration, which assisted the flow and strengthened mo-
mentum transport within the boundary layer. The enhanced buoyancy force promoted fluid motion, leading 
to a modest increase in the hydrodynamic boundary layer thickness. Fig. 15 shows a marginal increase in the 
volumetric sensible enthalpy near the wall as Grt increased. Stronger buoyancy-induced convection improves 
thermal transport from the surface to the fluid, slightly increasing the stored thermal energy per unit volume. 
However, the relatively weak variation in the enthalpy profiles indicates that heat conduction and viscous 
dissipation are the dominant thermal transport mechanisms. 

In contrast, the concentration profiles in Fig. 16 exhibit a slight decrease with increasing Grt. Enhanced 
buoyancy strengthens convective transport, thereby reducing nanoparticle accumulation near the wall and thin-
ning the concentration boundary layer. This behavior demonstrates that thermal buoyancy indirectly influences 
species transport through momentum–concentration coupling, primarily affecting the momentum field. The ob-
served enhancement in the velocity with increasing the thermal Grashof number agrees with the results of previ-
ous investigations on Casson nanofluids. [55] demonstrated that buoyancy forces significantly enhanced momen-
tum transport in mixed convective MHD Casson nanofluid flow. Similarly, [56] reported that the velocity profile 
increased with increasing Grt. Related studies by [57] and [58] also confirmed that increasing the buoyancy pa-
rameters intensifies the fluid motion and thermal boundary layer development. The slight reduction in concentra-
tion with increasing Grt is also consistent with previously reported behavior in buoyancy-driven nanofluid 
transport systems, where stronger convection suppresses nanoparticle accumulation near the wall. 

The influence of the solutal Grashof number Grs on the velocity, volumetric sensible enthalpy, and 
concentration profiles is shown in Figs. 17–19. Increasing Grs from 0.5 to 5.0 significantly enhanced the veloci-
ty distribution throughout the boundary layer, as shown in Fig. 17. The solutal Grashof number represents the 
strength of the buoyancy forces generated by the concentration gradients. Larger values of Grs intensify the 
solutal buoyancy force in the momentum equation, thereby accelerating the fluid motion and strengthening the 
convective transport within the boundary layer. The influence of solutal buoyancy was most pronounced in the 
near-wall region, where the concentration gradients were the strongest. Fig. 18 demonstrates a slight increase in 
the near-wall volumetric sensible enthalpy distribution with increasing Grs, accompanied by a marginal thick-
ening of the enthalpy boundary layer. Although Grs does not appear explicitly in the energy equation, its influ-
ence is transmitted indirectly through an enhanced velocity field. Stronger buoyancy-induced motion increases 
convective heat transport within the boundary layer, leading to a modest increase in the thermal energy stored 
per unit volume. Nevertheless, this influence remains secondary compared to the effects of thermal diffusion, 
viscous dissipation, and other direct thermal transport parameters on Nusselt number. 

In contrast, Fig. 19 shows that increasing Grs decreases the concentration distribution and thins the con-
centration boundary layer. Enhanced solutal buoyancy strengthens the convective transport away from the sur-
face, accelerating the nanoparticle migration toward the outer flow region and causing the concentration levels to 
decay more rapidly with increasing η. The observed enhancement in the velocity with increasing Grs number 
was consistent with previous Casson nanofluid studies. [56] reported that the velocity profile increased with in-
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creasing Grashof number. Similarly, [59, 60] confirmed that solutal buoyancy significantly affects the velocity 
field under mixed convection. Related investigations by [61, 62] also demonstrated that buoyancy forces en-
hance the momentum transport and indirectly influence the thermal transport characteristics. These findings con-
firm that the solutal Grashof number primarily governs momentum transport through buoyancy effects, while 
indirectly influencing the enthalpy and concentration distributions through coupled convective mechanisms. 

 

Fig. 14. Effects of Grt on velocity profiles 

 

Fig. 15. Effects of Grt on enthalpy profiles 

 

Fig. 16. Effects of Grt on concentration profiles 

 

Fig. 17: Effects of Grs on velocity profiles 

 

Fig. 18. Effects of Grs on enthalpy profiles 

 

Fig. 19. Effects of Grs on velocity profiles 

Figs. 20–22 present the influence of the thermophoresis parameter Nt on the velocity, volumetric 
sensible enthalpy, and concentration profiles. Fig. 20 shows that increasing Nt slightly enhances the velocity 
distribution throughout the boundary layer, with the velocity profiles shifting upward as Nt increases. Ther-
mophoresis drives nanoparticles from the heated surface toward the cooler regions of the fluid. Although Nt 
does not appear explicitly in the momentum equation, its influence on the velocity field is transmitted indi-
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rectly through coupling with the thermal and concentration fields. The migration of nanoparticles modifies 
the local transport characteristics and reduces the near-wall concentration resistance, thereby slightly enhanc-
ing the momentum transport and marginally thickening the hydrodynamic boundary layer. 

The volumetric sensible enthalpy profiles presented in Fig. 21 exhibit a noticeable increase with in-
creasing Nt. Within the present enthalpy-based framework, h(η) represents the thermal energy stored per unit 
volume. Enhanced thermophoretic transport promotes nanoparticle migration, carrying thermal energy away 
from the heated surface into the fluid domain, thereby improving thermal energy redistribution and increas-
ing sensible energy storage within the boundary layer. Consequently, the enthalpy boundary layer became 
slightly thicker as Nt increased. 

 

Fig. 20. Effects of Nt on velocity profiles 

 

Fig. 21. Effects on enthalpy Nt on enthalpy-based profiles 

 

Fig. 22: Effects of Nt on concentration profiles 

 

Fig. 23. Effects of Brh on velocity profiles 

 

Fig. 24. Effects of Brh on enthalpy profiles 

 

Fig. 25. Effects of Brh on concentration profiles 
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Fig. 22 demonstrates that increasing Nt significantly enhances the concentration distribution and peak 
concentration within the boundary layer. Stronger thermophoretic forces intensify nanoparticle migration from 
the heated wall toward cooler fluid regions, leading to increased particle accumulation within the flow domain 
and a thicker concentration-boundary layer. At larger similarity distances, all concentration profiles asymptoti-
cally approached zero, indicating that the thermophoretic effects diminished far from the surface. 

The present results are qualitatively consistent with previous Casson nanofluid studies involving ther-
mophoretic transport effects [63–66], particularly regarding the enhancement of the thermal and concentration 
distributions with an increase in the thermophoresis parameter. Minor variations in the momentum response 
may arise owing to the coupled volumetric sensible enthalpy formulation employed in the present analysis. 
These results confirm that thermophoresis strongly governs nanoparticle transport and indirectly influences 
momentum and enthalpy distributions through coupled thermal species transport mechanisms within the volu-
metric sensible-enthalpy framework. 

Figs. 23–25 present the influence of the volumetric 
Brinkman number Brh on the velocity, volumetric sensible 
enthalpy, and concentration profiles. In Fig. 23, increasing Brh 
from 0.01 to 1.0 produced virtually no noticeable change in 
the velocity distribution throughout the boundary layer. All 
the velocity curves completely overlapped from the wall re-
gion to the free stream. This behaviour indicates that viscous 
dissipation, represented by the Brinkman number in the vol-
umetric sensible enthalpy formulation, does not directly influ-
ence momentum transport. Because Brh appears only in the 
energy equation, the momentum balance governing fluid mo-
tion remains essentially unaffected, leading to an invariant 
velocity boundary layer thickness. In Fig. 24, the enthalpy 
distributions corresponding to different Brh values show al-
most complete overlap across the entire domain, indicating 
that within the present parameter range, viscous dissipation 
contributes negligibly to the volumetric sensible enthalpy. 
The thermal field is predominantly governed by convective 
and diffusive transport mechanisms, which suppress any ob-
servable enhancement owing to viscous heating. Consequent-
ly, the enthalpy boundary layer remained unchanged. 

In Fig. 25, the concentration curves also completely 
overlap, demonstrating that changes in viscous dissipation do 
not significantly affect nanoparticle mass diffusion. Because 
the concentration equation is only indirectly coupled to the 
energy field through thermodiffusion mechanisms, the negli-
gible change in enthalpy results in no observable impact on 
the concentration behaviour. The weak sensitivity of the ve-
locity, volumetric sensible enthalpy, and concentration fields 
to variations in the Brinkman number Brh is qualitatively 
comparable with previous Casson nanofluid studies [67–70], 
where viscous dissipation effects were found to influence 
thermal transport primarily under sufficiently large dissipation 
regimes, whereas momentum and concentration fields re-
mained weakly affected within moderate parameter ranges. 

Fig. 26–28 illustrate the influence of the Eckert 
number Ech on the velocity, volumetric sensible enthalpy, 
and concentration profiles. An increase in Ech slightly 

 

Fig. 26. Effects of Ech on velocity profiles 

 

Fig. 27. Effects of Ech on enthalpy profiles 

 

Fig. 28. Effects of Ech on concentration profiles 
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enhanced the velocity distribution (Fig. 26) owing to the indirect thermal–momentum coupling generated by 
viscous dissipation. Although Ech does not appear explicitly in the momentum equation, the increase in volu-
metric sensible enthalpy strengthens the buoyancy effects, resulting in mild flow acceleration and slight thick-
ening of the momentum boundary layer. Fig. 27 shows that the volumetric sensible enthalpy increases signifi-
cantly with increasing Ech, indicating enhanced thermal energy storage per unit volume as viscous dissipation 
acts as an internal volumetric heat source within the boundary layer. In Fig. 28, increasing Ech enhances the 
nanoparticle concentration and slightly thickens the concentration boundary layer owing to the intensified 
thermophoretic transport induced by stronger enthalpy gradients. Overall, viscous dissipation enhances thermal 
energy transport and indirectly strengthens the momentum and concentration distributions through coupled 
buoyancy and thermophoretic mechanisms within the volumetric sensible enthalpy framework. The influence 
of viscous dissipation (Eckert number) on enhancing thermal energy and modifying boundary layer characteris-
tics has been widely reported in previous studies on MHD nanofluid flows [70–72], where it was shown that 
viscous heating significantly increases the thermal energy distribution while exerting only indirect effects on 
momentum and mass transport through thermal–species coupling mechanisms. 

Summary and Conclusion 
This study investigated the effects of several governing parameters on the velocity, volumetric sen-

sible enthalpy, and concentration distributions in MHD Casson nanofluid flow using a volumetric sensible 
enthalpy formulation. The results revealed the following: 

1. Increasing the Casson parameter β decreases the velocity, and volumetric sensible enthalpy while 
slightly increasing the concentration owing to reduced convective transport. 

2. Increasing the magnetic parameter M suppresses the velocity but enhances the volumetric sensible 
enthalpy and concentration because of the Lorentz force effects and Joule heating. 

3. Increasing the Schmidt number Sc decreases the velocity, volumetric sensible enthalpy, and con-
centration, with the strongest reduction occurring in the concentration boundary layer owing to lowering the 
mass diffusivity. 

4. Increasing the Biot number Bi produces negligible changes in velocity but slightly decreases the 
volumetric sensible enthalpy and concentration near the wall through enhanced surface heat exchange. 

5. Increasing the thermal Grashof number Grt enhances the velocity and slightly increases the volu-
metric sensible enthalpy while reducing the concentration owing to buoyancy-driven convection. 

6. Increasing the solutal Grashof number Grs significantly enhances the velocity, slightly increases 
the volumetric sensible enthalpy, and decreases the concentration through stronger solutal buoyancy effects. 

7. Increasing the thermophoresis parameter Nt enhances the velocity, volumetric sensible enthalpy, 
and concentration by intensifying nanoparticle migration and thermal energy transport. 

8. Increasing the volumetric Brinkman number Brh has a negligible effect on the velocity, volumetric 
sensible enthalpy, and concentration within the investigated parameter range. 

9. Increasing the Eckert number Ech enhances volumetric sensible enthalpy and slightly increases 
both velocity and concentration owing to viscous dissipation effects. 

They have important applications in several engineering and industrial processes, including thermal 
energy storage and heat exchanger systems, cooling technologies involving nanofluids in electronic and mi-
croelectronic devices, polymer extrusion, coating, and stretching sheet manufacturing processes, metallurgi-
cal and materials processing industries involving electrically conducting fluids, biomedical engineering ap-
plications involving Casson fluid behavior such as blood flow analysis, solar thermal collectors, and renewa-
ble energy systems. Nuclear reactor cooling and high-temperature energy transportation systems. MHD 
pumps, generators, flow control devices, chemical processing and nanoparticle transport technologies, aero-
space and automotive thermal management systems, and industrial processes involving viscous dissipation, 
thermophoresis, and mixed convection transport phenomena. 
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ĥ  – dimensional volumetric sensible enthalpy )(ˆ
,  TTch nfpnf ;  

wĥ  – wall stream volumetric sensible enthalpy )(ˆ
,  TTch wnfpnfw ; 

ĥ  – free stream volumetric sensible enthalpy ĥ =0; 

T – local temperature field  
nfpnf c

h
TT

,

ˆ


  . 
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Електропровідний потік МГД-нанорідини Кассона  
в однорідному поперечному магнітному полі над листом, що розтягується 

1 F. T. Onojovwo, 2 A. O. Oyem, 1 S. O. Imoni, 1 J. M. Gyegwe 
1 Федеральний університет Локоджа, P. M. B. 1154, Lokoja, Нігерія 

2 Університет Бусітема, P.O. Box 236, Tororo, Уганда 

Це дослідження зосереджене на формулюванні об'ємної відчутної ентальпії нанорідин на основі 
етиленгліколю, що замінює традиційне температурне рівняння енергії. Нанорідина містить наночастинки 
Al2O3 з об'ємними частками в діапазоні (0,01≤φ≤0,05), що відповідає експериментально дослідженим 
концентраціям. На відміну від традиційних температурних формулювань енергії, цей підхід описує перенесення 
тепла через об'ємну відчутну ентальпію, яка представляє відчутну енергію, збережену на одиницю об'єму 
нанорідини. Ця структура дозволяє аналізувати зв'язаний рух, ентальпію та перенесення наночастинок в 
електропровідних нанорідинах Кассона, включаючи термофорез, в'язку дисипацію та джоулеве нагрівання. 
Рівняння руху, ентальпії та концентрації наночастинок були перетворені на зв'язані нелінійні звичайні 
диференціальні рівняння за допомогою перетворень подібності та розв'язані чисельно за допомогою 
адаптивної схеми колокації (SciPy’s solve_bvp). Систематично оцінюються ефекти параметрів, включаючи 
параметр Кассона, параметр магнітного поля, число Шмідта, число Біо, теплове та розчинне числа 
Грасгофа, число Брінкмана, число Екерта та параметр термофорезу. Результати показують, що параметр 
магнітного поля та реологічні ефекти Кассона сильно впливають на характеристики руху потоку. Збільшення 
параметра магнітного поля пригнічує розподіл швидкості через силу Лоренца, одночасно збільшуючи об'ємну 
відчутну ентальпію завдяки джоулевому нагріванню. Число Екерта призводить до значного збільшення 
об'ємної відчутної ентальпії завдяки в'язкій дисипації, тоді як число Шмідта переважно контролює 
перенесення концентрації наночастинок, маючи лише слабкий вплив на поле ентальпії. Теплові та розчинні 
параметри плавучості посилюють рух рідини завдяки конвекції, зумовленій плавучістю, тоді як термофорез 
сприяє міграції наночастинок та помірно збільшує накопичення теплової енергії в пограничному шарі. 
Натомість числа Біо та Брінкмана демонструють обмежений вплив на швидкість, об'ємну відчутну 
ентальпію та профілі концентрації в межах розглянутих діапазонів параметрів. Запропоноване формулювання 
об'ємної відчутної ентальпії забезпечує альтернативну основу для кількісної оцінки внутрішнього зберігання 
та перерозподілу енергії в МГД-неньютонівських нанорідинах. Потенційні застосування включають 
накопичення теплової енергії, електронне охолодження за допомогою нанорідин, екструзію полімерів, 
магнітогідродинамічне (МГД) перекачування, біомедичні потоки, збір сонячної теплової енергії та 
охолодження ядерних реакторів. 

Ключові слова: об'ємна відчутна ентальпія, формулювання ентальпії, змішана конвекція, МГД, число 
Брінкмана, перенесення наночастинок. 
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