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ABSTRACT 

Considering the significance of disk-shaped geometries in various thermal and mass transfer based industrial systems 
such as automobile braking, fluid stirring in laboratories, and gas turbine engines, the present work aims to study the 
impact of horizontal magnetic field, heat source/sink, and activation energy over rotating disk. The mathematical 
model takes into the account the aggregation of nanoparticle for this analysis. The analysis is carried out in two 
different scenarios which is with nanoparticle aggregation and without nanoparticle aggregation. The numerical 
solution for this model is obtained via boundary value problem-5th collocation (bvp-5c) technique. Then the solutions 
are discussed via graphical plots. The significant outcomes reveal that both radial and tangential velocity profiles rise 
for stretching rate parameter but reduces for magnetic field parameter. Thermal analysis shows that the Biot number 
and heat sink/source enhance strength of temperature field, showcasing that the heat is penetrated more effectively. 
Rise in reaction rate causes concentration profile to drop whereas growing activation energy boosts concentration 

profile, highlighting regulated mass diffusion. The results from this study can optimize heat and mass transmission 

in rotating thermal applications like rotating heat exchangers, magnetic regulated energy reactors, and many more. 
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 Introduction 

n many thermal applications, incorporating nanofluids, such as heat exchangers, improve heat transmission instead
f traditional fluids. Thermophysical properties, especially heat conductivity is greatly affected by these nanofluids,
aking it significantly useful in industrial applications requiring better heat performance. Using nanofluids has been
f great help to the advancement of research and development in the field of engineering. Several researchers have been
tudying mechanical and thermal characteristics of the nanofluid using several models [ 1–3 ]. Nihaal et al. [ 4 ] investigated
he impact of thermophoresis and Brownian motion on moving thin needle in the presence/absence of nanoparticle
ggregation. The results reveal that rise in thermal and concentration profile for Brownian are great in case of without
bbreviations: MHD, magneto hydro dynamics; C-C, Cattaneo–Christov; bvp-5c, boundary value problem fifth collocation; PDE, partial differential 
quation; RKF, Runge–Kutta–Felhberg; IVP, initial value problem; BVP, boundary value problem. 
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anoparticle aggregation. Waseem et al. [ 5 ] conducted a comparative examination of the impact of MHD, heat source/sink,
nd activation energy on micro-polar and second-grade nanofluid fluid over permeable three-dimensional exponential
tretching sheet. Considering Buongiorno and Darcy medium model, Batti et al. [ 6 ] scrutinized the MHD convective
anofluid flow past a spinning disk. Sarfaraz et al. [ 7 ] explored the impact of different type of nanoparticles on stagnation
oint flow across stretching surface. The results show that hybrid nanofluids perform better than mono nanofluids in flow
nd heat transfer properties. 
agnetohydrodynamics (MHD) describes the relationship between a fluid that conducts electricity and a magnetic field.
he magnetic field is often believed to act perpendicular to the flow in all MHD models. Muhammad and Sarfaraz [ 8 ]
xamined the influence of MHD on hybrid nanofluid flow across a permeable parallel plates in the presence of Darcy–
orchhiemer model. The influence of nonlinear radiation and variable thermal conductivity on MHD hybrid nanofluid
low across a spinning disk was investigated by Mandal et al. [ 9 ]. Conversely, there has been very little research on using
 horizontal MHD. In context to horizontal MHD, the components of the Lorentz force undergo considerable alteration
ue to the modified interaction between the induced current and field. This results in varied influence on axial, radial,
angential velocity components depending on the flow geometry. The role of horizontal magnetic field on fluid flow and
eat transmission across a revolving disk was shown by Turkyilmazoglu’s [ 10 ] novel research on horizontal MHD. The
mpact of horizontal MHD and activation energy on radio-active nanofluid flow across a rotating disk was studied by
hehzad et al. [ 11 ]. Pandey and Das [ 12 ] scrutinized hybrid nanofluid flow across a spinning disk in the presence of
orizontal MHD and exponential heat sink/source with Cattaneo–Christov model. 
eat source/sink is an additional term added to the energy equation indicating an energy balance or heat conduction.
eat source is responsible for temperature rise and heat sink is responsible for reduction in temperature. Awais et al.

 13 ] examined MHD fluid flow on a rotating disk due to the impact of heat source/sink and chemical reaction. The study
eveals that fluid temperature elevates for augmented values of heat generation while decreasing for augmented values
f heat absorption parameters. Kumar and Sharma [ 14 ] studied the impact of the heat sink/source on fluid flow over
 moving stretched rotating disk with Darcy–Forchheimer medium. The rate of heat transfer is found to be rising for
tretching parameter while decreases for heat source parameter. Sarfaraz et al. [ 15 ] obtained numerical solutions of the
mpact of heat source/sink over a nanofluid flow of Walter’s B fluid across a shrinking/stretching surface. Nihaal et al.
 16 ] examined the effects of activation energy and exponential heat sink/source on ternary nanofluid bioconvective flow
ver an extending disk. Farooq et al. [ 17 ] analyzed the behavior of radioactive hybrid nanofluid flow under the influence
f permeable rotating disk. The findings demonstrate that fluid temperature rises for growing heat sink/source parameter.
 minimal amount of energy necessary to initiate a certain reaction or mechanical process is referred as activation
nergy. It serves as an energy resistance that reactant molecules must overcome in order to reach the high energy
ransition state before converting into products. Arafat et al. [ 18 ] examined the consequence of activation energy on
ioconvective nanofluid flow past a rotating disk considering entropy production. The numerical study on Maxwell
anofluid considering the impacts of activation energy and entropy generation over a spinning disk was analyzed by
lsallami et al. [ 19 ]. Paul et al. [ 20 ] investigated the consequences of porous medium and activation energy over chemically
eactive Casson ternary nanofluid flow across a spinning disk. Khouqeer et al. [ 21 ] investigated MHD ternary nanofluid
low across a rotating disk in the presence of thermal radiation and activation energy. Asma et al. [ 22 ] explored MHD
anofluid flow pass though rotating disk with the thermophoresis and Brownian motion, and activation energy. 
ohanty et al. [ 23 ] explored Joule heating and radiation phenomenon on Darcy–Forchheimer imposed ternary nanofluid
low across rotating disk. Upon considering dissipation and C–C heat flux model, Tulu et al. [ 24 ] studied unsteady hybrid
anofluid flow across a spinning disk in the presence of MHD. Taking into account of variable thermal conductivity and
hemical reaction, Meena and Sharma [ 25 ] explored heat and mass transfer analysis on radioactive hybrid nanofluid flow
ast a rotating disk. Using response surface methodology, Jalili et al. [ 26 ] examined the heat transfer of nanofluid flow
ver a spinning disk in the presence of MHD and radiation. Taking into account C–C heat flux model and bioconvective
henomenon, Galal et al. [ 27 ] studied chemically reactive ternary nanofluid flow across an inclined rotating disk due to
mpacts of radiation. The analysis of flow and heat transfer properties of nanofluid flow across disks under the influence
f MHD, convective boundary conditions, and radiation is found in these studies [ 28–30 ]. 

.1 Novelty 

he current study presents a unique comparison of convective nanofluid flow across a stretched rotating disk incorporating
anoparticle aggregation and non-aggregation effects in the presence of horizontal MHD, which varies significantly from
raditional vertical MHD models. Previous studies have mostly focused on standard vertical MHD, heat sink/source,
nd chemical reaction on rotating disk separately, ignoring the synergetic effects that arise from combined influence
of 17 ZAMM - Journal of Applied Mathematics and Mechanics, 2026
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FIGURE 1 Schematic representation of problem. 
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f horizontal magnetic field, heat source/sink, activation energy, convective boundary conditions, and aggregation of
anoparticles. It is evident from the current literature that the comparative analysis of nanofluid flow over a rotating
isk with/without nanoparticle aggregation has been unexplored. Additionally, nanoparticle aggregation has a significant
nfluence on temperature and concentration boundary layers by altering thermophysical properties and effective transport
haracteristics. Further, the problem is demonstrated via governing PDE model and solution is obtained numerically
hrough bvp-5c algorithm. The result from this study offers design oriented insights for maximizing heat and mass transfer
n rotating thermal systems, the research also assesses important engineering factors like Nusselt number and Sherwood
umber. 

.2 Mathematical Formulation 

he present study incorporates a laminar, incompressible nanofluid flow across a rotating disk. The surface of the disk
tretches at a constant rate 𝑐 radially along 𝑟. The swirl flow over the surface is caused due to the rotation of disk with
onstant angular velocity Ω. The horizontal MHD is applied to the disk with magnetic field strength 𝐵. With a cylindrical
oordinate {𝑟, 𝜑, 𝑧 } , the respective velocities considered are {𝑢, 𝑣, 𝑤 } . An aggregation of 𝑇 𝑖𝑂2 nanoparticles is considered
n nanofluid flow (see Figure 1 ). Further, heat source/sink and activation energy are considered to examine the thermal
nd concentration profiles, and the surface is subjected to convective boundary condition. 
n cylindrical coordinates, using uniform magnetic field 𝐵⃗ and 𝐽 , Lorentz force can be defined as follows [ 10 ]: 

𝐽 × 𝐵⃗ = 𝜎𝑒 
(
𝑉⃗ × 𝐵⃗ 

)
× 𝐵⃗ , (1)

he aforementioned Equation ( 1 ) can be simplified down into component form as follows: 

𝐽 × 𝐵⃗ = 𝜎𝑒 
⎛ ⎜ ⎜ ⎝ 
𝐵𝑧 { 𝐵𝑟 𝑤 − 𝐵𝑧 𝑢 } + 𝐵𝜑 

{
𝐵𝑟 𝑣 − 𝐵𝜑 𝑢 

}
, 

𝐵𝑧 
{
𝐵𝜑 𝑤 − 𝐵𝑧 𝑣 

}
+ 𝐵𝑟 
{
𝐵𝜑 𝑢 − 𝐵𝑟 𝑣 

}
, 

𝐵𝜑 
{
𝐵𝜑 𝑤 − 𝐵𝑧 𝑣 

}
+ 𝐵𝑟 { 𝐵𝑧 𝑢 − 𝐵𝑟 𝑤 } , 

⎞ ⎟ ⎟ ⎠ , (2)

imilarity solutions can be derived only when the magnetic field configuration preserves axial symmetry. Hence, the
ollowing condition is considered. 

𝐵𝑟 = 𝐵𝜑 = 0 , (3)

sing this condition, the equation is converted to this form: 

𝐽 × 𝐵⃗ = 𝜎𝑒 𝐵2 𝑧 ( − 𝑢, − 𝑣, 0 ) . (4)
AMM - Journal of Applied Mathematics and Mechanics, 2026 3 of 17
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ther than Equation ( 3 ), at 𝐵𝑧 = 0 , another similarity is a possibility. 

𝐽 × 𝐵⃗ = 𝜎𝑒 

⎛ ⎜ ⎜ ⎜ ⎝ 
𝐵𝜑 
{
𝐵𝑟 𝑣 − 𝐵𝜑 𝑢 

}
, 

𝐵𝑟 
{
𝐵𝜑 𝑢 − 𝐵𝑟 𝑣 

}
, { 

𝐵2 𝜑 + 𝐵2 𝑟 

} 

𝑤. 

⎞ ⎟ ⎟ ⎟ ⎠ . (5)

he angle of inclination between the radial direction and the magnetic field 𝐵⃗ (along 𝐵𝑧 = 0 ) is denoted by 𝛾. Then
omponents of magnetic field 𝐵⃗ = (𝐵𝑟 , 𝐵𝜑 , 0 ) can be derived as follows: 

𝐵𝑟 = |𝐵| cos 𝛾, 𝐵𝜑 = |𝐵| Sin 𝛾. (6)

onsidering Equation ( 6 ), the reduced form of equation can be written as, 

𝐽 × 𝐵⃗ = 𝜎𝑒 
⎛ ⎜ ⎜ ⎝ 
|𝐵| S 𝑖𝑛 𝛾 ( |𝐵|C 𝑜𝑠 𝛾𝑣 − |𝐵| S 𝑖𝑛 𝛾𝑢 ) , |𝐵|C 𝑜𝑠 𝛾 ( |𝐵| S 𝑖𝑛 𝛾𝑢 − |𝐵|C 𝑜 𝑠 𝛾𝑣 ) , 

−|𝐵|2 𝑤. 
⎞ ⎟ ⎟ ⎠ . (7)

y taking into the account of above-mentioned considerations, the governing model is derived as follows see ([ 10, 15, 17,
2 ]): 

𝑢 
𝑟 
+ 𝜕𝑢 
𝜕𝑟 

+ 𝜕𝑤 

𝜕𝑧 
= 0 , (8)

𝑣2 

𝑟 
+ 𝑢

𝜕𝑢 
𝜕𝑟 

+ 𝑤
𝜕𝑢 
𝜕𝑧 

+ 1 
𝜌𝑛𝑓 

𝜕𝑝 

𝜕𝑟 
= 𝜐𝑛𝑓 

{ 

− 𝑢 
𝑟2 

+ 1 
𝑟 
𝜕𝑢 
𝜕𝑟 

+ 𝜕2 𝑢 

𝜕𝑟2 
+ 𝜕2 𝑢 

𝜕𝑧2 

} 

+
𝜎𝑒 
𝜌𝑛𝑓 

{ |𝐵| S 𝑖𝑛 𝛾 ( 𝑣 |𝐵|C 𝑜𝑠 𝛾 − 𝑢 |𝐵| S 𝑖𝑛 𝛾) } , (9)

𝑢𝑣 
𝑟 

+ 𝑢
𝜕𝑣 
𝜕𝑟 

+ 𝑤
𝜕𝑣 
𝜕𝑧 

= 𝜐𝑛𝑓 
{ 

− 𝑣 
𝑟2 

+ 1 
𝑟 
𝜕𝑣 
𝜕𝑟 

+ 𝜕2 𝑣 

𝜕𝑟2 
+ 𝜕2 𝑣 

𝜕𝑧2 

} 

+
𝜎𝑒 
𝜌𝑛𝑓 

{ |𝐵|C 𝑜𝑠 𝛾 ( 𝑢 |𝐵|C 𝑜𝑠 𝛾 − 𝑣 |𝐵| S 𝑖𝑛 𝛾) } , (10)

𝑢
𝜕𝑤 

𝜕𝑟 
+ 𝑤

𝜕𝑤 

𝜕𝑟 
+ 1 
𝜌𝑛𝑓 

𝜕𝑝 

𝜕𝑧 
= 𝜐𝑛𝑓 

( 

𝜕2 𝑤 

𝜕𝑟2 
+ 1 
𝑟 
𝜕𝑤 

𝜕𝑟 
+ 𝜕2 𝑤 

𝜕𝑧2 

) 

−
( 

1 
𝜌𝑛𝑓 

) |𝐵|2 𝑤, (11)

𝑢
𝜕𝑇 

𝜕𝑟 
+ 𝑤

𝜕𝑇 

𝜕𝑧 
=

𝑘𝑛𝑓 

( 𝜌𝐶𝑝 ) 𝑛𝑓 

( 

𝜕2 𝑇 

𝜕𝑟2 
+ 1 
𝑟 
𝜕𝑇 

𝜕𝑟 
+ 𝜕2 𝑇 

𝜕𝑧2 

) 

+
𝑄0 

( 𝜌𝐶𝑝 ) 𝑛𝑓 
( 𝑇 − 𝑇∞) , (12)

𝑢
𝜕𝐶 

𝜕𝑟 
+ 𝑤

𝜕𝐶 

𝜕𝑧 
= 𝐷

( 

𝜕2 𝐶 

𝜕𝑟2 
+ 1 
𝑟 
𝜕𝐶 

𝜕𝑟 
+ 𝜕2 𝐶 

𝜕𝑧2 

) 

− 𝐾∗ 𝑟 ( 𝐶 − 𝐶∞) 
{ 

𝑇 

𝑇∞

} 𝑛 

𝑒−( 𝐸𝑎 ∕𝐾𝑇 ) , (13)

here, 𝜐—kinematic viscosity, 𝜌—density, 𝜎𝑒 —magnetic conductivity, 𝑝—pressure term, 𝑘—thermal conductivity, 𝐶𝑝—
pecif ic heat capacity, 𝑄0 —volumetric rate of heat source/sink, 𝐷—diffusivity, 𝐾∗ 𝑟 —reaction rate, {𝑇∕𝑇∞} 

𝑛 
𝑒− (𝐸𝑎 ∕𝐾𝑇 ) —

odified Arrhenius function. The corresponding boundary conditions and proper similarities are as follows: 

𝑢 = 𝑐 𝑟 , 𝑣 = 0 , = 𝑘𝑛𝑓 
𝜕𝑇 

𝜕𝑧 
= ℎ𝑓 ( 𝑇𝑤 

− 𝑇 ) , 𝐶 = 𝐶𝑤 

𝑎𝑡 𝑧 = 0 , (14)

𝜕𝑢 
𝜕𝑧 

→ 0 , 𝑣 = Ω𝑟, 𝑇 → 𝑇∞, 𝐶 → 𝐶∞ 𝑎𝑠 𝑧 → ∞. (15)
of 17 ZAMM - Journal of Applied Mathematics and Mechanics, 2026
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TABLE 1 Thermo-physical characteristics of nanofluid and base fluid [ 4 ]. 

Particles Thermal conductivity Density Heat capacitance 

𝑇 𝑖𝑂2 8.9538 4250 686.2 
𝐸𝑔 0.252 1114 2415 
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nd 

𝜂 = 𝑧

√ 

Ω
𝜈𝑓 
, 𝑢 = Ω𝑟𝐹 ( 𝜂) , 𝑣 = Ω𝑟 𝐺 ( 𝜂) , 𝑤 =

√ 

Ω𝜐𝑓 𝐻 ( 𝜂) , (16)

𝑝 = 𝜌𝑓 𝑣𝑓 ΩP ( 𝜂) , 𝜃 ( 𝜂) =
𝑇 − 𝑇∞
𝑇𝑤 

− 𝑇∞
, 𝜒 ( 𝜂) =

𝐶 − 𝐶∞
𝐶𝑤 

− 𝐶∞
. (17)

ere, (𝑛𝑓, 𝑓 ) —nanofluid and base fluid subscripts, ℎ𝑓 —convective heat transfer coefficient, (𝑇𝑤 

, 𝑇∞) and (𝐶𝑤 

, 𝐶∞) —
emperature and concentration at surface and far field from surface respectively. Table 1 displays the thermophysical
roperties of nanofluid and base fluid. 
ere are the correlations for the characteristics of the nanofluid when aggregations of nanoparticles are considered [ 31 ]. 

𝜇𝑛𝑓 = 𝜇𝑓 
(
1 − 𝜙𝑎𝑔𝑔 𝜙− 1 

max 
)−𝜙max 2 . 5 

, (18)

𝜌𝑛𝑓 = 𝜙𝑎𝑔𝑔 𝜌𝑎𝑔𝑔 +
(
1 − 𝜙𝑎𝑔𝑔 

)
𝜌𝑓 , (19)

( 𝜌𝐶𝑝 ) 𝑛𝑓 = 𝜙𝑎𝑔𝑔 ( 𝜌𝐶𝑝 ) 𝑎𝑔𝑔 +
(
1 − 𝜙𝑎𝑔𝑔 

)
( 𝜌𝐶𝑝 ) 𝑓 , (20)

𝑘𝑛𝑓 =
2 𝑘 + 𝑘𝑎𝑔𝑔 + 2𝜙𝑎𝑔𝑔 

(
𝑘𝑎𝑔𝑔 − 𝑘𝑓 

)
2 𝑘 + 𝑘𝑎𝑔𝑔 − 2𝜙𝑎𝑔𝑔 

(
𝑘𝑎𝑔𝑔 − 𝑘𝑓 

)𝑘𝑓 , (21)

hysical properties are analyzed by these models in the framework of aggregation. 

𝜌𝑎𝑔𝑔 = 𝜙i 𝑛𝑡 𝜌𝑠 + ( 1 − 𝜙i 𝑛𝑡 ) 𝜌𝑓 , (22)

𝜙𝑎𝑔𝑔 =
𝜙

𝜙i 𝑛𝑡 
, (23)

𝜙i 𝑛𝑡 =
( 

𝑅𝑎𝑔𝑔 
𝑅𝑝 

) 𝐷− 3 

, (24)

( 𝜌𝐶𝑝 ) 𝑎𝑔𝑔 = 𝜙i 𝑛𝑡 ( 𝜌𝐶𝑝 ) 𝑠 + ( 1 − 𝜙i 𝑛𝑡 ) ( 𝜌𝐶𝑝 ) 𝑓 . (25)
AMM - Journal of Applied Mathematics and Mechanics, 2026 5 of 17
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𝑘𝑎𝑔𝑔 =
𝑘𝑓 
4 

⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ 
( 3𝜙i 𝑛𝑡 − 1 ) 

𝑘𝑠 
𝑘𝑓 

+ ( 3 ( 1 − 𝜙i 𝑛𝑡 ) − 1 ) 

+

( ( 

( 3𝜙i 𝑛𝑡 − 1 ) 
𝑘𝑠 
𝑘𝑓 

+ ( 3 ( 1 − 𝜙i 𝑛𝑡 ) − 1 ) 

) 2 

+
8𝑘𝑠 
𝑘𝑓 

) 1∕2 

⎫ ⎪ ⎪ ⎬ ⎪ ⎪ ⎭ 
. (26)

sing similarities ( 16-17 ), the Equations ( 8–15 ) are converted as reduced equations and boundary conditions follows: 

2F ( 𝜂) + H′ ( 𝜂) = 0 , (27)

𝜐𝑛𝑓 
𝜐𝑓 

F′′ ( 𝜂) + G( 𝜂) 
2 − F( 𝜂) 

2 − H( 𝜂) F′ ( 𝜂) + 1 

( 𝜌𝐶𝑝 ) 𝑛𝑓 ∕( 𝜌𝐶𝑝 ) 𝑓 
𝑀 sin 𝛾 ( G ( 𝜂) cos 𝛾 − F ( 𝜂) sin 𝛾) − 1 = 0 , (28)

𝜐nf 
𝜐𝑓 
G′′ ( 𝜂) − 2 𝐹 ( 𝜂) G ( 𝜂) − H( 𝜂) G′ ( 𝜂) + 1 

( 𝜌Cp ) nf ∕( 𝜌Cp ) 𝑓 
𝑀 cos 𝛾 ( F ( 𝜂) sin 𝛾 − G ( 𝜂) cos 𝛾) = 0 , (29)

1 

Pr ( 𝜌𝐶𝑝 ) 𝑛𝑓 ∕( 𝜌𝐶𝑝 ) 𝑓 
𝜃′′ ( 𝜂) − H( 𝜂) 𝜃′ ( 𝜂) +

𝑄 

( 𝜌𝐶𝑝 ) 𝑛𝑓 ∕( 𝜌𝐶𝑝 ) 𝑓 
𝜃 ( 𝜂) = 0 , (30)

1 
𝑆𝑐 
𝜒′′ ( 𝜂) − H( 𝜂) 𝜒′ ( 𝜂) − 𝑅 𝑐 𝜒 ( 𝜂) ( 1 + 𝛿𝜃 ( 𝜂) ) 

𝑛 
𝑒− 𝐸∕( 1 + 𝛿𝜃( 𝜂) ) = 0 . (31)

nd 

at 𝜂 = 0 ∶ F ( 0) = 𝑆, G ( 0) = 0 , H( 0) = 0 , 𝜃′ ( 𝜂) = − 𝐵𝑖∗ ( 1 − 𝜃 ( 𝜂) ) , 𝜒 ( 0) = 1 , (32)

as . 𝜂 →∞ ∶ F ′ ( 𝜂) → 0 , G ( 𝜂) = 1 , 𝜃 ( 𝜂) = 0 , 𝜒 ( 𝜂) = 0 (33)

here, 

 = 𝜎𝑒 𝐵
2 

𝜌𝑓 Ω
, 𝑄 = 𝑄0 

(𝜌𝐶𝑝 ) 𝑓 Ω
, 𝑆𝑐 =

𝜐𝑓 

𝐷 

, 𝑅 𝑐 = 𝐾∗ 𝑟 
Ω
, 𝐵𝑖∗ =

ℎ𝑓 

𝑘𝑓 

√ 

𝜐𝑓 

Ω
, 𝑆 = 𝑐 

Ω
, 𝛿 = 𝑇𝑤 

𝑇∞
, 𝐸 = 𝐸𝑎 

𝐾𝑇∞
are magnetic field, heat

ource/sink, Schmidt number, chemical reaction parameter, Biot number, stretching ratio parameter, temperature
ifference ratio, and activation energy parameter. 
rom Equation ( 11 ), we obtain, 

𝜐𝑛𝑓 
𝜐𝑓 

H′′ ( 𝜂) − H( 𝜂) H′ ( 𝜂) − 𝑃′ ( 𝜂) − 1 

𝜌𝑛𝑓 ∕𝜌𝑓 
MH ( 𝜂) = 0 , (34)

rom above equation, the pressure term is derived as follows: 

P ( 𝜂) = H′ ( 𝜂) −
𝐻( 𝜂) 

2 

2 
− 𝑀 ∫

∞

0 
H( 𝜂) 𝑑𝜂 . (35)

ngineering factors with their reduced form . 
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kin friction: 𝐶𝑓 =
(𝜏2 𝑟 + 𝜏2 

𝜃
) 
1∕2 

𝜌𝑓 (𝑟Ω) 
2 , 𝜏𝑟 = 𝜇𝑛𝑓 (

𝜕𝑢 

𝜕𝑧 
) |
𝑧= 0 

, 𝜏𝜃 = 𝜇𝑛𝑓 (
𝜕𝑣 

𝜕𝑧 
) |
𝑧= 0 

. 

𝐶 𝑓 = 1 
R𝑒 

( 

𝜇𝑛𝑓 
𝜇𝑓 

) √ 

𝐹′( 0) 
2 + 𝐺′( 0) 

2 . (36)

usselt number: 𝑁𝑢 = 𝑟𝑞𝑤 

𝑘𝑓 (𝑇𝑤 

−𝑇∞) 
, 𝑞𝑤 

= −𝑘𝑛𝑓 (
𝜕𝑇 

𝜕𝑧 
) |
𝑧= 0 

. 

R𝑒 − 1∕2 𝑁𝑢 = −
( 

𝑘𝑛𝑓 

𝑘𝑓 

) 

𝜃′ ( 0) . (37)

herwood number: 𝑆ℎ = 𝑟𝑞𝑐 
𝐷(𝐶𝑤 

−𝐶∞) 
, 𝑞𝑐 = − 𝐷

𝜕𝐶 

𝜕𝑦 
|
𝑧= 0 

. 

R𝑒 − 1∕2 𝑆 ℎ = − 𝜒′ ( 0) . (38)

.3 Numerical Methodology 

he system of Equations ( 27–33 ) are highly stiff non-linear and highly order equations and thus it is highly hard to obtain
losed-form solutions from such type of system of equations. Hence, shooting method and RKF-45th approaches are used
o obtain numerical solution. Initially, these high order equations are reduced to first order system of equations as follows:

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

𝐹 ( 𝜂) 
𝐹′ ( 𝜂) 
𝐹′′ ( 𝜂) 
𝐺 ( 𝜂) 
𝐺′ ( 𝜂) 
𝐺′′ ( 𝜂) 
𝐻 ( 𝜂) 
𝐻′ ( 𝜂) 
𝐻′′ ( 𝜂) 

⎫ ⎪ ⎪ ⎪ ⎪ ⎪ ⎬ ⎪ ⎪ ⎪ ⎪ ⎪ ⎭ 

=

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

𝑦 ( 1) 
𝑦 ( 2) 

𝑦 ( 2) 
′

𝑦 ( 3) 
𝑦 ( 4) 

𝑦 ( 4) 
′

𝑦 ( 5) 
𝑦 ( 6) 

𝑦 ( 6) 
′

⎫ ⎪ ⎪ ⎪ ⎪ ⎪ ⎬ ⎪ ⎪ ⎪ ⎪ ⎪ ⎭ 

𝑎𝑛𝑑

⎧ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎩ 

𝜃 ( 𝜂) 
𝜃′ ( 𝜂) 
𝜃′′ ( 𝜂) 
𝜒 ( 𝜂) 
𝜒′ ( 𝜂) 
𝜒′′ ( 𝜂) 

⎫ ⎪ ⎪ ⎪ ⎬ ⎪ ⎪ ⎪ ⎭ 
=

⎧ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎩ 

𝑦 ( 7) 
𝑦 ( 8) 

𝑦 ( 8) 
′

𝑦 ( 9) 
𝑦 ( 10 ) 

𝑦 ( 10 ) 
′

⎫ ⎪ ⎪ ⎪ ⎬ ⎪ ⎪ ⎪ ⎭ 
(39)

F′′ ( 𝜂) = −
( 

1 

𝜐𝑛𝑓 ∕𝜐𝑓 

) ( 

𝑦( 3) 
2 − 𝑦( 1) 

2 − 𝑦 ( 5) 𝑦 ( 2) + 1 

( 𝜌𝐶𝑝 ) 𝑛𝑓 ∕( 𝜌𝐶𝑝 ) 𝑓 
𝑀S 𝑖𝑛 𝛾 ( 𝑦 ( 3) C 𝑜𝑠 𝛾 − 𝑦 ( 1) S 𝑖𝑛 𝛾) − 1 

) 

, (40)

𝐺′′ ( 𝜂) = −
(
1∕
(
𝜐nf ∕𝜐𝑓 

))( 

− 2 𝑦 (1) 𝑦 (3) − 𝑦 (4) 𝑦 (5) + 1 

( 𝜌Cp ) nf ∕( 𝜌Cp ) 𝑓 
𝑀Cos 𝛾 { 𝑦 (1)Sin 𝛾 − 𝑦 (3)Cos 𝛾} 

) 

, (41)

′( 𝜂) = − 2 𝑦(1) , 

𝜃′′ ( 𝜂) = −
(
Pr ( 𝜌𝐶𝑝 ) 𝑛𝑓 ∕( 𝜌𝐶𝑝 ) 𝑓 

)( 

− 𝑦 ( 5) 𝑦 ( 8) +
𝑄 

( 𝜌𝐶𝑝 ) 𝑛𝑓 ∕( 𝜌𝐶𝑝 ) 𝑓 
𝑦 ( 7) 

) 

, (42)

𝜒′′ ( 𝜂) = − 𝑆𝑐
(
− 𝑦 ( 5) 𝑦 ( 10 ) − 𝑅 𝑐 𝑦 ( 9) ( 1 + 𝛿𝑦 ( 7) ) 

𝑛 𝑒− 𝐸∕( 1 + 𝛿𝑦( 7) ) 
)
. (43)
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FIGURE 2 Effect of 𝑀 on 𝐹( 𝜂) . 
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nd 

𝑎𝑡 𝜂 = 0 ∶ 𝑦 ( 1) − 𝑆, 𝑦 ( 3) , 𝑦 ( 5) , 𝑦 ( 8) = − 𝐵𝑖∗ ( 1 − 𝑦 ( 7) ) , 𝑦 ( 9) − 1 , (44)

as 𝜂 →∞∶ 𝑦 ( 2) → 0 , 𝑦 ( 3) − 1 , 𝑦 ( 7) , 𝑦 ( 9) . (45)

hen this BVP is reduced to IVP using suitable preliminary guesses. This IVP is then resolved via RKF-45th approach. For
aving precise numerical solutions, the convergence norm is considered to be 10 − 5 and step size ℎ = 0 . 01 . 

 Results and Discussion 

his section discusses the impact of certain parameters over fluid velocity, temperature, and concentration profiles on
anofluid flow over a rotating disk. Such parameters are horizontal magnetic field 𝑀, heat source/sink 𝑄, chemical
eaction 𝑅 𝑐 , Biot number 𝐵𝑖∗ , stretching ratio 𝑆, temperature difference 𝛿, and activation energy 𝐸. The nanofluid flow
odel is investigated in two diverse cases: with nanoparticle (Np) aggregation (agg) (𝜙𝑐 ≠ 1 ) and without nanoparticle
Np) aggregation (𝜙𝑐 = 1 ) . Also, engineering factors like Skin friction 𝐶𝑓, Nusselt number 𝑁𝑢, and Sherwood number are
iscussed for distinct values of certain parameters. Solutions in case of with nanoparticle agg are specified by dashed lines
nd without nanoparticle agg is specified by solid lines in the plots. The standard range of parameters for computational
urposes are as follows: 1 ≤ 𝑀 ≤ 9 , 1 ≤ 𝑄 ≤ 2 . 5 , 0 . 8 ≤ 𝑅𝑐 ≤ 1 . 2 , 7 ≤ 𝐵𝑖∗ ≤ 9 , 3 ≤ 𝑆 ≤ 5 , 0 . 4 ≤ 𝛿 ≤ 1 . 0 , 0 . 6 ≤ 𝐸 ≤ 1 . 0 ,
𝑐 ≠ 1 and 𝜙𝑐 = 1 . 
he effect of 𝑀 on radial velocity 𝐹( 𝜂) is shown in Figure 2 . From figure, it can be observed that growing values of M
ecreases 𝐹( 𝜂) . Physically, rise in magnetic field develops Lorentz force, this develops a resisting force which causes fluid
elocity to decline. From figure, it is found that the reduction is more in without Np agg case compared to with Np agg
ase due to less viscous force and resistance. 
he effect of directional angle 𝛾 on 𝐹( 𝜂) is displayed in Figure 3 . A decreasing trend is observed in 𝐹( 𝜂) for rising values of
. Physically, as 𝛾 increases, the magnetic field component 𝐵𝜑 = |𝐵 |S 𝑖𝑛 𝛾 aligned in circumstantial direction becomes
tronger. The interaction between this circumstantial magnetic field component 𝐵𝜑 and the radial flow velocity 𝐹( 𝜂)
nduced Lorentz force. When angle 𝛾 reaches 90 degrees, the radial retarding force is maximized, effectively acting as
 resistive force that significantly slows down radial movement of the electrically conducting fluid, thus causing the
eduction in radial velocity profile. The drop is observed to be greater in without Np agg case when compared with Np agg
ase. 
he impact of 𝑆 over 𝐹( 𝜂) is displayed in Figure 4 . 𝐹( 𝜂) increases for augmented values of 𝑆. Physically, as the stretching
atio parameter grows, the disk too extends radially, leading to increase in 𝐹 ( 𝜂) . The rise in 𝐹 ( 𝜂) is greater for with Np agg
hen compared to without Np agg due to enhanced velocity transport. 
of 17 ZAMM - Journal of Applied Mathematics and Mechanics, 2026
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FIGURE 3 Effect of 𝛾 on 𝐹( 𝜂) . 

FIGURE 4 Effect of 𝑆 on 𝐹( 𝜂) . 
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he impact of 𝑀 on tangential velocity 𝐺( 𝜂) is depicted in Figure 5 . Tangential velocity decreases for growing values of
. This is due to rising resistive force referred as Lorentz force created from rising magnetic field. Further, the reduction

s greater in with Np agg compared to without Np agg due to enhanced interaction between electrical conductivity and
orentz force. 
igure 6 displays the effect of direction angle 𝛾 on 𝐺( 𝜂) . From figure, it is evident that larger values of 𝛾
ises 𝐺( 𝜂) . Physically, as 𝛾 increases, the term C 𝑜𝑠 𝛾 reduces with rise in term S 𝑖𝑛 𝛾 making the magnetic term
cos 𝛾(F( 𝜂) sin 𝛾 − G( 𝜂) cos 𝛾) deteriorate its damping effect on tangential motion. With less magnetic effect, the

angential velocity 𝐺( 𝜂) increases. Moreover, the rise is greater in without Np agg when compared with Np agg due to
ess magnetic damping. 
igure 7 shows that increasing nature of 𝐺( 𝜂) under the effect of 𝑆. Physically, expanding the disk in the radial direction
ropels fluid particles outward, while the fluid gets extra azimuthal motion to conserve angular momentum. As a result,
ith growing stretching rates, the tangential velocity within the boundary layer increases. Also, this stretching minimizes
he oscillating nature of the velocity profile. Further, the rise is greater in without Np agg case when compared with Np
gg due to less resistance toward tangential motion. 
igure 8 displays the impact of 𝑆 over axial velocity profile 𝐻( 𝜂) . From figure, augmentation in 𝑆 reduces 𝐻( 𝜂) . Physically,
o maintain continuity, the additional fluid is pulled downward toward the disk as it is moved outward over the disk
urface. So, when the stretching increases, the axial velocity becomes more negative, which shows a reduction in the axial
AMM - Journal of Applied Mathematics and Mechanics, 2026 9 of 17
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FIGURE 5 Impact of 𝑀 on 𝐺( 𝜂) . 

FIGURE 6 Impact of 𝛾 on 𝐺( 𝜂) . 

FIGURE 7 Impact of 𝑆 on 𝐺( 𝜂) . 

10 of 17 ZAMM - Journal of Applied Mathematics and Mechanics, 2026

 15214001, 2026, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/zam

m
.70467 by U

niversidad D
e T

arapaca, W
iley O

nline L
ibrary on [01/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



FIGURE 8 Impact of 𝑆 over 𝐻( 𝜂) . 

FIGURE 9 Effect of 𝑄 on 𝜃( 𝜂) . 
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elocity profile. Further, the drop is observed greater with Np agg case when compared to without Np agg due to greater
esistance toward axial motion. 
he impact of heat source/sink 𝑄 and Biot number 𝐵𝑖∗ on temperature profile 𝜃( 𝜂) in Figures 9 and 10 , respectively. It is
een that 𝜃( 𝜂) increases for growing values of both 𝑄 and 𝐵𝑖∗ . Physically, this is because an increase in heat source/sink
nd Biot number causes thermal field to become stronger, leading to a higher temperature within the fluid flow. Further,
he greater rise is observed in with Np agg case when compared to without Np agg due to improved thermal conductivity.
he effect of chemical reaction parameter 𝑅 𝑐 over concentration profile 𝜒( 𝜂) is depicted in Figure 11 . A decreasing behavior
s seen in 𝜒( 𝜂) for increasing values of 𝑅 𝑐 . This is because, when 𝑅 𝑐 parameter is increased, the solute molecules in
hemical reaction gets bigger which leads to less concentration in the fluid domain. Further, the decrease is found to be
ore in the case with Np agg compared to without Np agg due to increased diffusivity. 
igure 12 shows the increasing behavior of 𝜒( 𝜂) under the effect of 𝐸. Physically, increasing activation energy leads to
eakening of the Arrhenius function, which in turn accelerates chemical reaction and increases concentration of the
luid domain. Further, the rise is greater in without Np aggregation case when compared with Np agg due to less particle
nteraction and low mass diffusion resistance. 
igure 13 portrays the behavior of 𝐶𝑓 for varying values of 𝑆 and 𝑀. From figure, it is found that 𝐶𝑓 for both rising values
f 𝑀 and 𝑆. Physically, growing values of magnetic field, the Lorentz force produced by the interaction of the applied
agnetic field and electrically conducting fluid causes to rise. This force slows down fluid motion and results in steeper
AMM - Journal of Applied Mathematics and Mechanics, 2026 11 of 17
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FIGURE 10 Effect of 𝐵𝑖∗ on 𝜃( 𝜂) . 

FIGURE 11 Effect of 𝑅 𝑐 on 𝜒( 𝜂) . 

FIGURE 12 Effect of 𝐸 on 𝜒( 𝜂) . 
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FIGURE 13 Variation in 𝐶𝑓 against 𝑀 and 𝑆. 

FIGURE 14 Variation of 𝑁𝑢 against 𝑄 and 𝐵𝑖∗ . 
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elocity gradients near the surface. This leads to increase in wall shear stress and thereby rise in 𝐶𝑓. Also, larger values
f stretching parameter makes the dragging force on the fluid more pronounced. The impact if observed to be greater in
ithout Np agg compared to with Np agg due to small effective viscous force which causes steeper velocity gradients at
he surface. 
igure 14 portrays the behavior of Nusselt number 𝑁𝑢 under the influence of 𝑄 and 𝐵𝑖∗ . From figure, it is seen that
usselt number decreases for 𝑄 and increases for 𝐵𝑖∗ . Physically, greater heat source/sink parameter makes the fluid
ore thermally active, increasing overall temperature within the fluid domain but decreases the temperature difference
ear the wall. Since Nusselt number is proportional to wall gradient temperature, it reduces. In contrast, increasing Biot
umber improves surface convective heat exchange strengthening heat transmission from wall to the fluid. This results
n greater temperature gradients near the wall and thus rising Nusselt number. Further, due to less thermal conductivity,
t is seen that reduction is greater in without Np agg. 
he behavior of 𝑆ℎ under the influence of 𝑅 𝑐 and 𝐸 is portrayed in Figure 15 . From figure, it is seen that 𝑆ℎ increases for
arying values of chemical reaction parameter and decreases for varying value of activation energy parameter. Physically,
he solute molecules in chemical reaction get bigger upon increasing chemical reaction promoting more mass transfer
hereas a slightly decrease in mass transfer is found upon increasing activation energy because only few solute molecules
re able to cross the energy barrier produced by increasing activation energy. Also, due to improved effective diffusivity
nd mass transfer, the rise in greater in with Np agg. 
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FIGURE 15 Variation in 𝑆ℎ against 𝑅 𝑐 and 𝐸. 
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 Conclusion 

his work has examined the influence of horizontal MHD, heat sink/source, and activation energy on nanofluid flow over
 rotating disk subjected to convective boundary conditions. The governing equations were tackled with suitable similarity
pproach and then solved numerical using bvp-5c approach. The analysis was carried out in two different cases: i) with
anoparticle aggregation and ii) without nanoparticle aggregation to illustrate natural heat and mass transfer behavior.
he key findings obtained in this work are addressed as follows: 
1. Radial velocity and tangential velocity profiles increases but axial velocity profile drops for stretching ratio parameter.
2. Growing values of magnetic field reduces both radial and tangential velocity. 
3. Augmented values of heat source/sink and Biot number enhance temperature profile. 
4. Concentration profile reduces for reaction rate parameter while increases for activation energy. 
5. Rise in horizontal magnetic field and stretching rate has boosted skin friction. 
6. Augmentation in heat source/sink and Biot number has increased rate of heat transfer. 
7. The rate of mass transfer rises for reaction rate parameter but drops for larger values of activation energy. 

.1 Future Scope 

onsidering the results from the study, these results provide practical engineering perspectives of managing mass, heat,
nd momentum transfer in rotating disk systems. The results are especially applicable to thermal configuration and
ptimization of magnetically regulated reactors or rotating turbines systems, where efficient heat and mass transfer with
oundary layer management are crucial. 

omenclature 
ymbols 

⃗
 Uniform magnetic field (𝐴∕𝑚 ) 

𝑖∗ Biot number 

Concentration (𝑚 𝑜𝑙𝑚− 3 ) 

𝑤 Wall concentration (𝑚 𝑜𝑙𝑚− 3 ) 

∞ Concentration at far field (𝑚 𝑜𝑙𝑚− 3 ) 

𝑓 Skin friction 

𝑝 Specific heat capacity (𝑚2 𝑠− 2 𝐾− 1 ) 
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Diffusivity (𝑚2 𝑠− 1 ) 

Activation energy 

𝑎 Activation energy component ( 𝐽) 

 Radial velocity profile 

 Tangential velocity profile 

𝑓 Convective heat transfer coefficient (𝑘𝑔𝑠− 3 𝐾− 1 ) 

 Axial velocity profile 

 ⃗ Current density (𝐴𝑚− 2 ) 

Thermal conductivity (𝑘𝑔 𝑚𝑠− 3 𝐾− 1 ) 

Boltzmann constant (𝑘𝑔𝑚2 𝑠− 2 𝐾− 1 ) 

∗ 
𝑟 Reaction rate (𝑠− 1 ) 

Magnetic field parameter 

𝑢 Nusselt number 

Pressure term (𝑘𝑔𝑚− 1 𝑠− 2 ) 

 Pressure profile 

Heat source/sink parameter 

0 Volumetric rate of heat source/sink (𝑘𝑔𝑚− 1 𝑠− 3 𝐾− 1 ) 

 𝑐 Chemical reaction parameter 

𝑒 Reynolds number 

Stretching ratio 

𝑐 Schmidt number 

ℎ Sherwood number 

Temperature ( 𝐾) 

𝑤 Wall temperature ( 𝐾) 

∞ Temperature at far field ( 𝐾) 

𝑢, 𝑣, 𝑤 } Velocity components (𝑚𝑠− 1 ) 

𝑟, 𝜑, 𝑧 } Cylindrical coordinates ( 𝑚) 

reek Symbols 

Dynamic viscosity (𝑘𝑔𝑚− 1 𝑠− 1 ) 

Kinematic viscosity (𝑚2 𝑠− 1 ) 

𝑒 Magnetic conductivity (Ω− 1 𝑚− 1 ) 

Density (𝑘𝑔𝑚− 3 ) 

Similarity variable 

Angle of inclination 

Temperature difference ratio 

Angular velocity (𝑠− 1 ) 

Temperature profile 

Concentration profile 

ubscripts 

base fluid 

𝑓 nanofluid 

𝑔 𝑔 aggregation 
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