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A B S T R A C T   

The utilization of Maxwell fluid with nanoparticle suspension exhibits promising prospects in 
enhancing the efficacy of energy conversion and storage mechanisms. They have the potential to 
be utilized in sophisticated cooling systems for power generation facilities, thereby augmenting 
the overall energy efficacy. Keeping this in mind, the current research examines the Maxwell 
nanofluid flow over a rotating disk with the impact of a heat source/sink. The present study 
centers on the examination of flow characteristics in the existence of a uniform magnetic field. 
The conversion of governing equations into ordinary differential equations is achieved using 
appropriate similarity variables. To derive the Nusselt number (Nu) and skin friction (SF) model 
related to the flow and temperature parameters, the suggested back-propagation artificial neural 
networking (ANN) technique is used. The Runge-Kutta-Fehlberg fourth-fifth order (RKF-45) 
method is used to solve the reduced equations and produce the necessary data to create the Nu 
and SF model. Both the Nu and SF models require 1000 data for training the network, respec-
tively. Graphs are utilized to communicate numerical outcomes. The results concluded that the 
upsurge in magnetic parameter drops the velocity profile but advances the heat transport. Rise in 
the thermal conductivity parameter, increases the heat transport.   

1. Introduction 

The flow of fluids with variable thermal conductivity is a phenomenon that may occur in a variety of natural and manufactured 
systems. This occurs when the thermal conductivity of the liquid varies as a temperature function which can be seen in heat ex-
changers. This phenomenon may take place in a wide variety of fluids, including gases and liquids, and is an important factor to take 
into account in a number of different industrial and environmental processes. The substance capacity to transport heat is quantified by 
a property known as its thermal conductivity. This quality changes with temperature in liquids that have a variable thermal 
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conductivity; as a result, temperature may have a substantial effect on the way of liquids flow and the rates at which heat is transferred. 
Hayat et al. [1] explored the mixed convective stream of a liquid by considering variable thermal conductivity. Recently, Afridi et al. 
[2] and Afridi et al. [3] explored the stream of different NFs with varied physical conditions by considering variable thermal con-
ductivity features. Qasim and Afridi [4] and Qasim et al. [5] swotted the stream of a variety NFs under a variety of various physical 
circumstances by taking into consideration of the properties of varying thermal conductivity. 

The NFs are distinguished from conventional fluids by their possession of a distinct set of characteristics. NFs often exhibit 
improved thermophysical characteristics as a result of the presence of nanoparticles (NPs). Because of these properties, NFs are 
becoming more appealing for use in various applications requiring heat transmission and thermal control. The suspension of graphene 
NPs in sodium alginate is considered in this study. The examination of the flow of NF using graphene NPs suspensions has shown some 

Nomenclature 

E Electric field 
η Dimensionless similarity coordinate 
J Current density 
M Magnetic parameter 
Q Heat source/sink parameter 
λ1 Relaxation time 
T∞ Ambient temperature 
δ Thermal conductivity parameter 
β Deborah number 
θ(η) Dimensionless thermal profile 
α angle between the horizontal magnetic field components 
τ1 Heat diffusion relaxation time 
k Thermal conductivity 
ν Dynamic viscosity 
F(η),G(η),
H(η) Non-dimensional velocity profiles 

Re Local Reynolds number 
ρCp Heat capacitance 
B Magnetic field strength 
σ Magnetic conductivity 
Q0 Heat source/sink coefficient 
Ω Angular disk speed 
P(η) Dimensionless pressure 
T Temperature 
d Nanoparticle diameter 
μ Dynamic viscosity 
(r,φ, z) Directions 
M Magnetic parameter 
(u,v,w) Velocity components 
Sc Schmidt number 

Subscript 
Pr Prandtl number 
f Fluid 
ω Stretching parameter 
nf Nanofluid 
ρ Density 
s Solid nanoparticle 

Abbreviations 
NF Nanofluid 
NNF Non-Newtonian fluid 
MF Maxwell fluid 
UMF Uniform magnetic field 
HSS Heat source/sink 
Nu Nusselt number 
SF Skin friction 
NPs Nanoparticles  
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exciting new paths for the development of creative technological applications. Edward C. Stanford, a British pharmacist, made the first 
discovery of sodium alginate in 1881 (see Refs. [6,7]). Contrary to more traditional solvent-based methods, sodium alginate has been 
particularly employed for the aqueous microencapsulation of pharmaceuticals formulations (see Refs. [8,9]). Recently, Adnan [10] 
explored the heat transfer in different NPs over a Riga surface. Alharbi and Adnan [11] swotted the heat transfer in different alumina 
NPs. Recently, Adnan et al. [12–14] examined the influence of different features of different NPs in the suspension of various base 
liquids. 

The interaction of the NPs with the base liquid results in the formation of the interfacial layers. An interfacial layer develops around 
each NPs as a consequence of interactions among the surrounding liquid molecules and the scattered NPs. This layer is made up of a 
mixture of molecules from the base fluid and the NP surface. There are numerous significant ramifications for nanofluids of the 
creation of interfacial layers. The stability of NFs dispersion is first affected by these layers. By forming a barrier that stops the 
nanoparticles from congregating or settling, the interfacial layers may provide steric stability. This improves the nanofluid’s long-term 
stability and enables it to keep its well-dispersed condition. The flow of ferrofluid past a spinning disk with solid–liquid interfacial layer 
was evaluated by Acharya [15]. The flow of NF with the impact of inducing novel effects was probed by Adnan and Ashraf [16]. The 
influence of solid–fluid interfacial layer on the NF stream past a needle was analyzed by Shafiq et al. [17]. The convective flow of a NF 
past a needle with the interfacial layer and shape impacts was probed by Shaw et al. [18]. Gowda et al. [19] scrutinized the influence of 
an interfacial layer on the stream of NF over a stretchy surface. 

Depending on the physical properties of liquids they are classified as Newtonian or non-Newtonian fluid (NNF) types. An NNF has 
variable viscosity that varies with stress. Many salt solutions and molten polymers are NNFs, as are several commonplace items such as 
shampoo, starch suspensions, melted butter, blood, corn starch, toothpaste, paint, and custard. NNFs have many uses in manufacturing 
and engineering fields like adhesives, drilling muds, nuclear reactors, metal spinning, and plastic polymers. A single model cannot 
describe all of the features of these liquids. As a consequence, several models of non-Newtonian have been created to describe the 
characteristics and behavior of these liquids. These models are characterized into three types: rate fluids, integrals, and differentials. 
The MF model is identified as a kind of rate-type liquid. Furthermore, unlike differential-type liquids, this model defines the relaxation 
time impact. Shah et al. [20] scrutinized the flow of MF via a permeable cone. MF flow past a shrinking geometry was inspected by Shi 
et al. [21]. The MF stream past a plate was examined by Fetecau et al. [22] using mathematical analysis. Soret–Dufour effects on the 
MF flow via an exponential stretchy sheet were deliberated by Abbas et al. [23]. The stream of MF past a surface was deliberated by 
Kumar and Reddy [24] with chemical reaction. 

Magnetic fields are used in the investigation of geothermal reservoirs, generators, petroleum reservoirs, accelerators, pumps, 
magnetic filtration and separation, microfluidic devices, and flow meters. The magnetohydrodynamic flow of NNF in particular is of 
great interest in magnetotherapy. In fact, a great deal of investigation has been done to inspect the behavior of magnetic fields in a 
variety of configurations. Magnetized fluid flows can also help with medicine administration in a variety of disorders. One strategy 
involves the binding of pharmaceuticals to physiologically suitable magnetic particles, which leads to the target via the precise and 
proper positioning of permanent magnetic particles on the body’s external surface. A uniform magnetic field (UMF) is one which has 
the same magnitude as well as direction across the region, therefore the field lines should be simultaneously parallel and equally 
spaced. Galerkin finite element scheme was applied by Adnan and Ashraf [25] to investigate the thermal features of NF with magnetic 
field. NF flow amid two inclined cylinders in the occurrence of a UMF was discussed by Pordanjani and Aghakhani [26]. Prasanna-
kumara and Gowda [27] investigated the fluid passing across a disc in existence of a UMF. The NF flow across a disk with the influence 
of a UMF was probed by Wang et al. [28]. Turkyilmazoglu [29] scrutinized the impact of a UMF on the liquid stream past a porous 
channel. 

The influence of heat source/sink (HSS) is quite beneficial to the industry. For example, the excellence of the finished product 
greatly depends on the heat management component. Many elements were considered by researchers/scholars while analyzing the 
significance of HSS on the dynamics of NL flow with heat transport capabilities. Kumar et al. [30] considered the NL flow via a disk in 
the existence of an HSS. The power-law liquid flow via a spinning disk in the existence of non-uniform HSS was explored by Usman 
et al. [31]. Roy and Pop [32] educed the stream of NF past a sheet with the HSS. Effects of HSS on NF stream over a surface were probed 
by Adnan et al. [33]. Song et al. [34] scrutinized the Williamson liquid stream past a surface with a HSS. 

Considering the several practical uses in engineering fields such as electronic devices, rotating machinery, gas air cleaning ma-
chines, thermal-power generating systems, crystal growth processes, turbine rotors, medical equipment, and computer storage devices, 
researchers continue to pay close attention to the heat transport problem over a rotating disk. Heat transmission analysis and fluid flow 
via a disk with the upshot of a magnetic field were carried out by Ahmad et al. [35]. Shehzad et al. [36] scrutinized the liquid stream 
past a disk utilizing the effects of Soret-Dufour. The stream of Sutterby liquid due to a disk was considered by Mabood et al. [37] 
utilizing a heat flux model. The consequence of the magnetic field was used by Rauf et al. [38] to scrutinize the flow of hybrid ferrofluid 
past a disk. Numerical simulation was employed by Sharma et al. [39] to examine the fluid properties and NL flow via a rotating disk. 

The majority of research has concentrated on NFs, even though many have looked at the behavior of NFs in different convection 
modes. There isn’t much information available on impact of UMF and HSS on Maxwell NFs that include graphene NPs suspended in 
sodium alginate. Complex fluid dynamics and heat transfer phenomena may be produced by the interactions of graphene NPs sus-
pension in sodium alginate, which have not been completely investigated. As a result, there is a research gap in the full study of sodium 
alginate-based NF flow and heat transfer considering the UMF and variable thermal conductivity phenomena. To fill this research gap, 
present research intends to increase knowledge of various aspects and their influence on the flow and thermal features of Maxwell NF, 
laying the groundwork for future developments in the field. 
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2. Formulation of a problem 

The present study examines the fluid dynamics of a Maxwell nanofluid (sodium alginate and graphene) flow that is generated by a 
stretching rotating disk. The scenario involves the application of a uniform external magnetic field, denoted as B, to a disk that is 
undergoing rotation around its axial axis z at a consistent angular velocity represented by Ω. The present study assumes an axisym-
metric induced velocity field denoted by u = (u, v, w), accompanied by pressure p and temperature T. The system is presumed to 
exhibit azimuthal coordinate symmetry with respect to φ, while the disk is considered to be infinitely extensive in the radial direction r. 
The representation of the uniform magnetic field in the cylindrical coordinate system can be expressed in vector form, as B = (Br,Bφ,

Bz) according to Turkyilmazoglu [40]. The Lorentz force is able to be broken down into its constituent parts and represented by the 
following equation, which can be found in Turkyilmazoglu [40]. 

J ×B= σ
(
− Bφ(Bφu − Brv), − Br(Bφu − Brv), −

(
B2

φ +B2
r

)
w
)
. (1) 

The aforementioned flow assumptions give rise to the subsequent flow model and adopting Equation (1) following governing 
equations can be obtained (see refs. Acharya [15], Wang et al. [28] and Turkyilmazoglu [40]): 
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following appropriate boundary constraints have been established for the assumed flow problem (see refs. Acharya [15], Wang 
et al. [28] and Turkyilmazoglu [40]): 

u(0) = sr, v(0) = Ωr,w(0) = 0, T(0) = Tw at z = 0
u→0, v→0, T→T∞, p→0, as z→∞ (7)  

If the inclination angle between the direction of the magnetic field vector B = (Br,Bφ,0) and the r-direction is given as α (see Tur-
kyilmazoglu [40]). 

(Bφ,Br = |B|(sin α, cos α)). (8) 

The subsequent similarity transformations are hereby presented as follows (see refs. Acharya [15], Wang et al. [28] and Tur-
kyilmazoglu [40]): 
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η = z
(

Ω
ν

)1
2

, p(η) =
(
ρf νf Ω P(η)

)
,w = (Ω ν)

1
2H(η),

θ(η) = T − T∞

Tw − T∞
, v = r Ω G(η), u = r Ω F(η), knf (T) = knf

(

1 + δ
T − T∞

Tw − T∞

)

.

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

(9) 

Furthermore, the thermophysical feature of NFs are given by (Xue et al. [41]) 
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, (10)  
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The traditional correlations for thermal conductivity, as postulated by Hamilton and Crosser [42], were not applied in this 
investigation as they failed to adequately characterize the notably increased thermal conductivity detected in NFs. The primary cause 
of this intrinsic susceptibility stems from the lack of consideration given by conventional models to the molecular solid-liquid interface 
layer or NP diameter when calculating thermal conductivity correlations. The interfacial layer among the solid-fluid phases and the NP 
diameter are critical determinants in the detected rise in thermal conductivity. The subsequent correlations for modified thermal 
conductivity are given Murshed et al. [43] and Leong et al. [44]: 
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)
,where d = 10 and σl = [0.2 − 0.8] nm. Also, for σl = 0.4nm we have h ≈ 1nm based on refs. [45, 

46] 
Now the governing Equations (2)–(6) can be transformed, by utilizing Equation (8), similarity transformations Equation (9), and 

the thermophysical feature of NFs Equations 10–13 as follow: 
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the boundary constraints have been reduced to: 

η = 0 : F = ω,G = 1,H = 0, θ = 1
η→∞ : F = θ = P = G→0 (19)  

where, 
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Skin friction and Nusselt number for the assumed flow are as follow: 
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Re1/2Cf =
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Fig. 1. Consequence of M on F(η).  

Fig. 2. Consequence of M on G(η).  
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Re− 1/2Nu= −
ktnf

kf
θ′(0). (21)  

Fig. 3. Consequence of M on θ(η).  

Fig. 4. Consequence of β on F(η).  
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3. Results and discussion 

This section elaborates on the significant research results. The set of PDEs (2)–(6) and the boundary conditions (7) are reduced into 
the ODEs (14)–(18) along with boundary conditions Equation (19). The physical quantities Skin friction and Nusselt number for the 
assumed flow can be studied by using Equations 20 and 21. The flow behaviours on velocity and heat transport are described 

Fig. 5. Consequence of β on G(η).  

Fig. 6. Consequence of γ on θ(η).  
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numerically for various parameters, and the results are graphically depicted in Figs. 1–9. ANN models are used to depict engineering 
coefficients such as drag force and heat transport rate. The outcomes of the developed ANN models are indicated through the per-
formance metrics. In the calculation the static values of the parameters are considered in the range as follow M = [0.1 − 4], β = [0 −

1], γ = [0.1 − 1], Q = [ − 1, 1], δ = [0, 1] unless otherwise specified. Table 1 presents the thermophysical features of base liquid and 
NPs. We compared numerical findings to available work in Table 2. The results show excellent matching, which gives us validation of 

Fig. 7. Consequence of Q on θ(η).  

Fig. 8. Consequence of δ on θ(η).  
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the current study. 
Figs. 1 and 2 portrays the impact of M on F(η) and G(η). With the rise in M (1, 2, 3), both velocities are decreased. Physically, the 

Lorentz force is a resistive force that opposes motion which is created when magnetic lines of force engage with an electrically 
conducting fluid in motion. This opposing force causes the reduction in velocity profiles. The nature of θ(η) with the influence of M is 
revealed in Fig. 3. The value of magnetic interaction paramater increases, θ(η) rises simultaneously. The Lorentz force is a resistive 
force that physically resists motion. It is created when magnetic lines of force contact with moving electrically conducting fluid as a 
result θ(η) increases. As the values of Deborah number β upsurges (0, 0.2, 0.4), both velocities F(η) and G(η) are decreased as it is shown 
in Figs. 4 and 5. Deborah number is related to a relaxation time. The relaxation time increases as β increases, resulting in increased 
resistance among fluid layers due to this the velocity curves F(η) and G(η), establish a decreasing nature in relation to the Deborah 
number. Fig. 6 exhibits the upshot of γ on thermal profile. As rise in γ (0.1, 0.15, 0.2), reduces the heat transport. The thermal field is 
reduced as relaxation time increases. Fluid molecules transfer energy to nearby molecules more slowly as their relaxation time rises. 
Therefore, the temperature curves show a declining nature or behaviour. The influence of Q on θ(η) was shown in Fig. 7. As a result of 
the augmented fluid temperatures, the thermal boundary layer extends, as the Q increases. When the strength of a heat sink is 
increased, the gradient in wall temperature rises, but a heat source displays the opposite tendency. The consequence of δ on the θ(η) is 
presented in Fig. 8. Rise in the δ increases the θ(η). It is important to note that when molecules collide, energy is transferred, which 
raises the temperature. As a result, an upsurge in the δ leads to an improvement in temperature of fluid as well as an enhancement of 

Fig. 9. Consequence of d on θ(η).  

Table 1 
Exploration of thermophysical characteristics of base and nanoparticle (refs. [8,9,47,48]).  

Physical features cp(J /kg K) ρ(kg /m3) k(W /mk) Pr 

Graphene 2100 2250 2500 – 
NaA lg 4175 989 0.6376 6.5  

Table 2 
Comparison of the, F′(0) and − θ′(0) values for some reduced cases.   

F′(0) − θ′(0)

Ref. [49] 0.510233 – 
Ref. [50] 0.5102 0.9337 
Ref. [51] 0.51023262 0.93387794 
Present results 0.51023264 0.93387795  
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θ(η). The outcome of d on θ(η) is depicted in Fig. 9. NPs characterized by reduced diameters exhibit heightened thermal conductivity 
and improved Brownian motion when compared to their larger counterparts. Consequently, only NPs with reduced dimensions 
demonstrate relatively lower temperature measurements. 

4. ANN architecture 

The most powerful approach to artificial intelligence is known as artificial neural network (ANN), and it was created to solve 
technical problems while drawing inspiration from the way the human brain works. The system is composed of linked neurons that 
serve as fundamental operating units for obtaining and combining signals. In terms set out by the brain system, the data is sent from 
neuron to neuron by an association or a weight. While there are other ANN configurations, including the radial basis function neural 
network (RBFNN), autoencoder, convolutional neural network (CNN), etc., the multilayer perceptron (MLP) is the most often used 
network for dealing with nonlinear issues. Pre-processed input data are fed into the network by the input layer (IL). The first layer’s 
inputs are connected to the hidden layer (HL), which is made up of different transfer functions that are comparable to biological 
neurons. A basic MLP typically has one layer in which the number of neurons is optimized, even if the hidden layer may have several 
layers of neurons. One or more functions that generate predictions for the process model are included in the output layer (OL). 

To derive the Nu and SF model related to the flow and temperature parameters, the suggested back-propagation ANN technique is 
used. The RKF-45 technique is utilized to solve the non-dimensional flow and thermal equation and produce the necessary data to 
create the Nu and SF model. Both the Nu and SF models require 1000 data for training, correspondingly. 

For the performance evaluation of the created MLP network model, MSE and Determination Coefficient (R) metrics were employed. 
Below are the formulae used to calculate performance parameters. 

MSE=
1
Κ
∑Κ

i=1

(
ϑexp(j) − ϑANN(j)

)2  

R2 = 1 −

∑Κ

j=1

(
ϑexp(j) − ϑANN(j)

)2

∑Κ

j=1

(
ϑexp(j)

)2  

Error rate(%)=

[
ϑexp − ϑANN

ϑexp

]

× 100 

Two inputs and ten hidden neurons are pondered in the Nu and SF models, correspondingly. Figs. 10 and 11 signifies the IL, HL, and 

Fig. 10. ANN design for Nusselt number.  

Fig. 11. ANN design for skin friction.  
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Fig. 12. a) Performance of the ANN for Nusselt number. (b) The Gradient, Mu, and validation check for Nusselt number. (c) Regression plot for the 
Nusselt number. (d) Error histogram result for Nusselt number. 

P. Srilatha et al.                                                                                                                                                                                                        



Heliyon 9 (2023) e21189

13

OLs of the trained ANN for Nu and SF models respectively. 
Figs. 12a and 13a present the optimal ANN performance for the Nu and SF models respectively. The average of the square of error 

divided by the total number of data points is estimated by the MSE of any solution approach. A lower MSE for any computational 

Fig. 12. (continued). 
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approach indicates improved accuracy, performance, and solution stability. A magnitude of 2.0223 × 10− 9 is attained as lowest finest 
MSE performance for Nu at epoch 166. Further, at epoch 242, the trained SF model exhibits the ideal MSE of 8.8651× 10− 10. 

Figs. 12b and 13b exemplify the verification of the ANN by means of validation check regarding the Nu and SF respectively. The 

Fig. 13. a) Performance of the ANN for skin friction. (b) The Gradient, Mu, and validation check for skin friction. (c) Regression plot for the skin 
friction. (d) Error histogram result for skin friction. 
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Fig. 13. (continued). 
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gradient, which is calculated during the training of the network is some form of vector with a defined magnitude and direction. To 
update the suggested network in a precise direction and with an exact value, the gradient vector is used. The employed algorithm 
during the network’s training is controlled by the parameter mu. Mu’s value has a direct impact on how quickly the solution converges. 
The gradient value for the Nu is 9.8631 × 10− 8 achieved at epoch 166 as shown in Fig. 12b, and the equivalent Mu scale is 1× 10− 8 

acquired at epoch 166. For the SF model, Fig. 13b shows the values 9.8877 × 10− 8 and 1 × 10− 8 for the gradient and Mu at epoch 242. 
The regression plots for Nu and SF are shown in Figs. 12c and 13c respectively. The predictive capability of the training algorithm is 

determined using correlation coefficients by evaluating the forecasted sample points to the regression line. The value of R extremely 
near to 1 demonstrates how well the operated model calculation matches the original results. By observing Figs. 12c and 13c, Cor-
relation coefficient values are consistently around unity, i.e. R = 1, which is the ideal value for training, testing, and validation of 
perfect modeling. The trained value is therefore obtained with the lowest possible error for both the Nu and SF. 

Figs. 12d and 13d illustrate the error distribution of developed ANN simulations for Nu and SF respectively with the influence of 
various parameters. The errors dispersal from the reference line is shown by the error histogram. The quantity of values from each data 
set that are contained in a given bin is shown in each bar of the figure. For Nu and SF models, the zero error is achieved at the value −
1.1 × 10− 5 and − 7.2 × 10− 7 respectively. 

Table 3 shows the ANN results for the Nusselt number with parameters Q and γ and also it indicates the error estimation between 
the data of the numerical values and ANN. Upon observing Table 3, the closer convergence between the numerical and ANN results is 
obtained with maximum error 7.05 × 10− 5 and minimum error 5.54× 10− 8. The performed ANN results indicate the closer conver-
gence with the numerical results with training, validation and testing performance of 2.91× 10− 10, 2.66 × 10− 10 and 2.94× 10− 10 

respectively. 
The ANN results for the skin friction with parameters M and β are tabulated in Table 4. It also shows the error estimation between 

the results of the numerical values and ANN. With maximum error 0.000120462 and minimum error 6.30× 10− 7, the closer 
convergence is achieved between the numerical and ANN outcomes. With training, validation, and testing performance of 4.19×

10− 10, 4.74 × 10− 10 and 4.48 × 10− 10 respectively, the ANN results show a closer convergence with the numerical findings. 

5. Conclusion 

This article aims to investigate the flow of a Maxwell NF on a rotating stretching disk with HSS. The focus of the current enquiry 
pertains to the analysis of flow properties with homogeneous external magnetic field. The process of transforming non-linear gov-
erning equations into ordinary differential equations is accomplished by utilizing suitable similarity variables. The numerical solution 
of the reduced equations is obtained by employing a shooting method and utilizing the RKF-45 order method. Visual aids such as 
graphs and charts are employed to effectually convey numerical results. The outcomes concluded that the rise in M declines the ve-

Table 3 
ANN results for the Nu with error estimation.  

Q γ Nunum NuANN ABS(error)

0 0.1 0.42591366 0.425858441 5.52× 10− 5 

0.14 0.30764729 0.307617089 3.02× 10− 5 

0.21 0.23858831 0.238602493 1.42× 10− 5 

0.28 0.15908765 0.159094998 7.35× 10− 6 

0.35 0.06312651 0.063175139 4.86× 10− 5 

0.1 0 0.32488727 0.32481673 7.05× 10− 5 

0.05 0.33399366 0.333995773 2.11× 10− 6 

0.10 0.34371449 0.343714435 5.54× 10− 8 

0.15 0.35409432 0.354117913 2.36× 10− 5 

0.20 0.36518412 0.365162904 2.12× 10− 5  

Table 4 
ANN results for the Cf with error estimation.  

M β Cf num Cf ANN ABS(error)

0 0.1 1.247137 1.247257462 0.000120462 
0.1 1.2912382 1.29120247 3.57× 10− 5 

0.2 1.3351238 1.335178565 5.48× 10− 5 

0.3 1.3787387 1.378716744 2.20× 10− 5 

0.4 1.4220404 1.421994569 4.58× 10− 5 

0.5 1.4649967 1.465007225 1.05× 10− 5 

0.5 0 1.4981372 1.498134971 2.23× 10− 6 

0.12 1.4579596 1.45796023 6.30× 10− 7 

0.15 1.4471311 1.447125825 5.28× 10− 6 

0.18 1.4359626 1.435967209 4.61× 10− 6 

0.21 1.4244385 1.424453321 1.48× 10− 5  
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locity profile but improves the heat transport. The relaxation time increases as β increases, resulting in increased resistance among 
fluid layers due to this the velocity curves F(η) and G(η) decreases. Rise in the δ, increases the θ(η). Furthermore, the NPs with smaller 
diameters exhibit comparatively lower temperature readings. For Nu and SF models, the zero error is achieved at the value − 1.1×
10− 5 and − 7.2 × 10− 7 respectively. The performed ANN results indicate the closer convergence with the numerical results with 
training, validation and testing performance of 2.91× 10− 10, 2.66 × 10− 10 and 2.94 × 10− 10 respectively. 
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