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Abstract: The study in this manuscript aims to analyse the impact of thermal radiation on the two-dimensional magnetohydrodynamic flow of upper convected Maxwell (UCM) fluid between parallel plates. The lower plate is porous and stationary, while the top plate is impermeable and moving. The equations that describe the flow are transformed into non-linear ordinary differential equations with boundary conditions by employing similarity transformations. The Homotopy Perturbation Method (HPM) is then employed to approach the obtained non-linear ordinary differential equations and get an approximate analytical solution. The analysis includes plotting the velocity profile for different Reynolds number values and temperature distribution curves for distinct physical parameters such as Reynolds number, Deborah number, magnetic parameter, porosity parameter, radiation parameter, and Prandtl number. In the case of injection, the temporal profile declines with an increase in radiation parameter as the plates move away from each other, and an opposite trend is observed as plates move towards each other. Furthermore, the skin friction coefficient and heat transfer rate are analysed for the impact of these parameters using HPM. The numerical values obtained using HPM are compared using the classical finite difference method. The results show good agreement between the semi-analytical and numerical solutions.
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1  Introduction

Due to its vast applications in science and technology, fluid in motion has become one of the most fascinating and challenging fields of study today. Moreover, numerous disciplines, including mechanical, aeronautical, and chemical engineering, are built upon the foundations of fluid mechanics. Advancements in the study of fluids directly impact applications in these domains. Archimedes formulated a famous law as Archimedes principle [1] while investigating fluid statics and buoyancy, which was the first study on fluids that can be traced back to 250 BC. Since then, almost all applied fields are based on fluid mechanics.

Based on Newton’s law of viscosity, the fluids are mainly classified into Newtonian and non-Newtonian fluids. This study stresses explicitly a non-Newtonian fluid categorized under rate type fluid known as Maxwell fluid [2]. This fluid model helps in the precise elucidation of the relaxation time effect. Due to their unique properties, Maxwell fluids have gained applications in designing and constructing hydraulic systems requiring high accuracy and precision control, designing shock absorbers, and developing lubrication. It has been considered one of the best choices for frictional vibration and reducing damping due to its ability to flow and deform under stress. Hence, Maxwell fluids have become essential in numerous engineering applications because of their reliability and versatility. Karra et al. [3] examined the behaviour of time-dependent Maxwell fluid flow that describes the visco-elastic material where the material moduli are pressure-dependent. Olsson et al. [4] analysed the constitute equation for a visco-elastic fluid in addition to continuity and momentum equations in a two-dimensional flow of a UCM fluid allowing artificial compressibility. The UCM fluid flow over a slowly moving rigid plate in an otherwise passive fluid was theoretically examined by Sadeghy et al. [5].

The study of fluid flow between two plates holds significant importance in fluid mechanics due to its wide-ranging industrial applications and influence on various scientific and technological fields. However, the analysis of non-Newtonian fluid flow between two plates presents a challenge to researchers due to its practical relevance and complex computational examination. Porous plate fluid flow finds extensive use in engineering and material science for designing and optimizing heat exchangers, filters, and lubrication systems. Choi et al. [6] have analysed the combined effects of visco-elasticity and inertia on a two-dimensional steady suction flow of an in-compressible UCM fluid through a porous channel. Ganesh et al. [7] analysed the unsteady laminar Stokes flow of viscous fluid between two plates placed parallelly with variable injection and suction at the walls. Numerous authors have studied the flow of Maxwell fluid in porous media [8–16].

The field of moving parallel plates with porosity is a significant area in the field of fluid flow. The concept has a variety of applications, including the production of thin films in the coating industry and the manufacturing of paper and textiles. Additionally, the movement of these plates can be used to control the flow of fluids, making it a valuable tool in developing fluid-based technologies. Overall, using moving parallel porous plates has proven to be a valuable technique with various applications in fluid mechanics. Yuan [17] investigated the two-dimensional steady-state laminar flow with moderate to high injection and suction velocity. Cox [18] analysed the similarity solution to the two-dimensional laminar flow of an incompressible viscous fluid in a single porous walled channel. Islam et al. [19] examined the flow of a homogeneous incompressible fluid being squeezed between porous infinite parallel plates approaching each other symmetrically. Several other researchers have also analysed the injection and suction effect on the squeezing flow [20–24].

The applications of MHD fluid flow are multifaceted and diverse. One of the most prominent applications of MHD is in the field of energy conversion, where electrical energy is obtained by converting thermal energy in MHD generators. MHD fluid flow is also employed in designing advanced propulsion systems for space travel and developing high-speed trains, where aerodynamic drag is reduced by MHD flow, whereas the efficiency is increased. MHD fluid flow is also used in the metallurgical industry to purify metals and in the chemical industry to produce high-purity chemicals. Additionally, in geophysics and astrophysics, MHD fluid flow is of significant importance as it provides insights into the behaviour of plasmas in space and the Earth’s magnetosphere. A viscous, incompressible fluid’s two-dimensional unsteady MHD flow through a porous media bounded by a moving upper plate and fixed lower plate was investigated by Hassanien et al. [25]. Barik et al. [26] studied the impact of injection and suction, and elasticity on the steady laminar MHD flow of a visco-elastic fluid through a porous pipe. Many researchers in the past have examined the impact of MHD on the fluid flow [27–33].

The field of heat transfer applications involving MHD fluid flow is a captivating area of study. It concerns the transfer of thermal energy between a solid surface and a fluid subject to the magnetic field. The presence of a magnetic field changes the fluid flow, leading to variations in the rate of heat transfer. This phenomenon has practical applications in several sectors, including MHD power production systems, heat exchanger design, and nuclear reactor design. It has gained increasing interest in recent years due to its potential to improve energy efficiency and reduce environmental impact. Kaviany [34] analysed the laminar flow between two porous plates parallel to each other placed at equal and constant temperatures, applying the Darcy effect for transport momentum. The MHD flow and heat transfer of a Maxwell fluid over an exponential stretching sheet through a porous media with variable thermal conductivity was numerically analysed by Singh et al. [35]. Further, Elbashbeshy et al. [36] analysed numerically the effect of heat transfer on the flow of Maxwell fluid over a stretching surface involving variable thickness in a porous media. Numerous other researchers have also analysed the MHD flow and heat transfer of fluid through porous channels [37–43].

The influence of radiation on MHD fluid flow has gained the attention of researchers due to its wide range of applications. Radiation alters the fluid flow and affects the heat transfer rate, which has potential uses in various industries, such as the creation of solar collectors, nuclear reactors, and space propulsion systems. Raptis et al. [44] numerically analysed the asymmetric steady flow of MHD fluid over a semi-infinite stationary plate subject to thermal radiation. The heat transfer was analysed by Hayat et al. [45] for a two-dimensional MHD flow through a channel of porous walls with thermal radiation. Mukhopadhyay et al. [46] numerically analysed the unsteady boundary layer flow of Maxwell fluid over a permeable surface that is continuously stretching subject to thermal radiation. Further, Elbashbeshy et al. [47] numerically studied the influence of thermal radiation on the heat transfer of Maxwell fluid flow over a stretching surface of variable thickness embedded in a porous media. Many authors in the literature have also analysed the impact of thermal radiation on fluid flow [48–50].

Once the given physical problem is formulated successfully, the fundamental equations of fluid flow must be solved with specific conditions. The fundamental equations cannot be solved using known analytical methods due to the non-linearity involved in the problem. However, numerical methods yield an approximate solution to these equations. A new class of mathematical tools known as the semi-analytical methods was introduced to overcome the difficulties encountered by researchers in solving these equations by numerical methods. One such semi-analytical method to solve a non-linear differential equation is the HPM. The HPM was proposed by He [51] in 1999. Further, He [52,53] demonstrated the efficiency and ease of employing HPM with the help of examples. Later, various other researchers implemented the concept of HPM to obtain a more approximate solution to the problems [54–58].

From the literature, it was observed that the MHD flow of UCM fluid between parallel plates has widespread applications in industrial and technical arenas. Moreover, the impact of thermal radiation on heat transfer analysis is employed in designing heat exchangers used in nuclear reactors and cooling high-power electronic devices. Conducting direct experiments can be laborious, expensive, and time-consuming. Thus, theoretical analysis of such models is extremely necessary so as to enhance the feasibility. The authors found that the theoretical analysis of the impact of thermal radiation on the UCM fluid flow is limited. Also, there is a need to analyse the flow and heat characteristics of the MHD flow of UCM fluid in the presence of thermal radiation under different geometries.

This study intends to theoretically analyse the impact of thermal radiation on the heat transfer of the MHD flow of a UCM fluid through plates placed parallel to each other. In the considered problem, the upper plate is impermeable and moves either towards or away from the lower plate, which is stationary and porous. This problem is approached by a semi-analytical method, specifically HPM, in order to obtain an approximate analytical solution. Moreover, this approach has several advantages in contrast to other mathematical techniques. The HPM solution is compared with the numerical solution obtained through the conventional finite difference method (FDM). This particular geometry has been mainly applicable in the metallurgy industry, specifically in the filtration of polymers. In the future, there is scope to further enrich this study by including activation energy, Brownian motion, Soret and Dufour effects. Also, the study can be further extended by experimenting with the fluid composition, which has wide applications in the industrial and engineering sectors.

2  Geometry and Formulation

Consider a two-dimensional MHD flow of a UCM fluid between a stationary porous lower plate and a moving upper plate at a distance h with temperature T1 and T2, respectively. Let Vh be the uniform velocity at which the top plate moves away or towards the fixed porous bottom plate, as shown in Fig. 1.
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Figure 1: Flow geometry

The equations governing the MHD flow of UCM fluid in two-dimensions [45,59–61] are given by

∂u∂x+∂v∂y=0,(1)

u∂u∂x+v∂u∂y+λ[u2∂2u∂x2+v2∂2u∂y2+2uv∂2u∂x∂y]=ν∂2u∂y2−σB02ρ(u+λv∂u∂y)−ϕνku,(2)

ρCP(u∂T∂x+v∂T∂y)=k0∂2T∂y2−∂qrad∂y.(3)

The fluid’s density is represented by ρ, and its velocities in the x and y directions are represented by u and v, respectively. The relaxation time is given by λ, and the kinematic viscosity is represented by ν. The electrical conductivity is given by σ, while B0 represents the uniform magnetic field in the y direction. The porous medium’s permeability is represented by k, and its porosity is represented by ϕ. The thermal conductivity is represented by k0, while the specific heat capacity is given by CP. The temperature is represented by T, while the radiative heat flux is represented by qrad.

With the help of Rosseland approximation for radiation [62],

qrad=−4σ∗3k∗∂T4∂y.(4)

The mean absorption coefficient is represented as k∗ and σ∗ corresponds to the Stefan-Boltzmann constant. Taylor’s series expansion is performed around T1,

T4≅4T13T−3T14.(5)

The boundary conditions for the given problem are

u(x,0)=0,v(x,0)=AVh,u(x,0)=0,v(x,h)=Vh.(6)

By employing the following similarity transformations in Eq. (2).

X=xh,η=yhu=−VhXF ′(η)v=VhF(η),(7)

the momentum equation is transformed into

Fiv(η) −MRF ″(η)−MDe(F ′(η)F ″(η)+F(η)F ‴(η))−KF ″(η) +R[F ′(η)F ″(η)−F(η)F ‴(η)]+De[2F(η)(F ″(η))2+2(F ′(η))2F ″(η)−(F(η))2Fiv(η)]=0.(8)

The boundary conditions are thus transformed into

F(0)=A,F ′(0)=0,F(1)=1,F ′(1)=0.(9)

Similarly, using similarity transformation

θ(η)=T−T1T2−T1(10)

in Eq. (3), the energy equation transforms into

(1+43Rd)θ ″(η)−RPrF(η)θ ′(η)=0,(11)
with boundary conditions
θ(0)=0,θ(1)=1.(12)

The non-dimensional parameters R, M, De, K, Pr and Rd in Eqs. (8) and (11) representing Reynolds number, Deborah number, magnetic parameter, porosity parameter, Prandtl number and radiation parameter are given by

R=hVhν,De=λVh2ν,M=σB02hρVh,K=h2ϕρVh,Pr=CPμk0,Rd=4σ∗T13k0k∗.

3  Method of Solution

The considered problem is non-linear; hence, an analytical solution is difficult. Numerical and semi-analytical methods yield solution to this problem. In the current study, a semi-analytical method, HPM, is employed to obtain the solution based on which the velocity and temperature profiles are plotted. Also, the numerical values of the magnitude of skin friction coefficient and rate of heat transfer obtained by HPM are compared with a well-known numerical method, FDM.

3.1 Homotopy Perturbation Method

This study obtains fourth-order and second-order non-linear differential equations, representing the momentum and energy equations, respectively. Here, the model is mathematically analysed by employing HPM for the system of equations in the following manner:

Let D1 and D2 be the two differential operators of the unknown function g(η). Let the two known functions of the equations be denoted by g1(η) and g2(η). Thus, the considered model can be expressed as

Di[g(η)]−gi(η)=0.(13)

In HPM, the differential operator, Di is generally expressed as the sum of a linear and a non-linear part, that is

Di=Li+Ri,(14)

where Li is the linear part and Ri is the other part of Di.

Therefore, the homotopy equation for Eq. (13) is constructed by a wise choice of Li from Eqs. (8) and (11), and the initial guess v0 from the boundary conditions given in Eqs. (9) and (12) as mentioned below:

Hi(ξi,p)=(1−p)[Li(ξi,p)−Li(v0(η))]+p[Di(ξi,p)−gi(ξ)]=0,(15)

where i=1,2.

Assuming the solution of Eq. (15) in terms of power series,

ξ(η,p)=∑n=0∞pngn(η).(16)

Eq. (16) is the solution of the problem when p=1.

By employing the above mentioned scheme, the equations are solved to obtain the zeroth, first, second, and third order solution as given below:

F0=2Aη3−3Aη2+A−2η3+3η2,

F1 =1420(−200A3Deη9+900A3Deη8−1368A3Deη7+420A3Deη6+1008A3Deη5−1260A3Deη4 +656A3Deη3−156A3Deη2+48A2DeMη7−168A2DeMη6+126A2DeMη5+210A2DeMη4 −366A2DeMη3+150A2DeMη2+600A2Deη9−2700A2Deη8+4104A2Deη7−1596A2Deη6 −2016A2Deη5+2520A2Deη4−1128A2Deη3+216A2Deη2−24A2Rη7+84A2Rη6+⋯),

F2 =18408400(352000A5De2η15−1760000A4De2η15+3520000A3De2η15−3520000A2De2η15 +1760000ADe2η15−352000De2η15−2640000A5De2η14+13200000A4De2η14 −26400000A3De2η14+26400000A2De2η14−13200000ADe2η14+2640000De2η14+⋯),F3 =1570341772000(−15613189200De3+9435022128ADe3−4611552624A2De3−4221311472A3De3 −22475082672A4De3−16984778832A5De3+194020006320A6De3−139549113648A7De3 −2779228116De2K+2389920624ADe2K+3062988936A2De2K+5893338528A3De2K +11877902820A4De2K−20444922792A5De2K+115487358DeK2−224245980ADeK2+⋯),

θ0=η,

θ1=320(4Rd+3)(2APrRη5−5APrRη4+10APrRη2−7APrRη−2PrRη5+5PrRη4−3PrRη),

θ2=192400(4Rd+3)2(−3600A3DePrRη11+10800A2DePrRη11−10800ADePrRη11+3600DePrRη11 −4800A3DePrRRdη11+14400A2DePrRRdη11−14400ADePrRRdη11+4800DePrRRdη11 +19800A3DePrRη10−59400A2DePrRη10+59400ADePrRη10−19800DePrRη10+⋯),

θ3=18576568000(3+4Rd)3(302491584De2PrrR−142034472ADe2PrR−118048104A2De2PrR −164512296A3De2PrR−261151128A4De2PrR+383254416A5De2PrR+44735976DeKPrR −51505308ADeKPrR−58764852A2DeKPrR+65534184A3DeKPrR+306306K2PrR+⋯).

3.2 Finite Difference Method

FDM is a very well-established numerical method that is capable of solving a large class of non-linear differential equations. FDM discretizes the derivatives of flow variables using Taylor series expansion. This method is then applied to the differential form of the fundamental equations that govern the fluid flow. In this study, the FDM is employed to compare the results obtained through HPM. Hence, the numerical values of the magnitude of the skin friction coefficient and rate of heat transfer are also evaluated by this method.

4  Results and Discussion

In this study, the impact of thermal radiation on the flow of two-dimensional magnetohydrodynamic UCM fluid that is squeezed between two parallel plates is investigated. The velocity and temporal fields for distinct values of the physical parameters obtained using HPM are illustrated in Figs. 2–15. Figs. 2 and 3 represent graphically the impact of the Reynolds number on the velocity profile for injection and suction, respectively. In the case of injection, the temporal distribution curve for the upper plate moving away and towards the lower is represented graphically in Figs. 4 and 15. The skin friction coefficient and heat transfer rate for both injection and suction are presented in Tables 1 and 2, respectively.
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Figure 2: Velocity profile for varying R in case of injection with De = 0.1, K = 1, M = 0.1
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Figure 3: Velocity profile for varying R in case of suction with De = 0.1, K = 1, M = 0.1
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Figure 4: Temperature profile for varying R in case of injection with De = 0.1, K = 1, Rd = 0.1, Pr = 0.1, M = 0.1
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Figure 5: Temperature profile for varying R in case of suction with De = 0.1, K = 1, Rd = 0.1, Pr = 0.1, M = 0.1
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Figure 6: Temperature profile for varying M in case of injection, R = −5 with De = 0.1, K = 1, Rd = 0.1, Pr = 0.1
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Figure 7: Temperature profile for varying M in case of injection, R = 5 with De = 0.1, K = 1, Rd = 0.1, Pr = 0.1
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Figure 8: Temperature profile for varying De in case of injection, R = −5 with M = 0.1, K = 1, Rd = 0.1, Pr = 0.1
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Figure 9: Temperature profile for varying De in case of injection, R = 5 with M = 0.1, K = 1, Rd = 0.1, Pr = 0.1
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Figure 10: Temperature profile for varying K in case of injection, R = 5 with M = 0.1, De = 0.1, Rd = 0.1, Pr = 0.1
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Figure 11: Temperature profile for varying K in case of injection, R = −5 with M = 0.1, De = 0.1, Rd = 0.1, Pr = 0.1
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Figure 12: Temperature profile for varying Rd in case of injection, R = −5 with M = 0.1, De = 0.1, K = 1, Pr = 0.1

[image: images]

Figure 13: Temperature profile for varying Rd in case of injection, R = 5 with M = 0.1, De = 0.1, K = 1, Pr = 0.1

[image: images]

Figure 14: Temperature profile for varying Pr in case of injection, R = −5 with M = 0.1, De = 0.1, K = 1, Rd = 0.1
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Figure 15: Temperature profile for varying Pr in case of injection, R = 5 with M = 0.1, De = 0.1, K = 1, Rd = 0.1
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The impact of Reynolds number, R, on flow velocity in the injection case is illustrated in Fig. 2. As shown in the graph, F ′(η) increases in the first half when R increases, but it declines in the range 0.5≤η≤1. On the other hand, Fig. 3 demonstrates that the velocity F ′(η) decreases with an increment in R in the range 0≤η≤0.5, but it increases in the second half. Figs. 4 and 5 show the effect of R on temporal distribution for injection and suction, respectively. It is evident that θ(η) declines with an increment in R in both cases; that is, the temperature of the fluid reduces as the plates move closer in both injection and suction cases. The impact of the magnetic parameter on the temporal profile is illustrated in Figs. 6 and 7. As the strength of the applied magnetic field increases, a drag force known as the Lorentz force develops, causing the thermal boundary layer to become thinner in the case of plates moving away from each other. As a result, the flow is impeded, leading to a reduction in the magnitude of the temporal profile. Thus, as the plates move away from each other, the temperature of the flow declines with an increment in magnetic parameter, M, which is evident in Fig. 7. Whereas in the case of plates moving towards, an opposite trend is observed in Fig. 6.

When the Deborah number is small, the fluid exhibits characteristics of a viscous fluid, and the temperature of the flow remains relatively constant. On the other hand, in high Deborah number flows, the fluid behaves more like an elastic solid, and as a result, the deformation of the material causes the dissipation of energy, which leads to a significant increase in the temperature of the flow. It can be observed from Figs. 8 and 9 that an increment in Deborah number results in an increase of θ(η) for both plates moving towards and away from each other. The impact of the porosity parameter on the temporal profile is displayed in Figs. 10 and 11 as the upper plates move away and towards the stationary lower plate in the case of injection. It is evident that an increment in K results in an increase in θ(η) in both cases as the plates move away and towards each other. This is because as the porosity parameter increases, a larger amount of fluid is allowed to flow through the porous medium. This increases the velocity of the fluid flow, which in turn increases the viscous dissipation. Due to the increase in the viscous dissipation, the temporal profile of the UCM fluid gradually increases for both plates moving towards and apart in the case of injection. Moreover, a higher porosity parameter also allows for more heat transfer between the fluid and the plates, which further contributes to the increase in the temperature profile. Figs. 12 and 13 illustrate the impact of radiation parameter on the temperature profile. A fluid with high emissivity will absorb more radiation, thus resulting in an increased temperature, while a fluid with low emissivity will reflect more radiation, thereby decreasing the temperature. In the case of plates moving away from each other, the emissivity of the fluid decreases, resulting in a decrease of θ(η) with an increase in radiation parameter as demonstrated in Fig. 13. Whereas θ(η) increases with an increase in Rd as the emissivity increases when the plates move closer, as displayed in Fig. 12.

The Prandtl number determines the relationship between the momentum diffusivity of a fluid and its thermal diffusivity. A high Prandtl number indicates that the fluid has a low thermal diffusivity compared to its momentum diffusivity, resulting in a slower transfer of heat through the fluid than momentum. In contrast, a low Prandtl number signals that the fluid has a high thermal diffusivity relative to its momentum diffusivity, making it more capable of conducting heat than momentum. When the plates move apart, the transfer of momentum and heat between them decreases. This is because the gap between the plates increases, resulting in a reduction in the efficiency of the fluid flow to transport momentum and heat. As a result, both the momentum diffusivity and thermal diffusivity decrease, indicating a lower rate of transfer of momentum and heat. This is evident from Fig. 15 that θ(η) increases as the Prandtl number increases when plates move away from each other. In contrast, an opposite trend is observed when plates move closer to each other, as in Fig. 14.

The data presented in Table 1 indicates that a decrement in the porosity parameter at the upper plate and an increment in the porosity parameter at the bottom plate result in an increase in the skin friction coefficient magnitude when suction is applied. In contrast, an opposite behaviour is evident in the case of injection. In the case of suction, it was observed that an increment in Reynolds number results in a decrement of skin friction coefficient magnitude at the bottom plate, while an increase is observed at the top plate. However, for injection, whereas an increment in Reynolds number leads to a decrement in the skin friction coefficient magnitude at the upper plate and an increment at the bottom plate. Table 2 shows that for injection, an increment in Reynolds number, radiation parameter, and Prandtl number at the lower plate leads to an increase in the heat transfer rate. Conversely, an increase in these physical parameters at the upper plate results in a decrease in the heat transfer rate. However, when suction is applied, the opposite trend is observed.

5  Conclusion

The current article mainly focuses on the effect of thermal radiation on the MHD flow of a UCM fluid between parallel plates with an impermeable moving upper plate and stationary porous lower plate, specifically in the case of injection. The magnetic and radiative effects on the heat transfer of the UCM fluid flow are analysed with the help of HPM, leading to the following conclusions:

1.   The velocity and temperature fields of the flow increase with an increment in Reynolds number in case of injection and suction.

2.   In the case of injection, when the top plate moves away from the bottom one, an increment in the magnetic parameter and Prandtl number increases the temporal field.

3.   The temporal distribution increases with Deborah number for both top plates moving away and towards the bottom in case of injection.

4.   As the porosity parameter and the radiation parameter increases, the temporal profile retards for plates moving away from each other during injection.

5.   In the case of injection, the heat transfer rate at the bottom plate tends to increase as the Reynolds number, Prandtl number, and radiation parameter increase.
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Table 1: Coefficient of skin friction for M = De = 0.1

A=05 A=-05
R K —F"(0) —F'(1) —F"(0) —F(1)
HPM FDM HPM FDM HPM FDM HPM FDM

—5 1 —521737 —5.18925 1.83739 1.84549 —10.09190 —10.04770 7.57205  7.55028
-3 —4.27822 —4.25258 2.17366 2.16642 —9.77633 —9.97187 8.08746  8.05544
~1 —3.41294 —3.39408 2.70938 2.69655 —9.37425 —9.33531 8.81733 8.78171
1 —2.67703 —2.66567 3.54891 3.52995 —8.85321 —8.81583 9.87600  9.82978
3 —2.10585 —2.09976 4.75448 4.72819 —8.17005 —8.13103 11.43100 11.36110
5 —1.69431 —1.69407 631696 6.25470 —7.25641 —7.19667 13.72620 13.58480
—5 10 —5.34280 —5.29549 2.31323 2.28396 —11.03940 —10.94120 8.60470  8.64402
-3 —4.51947 —4.48789 2.66036 2.64635 —10.80130 —10.73150 9.29289  9.25893
—1 —3.78426 —3.76113 3.19437 3.17714 —10.54310 —10.48160 10.13540 10.07870
1 ~3.15336  —3.14811 3.95722 3.94915 —10.22940 —10.16860 11.24180 11.16860
3 —2.64278 —2.62897 4.98939 4.94877 —9.83655 —9.77631 12.72180 12.62570
5 —2.24796 —2.23609 630070 6.22810 —9.33806 —9.26765  14.70830 14.55310
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Table 2: Heat transferrate for M =De=Pr=0.1and K =1

A=05 A=-05
R Rd 0'(0) 0'(1) 0'(0) 0'(1)

HPM FDM  HPM FDM  HPM FDM  HPM FDM
~5 0.1 1.15536  1.15408 0.82040  0.81965 0.99276  0.99201  0.88036  0.87972
-3 1.09049  1.08915  0.89008 0.88918  0.99495  0.99399  0.92760  0.92676
—1 1.02917  1.02787  0.96277 0.96163  0.99798  0.99703  0.97578  0.97487
1 0.97184 097077 1.03770 1.03647 1.00248 1.00114 1.02414  1.02305
3 0.91846 091768 1.11422  1.11304 1.00935 1.00809 1.07151  1.07008
5 0.86852 0.86749 1.19216 1.18992  1.01993 1.01797 1.11607  1.11349
—~5 02 1.13846 1.13720 0.83807  0.83728  0.99362  0.99276  0.89234  0.89516
-3 1.08077  1.07945  0.90120  0.90028  0.99552  0.99454  0.93500  0.93414
—1 1.02608  1.02478  0.96664  0.96548  0.99820  0.99713  0.97831  0.97728
1 0.97478  0.99494  1.03368 0.94369  1.00222 1.00167 1.02158  1.04450
3 0.92686  0.92598  1.10177 1.10051  1.00839 1.00715 1.06378  1.06238
5 0.88186  0.88031 1.17077 1.16779 1.01789 1.01557 1.10333  1.10037
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