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ABSTRACT 

A two-dimensional (2D) flow of an incompressible Williamson fluid of Cattaneo–Christov heat flux type over a linearly stretched surface with the 

influence of magnetic field, thermal radiation-diffusion, heat generation and viscous dissipation is carried out in the present study. To develop a 

Williamson flow model, a boundary layer approximation is taken into account. The non-dimensional, nonlinear, coupled ordinary differential equations 

with boundary condition are solved numerically using Nactsheim-Swigert shooting iteration technique together with Runge-Kutta six order iteration 

scheme. The influences of physical parameters on the velocity, temperature, concentration is analysed through graphical consequences. To validate the 

accuracy of the numerical simulations scheme, comparisons is carried out with the previous studies and are found in an excellent agreement.  

Keywords: Williamson fluid, Cattaneo–Christov heat flux, MHD, thermal radiation and diffusion, heat generation.  

 

1. INTRODUCTION 

Due to many applications in engineering industries, the 

magnetohydrodynamic (MHD) stretching sheet flow models are of great 

importance now days (Afify and Elgazery, 2016; Bég et al., 2014; Eid, 

2016; Ferdows et al., 2012; Hayat et al., 2017; Khan et al., 2012; 

Mabood, Khan, and Ismail, 2015; Nayak et al., 2016; Reddy and 

Chamkha, 2016; Sreedevi et al., 2016). Such applications include liquid 

coating on photographic films, extrusion of polymer sheet from expire, 

boundary layer along liquid film concentration process, aerodynamic 

extrusion of plastic sheets, etc. In addition, a wide range of applications 

on MHD flow can be found in numerous fields such as electronic cooling, 

boilers, heat insulation and metal extrusion, liquid metal fluids oil 

reservoirs, geothermal systems, nuclear process, micro MHD pumps, 

high-temperature plasmas, ground water systems, energy storage units, 

biological transportation, thermal energy storage devices etc. 

     In recent years, the study of non-Newtonian fluids is of great attention 

for scientists (Abo-Eldahab and Salem, 2005; Asghar et al., 2007; El-

Kabeir et al., 2008; Eldabe  et al., 2012; Ezzat, 2010; Gaffar et al., 2015; 

Hameed and Nadeem, 2007; Hsiao et al., 2014; Jayachandra Babu and 

Sandeep, 2016; Khan et al., 2012; Rashidi et al., 2016; Rundora and 

Makinde, 2015; Si et al., 2016; Turkyilmazoglu, 2012; Umamaheswar et 

al., 2016) because of their various technical applications such as 

performance of lubricants, movement of biological fluids, sugar 

solutions, apple sauce, tomato ketchup, shampoos etc. To explain the 

behaviour of non-Newtonian fluid, different fluid models have been 

proposed where the pseudo-plastic fluids are of greatest communal. 

Examples of the fluids with pseudo-plastic features include power law 

model, Ellis model, Cross model, Carreaus model, and Williamson fluid 
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model. Among these Williamson fluid models get very little attention till 

date whilst this type of fluids can scientifically describe shear thinning 

non-Newtonian fluids flows. For example, blood, paint, ketchup, 

whipped cream, nail polish, polymer melts/solutions, etc. are the 

manufacturing and biological liquors that comply with the Williamson 

fluid. Williamson fluids are firstly introduced by Williamson (1929) in 

his pioneer research of Pseudo-plastic materials flow. He explained the 

flow of pseudo-plastic fluids by developing a model equation and 

verified this hypothesis with experiment. Nadeem and Akram (2010a); 

(Nadeem and Akram, 2010b) investigated the effect of presence of 

inclined magnetic field on peristaltic flow of a Williamson fluid in an 

inclined symmetric or asymmetric channel. Akbar, Hayat, Nadeem, and 

Obaidat (2012) studied partial slip and heat transfer peristaltic flow 

behaviour of a Williamson fluid through inclined asymmetric channel. 

This study was later extended by incorporating nanoparticle (Akbar et 

al., 2013). Vajravelu et al. (2012) analysed Williamson fluid flow 

(peristaltic) in asymmetric channels with permeable walls having 

different amplitudes and phases. They have also discussed the influence 

of various wave forms on the fluid flow pattern. Akram et al., (2013) 

investigated the influence of induced magnetic field on peristaltic flow 

of Williamson fluid flow by analytically as well as numerically.  Bhatti 

and Rashidi (2016) shows the thermo-diffusion and thermal radiation 

effects of the flow pattern of Williamson nanofluid over a porous 

shrinking/stretching sheet. Recent studies in this are also includes various 

physical parameters such as pressure dependent viscosity (Zehra et al., 

2015), Hall effects (Eldabe et al., 2016), melting heat transfer (Hayat et 

al., 2016), convective conditions of heat and mass transfer flow (Hayat 

et al., 2016), thermal radiation and Ohmic dissipation (Hayat et al., 

2016), chemical reaction (Krishnamurthy et al., 2016), variable thickness 

(Salahuddin et al., 2016), bidirectional stretching surface of non-linear 
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type (Bilal et al., 2017), homogeneous–heterogeneous reactions (Ramzan 

et al., 2017). 

 

Heat generation effects on fluid flow of boundary layer type is very 

significant due to engineering and industrial applications including 

reactor safety analysis, radioactive materials, spent nuclear fuel, fire and 

combustion, metal waste, etc. In recent years, investigators are more 

interested on heat generation dynamical effects (Abbas et al., 2016; 

Bararnia et al., 2009; Hady et al., 2006; Kataria and Patel, 2016; Khan et 

al., 2014; Khan and Mahmood, 2016; Li et al., 2016; Madhava Reddy et 

al., 2015; Mahmoud and Waheed, 2012; Srinivasa and Eswara, 2016; 

Zhang and Zheng, 2012). Reddy and Chamkha (2016) reported heat 

generation/absorption effects on MHD convective Al2O3–water and 

TiO2–water nanofluids flow past a stretching sheet. The influence of heat 

generation on electrically conducting fluid flow towards an isothermal 

truncated cone was investigated by Srinivasa and Eswara (2016). Hayat 

et al. (2017) studied the MHD three-dimensional Oldroyd-B nanofluid 

flow with heat generation/absorption effects.  

     The influence of viscous dissipation on MHD heat and mass transfer 

flow has significant importance which led this topic more attractive to 

the researchers in very recent years (Hayat et al., 2016; Mabood et al., 

2016; Metri et al., 2016). Srinivas, Reddy et al. (2016) studied viscous 

dissipation effect on MHD thermal-diffusion and diffusion-thermo fluid 

flow concerning expanding/contracting rotating porous disks. Ahmed et 

al., (2017) investigated the influence of viscous dissipation on MHD 

chemically reacted heat and mass transfer fluid flow over a vertical 

porous plate. Recently the effect of presence of viscous dissipation on 

Combined electrical MHD radiative Maxwell fluid flow was described 

by Hsiao (2017). 

     With the advancement of many transport process, density differences 

driven flow caused by temperature-concentration gradient and material 

composition is of significant importance. It is therefore desired to study 

the flow behaviour induced by concentration differences 

unconventionally or instantaneously with temperature differences. The 

temperature gradient led the formation of mass flux which is so called 

thermal-diffusion which plays an imperative role in the process of solar 

ponds, microstructure of the world oceans, biological systems, mass 

transport across biological membranes etc. Recently the effect of 

presence of thermal diffusion on various boundary layer systems carried 

out by the researchers (Ashraf et al., 2016; Pal et al., 2016; Sravanthi, 

2016; Yadav et al., 2016; Zaidi and Mohyud-Din, 2016; Zhao et al., 

2016). In recent years, researchers have taken the boundary layer several 

types of fluid flow such as ferro fluid (Ahmad and Iqbal, 2017), eyring 

Powell fluid (Ahmad et al., 2017), hyperbolic tangent fluid (Iqbal et al., 

2017), second-grade fluid (Abbas et al., 2015), casson fluid (Ahmed et 

al., 2017), viscoelastic fluid (Iqbal et al., 2017) flow into account. 

     From the wide-ranging literature survey, it is noted that the problem 

of MHD radiative Cattaneo–Christov heat flux type Williamson fluid 

flow over a linearly stretched surface with the effect of heat generation, 

viscous dissipation and thermal-diffusion to the authors’ knowledge has 

not yet been explored. Therefore, this phenomenon is addressed in 

present study. The specific objectives of this numerical investigation are 

listed below: 

a) To develop a mathematical model to understand the MHD 

convective and radiative Cattaneo–Christov heat flux type 

Williamson fluid flow behaviour over a linearly stretched surface 

with the influence of heat generation, viscous dissipation and 

thermal-diffusion 

b) Numerical simulation of the flow governing model by employing 

Nactsheim-Swigert shooting iteration technique together with 

Runge-Kutta six order iteration scheme. 

c) Implementation of a code using FORTRAN Programming 

Language to elucidate the present problem. 

d) Validation of the numerical technique with available literature. 

e) Investigating the boundary layer heat and mass transfer 

Williamson fluid flow with incorporation of different physical 

parameter. 

2. MATHEMATICAL MODEL OF FLOW 

Two-dimensional heat and mass transfer flow of Williamson fluid with 

Cattaneo–Christov heat flux over a linearly stretched surface with 

convective boundary condition is considered in the presence of a uniform 

thermal radiation and magnetic field. The fluid is flowing in the x- 

direction which is taken along the plate and y-axis is normal to it. 

Magnetic field of strength Bo is applied which is normal to the flow 

direction of Williamson fluid. Initially, it is considered that the plate and 

Williamson fluid is at rest at the similar temperature T(=T∞) and 

concentration level C(=C∞) at all points. At the plate, temperature and 

species concentration are Tw and Cw respectively whereas T∞ and C∞ are 

fluid temperature and concentration of uniform flow respectively. The 

physical configuration and co-ordinate system of the problem is 

presented in the following Fig. 1. 

 

 
Fig. 1 Physical configuration and coordinate system. 

 

 

2.1 Governing Equation 

Under the assumptions made above, the governing boundary layer 

equations for MHD convective Williamson fluid flow behaviour of 

Cattaneo–Christov heat flux type over a linearly stretched surface with 

heat generation, viscous dissipation, thermal radiation and thermal 

diffusion, reduce to (Ramzan et al., 2017; Salahuddin et al., 2016): 
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Concentration equation 
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With boundary condition, 
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Where, u and v are the velocity component in the x and y axis 

respectively, ue is the variable external free stream velocity, B0 is the 

magnetic field component, Γ is the time rate constant, β is thermal 

expansion coefficient, β* is concentration expansion coefficient, ν is the 

kinematic viscosity, ρ is density, k is thermal conductivity, cp is specific 

heat at constant pressure, Q0 denotes the heat source,
 
qr unidirectional 

radiative heat flux,
 
Dm is mass diffusion coefficient and DT is the thermal 

diffusion coefficient.  

     The radiative heat flux term by using the Rosseland approximation 

(Perdikis and Raptis, 1996) is given by 
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the Stefan-Boltzmann constant and k* is the mean absorption coefficient, 

respectively. If temperature differences within the flow are sufficiently 

small, then the qr can be linearized by expanding T4 into the Taylor series 
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2.2 Similarity solution 

In order to attains a similarity solution to Eqs. (1)-(4) with the boundary 

conditions (Eq. (5)) the following dimensionless variables are used, 
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Continuity equation is satisfied. From the above transformations, the 

non-dimensional, nonlinear, coupled ordinary differential equations are 

obtained as: 
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2.3 Skin-friction coefficients, Nusselt and Sherwood Number 

at the sheet 

The parameters of technological interest for the present problem are the 

local skin-friction (Cf,x), the local Nusselt number (Nu,x) and the local 

Sherwood number (Sh,x), which are elucidated as 
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where τw, qw and qm are respectively the wall shear stress, wall heat flux 

and wall mass flux, can be defined as: 
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In view of dimensionless variables (Eq. (6)) and above equation, the 

dimensionless forms of local skin friction coefficient, local Nusselt 

number and local Sherwood number can be written as follows:  
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ν
is the Reynolds number.

 

3. NUMERICAL TECHNIQUE 

The non-dimensional, nonlinear, coupled ordinary differential equations 
(Eqs. (7)-(9)) with boundary condition (Eq. (10)) are solved numerically 
using standard initially value solver the shooting method. For the purpose 
of this method, the Nactsheim-Swigert shooting iteration technique  
together with Runge-Kutta six order iteration scheme (Nachtsheim and 
Swigert, 1995) is taken and determines the temperature and 
concentration as a function of the coordinate η. Extension of the iteration 
shell to above equation system of differential Eq. (10) is straightforward, 
there are three asymptotic boundary condition and hence three unknown 
surface conditions f//(0), θ/(0) and φ/(0). 

4. RESULTS AND DISCUSSION 

The boundary layer heat and mass transfer laminar flow problem 

associated with the Williamson fluid of MHD Cattaneo–Christov heat 

flux type over a linearly stretched surface with heat generation, viscous 

dissipation and thermal-diffusion has been studied numerically. In order 

to investigate the physical representation of the problem, the numerical 

values of velocity (f/ (η)), temperature (θ(η)) and species concentration 

(φ (η)) with the boundary layer have been computed for different 

parameters as Williamson fluid parameter, We, Grashof number, Gr, 

modified Grashof number, Gc, Hartmann number, M, velocity ratio 
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parameter, a/c, Prandtl number, Pr, thermal radiation, R, heat source, Q, 

Eckert number, Ec, Schmidt number, Sc and Soret number, So. In order 

to assess the accuracy of the numerical results the present results are 

compared with the previous studies (Fang et al., 2009; Nadeem et al., 

2013; Ramzan et al., 2017; Salahuddin et al., 2016; Sher Akbar et al., 

2015) presented in Tables 1-3 and excellent agreement is observed. To 

study the various parameter effects on Williamson fluid flow field, the 

velocity, temperature and concentration profiles are shown in Figs. 2-16.  

 
Table 1 Comparison of skin friction coefficient for different values of 

Williamson fluid parameter (We) when 

M=a/c=Gr=Gm=γ1=Pr=R=Ec=Q=S0=Sc=0. 

 

We Nadeem et al. (2013) Ramzan et al. (2017) Present 

0.0 1.0 1.0 1.0 

0.1 0.976588 0.976586 0.976589 

0.2 0.939817 0.939814 0.939818 

0.3 0.88272 0.88270 0.88271 

 

 
Table 2 Comparison of skin friction coefficient for different values of 

Hartmann number (M) when  

We= a/c=Gr=Gm=γ1=Pr=R=Ec=Q=S0=Sc=0. 

 

M 

Fang et al. 

(2009) 

Sher Akbar 

 et al. (2015) 

Salahuddin  

et al. (2016) 

Present 

0 
 

1.0 1.0 1.0 

0.5 
 

−1.11803 −1.11801 −1.11810 

1 
 

−1.41421 −1.41418 −1.41423 

5 
 

−2.44949 −2.44942 −2.44951 

10 
 

−3.31663 −3.31656 −3.31667 

100 
-1.1180 

−10.04988 −10.04981 −10.04990 

500 
 

−22.38303 −22.38293 −22.38307 

1000  −31.63839 −31.63846 −31.63841 

 

 
Table 3. Comparison of Nusselt number for different values of Prandtl 

number (Pr) when We=M= a/c =Gr=Gm=γ1=R=Ec=Q=S0=Sc=0. 

 

Pr 

Wang 

(1989) 

Mabood et 

al. (2015) 

Salahuddin et 

al. (2016) 

Present 

0.07 0.0656 0.0655 0.0654 0.0659 

0.20 0.1691 0.1691 0.1688 0.1696 

0.70 0.4539 0.4539 0.4534 0.4542 

2.00 0.9114 0.9114 0.9108 0.9117 

7.00 1.8954 1.8954 1.8944 1.8959 

20.00 3.3539 3.3539 3.3522 3.3543 

70.00 6.4622 6.4622 6.4619 6.4624 

 

The velocity field of the Williamson fluid for different parametric effects 

are given in Figs. 2-7. 

 

     Fig. 2 shows the effect of presence of different Hartmann number 

parameter, M, on velocity profile where the other parameters were set 

aside as We= 0.1, Pr= 2.0, Gr= 2.0, Gm= 0.5, γ1= 0.2, R= 2.0, Ec= 0.003, 

Q= 2.5, S0= 1.5 and Sc=0.9. It can be seen that, the increasing effect of 

M led the velocity profile decreases. This behaviour could be attributed 

to amplified Lorentz force where the increasing effect of Hartmann 

number is opposing the motion of the Williamson fluid and therefore 

velocity profile decreases. 

 
Fig. 2 Variation of velocity profile (f/ (η)) for different values of 

Hartmann number, M. 

      

 

 
Fig. 3 Variation of velocity profile (f/ (η)) for different values of 

Williamson fluid parameter, We. 

 

     The velocity profile for different values of Williamson fluid 

parameter, We, are given in Fig. 3 which shows a decreasing trend in 

momentum boundary layer due to increase in We. The additional 

parameters were kept as M= 1.0, Pr= 2.0, Gr= 2.0, Gm= 0.5, γ1= 0.2, R= 

2.0, Ec= 0.003, Q= 2.5, S0= 1.5 and Sc=0.9. This behaviour could be 

attributed due to the higher resistance to the flow of Williamson fluid. 

 

 
Fig. 4 Variation of velocity profile (f/ (η)) for different values of 

velocity ratio parameter, a/c. 

 

     Fig. 4 gives the different velocity ratio parameter, a/c, effects on 

velocity profile where the other parameters were set aside as M = 1.0, 

We= 0.1, Pr= 2.0, Gr= 2.0, Gm= 0.5, γ1= 0.2, R= 2.0, Ec= 0.003, Q= 2.5, 

S0= 1.5 and Sc=0.9. It is observed that the distribution of the velocity of 

Williamson fluid is an increasing function of velocity ratio parameter. 

The boundary condition of the corresponding profile precisely matches. 

This profile is also physically important because of it provides 
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information when the of velocity of the stretching sheet’s is greater than 

the velocity of the free stream. 

     The velocity profile for different values of Grashof number, Gr, are 

given in Fig. 5. The additional parameters were kept as M= 1.0, Pr= 2.0, 

Gm= 0.5, γ1= 0.2, R= 2.0, Ec= 0.003, Q= 2.5, S0= 1.5 and Sc=0.9. An 

increase in Gr parameter is observed to strappingly accelerate the flow of 

Williamson fluid. The heightening in thermal buoyancy forces 

assistances momentum growth since Gr θ(η) is an assistive body force 

ascending in the momentum equation (Eq. (7)) and this will assistance 

viscous diffusion and hence increase velocities. This effect is continued 

for all distances slanting from the stretching sheet to the free stream. 

 
Fig. 5 Variation of velocity profile (f/ (η)) for different values of 

Grashof number, Gr. 

 

 
Fig. 6 Variation of velocity profile (f/ (η)) for different values of 

modified Grashof number, Gm. 

 

     Fig. 6 shows the velocity distribution for different values of modified 

Grashof number, Gm, where M= 1.0, We= 0.1, Pr= 2.0, Gr= 2.0, γ1= 0.2, 

R= 2.0, Ec= 0.003, Q= 2.5, S0= 1.5 and Sc=0.9. It can be seen that, 

increasing modified Grashof number (mass convective/ species 

buoyancy) effect led the flow accelerated and increase the momentum 

boundary layer. This behaviour occurred because of effect of riding 

species buoyancy force which aids increases boundary layer thickness 

further from the sheet. 

     The variation of velocity profile for different values of Eckert number, 

Ec, is shown in Fig. 7 where M= 1.0, We= 0.1, Pr= 2.0, Gr= 2.0, Gm= 0.5, 

γ1= 0.2, R= 2.0, Q= 2.5, S0= 1.5 and Sc=0.9. It is observed that the 

velocity distribution is an increasing function of Eckert number. This is 

because the stretching sheet is being strained the viscous heating effect 

varies with distance into the boundary layer.  

     The temperature field of the Williamson fluid for different physical 

parameter effects are given in Figs. 8-12. The temperature distribution 

for different values of Williamson fluid parameter, We, are given in Fig. 

8 where M= 1.0, Pr= 2.0, Gr= 2.0, Gm= 0.5, γ1= 0.2, R= 2.0, Ec= 0.003, 

Q= 2.5, S0= 1.5 and Sc=0.9. An increasing trend in momentum boundary 

layer is observed due to increase in We. This behaviour could be 

attributed to the higher resistance and further molecular collisions in the 

Williamson fluid. 

 
Fig. 7 Variation of velocity profile (f/ (η)) for different values of Eckert 

number, Ec. 

 

 

 
Fig. 8 Variation of temperature profile (θ(η)) for different values of 

Williamson fluid parameter, We. 

 

 
 

Fig. 9 Variation of temperature profile (θ(η)) for different values of 

Prandtl number, Pr. 

 

 

     Fig. 9 portrayed the effect of Prandtl number, Pr, on temperature 

distribution where M= 1.0, We= 0.1, Gr= 2.0, Gm= 0.5, γ1= 0.2, R= 2.0, 

Ec= 0.003, Q= 2.5, S0= 1.5 and Sc=0.9. It is evident that the temperature 

distribution is a decreasing function of Prandtl number. This is because 

the thermal diffusivity of the fluid is decreases due to higher values of Pr 

which further led the reduction in the thermal boundary layer thickness.  

     The temperature profile for different values of Eckert number, Ec, is 

displayed in Fig. 10 where M= 1.0, We= 0.1, Pr= 2.0, Gr= 2.0, Gm= 0.5, 

γ1= 0.2, R= 2.0, Q= 2.5, S0= 1.5 and Sc=0.9. It is noticed that temperature 

profile shows increasing effect for higher Eckert number. Because 

further from the wall however increasing Ec turns to noticeably increase 

temperature values and therefore the temperature boundary layer 

thickness increases. 
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Fig. 10 Variation of temperature profile (θ(η)) for different values of 

Eckert number, Ec. 

 

 
Fig. 11 Variation of temperature profile (θ(η)) for different values of 

Heat source parameter, Q. 

 

     Fig. 11 displayed the heat source parameter, Q, effects on temperature 

distribution for M= 1.0, We= 0.1, Pr= 2.0, Gr= 2.0, Gm= 0.5, γ1= 0.2, R= 

2.0, Ec= 0.003, S0= 1.5 and Sc=0.9. It is apparent that the temperature 

profile is an increasing function of heat source parameter. Therefore, the 

increase in Q led the increase in thermal boundary layer thickness. 

 

 
Fig. 12 Variation of temperature profile (θ(η)) for different values of 

radiation parameter, R. 

 

     The temperature profile for different values of thermal radiation 

parameter, R, is shown in Fig. 12 where M= 1.0, We= 0.1, Pr= 2.0, Gr= 

2.0, Gm= 0.5, γ1= 0.2, Ec= 0.003, Q= 2.5, S0= 1.5 and Sc=0.9. It is 

perceived that the temperature in the Williamson fluid is markedly 

enhanced for higher radiation parameter. The radiation parameter is 

basically representing the relative influence of thermal radiation heat 

transfer to thermal conduction heat transfer. In the time being thermal 

radiation enhances the thermal diffusivity of the Williamson fluid, for 

growing values of thermal radiation parameter heat will be further added 

to the system to the regime and therefore thermal boundary layer 

thickness will be increased.  

 

 
Fig. 13 Variation of concentration profile (φ (η)) for different values of 

Schmidt number, Sc. 

 

     Figs. 13-16 display the influence of Schmidt number, Sc, Soret 

number, So, Williamson fluid parameter, We and modified Grashof 

number, Gm respectively, on Williamson fluid concentration 

distributions.  

     A strong decrease in the Williamson fluid concentration is caused by 

increasing Sc in Fig. 13. Where the other parameters were set aside as 

M= 1.0, We= 0.1, Pr= 2.0, Gr= 2.0, Gm= 0.5, γ1= 0.2, R= 2.0, Ec= 0.003, 

Q= 2.5 and S0= 1.5. Furthermore, the increase of Schmidt number 

represents a decrease in dispersion of molecules (mass diffusion), the 

mass transfer rate is also decreases as Sc increases. Therefore, the 

concentration boundary layer thickness decreases, which led the 

reduction in φ (η).  

 
Fig. 14 Variation of concentration profile (φ (η)) for different values of 

Soret number, So. 

 

 

 
Fig. 15 Variation of concentration profile (φ (η)) for different values of 

Williamson fluid parameter, We. 
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     Fig. 14 shows Williamson fluid concentration is significantly 

decreases with increasing in Soret number, So where M= 1.0, We= 0.1, 

Pr= 2.0, Gr= 2.0, Gm= 0.5, γ1= 0.2, R= 2.0, Ec= 0.003, Q= 2.5 and Sc=0.9. 

This is due to the fact that destructive thermal diffusion diminishes the 

boundary layer thickness and increases the mass transfer. 

     An increase in the Soret number results a decrease in the concentration 

distribution within the boundary layer (Fig. 15) where the other 

parameters were fixed as M= 1.0, Pr= 2.0, Gr= 2.0, Gm= 0.5, γ1= 0.2, R= 

2.0, Ec= 0.003, Q= 2.5, S0= 1.5 and Sc=0.9. This behaviour can be 

attributed to the fact that significant molecular collisions in the 

Williamson fluid and furthermore, higher resistance in the system led 

concentration boundary layer thickness decreases. 

 

 
Fig. 16 Variation of concentration profile (φ (η)) for different values of 

modified Grashof number, Gm. 

 

     Fig. 16 exhibits the increasing effect of modified Grashof number, 

Gm, in the concentration distribution of Williamson fluid, where M= 1.0, 

We= 0.1, Pr= 2.0, Gr= 2.0, γ1= 0.2, R= 2.0, Ec= 0.003, Q= 2.5, S0= 1.5 

and Sc=0.9. It can be seen that the concentration profile gradually 

decreases due to increase in Gm. This is because the concentration 

boundary layer thickness is consequently dropped with increasing 

species buoyancy force which further led the reduction in φ (η). 

 

5. CONCLUDING REMARKS 

Present study numerically investigates laminar boundary layer heat and 

mass transfer Williamson fluid flow of Cattaneo–Christov heat flux type 

over a linearly stretched surface with the effect of heat generation, 

viscous dissipation, thermal radiation and thermal diffusion. The 

Nactsheim-Swigert shooting iteration technique together with Runge-

Kutta six order iteration scheme was used to solve the transformed, non-

dimensional two-point boundary value problem. The present numerical 

model was validated previously published literature. The following 

observations has been noticed in the present computations: 

• The momentum boundary layer thickness was found to be enhances 

due to increase in Grashof number, modified Grashof number, 

Eckert number and velocity ratio parameter individually (generally 

accelerates the flow) whilst the Hartmann number and the 

Williamson fluid parameter deaccelerates the flow separately and 

therefore velocity profile decreases.  

• The thermal boundary layer thickness and heat transfer rates were 

observed to be enhances due to increasing Wliamson fluid 

parameter, Eckert number, thermal radiation and heat source 

parameter independently (generally accelerates the flow). However, 

the thermal boundary layer thickness decreases with increase in 

Prandtl number.  

• The concentration distribution of fluid was found to be decrease due 

to increase in Schmidt number, Soret number, Williamson fluid 

parameter and modified Grashof number.  

NOMENCLATURE 

B○ magnetic component, [Wb m-2] 

Cf skin-friction, [-] 

Cp specific heat at constant pressure, [J kg-1 K-1] 

Da Darcy number, [-] 

D
m

 mass diffusion coefficient, [m2 s-1] 

DT thermal diffusion coefficient, [m2 s-1] 

Ec Eckert number, [-] 

f/ dimensionless velocity, [-] 

Gr Grashof number, [-] 

G
c
 modified Grashof number, [-] 

M Hartmann number, [-] 

Pr Prandtl number, [-] 

qr
 

unidirectional radiative heat flux, [kg m-2] 

Q heat source parameter, [-] 

R Radiation parameter 

Sc Schmidt number, [-] 

So Soret number, [-] 

Sh Sherwood number, [-] 

T Fluid temperature, [K] 

Tw Temperature at the plate surface, [K] 

T∞ ambient temperature as y tends to infinity, [K] 

U○ uniform velocity, [m s-1] 

u, v velocity components, [m s-1] 

We Williamson fluid parameter, [-] 

x, y Cartesian co-ordinates 

Greek symbols 

ρ density of the fluid, [kg m-3] 

μ dynamic viscosities, [kg m-1 s-1] 

ν kinematic viscosity, [m2 s-1] 

β thermal expansion co-efficient 

β* concentration expansion co-efficient 

κ thermal conductivity, (W m-1 K-1) 

σs
 

Stefan-Boltzmann constant, 5.6697 × 10− 8 [W m-2 K-4] 

γ Thermal relaxation time parameter, [-] 

γ1 Biot number, [-] 

θ dimensionless temperature 

φ dimensionless concentration 
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