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Analysis regarding convective surface phenomenon has emerged to be effective approach to depict refinements

in thermal features, since most of the heat/mass transfer surfaces are disclosed to a convective environment at

specified parameters which cannot be achieved through energy analysis. The development in the dynamics of

convective heat and mass transport is significant in understanding diverse engineering and industrial phenom-

ena such as in thermal energy storage material drying process, transpiration cooling process, and many others.

Keeping aforementioned usefulness in mind, the current analysis is aimed to demonstrate the convective fea-

tures in squeezed Sutterby fluid flow through parallel surfaces. Magneto-hydrodynamic (MHD) theory is incor-

porated to describe the squeezing flow phenomenon. The Sutterby fluid model is accounted in order to specify

the flow nature in squeezed channel. The top plate is assumed to be squeezed whereas the lower plate is at rest.

The convective heating is incorporated at both lower and upper plates. Inspection of mass transfer has been

accomplished in the occupancy of solutal convective conditions at the both surfaces. The equations governing

the flow, heat and mass transport are first derived under the assumptions of low magnetic Reynolds number

and negligible viscous dissipation, and then made non-dimensional by defining the similarity variables. Series

solutions representing the flow velocity, temperature and concentration distributions are computed for definite

values of power law index by utilizing convergent approach. Results are graphed and physical elucidated is

seen for involved flow parameters. Variations in co-efficient of skin friction, Nusselt and Sherwood numbers are

reported graphically. Significant findings in this attempt is that higher lower plate thermal and solutal Biot

numbers strengthen the both heat and mass fluxes, while larger upper plate thermal and solutal Biot numbers

weaken the heat and mass fluxes. 
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1. Introduction

Different kinds of fluids having different properties are

encountered in many industrial and manufacturing pro-

cesses such as organic chain mixtures, polymer melts,

colloidal suspensions etc. Rheological attributes of such

fluids are not entirely described by Naiver-Stokes equations.

Consequently, to understand the rheological attributes of

complex fluids, several non-linear fluid models have sug-

gested. The fluid model [1] named after Sutterby includes

in the category of fluid models which are non-Newtonian

in character. It is utilized to scrutinize the notable charac-

teristics of pseudo-plastic and dilatant liquids. This model

has advantage over other flow models to exhibit fluid

behavior as Newtonian, shear thinning and thickening

fluids for diverse values of unit free power law index n.

Akbar and Nadeem [2] exposed the convectively heated

Sutterby fluid flow in asymmetric channel considering

velocity slip. Blood flow assessment for Sutterby fluid

into stenosed arteries is exhibited by Akbar [3]. Hayat et

al. [4] constructed the peristaltic motion of radiative

Sutterby fluid in vertical channel yield compliant wall

characteristics. Hayat et al. [5] addressed the radiative

heat transfer in peristalsis of Sutterby liquid flow through

curved channel with Joule heating. Flow behavior of

Sutterby nanofluid in stagnation region characterized via

entropy generation is depicted by Azhar et al. [6]. Hayat

et al. [7] studied the wall radiative properties in peristaltic

motion of hydro-magneto Sutterby fluid embedded in

curved channel. Hayat et al. [8] dislodged the development
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in the Sutterby type fluid flow through Darcy-Forchheimer

medium under peristaltic mechanism. Shankar and

Naduvinamani [9] explored the squeezing magnetized

flow of Casson fluid under generalized diffusive theory.

Hayat et al. [10] addressed the melting phenomenon in

squeezed third-garde fluid flow by implementing modified

heat flux. Few more investigations involving non-Newtonian

fluids can be mentioned through refs. [11, 12]. 

Transport mechanism of heat and mass is widely used

to analyze the characteristics of such fluids which are

non-Newtonian in character. These mechanism have a

favorable usage in numerous built-up and trade areas, for

instance, metallurgical process, glass blowing, polymer

extrusion, combustion systems, in chemical engineering

and other advances. In such transport activities, buoyancy

forces affect the thermal and mass diffusion processes that

were occurred in cooling and heating chambers, solar

power technology, space technology and energy processes

etc. Recently some attempts are disclosed the heat and

mass transport procedure in flow with convective temper-

ature and concentration surface conditions. Eegunjobi and

Makinde [13] disclosed the irreversibility analysis in con-

vectively heated hydro-magnetic flow through porous

walls with varying viscosity. Shahzad et al. [14] illustrated

the MHD flow of nanofluid characterized via convective

temperature and concentration conditions. Hayat et al.

[15] discussed the convectively heated and concentrated

Powell-Eyring fluid flow onto a sheet which is stretched

exponentially. Ashraf et al. [16] exhibited the influence of

convective type conditions at boundary on MHD flow of

radiative Jeffrey nanomaterial past a stretched sheet with

mixed convection. Das et al. [17] disclosed the flow

phenomenon of MHD second grade fluid past through

convectively heated and concentrated stretchable surface.

Pushpalatha et al. [18] reflected the magneto Casson

liquid flow considering convective surface conditions.

The impact of convective conditions on squeezed liquid

flow over a Riga sheet with aspects of chemical reaction

is disclosed by Hayat et al. [19]. Khan et al. [20] explored

the effect of convective surface conditions on Carreau

nanofluid flow over stretchable surface. Farooq et al. [21]

disclosed the chemically reactive flow of squeezed fluid

through generalized diffusive models. Ullah et al. [22]

exposed the radiative features in chemically reactive

magneto squeezed nanofluid flow through parallel disks.

Some other attempts have been made to examine heat

transfer in squeeze flows through refs. [23, 24]. 

The desire of current attempt is to address the MHD

squeezing flow of Sutterby fluid between parallel plates.

Heat and mass transfer involves convective boundary

conditions. The current study mainly focused on exploring

the effects of thermal and solutal Biot numbers onto both

lower and upper walls. Convergent series solutions are

derived for the resulting nonlinear analysis via homotopy

technique (HAM) [25-34]. The impact of involved count-

less variables are graphically constructed. Graphical out-

comes for skin friction (drag force), Nusselt and Sherwood

numbers are also portrayed and conferred. Moreover the

present paper is organized in such way that the flow

equations are developed mathematically with appropriate

assumptions in Section 2. Series solutions and their

convergence description are obtained in Section 3 and

Section 4 documents the results and interpretation. Also

Section 5 compiles the main observation of the paper.

2. Problem Formulation

We consider an electrically conducted squeezed Sutterby

fluid flow through two horizontal sheets. Let h(t) be the

minimum gap width between the sheets. The flow between

the plates is developed due to the motion of top plate with

vertical velocity  towards the bottom

plate fixed at y = 0 which set into motion in its own plane

with stretching velocity . A Cartesian coordinate

system (x, y), in which axes x and y are normal to each

other is used (See Fig. 1). Let u and v be the components

of velocity in x and y directions respectively. The flow

between the two plates is assumed to be unsteady and

incompressible. A constant strength of magnetic field

 is utilized in y-direction. A small Reynolds

number (magnetic) is assumed in order to ignore the

induced magnetic field. It is assumed that both lower and

upper plates are convectively heated and concentrated

which are influenced on heat and mass transport charac-

teristics. Under the aforementioned assumptions, the

mass, momentum, energy and diffusion equations become

[6] & [27]:

, (2.1)

/2 – v/a 1  t– 

ax/ 1  t– 

B0/ 1  t–

Fig. 1. (Color online) Flow geometry.
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(2.2)

(2.3)

(2.4)

(2.5)

The appropriate boundary conditions corresponding to

the flow problem are [13] & [27]: 

(2.6)

Here, u and v designate velocity components along axes x

and y respectively.  denotes the fluid density, B represents

the material constant of Sutterby fluid model, p considered

as pressure,  denotes the kinematics viscosity, n represents

the power law index, Bo denotes the applied magnetic

field, K denotes the thermal conductivity, h1f and h2f

represents the heat and mass transport co-efficient at the

lower plate respectively.  denotes the suspended fluid

temperature,  and  denote the heat and mass

transport co-efficient at upper plate respectively. Cf repre-

sents the suspended fluid concentration,  denotes the

electric conductivity, T denotes the fluid temperature, Th

represents the temperature of upper plate,  denotes the

thermal diffusivity, C represents the fluid concentration,

Ch represents the particle concentration at upper plate, D

denotes the diffusion co-efficient,  and  are the dimen-

sional constant. In view of above analysis, we define

following non dimensional quantities: 

(2.7)

Pressure is eliminating from equations (2.2)-(2.3) and

with the introduction of above said variables, the govern-

ing equations can be written as:

h1f

*
h2f

*



Journal of Magnetics, Vol. 24, No. 4, December 2019  691 

(2.8)

(2.9)

(2.10)

with subjected boundary conditions:

(2.11)

where, Sq is squeezing parameter,  is length parameter,

1 is non-dimensional fluid parameter, M is magnetic

parameter, Pr is Prandtl number, (B1, B3) are lower plate

thermal and solutal Biot number, (B2, B4) are upper plate

thermal and solutal Biot numbers, Sc is Schmidt number.

These parameters are given by:

(2.12)

Moreover, the plates illustrate inward movement for Sq

> 0, and for Sq < 0, away movement is observed.

Defining Skin friction co-efficient, heat and mass

transfer rates as follows:

(2.13)

the equation (2.13) in dimensionless form is:

(2.14)

3. Homotopy Analysis Solutions

Homotopic technique is a mathematical procedure

which is used to develop the analytical approximation

solutions of highly non-linear problems. This method

facilitates us to analyze and choose the initial

approximation along with linear operators which are

described for considered flow problem as follows:

(3.1)

(3.2)

(3.3)

(3.4)

with

(3.5)

where Ci(i = 1-8) are arbitrary constants. 

Here, we addressed the solutions when n = 1 and n = 2

for considered flow problem. 

3.1. Zeroth-order problems

Here, 

(3.6)

(3.7)

(3.8)

Nonlinear operators is expressed as: 
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For n = 1 

(3.9)

and for n = 2

(3.11)

(3.12)

where embedding parameter is  and ,  and

 are auxiliary parameters which is non-zero in character.

3.2. mth-order deformation problems 

Here,

(3.13)

(3.14)

(3.15)

Nonlinear operators is expressed for n = 1 and n = 2 as

follows: 

For n = 1

(3.16)

and for n = 2

(3.17)

q 0,1  hf h

h

(3.10)
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(3.18)

(3.19)

(3.20)

for q = 0 and q = 1, we can write

(3.21)

and with the variation of q from 0 to 1, , 

and  vary from the initial solutions f0 (), 0()

and 0() to the final solutions f (), () and ()

respectively. By Taylor series, we have

(3.22)

we select the parameter (auxiliary) in a way that series

(3.22) converge at q = 1. Thus, we have:

(3.23)

Generally solutions fm, m, and m can be written in terms

of special solutions  as

(3.24)

3.3. Convergence of problem

Homotopic procedure gives us immense pliability and

an obvious approach to adopt and control the desire con-

vergence of derived homotopic solutions. To determine

the convergence region, ℏ-curves is sketched. Fig. 1(a) &

1(b) illustrate the desirable ranges for auxiliary variables

,  and  such as  and

 and .

4. Results and Discussion

To estimate the physical attributes of the flow problem,

we demonstrate the detailed impacts of diverse embedding

parameters on flow velocity, temperature field and liquid

concentration for specific values of power law index (i.e.,

n = 1 and n = 2). Figs. 2 and 3 depict the performance of

squeezing parameter (Sq) on velocity field. We noticed

that an increase in Sq causes enhancement in horizontal

and vertical velocities. Physically, fluid experiences the

force (squeezing force) when upper wall compresses

towards the lower stretched sheet which helps the fluid to

intensifies the deformation. Moreover, velocity field shows

same enhancing behavior for n = 1 and n = 2. Fig. 4

captures the flow behavior of horizontal velocity field for

dominant Sutterby fluid parameter 1 when power law

index n = 1. The fluid parameter 1 predicts the decreasing

effects in the interval [0  0.5), no variation for  = 0.5

and dominant behavior for the region (0.5  1.0] due to

enhancement in kinetic energy of liquid. Fig. 5 depicts the

analysis of Hartman number M on velocity profile which

f ; q 

ê

 ; q 

ê

 ; q 

ê

f m

*
, m

*
, m

*
 

hf h h 1.5– hf 0.3– 

2.0– h 0.0  2.0– h 0.0 

Fig. 1. (Color online) (a) Convergence region for f (). (b) Convergence region for () and().
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is plotted as a function of dimensionless coordinate  in

the domain [0.0  1.0]. It is found that the velocity field

reduces in the interval [0.0  0.5) by means of Lorentz

force which is, in fact, resistive in nature. However, the

opposite trend is noted in the interval (0.5  1.0]. Further

no development in flow velocity is witnessed at  = 0.5.

Fig. 6 describes the reduction in fluid’s temperature for

dominant squeezing parameter Sq for power law index

n = 1 & n = 2. Due to decreased kinematics viscosity, the

fluid temperature decays. Fig. 7 reflects the aspects of

Prandtl number (Pr) on temperature field for n = 1.

Temperature field grows up for dominant Prandtl number.

For considerable Prandtl number, the thermal conductivity

increases which offer extra transport of heat from heated

Fig. 2. (Color online) Variation of Sq on .f  

Fig. 3. (Color online) Variation of Sq on .f   

Fig. 4. (Color online) Variation of 1 on .f   

Fig. 5. (Color online) Variation of M on .f   

Fig. 6. (Color online) Variation of Sq on .  

Fig. 7. (Color online) Variation of Pr on .  
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wall to the fluid. Therefore, fluid temperature increases.

Fig. 8 illustrates that temperature is increasing function of

lower plate thermal Biot number B1 for n = 1. As

expected for larger B1 convective heating at lower plate

increases due to which transfer of heat to fluid increases

which results enhancement in fluid temperature. Fig. 9

discloses the behavior of upper plate thermal Biot number

B2 on temperature field for n = 1. We noted that an

enlargement in B2 results decrement in temperature field.

Since an increment in B2 reduces the convective heating

at the upper plate and so decrement in fluid temperature is

noticed. Fig. 10 exhibits that concentration distribution is

decreasing function of Schmidt number Sc for power law

index n = 1 & n = 2. This is because an increment in the

Schmidt number causes low diffusion rate during con-

vection processes which is responsible for decrement in

fluid concentration. Behavior of lower plate solutal Biot

number B3 on concentration field is visualized in Fig. 11.

Concentration field grows up for dominant lower plate

solutal Biot number B3. In fact, more particle diffusion

occurred during mass convection at the lower plate. Hence,

fluid concentration enhances for n = 1. Fig. 12 reports the

effects of upper plate solutal Biot number B4 on

concentration field. Declining behavior of concentration

field is noticed for higher values of B4. Convective mass

losses at the upper plate with an increment in B4.

Therefore, fluid concentration decays for n = 1. Fig. 13 is

plotted to see the behavior of drag force (skin friction

coefficient) at upper plate. Fig illustrates that drag force

Fig. 8. (Color online) Variation of B1 on .  

Fig. 9. (Color online) Variation of B2 on .  

Fig. 10. (Color online) Variation of Sc on ().

Fig. 11. (Color online) Variation of B3 on ().

Fig. 12. (Color online) Variation of B4 on ().
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(skin friction coefficient) is diminishing function of

Hartman number M while it is growing function of

squeezing parameter Sq. Fig. 14 shows the Nusselt

number Nu as increasing function of upper plate thermal

Biot number B2 while it decays for squeezing parameter

Sq. Fig. 15 is graphed to notice the variation in Sherwood

number Sh at upper plate. This Fig indicates that

Sherwood number dominant for upper plate solutal Biot

number B4 whereas it decays for squeezing parameter Sq.

The surface drag (or skin friction coefficient) Cf is

simulated for varying values of squeezing parameter Sq

with M = 0, n = 0, and 1 = 0. To validate the outcomes, a

comparison of diverse values of drag force is made with

the previous analysis Muhammad et al. [34] and depicted

in Table 1. It is indicated that the computed results are in

good agreement which reports the accuracy of the

outcomes.

5. Conclusions

The present work deals with MHD flow of squeezed

Sutterby fluid with convective boundary conditions. The

key findings in this study are written as:

• The velocity field is found to exhibits cross flow

behavior by increasing fluid parameter 1 and Hartman

number M for n = 1.

• The temperature and concentration distributions follow

an increasing trend for enlarge lower plate thermal and

solutal Biot number B1 and B3 correspond to power law

index n = 1.

• A significant fall in the fluid’s temperature and con-

centration is reported for dominant upper plate thermal

and solutal Biot number B2 and B4 when n = 1.

Moreover, Implementation of MHD phenomenon di-

minishes the coefficient of skin friction. Therefore, bene-

ficial work can be achieved due to less drag force under

the utilization of limited energy resources. Further, squeez-

ing mechanism causes low temperature which consequently

decays the heat transfer rate. It is expected that current

attempt is pertinent to the physical situation of useful

stretching flows especially in energy estimation process,

lubrication mechanism, food processing, magnetic polymer

processing, biomedical processes, and designing of cooling/

heating systems. Future investigations can be extended

for more complex fluid flows such as converging flows,

helical flows, nanofluid flow with single phase model.

Further, three-dimensional case for squeezing flows can

also be addressed.

Fig. 13. (Color online) Variation of Sq & M on Cf.

Fig. 14. (Color online) Variation of B2 & Sq on Nu.

Fig. 15. (Color online) Variation of B4 & Sq on Sh.

Table 1. Comparison of skin friction co-efficient (Cf) for dif-

ferent values of Sq when M = 0, n = 0, and 1 = 0.

Sq

Muhammad et al. [34] Present

(Re)1/2Cf (Re)1/2Cf

1.0 1.17039 1.17039

1.1 0.86900 0.86900

1.2 0.56585 0.56585
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