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The present phenomena address the slip velocity effects on mixed convection flow 
of electrically conducting fluid with surface temperature and free stream velocity 
oscillation over a non-conducting horizontal cylinder. To remove the difficulties 
in illustrating the coupled PDE, the primitive variable formulation for finite dif-
ference technique is proposed to transform dimensionless equations into primitive 
form. The numerical simulations of coupled non-dimensional equations are exam-
ined in terms of fluid slip velocity, temperature, and magnetic velocity which are 
used to calculate the oscillating components of skin friction, heat transfer, and cur-
rent density for various emerging parameters magnetic force parameter, ξ, mixed 
convection parameter, λ, magnetic Prandtl number, γ, Prandtl number, and slip 
factor, SL. It is observed that the effect of slip flow on the non-conducting cylinder 
is reduced the fluid motion. A minimum oscillating behavior is noted in skin friction 
at each position but maximum amplitude of oscillation in heat transfer is observed 
at each position α = π/4 and 2π/3. It is further noticed that a fluid velocity increas-
es sharply with the impact of slip factor on the fluid-flow mechanism. Moreover, 
due to frictional forces with lower magnitude between viscous layers, the rise in 
Prandtl number leads to decrease in skin fiction and heat transfer which is physi-
cally in good agreement. 
Key words: mixed-convection, oscillatory slip-flow, non-conducting cylinder,  

slip velocity, current density

Introduction

The fluid slip is an interesting problem in fluid mechanics due to the absence of the 
surface effect, fundamental data are still lacking, and it is not sufficiently grasped in the exper-
imental study. The fluid with slip-boundary has various applications in modern technology like 
artificial heart valves polishing and internal heart cavities. The effects of magnetic field on heat 
and fluid mechanisms have great interest in molten metal purification, macro and micro-elec-
tronic devices, metallurgy, and geophysical systems. Eshghy et al. [1] treated a free-convection 
problem on vertical surface with longitudinal oscillations effects analytically. They examined a 
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slight decrease in the average coefficients of heat transfer in the laminar regime. The physical 
behavior of heat transfer in unsteady boundary-layer problem past a heated vertical plate under 
surface temperature oscillations has been investigated theoretically [2]. Chawla [3] analyzed 
an oscillatory flow problem of electrically conducting fluid along a flat-plate with harmon-
ic oscillation effects by using Karman-Pohlhausen method analytically. Pedley [4] discussed 
free stream velocity effects on 2-D boundary-layers flow which oscillates without reversing 
numerically. Mahuri and Gupta [5] presented the free-convective flow past a plate with pe-
riodically varying surface-temperature of small fluctuations mathematically. They found that 
inner or shear layer with double deck structure and solution far down-stream exposes double 
boundary-layers when Prandtl number is unity. Verma [6] analyzed the asymptotic solution for 
unsteady flow on a semi-infinite flat surface with the effects of small fluctuations in surface tem-
perature, where free stream is supposed to be at rest. An unsteady flow on a stationary sphere 
under the influence of free stream velocity with small fluctuations at finite Reynolds number has 
been studied analytically [7]. They observed that at low frequency, the classical Stokes solution 
does not depict the unsteady drag behavior correctly. 

Eckerle and Awad [8] examined the detail of horseshoe vertex formation along a cyl-
inder with flow parameters that affect the flow pattern in front of the cylinder. They measured 
pressures on cylindrical surface and size of separation region on the end wall of cylinder sur-
face. Mei and Adrian [9] scrutinized the corresponding asymptotic solution for unsteady flow 
around a fixed sphere at small Renolds number with low frequency oscillations in free-stream 
velocity theoretically. Klausner [10] obtained the flow phenomena over a spherical bubble by 
considering small oscillations in free-stream velocity for different Reynolds number ranges. 
He predicted that for large Reynolds numbers with low frequency, the history force which is 
combined form of viscous diffusion of the vorticity and acceleration of the flow field is finite. 
Hosain et al. [11] use a linearized theory to investigate free convective flow past a plate in the 
influence of concentration and fluctuating surface temperature which is assumed as n power of 
distance measure from the leading edge. The entrained flow due to a stretching surface with 
partial slip by applying similarity transformations has been solved in [12]. Fan and Barber [13] 
examined the discretized periodic heating problems by applying the transfer matrix method 
analytically. They predicted that it is suitable for transient response of various sets of initial 
or boundary temperature. Andersson [14] considered a technical note on Newtonian slip fluid 
along a linearly stretching surface analytically. Cossali [15] reported the periodic convection in 
a steady boundary-layer flow past a semi-infinite plate analytically. Martin and Boyd [16] per-
formed a slip-flow problem on both momentum and heat transfer in a laminar boundary-layer 
numerically. They concluded that the slip velocity will lead to increased heat transfer without 
a thermal jump-condition. 

Ariel et al. [17] investigated the slip velocity effect on the flow characteristics in an 
elastico-viscous fluid over a stretching sheet analytically. Ackerberg and Phillips [18] obtained 
numerical and asymptotic solutions of time-mean boundary-layer on semi-infinite surface with 
free stream velocity and small fluctuations. They depicted that most of flow quantities ap-
proaches their asymptotic conditions far downstream through damped oscillations. Later, Ariel 
[19] considered 2-D, steady elastico-viscous fluid-flow problem with partial slip effects at the 
wall. Berg et al. [20] solved a slip-flow problem in capillary tubes for two-phase flow in porous 
media theoretically. This phenomena depicted that the flux increase due to slip depends on the 
equivalent capillary radius of the flow channels. Fang et al. [21] examined accurate solutions 
of electrically conducting fluid over a stretching sheet under slip conditions analytically. They 
noticed that an enhancement in slip parameter the wall drag-force decreases and velocity slip 
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increases. Abbas et al. [22] has been studied an oscillatory heat transfer phenomena in a viscous 
fluid along a stretching surface numerically. They observed that the heat transfer past a sheet 
to fluid becomes slow due to higher Prandtl number. Later, Martin and Boyd [23] modified a 
numerical problem on Falkner-Skan flow over a wedge under slip condition. The results of this 
phenomena show decreased velocity and momentum thickness under slip boundary-condition. 
Mukhopadhyay [24] considered a slip-flow mechanism for axis-symmetric flow of MHD fluid 
around a stretching cylinder numerically. Roy and Hossain [25] illustrated the unsteady bound-
ary-layer features of mixed-convection flow by a vertical-wedge subjected to free-stream and 
surface-temperature with the magnitude of oscillations numerically. Hirschhorn et al. [26] ana-
lyzed the phenomena of an electrically conducting slip-flow for power law fluid over a flat-plate 
by using shooting technique. They found that the velocity of fluid is unchanged by variations 
in temperature slip-parameter. The problem on mixed convection flow under the influence of 
surface temperature and free stream with small amplitude of oscillations around a cylinder has 
been considered in [27] numerically. The impact of algebraic decay and viscous dissipation on 
different magnetized shapes has been proposed in [28-30]. Tiainen et al. [31] discussed the com-
plexity in calculation of the boundary-layer thickness and losses in compressor blades. They 
used hybrid method to overcome the boundary-layer losses in centrifugal compressor. Garg  
et al. [32] examined the convective boundary-condition outcomes on unsteady MHD flow over 
a porous plate in slip-flow regime numerically. Recently, variable density effects on oscillating 
mixed convection flow around a non-conducting cylinder has been investigated by Ashraf and 
Fatima [33] and then Ashraf and Ullah [34]. The non-linear ODE arising from non-isothermal 
heat transport was solved by Kilicman et al. using HPM in [35] and Kadomtsev-Petviashvili 
and fractional KdV-Burgers and Potential KdV Equations, with existence and uniqueness re-
sults was investigated by Inc et al. [36] and Hashemi et al. [37]. 

Taking idea from the aforementioned literature review, it is addressed that the sur-
face temperature oscillation and free stream velocity effects on oscillatory free-forced con-
vective slip-flow along a horizontal non-conducting circular cylinder has not been yet ex-
amined by any researcher. Taking idea from the following [3, 16], we obtained a numerical 
method for previous slip-flow phenomena around a horizontal non-conducting circular cyl-
inder under slip-velocity. We explore fluid slip-velocity, temperature and magnetic velocity 
which are used to conclude oscillating quantities of skin friction, fluctuating heat transfer and 
oscillatory current density.

The governing model  
and flow geometry

The 2-D boundary-layer 
fluid-flow phenomena around a 
horizontal non-conducting cir-
cular cylinder is considered. The 
fig. 1 represents distance along 
the surface is x, the y-direction is 
normal to the surface and the ve-
locities u and v along the x- and 
y-direction. The magnetic field, 
Hx along the surface, Hy to the 
normal of surface, the tempera-
ture field is T and the external flu- Figure 1. Non-conducting cylinder and flow geometry
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id velocity is U(x, t). Moreover, magnetic field intensity proceeds along normal direction 
of the surface of horizontal non-conducting cylinder. The dimensionless form of bound-
ary-layer equations are given:
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where ξ is the magnetic force number, λ – the mixed convection parameter, γ – the magnetic  
Prandtl number, Pr – the Prandtl parameter, SL – slip parameter, θ – the dimensionless fluid tempera-
ture. We take stream velocity U(τ) = 1 + єeiωτ, with | є | ≪ 1, where є is oscillating component 
with small magnitude and ω – the frequency factor. The fluid velocity, magnetic velocity and 
temperature components u, v, hx, hy, and θ are in the sum form of steady and unsteady equations:
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We can substitute (7) into eqs. (1)-(5) along with boundary conditions (6), we separate 
steady and unsteady part by collecting orders O(є0) and O(єeiωτ). Then by following [33], we use 
primitive variable formulation obtain primitive form of steady part and unsteady part in terms 
of real and imaginary parts.

Computational analysis 

The system of primitive dimensionless governing steady and unsteady coupled equa-
tions is discretized numerically by applying finite-difference scheme. The numerical results of 
obtained algebraic equations with unknown variable U, V, θ, and φ then be solved by tri-di-
agonal matrix form the Gaussian-elimination technique for unknown variables. The eq. (8) is 
used to obtain results of oscillating components of skin friction τw, heat transfer qw and current 
density jw at various positions of a horizontal non-conducting circular cylinder:
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where As, At, and Am are amplitudes while, αs, αt, and αm are phase angles to calculate transient 
rate of skin-friction, oscillating heat transfer and present density.

Results and discussion

Slip velocity, temperature and magnetic field profiles to check 
the accuracy of the obtained results by boundary conditions  

The impact of slip parameter on non-dimensional slip velocity, fluid temperature and 
magnetic field around two appropriate positions α = π/4 and 2π/3 of non-conducting cylinder 
are presented in figs. 2(a)-2(c). From these figures, it is depicted that the wall slip-velocity 
amplitude increases with increase of slip-factor SL = 35.0 at angle α = π/4 and asymptotically 
approaches to given boundary condition. The fluid temperature distribution shows similar be-
havior at each position for three values of slip parameter, SL, but magnetic field profile found 
to be in good agreement for large magnetic-Prandtl number, γ = 3.0. It is also observed that 
the effect of slip on the non-conducting cylinder is to reduce the boundary-layer displacement 
thickness. It is also depicted that the convective heat transfer accomplished by temperature 
dependent velocity. Whereas maximum slip parameter, permitting the more fluid to slip around 
the cylinder at certain heights. Figures 3(a)-3(c) are drafted for slip velocity, temperature field, 
and magnetic profile against three choice of mixed convection parameter λ = 5,0. 20.0, and 40. 
for constant slip factor, SL = 6.1. The amplitude of oscillating slip velocity keeps on damping 
out due to large value of slip parameter, SL = 6.1. The velocity overshot up to certain heights and 
then asymptotically approach the given boundary condition. These figures present the oscilla-
tory behavior of slip flow around two positions of non-conducting cylinder. Figure 3(a) shows 
maximum oscillating amplitude of slip velocity at α = 2π/3 with the increase of mixed-con-
vection parameter, λ. Effects of mixed-convection parameter on fluid temperature are presented 
in fig. 3(b). The temperature is found to decrease with the increasing λ at α = 2π/3 position 
and thermal boundary-layer decreases with the increase of λ. The fluid temperature is found 
to be increase with the decreasing λ at α = π/4 position and thermal boundary-layer increases 
and showed good variations at each station. The magnetic velocity found to be similar at each 
position and approaches to given boundary condition with good agreement. The obtained re-
sults confirm the loss of self-similarity of flow. The boundary-layer thickness decreases due to 
positive value of slip flow velocity normal to the surface of cylinder. Figures 4(a)-4(c) address 
the effects of magnetic Prandtl number, γ, on velocity for non-conducting cylinder at positions  
α = π/4 and 2π/3 while other parameters are kept constant. The magnetic Prandtl number has 
an extensive effect on the results. It is also concluded that higher restrictions to the fluid in the 
presence of magnetic field, which reduces the fluid velocity. This feature prevails up to certain 
heights due to slip condition and maximum amplitude is obtained in velocity and temperature 
profiles showed small variations at each position in figs. 4(a) and 4(b). It is obvious that the 
presence of magnetic field causes maximum behavior in magnetic profile at α = 2π/3 and ob-
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tained good variations in fig. 4(c). Figures 5(a)-5(c) depict the impact of Prandtl number on slip 
velocity, temperature field and magnetic profile under slip condition around non-conducting 
cylinder at two positions α = π/4 and 2π/3 while other pertinent parameters are kept constant. 
The slip velocity overshoot is noted for Pr = 0.1 at α = 2π/3 position in fig. 5(a). The obtained 
result prevails up to certain heights and then asymptotically approaches to given boundary-con-
dition. The maximum variations are obtained in temperature and magnetic velocity increase at  
α = 2π/3 position for Pr = 0.1 in figs. 5(b) and 5(c). The analysis of given solutions found to be 
in good agreement for three values of Prandtl number. The substantial effect of magnetic force 
parameter, ξ, on transient slip flow around a non-conducting circular horizontal cylinder has been 
displayed in figs. 6(a)-6(c). The fluid slip-velocity is found to be maximum at position α = 2π/3 
due to slip parameter SL = 0.01 in fig. 6(a). Temperature profile illustrates excellent variations at 
both positions α = π/4 and 2π/3 in fig. 6(b) for small force parameter ξ = 6.0 but slightly change 
occurred at position α = π/4. The impact of physical pertinent parameters on oscillatory skin 
friction, rate of heat transfer and oscillatory current density for slip flow around two positions 
α = π/4 and 2π/3 of horizontal non-conducting circular cylinder are deliberated in this section. 

Transient shape of fluctuating skin friction,  
heat transfer and current density

Figures 7(a)-7(c) shows the behavior of magnetic force parameter, ξ, by keeping 
slip velocity on magnitude of fluctuations in skin friction, rate heat transfer and current 
density around two positions α = π/4 and 2π/3 of non-conducting cylinder. The oscillating 

λ

5.0

20.0

40.0

5.0

20.0

40.0

π/4

2 /3π

u
θ ϕ

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0

(a) (b) (c)Y
0.0 0.5 1.0 1.5 2.0 0.0 0.2 0.4 0.6 0.8 1.0

Y

λ

5.0

20.0

40.0

5.0

20.0

40.0

π/4

2 /3π

42.0

37.0

32.0

27.0

22.0

17.0

12.0

7.0

2.0

–3.0

λ

5.0

20.0

40.0

5.0

20.0

40.0

π/4

2 /3π

9.6 9.7 9.8 9.9

Y

Figure 3. The geometrical profiles for (a) slip-velocity, (b) temperature, and (c) magnetic  
field at positions α = π/4 and 2π/3 with three choice of mixed-convection parameter  
λ = 5.0, 20.0, and 40.0 while γ = 3.0, ξ = 0.1, Pr = 7.0, and SL = 6.1

Y(a) (b) (c)

1.6

1.5

1.4

1.3

1.2

1.1

1.0

0.9

π/4

2 /3π

SL

0.1

25.0

35.0

0.1

25.0

35.0

u

0.0 1.0 2.0 3.0 4.0 5.0 6.0

θ

1.0

0.8

0.6

0.4

0.2

0.0
0.0 0.5 1.0 1.5 2.0

SL

0.1

25.0

35.0

0.1

25.0

35.0

π/4

2 /3π

ϕ
1.0

0.8

0.6

0.4

0.2

0.0

SL

0.1

25.0

35.0

0.1

25.0

35.0

π/4

2 /3π

9.6 9.7 9.7 9.8 9.8 9.8 9.9

YY

Figure 2. The geometrical profiles for (a) slip-velocity, (b) temperature, and (c) magnetic  
field at positions α = π/4 and 2π/3 for three choice of slip parameter  
SL = 0.1, 25.0, and 35.0 while γ = 3.0, ξ = 0.1, Pr = 7.0, and λ = 0.005



Ullah, Z., et al.: Surface Temperature and Free-Stream Velocity Oscilation ... 
THERMAL SCIENCE: Year 2020, Vol. 24, Suppl. 1, pp. S13-S23 S19

magnitude skin-friction increases as magnetic force parameter increases at α = 2π/3 posi-
tion and a good response of amplitude of oscillation is noted in fig. 7(a). A maximum oscil-
lating heat transfer behavior has been observed for maximum value of ξ = 2.0 at α = 2π/3 
position in fig. 7(b). Figure 7(c) depicts the same oscillating response in current density at 
each position of cylinder. The impact of mixed convection parameter, λ, for magnitude of 
oscillating skin friction, rate of heat transfer and oscillatory current density has been plotted 

Figure 4. The geometrical profiles for (a) slip-velocity, (b) temperature, and  
(c) magnetic field at positions α = π/4 and 2π/3 with three choice of magnetic  
Prandtl-number γ = 0.5, 2.0, and 4.0 while SL = 7.1, ξ = 8.0, Pr = 0.1, and λ = 0.01
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in figs. 8(a)-8(c). A minimum oscillating behavior is noted in skin friction at each position 
in fig. 8(a) but maximum behavior of oscillation in heat transfer is observed at each posi-
tion α = π/4 and 2π/3 in figs. 8(b). Figure 8(c) shows similar and good oscillating behavior 
is also noted in current density. Figures 9(a)-9(c) present the geometrical interpretation of 
the amplitude of skin friction, oscillating heat transfer and current density for three choice 
of Prandtl number with higher value of λ = 20.1 along non-conducting cylinder. Very low 
amplitude of skin friction is examined in fig. 9(a) but fig. 9(b) plotted better oscillations in 
heat transfer against Prandtl number. The maximum and highest amplitude of oscillation is 
deliberated in current density at each position of non-conducting cylinder α = π/4 and 2π/3 
in fig. 9(c). It is examined that the heat transfer increases as Prandtl number increases but 
skin friction decreases at each position. The physical behavior of magnetic Prandtl number, 
γ, for magnitude of oscillatory slip flow along two positions of cylinder has been drafted 
in figs. 10(a)-10(c). The magnitude of oscillation in skin friction is enhancing and good 
variation at each position for γ is noted in fig. 10(a). The highest fluctuating response is 
noted as γ decreases at α = 2π/3 position in fig. 10(b). A similar trend is calculated for ev-
ery value of γ but maximum fluctuation is pointed as magnetic Prandtl number increases in  
fig. 10(c). Due to slip flow, the frictional resistance between the viscous fluid and the sur-
face is eliminated and the fluid velocity boosting the fluctuation in heat transfer and skin 
friction at each position. It can be predicted that an increase in amplitude of skin friction 
corresponds to a thinning of the velocity boundary-layer. The similar behavior of fluctuat-
ing magnitude of skin friction, oscillating rate of heat transfer and magnetic current density 

Figure 7. The geometrical profiles of (a) skin-friction, (b) heat transfer, and (c) current-density at  
α = π/4 and 2π/3 positions with three choice of magnetic-force parameter ξ = 0.2, 1.0, and 2.0  
where other parameters γ = 0.01, SL = 10.0, Pr = 0.1, and λ = 1.2
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Figure 8. The geometrical profiles of (a) skin-friction, (b) heat transfer, and (c) current-density at  
α = π/4 and 2π/3 positions with three choice of mixed convection parameter λ = 0.1, 0.5, and 1.0  
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for different values of slip parameter SL at two positions α = π/4 and 2π/3 has been plotted 
in figs. 11(a)-11(c). The maximum fluctuating amplitude is examined for heat transporta-
tion and fluctuating current density at each position, but similar trend is observed for each 
value of slip parameter in figs. 11(b) and 11(c). It is concluded that due to slip condition, 
the fluid velocity and momentum thickness decreases as slip parameter increases. 

Figure 9. The geometrical profiles of (a) skin-friction, (b) heat transfer, and (c) current-density at  
α = π/4 and 2π/3 positions with three choice of Prandtl number Pr = 0.1, 0.15, and 0.2 and where  
other parameters γ = 0.01, ξ = 0.8, SL = 1.0, and λ = 20.1
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Figure 10. The geometrical profiles of (a) skin-friction, (b) heat transfer, and (c) current-density at  
α = π/4 and 2π/3 positions with three choice of magnetic-Prandtl number γ = 0.01, 0.09, and 0.5  
where other parameters SL = 5.0, ξ = 2.1, Pr = 0.1, and λ = 0.2
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Conclusion

The dimensionless equations are dimensionless MHD boundary-layer equations which 
illustrate the effect of surface temperature oscillation and free-stream velocity on unsteady mixed 
convective The physical interpretation for slip factor and other governing parameters at angles α 
= π/4 and 2π/3 is graphically presented and discussed. It is examined that the wall slip-velocity 
amplitude increases with the increase of slip-factor SL = 35.0 at angle α = π/4 and asymptotically 
approaches to given boundary condition. Increase in slip parameter, permitting the more fluid to 
slip around the cylinder at certain heights. It is noted that the presence of magnetic field causes 
maximum behavior in magnetic profile at α = 2π/3 and obtained good variations for each value 
of γ in fig. 4(c). The magnitude of oscillating skin-friction increases as magnetic force parameter 
increases at α = 2π/3 position and a good response of amplitude of oscillation is noted in fig. 7(a). 
Due to slip flow, the frictional resistance between the viscous fluid and the surface is eliminated 
and the fluid velocity boosting the fluctuation in heat transfer and skin friction at each position. 
The maximum fluctuating amplitude is examined for heat transportation and fluctuating current 
density at each position, but similar trend is observed for each value of slip parameter.

Nomenclature

Hx, Hy – magnetic velocities along x- and 
y-direction, [Tesla] 

Pr  – Prandtl number
SL – slip factor
T  – fluid temperature, [K]
T∞ – ambient-temperature, [K] 
u, v  – velocity along x- and y-direction, [ms–1] 

Greek symbols

α  – thermal diffusivity, [m2s–1]
γ  – magnetic-Prandtl number
θ  – dimensioned temperature
λ  – mixed convection parameter
ξ  – magnetic force parameter
τ – Shearing stress, [Pa]

References
[1] Eshghy, S., et al., The Effect of Longitudinal Oscillations on Free Convection from Vertical Surfaces, 

Journal Appl. Mech., 32 (1965), 1, pp. 183-191
[2] Kelleher, M. D., Yang, K. T., Heat Transfer Response of Laminar Free-Convection Boundary-Layers Along 

a Vertical Heated Plate to Surface-Temperature Oscillations, Z. Angew. Math. Phys., 19 (1968), 1, pp. 31-44
[3] Chawla, S. S., Magnetohydrodynamic Oscillatory Flow Past a Semi-Infinite Flat Plate, Int. J. Non-Linear 

Mech., 6 (1971), 1, pp. 117-134
[4] Pedley, T. J., The 2-D Boundary-Layers in a Free Stream Which Oscillates without Reversing, Journal 

Fluid Mech., 55 (1972), 2, pp. 359-383
[5] Mahuri, P. K., Gupta, A. S., Free Convection Boundary-Layer on a Flat Plate Due to Small Fluctuations 

in Surface Temperature, Joural Appl. Math. Mech., 59 (1979), 2, pp. 117-121 
[6] Verma, A. R., An Asymptotic Analysis of Free Convection Boundary-Layer on a Horizontal Flat Plate 

Due to Small Fluctuations in Surface Temperature, Int. J. Eng. Sci., 21 (1983), 1, pp. 35-43
[7] Mei, R., et al., Unsteady Drag on a Sphere at Finite Reynolds Number with Small Fluctuations in the 

Free-Stream Velocity, Journal Fluid Mech., 233 (1991), 1, pp. 613-631
[8] Eckerle, W. A., Awad, J. K., Effects of Free Stream Velocity on 3-D Separated Flow Region in Front of a 

Cylinder, Journal Fluid Eng., 113 (1991), 1, pp. 37-44
[9] Mei, R., Adrian, R. J., Flow Past a Sphere with an Oscillation in the Free-Stream Velocity and Unsteady 

Drag at Finite Reynolds Number, Journal Fluid Mech., 237 (1992), 1, pp. 323-341 
[10] Klausner, J. F., Unsteady Force on a Bubble at Finite Reynolds Number with Small Fluctuations in the 

Free-Stream Velocity, Phys. Fluids A, 4 (1992), 1, pp. 63-70
[11] Hossain, M. A., et al., Influence of Fluctuating Surface Temperature and Concentration on Natural-Con-

vection Flow from a Vertical Flat Plate, Z. Angew. Math. Mech., 81 (2001), 10, pp. 699-709 
[12] Wang, C. Y., Flow Due to a Stretching Boundary with Partial Slip – An Exact Solution of the Navi-

er-Stokes Equations, Chem. Eng. Sci., 57 (2002), 1, pp. 3745-3747 
[13] Fan, S., Barber, J. R., Solution of Periodic Heating Problems by the Transfer Matrix Method, Int. J. Heat. 

Mass. Trans., 45 (2002), 5, pp. 155-1158



Ullah, Z., et al.: Surface Temperature and Free-Stream Velocity Oscilation ... 
THERMAL SCIENCE: Year 2020, Vol. 24, Suppl. 1, pp. S13-S23 S23

[14] Andersson, H. I., Slip Flow Past a Stretching Surface, Acta. Mech.,158 (2002), 1, pp. 121-125 
[15] Cossali, G. E., Periodic Heat Transfer by Forced Laminar Boundary-Layer Flow over a Semi-Infinite Flat 

Plate, Int. J. Heat. Mass., Trans., 48 (2005), 23-24, pp. 4846-4853
[16] Martin M. J., Boyd, I. D., Momentum and Heat Transfer in a Laminar Boundary-Layer with Slip Flow, 

Journal Thermophysics. Heat. Trans., 20 (2006), 4, pp.710-719
[17] Ariel, P. D., et al., The Flow of an Elastico-Viscous Fluid Past a Stretching Sheet with Partial Slip, Acta 

Mech., 187 (2006), 1, pp. 29-35
[18] Ackerberg, R. C., Phillips, J. H., The Unsteady Laminar Boundary-Layer on a Semi-Infinite Flat Plate 

Due to Small Fluctuations in the Magnitude of the Free-Stream Velocity, Journal Fluid. Mech., 51 (2006), 
1, pp. 137-157

[19] Ariel, P. D., The 2-D Stagnation Point Flow of an Elastico-Viscous Fluid with Partial Slip, Z. Angew. 
Math. Mech., 88 (2008), 4, pp. 320-324

[20] Berg, S., et al., Two-Phase Flow in Porous Media with Slip Boundary Condition, Transp. Porous. Med., 
74 (2008), 1, pp. 275-292 

[21] Fang, T., et al., Slip MHD Viscous Flow over a Stretching Sheet – An Exact Solution, Commun. Non-Lin-
ear. Sci. Numer. Simulat., 14 (2009), 1, pp. 3731-3737 

[22] Abbas, Z., et al., Slip Effects and Heat Transfer Analysis in a Viscous Fluid over an Oscillatory Stretching 
Surface, Int. J. Num. Methods, Fluids, 59 (2009), 1, pp. 443-458

[23] Martin, M. J., Boyd, I. D., Falkner-Skan Flow over a Wedge with Slip Boundary Conditions, Journal 
Thermophysics. Heat. Trans., 24 (2010), 2, pp. 263-270

[24] Mukhopadhyay, S., The MHD Boundary-Layer Slip-Flow Along a Stretching Cylinder, Ain. Shams. Eng. 
J., 4 (2012), 1, pp. 317-324

[25] Roy, N. C., Hossain, M. A., Unsteady Laminar Mixed Convection Boundary-Layer Flow Near a Vertical 
Wedge Due to Oscillations in the Free-Stream and Surface Temperature, Int. J. Appl. Mech. Eng., 21 
(2016), 1, pp. 169-186

[26] Hirschhorn, J., et al., Magnetohydrodynamic Boundary-Layer Slip Flow and Heat Transfer of Power Law 
Fluid over a Flat Plate, Journal Appl. Fluid. Mech., 9 (2016), 1, pp. 11-17

[27] Kamrujjaman, M., et al., Mixed Convection Flow Along a Horizontal Circular Cylinder with Small Am-
plitude Oscillation in Surface Temperature and Free Stream, Mech. Eng. Research., 6 (2016), 2, pp. 34-47

[28] Ashraf, M., et al., Effects of Temperature Dependent Viscosity and Thermal Conductivity on Mixed Con-
vection Flow Along a Magnetized Vertical Surface, Int. J. Numerical. Methods. Heat. Fluid. Flow, 26 
(2016), 5, pp. 1580-1592

[29] Ashraf, M., et al., Periodic Momentum and Thermal Boundary-Layer Mixed Convection Flow around the 
Surface of Sphere in the Presence of Viscous Dissipation, Canadian. J. Phys., 95 (2017), 10, pp. 976-986

[30] Ashraf, M., et al., Numerical Prediction of Natural-Convection Flow in the Presence of Weak Magnetic 
Prandtl Number and Strong Magnetic Field with Algebraic Decay in Mainstream Velocity, Advan. Appl. 
Math. Mech., 9 (2017), 2, pp. 349-361

[31] Tiainen, J., et al., Effects of Free Stream Velocity Definition on Boundary-Layer Thickness and Losses in 
Centrifugal Compressor, Radial. Turbomachinery. Aerodynamics, 2C (2017), 1, pp. 26-30

[32] Garg, P., et al., Free-Convective Unsteady MHD Flow in Slip-Flow Regime Past a Vertical Plate with a 
Convective Surface Boundary Condition, Journal Info. Math. Sci., 10 (2018), 1-2, pp. 261-270 

[33] Ashraf, M., Fatima, A., Numerical Simulation of the Effect of Transient Shear Stress and Rate of Heat 
Transfer Around Different Position of Sphere in the Presence of Viscous Dissipation, Journal of Heat 
Transfer, 140 (2018), 6, pp. 1-1

[34] Ashraf, M., Ullah, Z., Effects of Variable Density on Oscillatory Flow around a Non-Conducting Horizon-
tal Circular Cylinder, AIP Advances, 10 (2020), 1, 015020

[35] Kilicman, A., et al., Analytic Approximate Solutions for Fluid-Flow in the Presence of Heat and Mass 
Transfer, Thermal Science, 22 (2018), Suppl. 1, pp. S259-S264

[36] Inc, M,. et.al., N-Wave and Other Solutions to the B-Type Kadomtsev-Petviashvili Equation, Thermal 
Science, 23 (2019), Suppl. 6, pp. S2027 - S2035

[37] Hashemi, M. S., et al, On Fractional KdV-Burgers and Potential KdV Equations, Existence and Unique-
ness Results, Thermal Science, 23 (2019), Suppl. 6, pp. S2107-S2117

Paper submitted: April 10, 2020
Paper revised: May 17, 2020
Paper accepted: May 25 , 2020

© 2020 Society of Thermal Engineers of Serbia
Published by the Vinča Institute of Nuclear Sciences, Belgrade, Serbia.

This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions


