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Abstract

The steady MHD flow of a power law nanofluid due to a uniform rotation of an infinite disk is studied with heat and
mass transfer. The viscous dissipation has been comprised in the energy equation. The governing PDEs are reduced to a
set of ODEs; using the generalized Von Karman similarity transformations; for which finite difference numerical scheme
is implemented along with the associated boundary conditions. The non-Newtonian fluid characteristics affect the
fluid velocity, temperature and concentration of suspended nanoparticles. The significant effects of thermal radiation,
Brownian motion and thermophoresis diffusion are involved. The skin friction coefficients in addition to the heat and
mass transfer rates are defined and calculated considering the variation of all flow parameters. The present results are
verified and compared with literature.
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List of symbols n The power-law index

(r,@,z)  Cylindrical coordinates Ho Consistence coefficient

(u, v, w) Radial, azimuthal and vertical velocity compo- u Coefficient of viscosity
nents; respectively m Magnetic parameter

(F,G,H) Non-dimensional velocity components Pr Fluid density

op/or Pressure gradient C Specific heat capacity of the fluid

P Pressure of the ambient fluid k Thermal conductivity of the fluid

U Kinematic viscosity of the fluid B, Uniform magnetic field

4 Non-dimensional distance o Electric conductivity of the fluid

w Angular velocity of the disk Pr Prandtl number

T The temperature of the fluid Ec Eckert number

T T The temperatures of the disk and ambient D, Thermophoretic diffusion coefficient
fluid; respectively D, Brownian motion coefficient

C Nanoparticles concentration Nb Brownian motion parameter

C. C. Nanoparticles concentration of the disk and Nt Thermophoretic parameter
ambient fluid; respectively Le Lewis number

0 Dimensionless temperature R4 Radiation parameter

) Dimensionless nanoparticles concentration q, Radiative heat flux
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¢ Tangential skin friction coefficient
Ce Radial skin friction coefficient

Qv Heat flux

Am Mass flux

Nu, The local Nusselt number

Sh, The local Sherwood number

Re, The rotational Reynolds number

1 Introduction

Rotating disk flows are of both theoretical and practical
value. The boundary layer induced by a rotating disk is
of great scientific importance owing to its relevance to
applications in many areas such as rotating machinery,
computer storage devices, viscometry, turbo-machinery,
lubrication, oceanography, crystal growth processes, and
chemical vapor deposition reactor [1]. The problem of
the motion of a fluid due to the rotation of an infinitely
extended disk was firstly illustrated by von Karman [2],
who introduced a set of generalized similarity transforma-
tions to reduce the governing PDEs to ODEs.

Many authors studied the heat transfer behavior from a
rotating disk in different ways [3-5]. Batista [6] succeeded
in finding a closed form for the velocity components
regarding the fluid flow between two uniformly co-rotat-
ing disks. Also, explicit solutions have been presented for
generalized non-Newtonian fluids at different conditions
with both mechanical and biological applications [7-9].
The flow of non-Newtonian power-law fluids considering
the influence of a magnetic field has been studied [10-12]
using the extensions of Karman analysis which discussed
in [13, 14]. MHD flows regarding power-law fluids over a
rotating disk are of great impact because of the absence
of the magnetic force field outside the viscous boundary
layer, which means that the fluid flow only affected inside
the boundary layer. Applying an external uniform mag-
netic field on a power-law fluid flow over a rotating disk
was proved to serve in the process of flow control [15-17].

The steady flow of a nanofluid due to a rotating disk was
studied by Bachok et al. [18]. The thermal radiation effect
on the motion of an electrically conducting fluid over an
infinite rotating porous disk was studied with heat and
mass transfer [19]. Ming et al. [20] gave extreme illustra-
tions to the steady flow and heat transfer of an incom-
pressible viscous fluid of a power-law type over a rotating
infinite disk. They assumed that the thermal conductiv-
ity obeys the same nonlinear formula as the definition of
the viscosity function. Osalusi [21] provided a continuum
of the fluid motion over a rotating disk considering the
Reiner-Rivlin model. Andersson et al. [22] demonstrated
the characteristics of the power-law fluid flow over a rotat-
ing disk by introducing the boundary layer approximations
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and extending the power-law index in the range of (1.5,
2). Later, Andersson and de Korte [15] expanded their
research work to account for the MHD flow; they obtained
asymptotic solutions and solved numerically for magnetic
parameter values up to 4.0. They concluded that imposing
the magnetic field is more effective for shear-thinning than
for shear-thickening fluids where a distinctive behavior has
been obtained compared with the non-magnetic case.

Nanofluids provide an important class of fluids because
of their enormous energetic applications. This kind of flu-
ids composes of a base liquid with suspended nanoparti-
cles. The fluid thermal conductivity is enhanced because
of the addition of small amount of nanoparticles according
to the experimental verification made by Choi [23]. Buon-
giorno [24] worked out his famous mathematical model
that addresses the flow of nanofluids along with the incor-
poration of both the Brownian motion and thermopho-
retic diffusion of nanoparticles. Nanofluids aroused a great
interest because of enhancing the thermal conductivity of
the base fluid which is necessary for several applications;
especially in nuclear reactors [25-27].

Bachok et al. [18] interpreted the nanofluid flow and
heat transfer characteristics because of the rotation of an
infinitely extended porous disk. The steady magnetohy-
drodynamic flow of a nanofluid due to a rotating porous
disk has been richly discussed considering the entropy
generation phenomenon [28]. This simulation proved the
high impact of using a magnetic rotating disk in novel
nuclear space propulsion engines in addition to its several
applications in heat transfer enhancement. Turkyilmazoglu
[29] illustrated the flow and heat transfer of many water-
based nanofluids over a rotating disk. The phenomenon of
nanoparticles precipitation; accompanying to the arising
motion of power-law nanofluids due to a rotating disk has
been studied numerically using the Homotopy analysis
method (HAM) [30]. The obtained solutions agreed with
the experimental results; which reflects the importance
of such mathematical formulations. Mustafa et al. [31] pro-
posed a numerical study of a two-phase Boédewadt nano-
fluid flow with heat transfer over a stationary stretching
disk. Later, many authors [32-35] have presented extensive
research work regarding the flow of nanofluids between
two rotating disks under different physical assumptions.
The usage of such nanofluids enhancing the heat trans-
fer performance and leads to many updatable energetic
applications [36].

The present work ventilates the effectiveness of thermal
radiation on the nonlinear heat and mass transfer across a
steady MHD flow of a power-law nanofluid over a rotating
disk; as a continuation of the problems discussed previ-
ously in [15, 22]. The governing nonlinear PDEs of fluid
flow, temperature and nanoparticles concentration in the
prescribed boundary layer are solved numerically using
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finite differences. The effects of characteristics of non-
Newtonian power-law fluid have been accentuated and a
full parametric study has been conducted.

2 Physical model and governing equations

This problem considers the arising steady motion of a
fluid due to the rotating behavior of an insulated infinite
disk about the z-axis with angular velocity w. The cylin-
drical polar coordinates (r, ¢, z) are used in modeling this
phenomenon as presented in Fig. 1. The disk has been
positioned in the plane z=0. The utilized non-Newto-
nian power law nanofluid occupies the space z>0. The
pressure gradient in the z-direction vanishes (dp/9z=0)
according to the boundary layer derivation represented
by Andersson and de Korte [15]. In addition, the similarity
transformations of Karman implied (6p/dr=0), which pro-
vides a constant pressure inside the boundary layer. The
disk is maintained at a constant temperature T,, while,
the fluid out of the boundary layer is kept at a uniform
ambient temperature T_.. The concentration of the nano-
particles at the disk is set to a constant value C,, differs
from that far from the disk C_.. This physical geometry can
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Fig. 1 Rotating disk flow configuration

be found in many realistic situations such as rotating and
turbo-machinery.

The governing PDEs of continuity, momentum, energy
and concentration are given; respectively, as follows:
au  u B ow _
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The non-Newtonian fluid considered in the present work
obeys the power law model, where, the viscosity has been
assumed to depend on the velocity gradients as follows
[15]:

=)+

In the last term of the right hand side of Eq. (4), g, accounts
for the radiated heat flux [37],
40" 0T

9= "3% oz @)

where, ¢” is the Stefan-Boltzmann constant and k” is the
mean absorption coefficient. The term T* is expressed as
a linear Taylor expansion of temperature about T, with
neglecting the second and higher order terms,

T* =472 T -3T2 ®)
The boundary conditions are given by:

u=0v=row=0T=T,andC=C,atz=0 (9)

u—>0v—->0T->T_andC > C_asz - oo. (10)

The following Von Karman generalized transformations
are modified in order to fit the present power law flow
problem [13, 15]:
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1o\ —1/(1+n)
u=rof@, v=roG®, w=(2") rO-D/ (),
BNy
PP =—pwvPQ), (=z(2 )

Hol P

0=(TO)-T)/(T, - Ts), ¢=(C)-C.)/(Cu—Cq)
(11)

With the definitions illustrated in (6) and (11); the Egs. (1-5)
are transformed to Eqgs. (12-16):

H’+2F+(::;Z>CF’=O (12)
e
(13)

1—n

26+ (H+ (10 )e = ([ +@] "6 ) ~mG

(14)

1-n 1 4
F H]G’:— 14+ —)60"+N, 62 +N,0'¢
[(1+n>rl * Pr [( +3Rd> TN OT AN O

1+n

(n+1)/2

+ Ec[(F’2+G’2) + m(F2+GZ)]

(15)

[(1;Z>”F+H]‘f"=ﬁ<¢’"+x—;9"> (16)

where, the differentiation is with respect to the variable .
The dimensionless boundary conditions are expressed

as:
F=0G=1H=00=1and¢p=1at{=0 (17)
F—-0G- 00->0and¢ - 0as{ - (18)

The parameters that govern the fluid flow are defined in
the following manner:

m:o'Bg

pw
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The quantities C¢, C¢, Nu, and Sh, are given in their dimen-
sionless forms as below:

-
1

R C; = [F™2(0) + G™(0)] * G'(0),

t
1

Re™ C; = [F2(0) + G(0)] * F(0),

Y = . (22)
Rel™ Nu, = —[1 + —] 0'(0),
| 3R,
Re,*" Sh, = —¢/(0).
where,Re, = % is the rotational Reynolds number.

3 Numerical solution

Equations (12-16) are solved numerically using finite dif-
ferences [39] under the boundary conditions given by
Egs. (17) and (18) to determine the velocity, temperature
and nanoparticles concentration distributions for different
values of the governing parameters n, m, R, N, and N, with
various values of Pr, Ec and Le numbers. The Crank-Nicol-
son implicit method [40] is applied.

The variables D=-0.5(dF/d{), E=-0.5(dG/d{),
M =d6/d¢ and N = d¢p/d¢ have been defined to reduce

_ k
Too)l Le— pCDB’ (19)

Below, One can find the definitions of the interesting phys-
ical quantities Cft, Cf,, Nu,and Sh, [38]:

the second order differential Egs. (12-16) to first order
ones as follows;

r r

Cf = Zt 27 Cf = 7;’ ’ NU, = G ’ Shr = I (20)
' priw ' priw? k(Tw_Too) Db(cw_coo)

where, the tangential and radial skin frictions 1, and 1,; as dH 1=n

well as the heat and mass fluxes g,, and g,,, are expressed, d_g +2F - 2(1 +n>é’D =0 (23)

respectively, as follows:
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[ +(1+n ¢ Pr[( +3Rd> * TN

The finite difference scheme is implemented by writ-
ing Eqgs. (23-27) at the mid-point of the computational cell
and then replacing the difference terms by their second
order central difference approximation in { direction. A
quasi-linearization technique is firstly applied to replace
the non-linear terms at a linear stage, with the corrections

+ Ec [2n+1 (D? +Ez)<n+1>/2 +m(F2+ Gz>] incorporated in subsequent iterative steps until conver-
(26) 9ence. Finally, the resulting block tri-diagonal system is
solved using the generalized Thomas-algorithm [39-41].
1—n 1 . N The finite difference representations for the resulting
[H + (1 +n > ‘:F] N= Le Pr N"+ N_bM : (27)  first order differential Eqs. (23-27) take the form:
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1 Nz — N, +& M — M; -0
Lepr|\ ™ AC N\~ AC

(32)

The bars in the above equations refer to the previous
iteration.

The computational domain 0<{<( , can be divided
into intervals of 0.001 step size each. The independence
of the results from the length of the finite domain and the
grid density was ensured and successfully checked by vari-
ous trial and error numerical experimentations. The value
(.. =20is adequate for all the ranges of the studied param-
eters. The scheme convergence is satisfied when the vari-
ables H, F, G, D, E, 6, $, M and N; have an absolute difference
of 1078 for the last two approximations for all values of in
the specified interval 0 < (< (.. These results are found to
be reduced to those given in [14, 15, 20, 22] considering
a clear fluid with different flow modes; which, assures the
solutions accuracy and correctness.

4 Results and discussion

Figures 2, 3 and 4 show that the augmentation of the mag-
netic parameter m results in reducing the radial, tangen-
tial and axial velocities F, G and H; respectively, where the
movement of the rotating disk axially draws the surround-
ings toward the surface to compensate the radial outflow.
Also, it is extremely obvious that the boundary layer thick-
ness becomes thinner with increasing the power-law index
n. The inclusion of the magnetic force field provides the
same influence of velocity reduction considering differ-
ent values of n expressed for shear-thinning fluids (n < 1),
Newtonian fluids (n=1) and shear-thickening fluids (n> 1).
It is worthwhile to infer that raising m causes the boundary
layer to be thinner; and that the variations of the velocities
F, G and H with m is more pronounced in case of non-New-
tonian shear-thinning fluids. Moreover, Fig. 5 indicates that
the values of the temperature 6(() and the nanoparticles
concentration ¢(() increase with boosting m for different
n values. This influence is due to the presence of Lorentz
force caused by the acting magnetic field that decelerates
the flow around the disk.

Figure 6 exhibits a raise in the temperature profiles;
while, a depression is obtained in the concentration pro-
files with increasing Ec for different kinds of fluids. This
illustrates the fact that when the friction increases due to
fluid viscosity, a large amount of heat is obtained where
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the viscous dissipation provides an important internal
heat source because of the viscous stresses action; and
hence, the nanofluid temperature increases. Figure 7 dis-
plays the influence of the thermal radiation parameter R
on both 8({) and ¢() for different n. Increasing R, elevates
the behavior of ¢({) but, decreases 6({) and the thickness of
the thermal boundary layer due to the reduction of energy
transport into fluid.

Figure 8 accentuates the reduction behavior of both
6(0) and #(Q) with increasing Pr; which is physically veri-
fied due to the dependence of Pr on the ratio of the fluid
kinematic viscosity to thermal diffusivity. In this study, the
values of Pr have been chosen according to the catego-
ries; (Pr< 1) for liquid metals which have high thermal
conductivity but low viscosity and (Pr>> 1) for high-vis-
cosity oils. It should be mentioned that the specific used
values Pr=0.72, 1.0 and 7.0 correspond to air, electrolyte
solution, and water; respectively. Figure 9 elucidates that
increasing Le; increases the Newtonian fluid temperature,
while, a lessening in the temperature values is recognized
for non-Newtonian fluids (n = 1). Nevertheless, a diminish-
ment attitude of ¢() is obtained due to the increase of Le.
This may be attributed to the physical definition of Le as
the ratio of thermal diffusivity to nanoparticle mass diffu-
sivity; where it is used to characterize the heat and mass
transfer through nanofluids flows.

Figure 10 clarifies that the distributions of 6({) and ¢(()
put up with increasing the thermophoretic parameter N,
and that the influence of thermophoresis phenomenon
is the same for different values of n. Physically; enhanc-
ing the thermophoretic effect results in a larger mass
flux due to temperature gradient which in turn raises the
concentration. This mechanism therefore, assists the diffu-
sion of the nanoparticles and elevates the concentration
profile. On the other hand, Fig. 11 is prepared to present
the effect of the Brownian motion on both 6({) and ¢({.
The temperature of the fluid decreases with increasing N,
for Newtonian fluids; while, an elevation in 6(() profiles is
obtained with increasing N, regarding the class of non-
Newtonian fluids (n = 1). Furthermore, ¢({) decreases with
increasing N, for all n values. This reflects the great impact
of following up the influence of the Brownian motion of
the particles at nanoscale level; which highly affects the
thermal behaviors of the surrounding liquids by transport-
ing energy directly by nanoparticles. The parameters N,
and N, may vary in (0, «); however, the distinctive profiles
can be obtained in the range (0, 2) [42].

Table 1 provides a comparison between the present
values of the flow characteristics F'(0), — G'(0) and — H(eo)
with those obtained in [15, 43]. These numerical results
have been calculated for the particular case of a New-
tonian fluid (n=1). The wall gradient F'(0) and the axial
inflow — H(e) showed a reduction behavior with respect
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Fig.2 Variation of the radial
velocity F with different values
of mandn
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Fig. 3 Variation of the tangen-
tial velocity G with different
values of mand n
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Fig. 4 Variation of the axial
velocity H with different values
of mandn
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Fig.5 Variation of both

6({) and ¢(Q) with different
values of mand n (Ec=0.2,
Ry=Pr=Le=1,N,=N,=0.5)
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Fig.6 Variation of both 6(()
and ¢(Q) with different values
of Ecand n (m=R ;=Pr=Le=1,
N,=N,=0.5)
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Fig. 7 Variation of both

6({) and ¢(Q) with different
values of Ryand n (Ec=0.2,
m=Pr=Le=1,N;=N,=0.5)
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Fig.8 Variation of both

6({) and ¢(Q) with different
values of Prand n (Ec=0.2,
R;,=m=Le=1,N,=N,=0.5)
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Fig.9 Variation of both

6({) and ¢(Q) with different
values of Leand n (Ec=0.2,
R;=Pr=m=1,N,=N,=0.5)
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Fig. 10 Variation of both 1.0
6(Q) and ¢(Q) with different R (a) n=
values of N,and n (Ec=0.2, ks

m=R;=Pr=Le=1,N,=0.5)
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Fig. 11 Variation of both
6({) and ¢(Q) with different
values of N, and n (Ec=0.2,
m=R;=Pr=Le=1,N,;=0.5)
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Table 1 Variation of F'(0), — G'(0) and — H(eo) with m for (n

H(e)

-G'(0)

Reference [43]

Reference [15]

Reference [43] Present work

Reference [15]

Reference [43] Present work

Reference [15]

Present work

0.885

0.8827
0.4589
0.2533
0.1086
0.0408

0.884473506731271

0.616

0.6160
0.8487
1.0691
1.4421
2.0103

0.615921969120978
0.848723839161388

0.5105
0.3850
0.3095
0.2305
0.1655

0.5101

0.510232626531152

0.459

0.458880071552743

0.849
1.069
1.442
2.010

0.3851
0.3093
0.2306
0.1657

0.385132611311354

0.5
1

2

0.253

0.253313919744577
0.108583911867808

1.069053344133606

1.442094001589754

0.309257860882108

0.109
0.0408

0.230559208045388
0.165703142794298

0.040775423046385

2.010266745591286

to the growth of m; while an increase in —G'(0) is obtained.
Tables 2, 3 and 4 clarify the variation of both the radial
and tangential skin frictions F'(0), — G'(0) as well as the
axial inflow — H(eo) with varying n. The calculations agree
with those presented in [14, 20, 22] for the non-magnetic
flow (m=0). It is shown that the values of the wall gradi-
ent F'(0) increase with increasing n, while a diminishment
attitudes are obtained for both — G'(0) and — H(ee). Table 5
indicates the effectiveness of thermal radiation on the heat
and mass transfer for different values of Pr considering a
magnetic Newtonian fluid flow withn=m=Le=1, Ec=0.2
and N,=N,=0.5. Increasing R; and Pr has a marked influ-
ence in enhancing the magnitudes of both the Nusselt and
Sherwood numbers.

Table 6 elucidates the variations of the radial and tan-
gential skin frictions, in addition to the Nusselt and Sher-
wood numbers for different m considering different types
of fluids with Pr=R,=Le=1, Ec=0.2 and N,=N,=0.5. It is
obvious that the radial skin friction coefficient decrease
with increasing m for all n values, while, a raise in the mag-
nitude of the tangential skin friction coefficient is recog-
nized with increasing m and decreasing n. Also, increasing
n, enhances the value of the radial skin friction coefficient
for (m>0) and reduces it in the nonmagnetic flow case
(m=0). It is observed that for different kind of fluids, the
magnitudes of both the local Nusselt number and the
local Sherwood number increase with increasing the
magnetic parameter (m > 1), while a reduction is obtained
with increasing m, where (m < 1). Table 7 accentuates the
variation of Sh, for different values of Le, N, and N, where,
m=Pr=R,;=1 and Ec=0.2. It is shown that Sh, increases
with increasing the parameters Le, N, and N, which accom-
pany the flow of a nanofluid with simultaneous heat and
mass transfer.

5 Conclusions

This research work deals with the analysis of a steady MHD
flow of a non-Newtonian power law nanofluid due to the
rotation of an infinite disk. The effect of thermal radia-
tion has been enrolled together with both the Brownian
motion and thermophoretic diffusion phenomena. It
is concluded that increasing the magnetic parameter
reduces the radial, tangential and axial velocities for all
n values and that the boundary layer thickness becomes
thinner with increasing n. The augmentation of m causes
the boundary layer to be thinner; and the velocities vari-
ation with m is more pronounced in case of non-Newto-
nian shear-thinning fluids. Moreover, 6({) and ¢(({) increase
with boosting m and N, for different n values. Increasing
Prand R, decreases 6({) and the thickness of the thermal
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Table 2 Variation of F'(0) with

Reference [20] Reference [22] Reference [14]

0.50058 0.501 0.501
- 0.501 0.500
0.50381 0.504 0.504
- 0.507 0.507
0.51021 0.510 0.510
- 0514 0.514
0.52150 0.522 0.521
0.52919 0.529 0.529

Reference [20] Reference [22] Reference [14]

0.71322 0.712 0.713
- 0.676 0.677
0.63608 0.636 0.636
- 0.624 0.624
0.61591 0.616 0.616
- 0.610 0.610
0.60346 0.603 0.603
0.60099 0.601 0.601

Reference [20] Reference [22] Reference [14]

n Present work

n for (m=0)
0.5 0.493192308796122
0.6 0.49759630965858
0.8 0.504218392738096
0.9 0.507189214573548
1 0.510232626531152
1.1 0.51338911702259
13 0.519894465021008
1.5 0.526405459661366

Table 3 Variation of — G'(0) n Present work

with n for (m=0)
0.5 0.63258191586443
0.6 0.62813774055592
0.8 0.621449576816618
0.9 0.618427949901908
1 0.615921969120978
1.1 0.614173278357886
13 0.612860027915832
1.5 0.613704176064384

Table 4 Variation of — H() n Present work

with n for (m=0)
0.5 1.46460907950617
0.6 1.36013776301004
0.8 1.09399919164270
0.9 0.975412633859303
1 0.884473506731271
1.1 0.817372662809852
13 0.724913567797793
1.5 0.663515470870505

1.54389 1.539 1.513
- 1.364 1.351
1.05929 1.089 1.052
- 0.969 0.958
0.88230 0.883 -

- 0.822 0.819
0.73591 0.735 0.735
0.67828 0.676 0.678

boundary layer, while, increasing Ec enhances the tem-
perature values.

Furthermore, the temperature of the fluid decreases
with increasing N, for Newtonian fluids; while, an elevation
in 8(Q) profiles is obtained with increasing N, regarding the
class of non-Newtonian fluids (n= 1), which totally opposes
the effect of Le on 6({). On the other hand, a diminish-
ment attitude of ¢({) is obtained due to the increase of
Ec, Pr, Le and N, while, an elevation of the behavior of ¢(()
is observed with increasing R, for different n values. The
wall gradient F'(0) and the axial inflow — H(e) decrease;
while, the values of — G'(0) increase with increasing m.The
values of F'(0) increase, while, a diminishment attitudes
are obtained for both —G'(0) and — H(eo) with increasing
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n. Increasing R, and Pr has a marked influence in enhanc-
ing the magnitudes of both Nu, and Sh,. The radial skin
friction coefficient decreases with increasing m for all n
values, while, the magnitude of the tangential skin fric-
tion coefficient raises with increasing m and decreasing
n. Also, increasing n enhances the radial skin friction coef-
ficient for (m>0) and reduces it in the nonmagnetic flow
case (m=0). The magnitudes of both Nu, and Sh, increase
with increasing the magnetic parameter (m> 1), while a
reduction is obtained with increasing m, where (m<1).
Moreover, increasing the parameters Le, N, and N, put up
the values of Sh,.
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Table 5 Variation of Nu, and Sh, with R, and Pr

Ry Pr=0.72 Pr=1 Pr=7
Re,‘%" Sh, Re,“%“ Nu, Re,‘%" Sh, Re,“%“ Nu, Re,‘T1" Sh, Re,‘T1" Nu,
1 0.0166894795654587  0.156252526581046 -0.0198871646156568  0.170140512089961 —0.688245254572995 0.445089021084561
3 -0.0251662505889639  0.178063581296468 -0.0596735306589791  0.199504596559579 -0.725631591269424 0.654167626988621
5 -0.0331528921745256  0.185885838639042 -0.0670057362119886  0.210010132113324 -0.735161095475417 0.732829155305063
10 -0.0389858663613412  0.193271400407583 -0.0722702067891076  0.219935609173871 —0.742845974805062 0.808431333904430
10°  —0.0446388814336086  0.202512925429210 —0.0772831874432836  0.232380241876180 —0.750974909816036 0.904544099433605
Table 6 Variation of ¢, C;, Nu, m B K = =
and Sh, for various values of n Re/ ™ C¢ Re, ™" Re*" Nu, Re, " Sh,
and m
(@) n=0.5
0 0.550676164119244 —0.706312277597639 0.201638342300127 0.176522064545761
0.5 0.365795959526631 —0.970309343075206 0.0325647742432875  0.169194598108047
1 0.265782152935280 —1.16889249624685 —0.0606377282971172  0.168153870538071
2 0.176585514326603 —1.45045675387478 —0.149060220418004 0.180418763015762
4 0.112964357780706  —1.81975871983747 —0.236544166196381 0.207176542227096
(b)yn=1
0 0.510232626531151 —0.615921969120977 0.262730206632899 0.206801680240763
0.5 0.385132611311354 —0.848723839161388 0.0864261226819529  0.177338284204363
1 0.309257860882109 —1.06905334413361 —0.0198871646156568  0.170140512089961
2 0.230559208045388 —1.44209400158975 —0.136506973946131 0.184067627834636
4 0.165703142794299 —2.01026674559129 —0.269087059349429 0.224797685689891
(gn=1.5
0 0.473337492951759 —0.551835454554766 0.239167297720755 0.191678236344924
0.5 0.376179073206399 —0.771060242685149 0.0952451340594148  0.169530102672334
1 0.315896168904793 —0.993362081912373 —0.00261752400267962 0.165167760664571
2 0.250076649975373  —1.40160263844908 —0.124817407951439 0.182126293719031
4 0.192121377372538 —2.07643792230088 —0.279628936553652 0.231126183033520
Siferentvaloesof o Noand,  Reffsh, Mo M Np=05 Ny=0.
(@) Le=1 0.1 0.123727433153968 0.128884441924629 0.170140512089961
0.5 0.144355468236633 0.170140512089961 0.376420862916632
1 0.170140512089961 0.221710599796625 0.634271301449964
(b) Le=3 0.1 0.266522896495730 0.271296882852467 0.309488773706371
0.5 0.285618841922669 0.309488773706371 0.500448227975631
1 0.309488773706371 0.357228637273763 0.739147545812722
(c) Le=5 0.1 0.375089927738802 0.379884608872757 0.418242057944828
0.5 0.394268652274897 0.418242057944828 0.610029303297981
1 0.418242057944828 0.466188869285131 0.849763359998881
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