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In this paper, the boundary layer flow and heat transfer of sodium chloride (NaCl)-carbon nanopowder (CNP)
nanofluid over a Riga-plate with homogeneous–heterogeneous quartic autocatalysis chemical reaction in the
presence of convective heating and thermal radiation is investigated. The similarity transformed nonlinear gov-
erning equations are obtained and tackled numerically using shooting technique. Effects of thermo-physical
parameters on the nanofluid velocity, temperature, chemical species concentration, skin friction, and local
Nusselt number are discussed quantitatively. It is found that momentum, thermal and concentration boundary
layer thicknesses diminished due to Lorentz force effects. An enhancement in values of Biot number, nanopar-
ticle volume fraction and thermal radiation parameter upsurges nanofluid temperature causing diminution in
thermal boundary layer thickness. The skin friction coefficient exhibits increasing trend in the order of nanopar-
ticles (carbon nanopowder (CNP)< graphite < carbon black (CB)) at the relatively higher values of strength of
heterogeneous reaction.

KEYWORDS: CNP Nanofliud, Convective Boundary Condition, Thermal Radiation, Homogenous–Heterogeneous
Reactions, Vertical Riga Plate.

1. INTRODUCTION
Researchers have made considerable progress in universal-
izing the investigations regarding the boundary layer flow
of nanofluid safer an investigation that is perpetuated by
Choi et al.1 who reported that the nanofluids (nanoparticles
suspended fluids) are able to change their own physical
properties from their base fluid. The unflagging attention
has brought to the investigations related to boundary layer
flow of nanofluids by the dedicated work of persons like
Khan and Pop2 and others.3–10 We valued their contribu-
tions which consistently brought to light the investigations.
The foresightedness of their investigations led to the fur-
ther enormous developments in the related areas and huge
inevitable applications include nanofluids as coolants in
cancer therapy, safer surgery, and effective heat exchange
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performance to cater the growing demands of modern tech-
nology include power station, chemical production and
microelectronics heat exchangers. In addition, magneto-
nanofluids contribute their applications in optical modu-
lators, magneto-optical wavelength filters, tunable optical
fibre filters and optical switches and bio-medical applica-
tions viz drug delivery, magnetic cell separation and con-
trast enhancement in magnetic resonance imaging.
Carbon nanopowder (CNP) is a carbon based mate-

rial which is having a nominal diameter of 100 nm.
CNP nanofluids enhance its own thermal conductivity by
approximately 19% with particle volume fraction 1.5%
which is outstandingly higher than that of nanofluids
developed yet. This is the nanoparticle geometry (particle
non-sphericity) which contributes to enhance its own ther-
mal conductivity. Further, the effective specific heat CNP
nanofluid decreases with increase in the particle volume
fraction.11

Riga-plate arrangement develops Lorentz force paral-
lel to the array which has a unique characteristic that is
exponentially decaying with distance normal to the plate.
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Ahmad et al.12 studied the flow behaviour of nanofluid
over a Riga plate. Further, entropy generation associated
with the flow of nanofluid over a horizontal Riga plate
was investigated by Abbas et al.13 Because of convective
boundary condition mechanism the heat transfer through
the surface enhances the temperature and therefore the
thermal conductivity of the nanofluids. This is why it is
necessary to trumpet the fact that the introduction of the
convective boundary condition is more suitable as a model
compared to isothermal conditions. Ahmad et al.14 carried
on a numerical study to explore the effect of convective
boundary condition on the flow of nanofluid over a vertical
Riga plate. In their study they revealed that fluid temper-
ature and wall heat flux are proportional to Biot number.
Influence of convective heat transfer on the flow of car-
bon associated with micropolar nanofluid in the rotating
frame in the presence of magnetic field has been analyzed
by Rehman et al.15 They discussed in their study that fluid
temperature upsurges for higher values of Biot number. In
addition, Khan et al.16 disclosed in their work that increas-
ing the values of thermal Biot number contribute to the
heat transfer rate enhancement while reverse trend is seen
in mass transfer rate.
It is another matter that thermal radiation effect finds its

importance for the situations involving large difference in
temperature between the boundary surface and the farfluid.
Yet it is enough to give us a fair idea about thermal radi-
ation effect. However, radiation effects are significant in
designing pertinent equipments or many advanced conver-
sion systems. Reddy et al.17 analyzed the influence of ther-
mal radiation on magnetohydrodynamic stagnation point
stretched flow subject to porous matrix. Many others18–23

investigated the impact of thermal radiation on flow and
heat transfer for different situations.
To carry out diversified roles such as pollution stud-

ies, oxidation and synthesis materials, polymer production
and fibrous insulation, the design of chemical processing
equipment, processing of food, cooling towers, formation
and dispersion of fog, temperature and moisture distri-
bution over agricultural fields, damage of crops due to
freezing etc. chemical reaction is considered to be impor-
tant by numerous researchers. In fact this is such a
common sight where the molecular dispersal of species
due to chemical reaction cannot be ignored. In sev-
eral systems such as catalysis, biochemical systems and
combustion chemical reactions involve homogeneous and
heterogeneous reactions. Such reactions involve consump-
tion and production of reactant species with different
rates. Sazid et al.24 discussed the effects of homogeneous-
heterogeneous reactions for a Blasius MHD flow in pres-
ence of thermal radiation. They have found in their study
that concentration profiles decrease due to increasing the
strength of homogeneous and heterogeneous reactions.
Furthermore, Tanveer et al.25 examined homogeneous-
heterogeneous reaction effects on peristaltic flow of Sisko

fluid over a curved channel. Authors have revealed in
their investigation that concentration exhibits exactly oppo-
site trends in response to homogeneous and heterogeneous
parameters. Many others studied in the related areas.26–30

We now have a study from above investigations that
broadens what we know about flow and heat transfer char-
acteristics of several nanofluids under the influence of
different physical parameters of engineering interest. We
have observed from the previous studies that no one has
explored yet the flow and heat transfer of carbon nanopar-
ticles nanofluid over a convectively heated vertical Riga
plate in presence of homogenous and heterogeneous reac-
tions. The novelty of our present study is as follows:
• The flow and heat transfer characteristics of a totally
new type of nanofluid namely Soduim Chloride-Carbon
nanopowder (NaCl-CNP) nanofluid has been investigated.
• First time, the effects of homogenous–heterogeneous
reactions over a vertical Riga plate are analyzed.

In the present study, the solution of transformed
governing equations is established numerically using the
fourth-order Runge-Kutta method along with the shooting
technique. The influence of various physical parameters
of engineering interest on the dimensionless velocity and
temperaturealong with the skin friction and the local Nus-
selt number is displayed graphically and discussed beauti-
fully in the present text.

2. MODEL DEVELOPMENT
In the current study we consider an incompressible carbon
nanopowder (CNP) nanofluid flows over a vertical infinite
Riga-plate. Let u and v be the velocity components along
the plate and normal to it respectively. The electromag-
netic field due to the Riga-plate contributes a Lorentz force
parallel to the plate. This force always follows an expo-
nential decay with the distance normal to the plate. The
ambient fluid is characterized by the velocity u��x� = cx
(c is constant). In this case, the newly formed Lorentz
force characterizes the external flow in the sense of assist-
ing or opposing when it is along positive or negative x-axis
respectively. The plate is subjected to another fluid of tem-
perature Tf and heat transfer coefficient hf as shown in
Figure 1.
Some essential assumptions for the present problem

include: (1) the flow is steady (2) the flow is laminar
(3) the melt density, specific heat, and thermal conductiv-
ity are independent of temperature (4) no-slip boundary
conditions are taken into consideration (5) the gravitational
effect is negligible.
Again, the present study is extended by considering the

effects of homogenous and heterogeneous isothermal reac-
tions of two chemical species A and B. The homogenous
reaction for cubic autocatalysis is

A+2B→ 3B� rate= Kcab
2
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Fig. 1. Flow geometry of the problem.

Here we considered a single, isothermal and first order
chemical reaction on catalyst surface. Both reactions are
assumed to occur at the same time. Taking the above con-
siderations into mind, the heterogeneous reaction on the
surface of catalyst is

A→ B� rate= Ksa

Here Kc and Ks represent the rate of chemical species
constants, a and b denote the concentrations of chemical
species A and B respectively.

Thus continuity, momentum, energy and concentration
equations governing the CNP nanofluid flow associated
with homogenous and heterogeneous isothermal reactions
under usual boundary layer approximations are:14�24�25�31

�u

�x
+ �v

�y
= 0 (1)

u
�u

�x
+ v

�u

�y
= c2x+ �nf

�nf

�2u

�y2
+ �j0M0

8�nf

e−��/p�y (2)

u
�T

�x
+ v

�T

�y
= knf

��Cp�nf

�2T

�y2
+ 16	∗T 3

�
3k∗��CP �nf

�2T

�y2
(3)

u
�a

�x
+ v

�a

�y
=DA

�2a

�y2
−Kcab

2 (4)

u
�b

�x
+ v

�b

�y
=DB

�2b

�y2
+Kcab

2 (5)

In the energy Eq. (4), the term
�16	∗T 3

�/�3k
∗��CP �f ����

2T /�y2� is obtained by assum-
ing the temperature variation within the flow as small
and expanding T 4 in a Taylor series about T� and
neglecting higher order terms and using the resulting
expression in the Rosseland radiative heat flux,32 qr =
�−4	∗/3k∗���T 4/�y�.

The required boundary conditions are:24

u= 0� v = 0� −kf
�T

�y
= hf �Tf −T ��

DA

(
�a

�y

)
= Ksa� DB

(
�b

�y

)
=−Ksa at y = 0

u→ cx� v→ 0� T → T�� a→ 0�

b → 0 as y →�

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎭

(6)

Here, u and v are the fluid velocity components along
x and y directions, T is the fluid temperature and T� is
the temperature of the ambient fluid and Tw is the con-
stant temperature on the surface of the stretching sheet,
kf is the thermal conductivity, p is the width of magnets
and electrodes, M0 is the magnetization due to permanent
magnets and j0 is the current density, 	∗ is the Stefan-
Boltzmann constant, k∗ is the mean absorption coefficient
of the nanofluid, DA and DB are the diffusion coefficients
of species A and B respectively, �nf is the effective den-
sity of the nanofluid and ��Cp�nf is the heat capacitance
of the nanofluids,33 defined as

�nf = �1−
��f +
�CNP

��Cp�nf = �1−
���Cp�f +
��Cp�CNP

}
(7)

where ��Cp�f and ��Cp�CNP are respectively the heat
capacitances of base fluid and carbon nanopowder, �f and
�CNP are the density of base fluid and carbon nanopowder
respectively.
The effective dynamic viscosity of the nanofluid34 is

described as

�nf =
�f

�1−
�2�5
(8)

where �nf and �f are the effective dynamic viscosities of
nanofluid and base fluid respectively, and 
 is the solid
volume fraction of nanoparticles.
The effective thermal conductivity of nanofluid11 can be

written as

knf

kf
= kCNP

kf

[
1− 2�1−
��kCNP/kf −1�

2kCNP/kf −
�kCNP/kf −1�

]
(9)

where knf � kf and kCNP are respectively the thermal
conductivities of nanofluids, base fluids and carbon
nanopowder.
The appropriate transformations used are:24�35

u= cxF ′���� v =−√
cf F ����

����= T −T�
Tf −T�

� G��� = a

a0

� H��� = b

a0

�

� = y

(
c

f

)1/2

⎫⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎭

(10)
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where � is the non-dimensional vertical distance, F ��� is
the dimensionless stream function.
Using (7)–(10), Eqs. (2)–(5) take the form

F ′′′ + �1−
�2�5
[
�1−
�+


(
�CNP

�f

)]

×�F F ′′ −F ′2+1�+ �1−
�2�5Ze−�� = 0 (11)

(
knf

kf
+ 4

3
Rd

)
�′′ +Pr

{
�1−
�+


[
��Cp�CNP

��Cp�f

]}
F �′ = 0

(12)

G′′ +ScFG′ −�ScGH2 = 0 (13)

�H ′′ +ScFH ′ +�ScGH2 = 0 (14)

with boundary conditions

F = 0� F ′ = 0� �′�0� =−Bi�1−��0���

G′�0�= �1G�0�� H ′�0�= �1G�0� at � = 0

F ′ → 1� � → 0� G→ 0� H → 0 as �→�

⎫⎪⎪⎬
⎪⎪⎭
(15)

where

Z = �j0M0

8�f a
2x

� � = �

p

√
f

a
� Pr =

f

�f

�

Rd = 4	∗T 3
�

3k∗kf
� � = a2Kc

c
� �1 =

Ks

√
f /c

DA

�

Sc = f

DA

� �= DB

DA

� Bi =
hf

kf
√
a/f

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(16)

where Z is the modified Hartman number, � is related
to the width of magnets and electrodes (width parame-
ter), Pr is the Prandtl number, Rd is the radiation param-
eter, � is the strength of homogeneous reaction, �1 is the
strength of heterogeneous reaction, Sc, the Schmidt num-
ber, �, the ratio of diffusion coefficients, and Bi is the
Biot’s number.
Usually the diffusion coefficient of chemical species

A and B are of a comparable size. We therefore, assume
that the diffusion coefficients DA and DB are equal, i.e.,
�= 1.37 This assumptions develops the following relation

G���+H��� = 1 (17)

Under the above assumptions, Eqs. (13) and (14) will
reduce to

1
Sc

G′′ +FG′ −�G�1−G�2 = 0 (18)

and in the similar fashion, boundary conditions are
reduces to

G′�0�= �1G�0�� G���→ 1 as �→� (19)

The local skin friction coefficient Cfx is expressed as

Cfx =
�w�x�

�f u
2
w�x�

= �nf ��u/�y�y=0

�f �cx�
2

(20)

The non-dimensional local skin friction coefficient can be
developed as

Re1/2x Cfx =
1

�1−
�2�5
F ′′�0� (21)

The local Nusselt number is expressed as

Nux =
xqw

kf �Tf −T��
(22)

with qw =−knf �1+ �4/3�Rd���T /�y�y=0 denotes the wall
heat flux.
The non-dimensional local Nusselt number can be

developed as

NuxRe
−1/2
x =−knf

kf

(
1+ 4

3
Rd

)
�′�0� (23)

where Rex = xu��x�/f is the local Reynolds number.

3. NUMERICAL TECHNIQUE
The system of coupled and governing Eqs. (11), (12) and
(18) together with the suitable boundary conditions given
in Eq. (15) are solve using shooting method of the sym-
bolic computer algebra software MATLAB by converting
the boundary value problem (BVP) into an initial value
problem (IVP) (Seddeek et al.,38 Hemalatha et al.39). At the
initial stage, we written the highest order term of the dif-
ferential equation is written in the remaining lower order
form as

F ′′′ = −�1−
�2�5
[
�1−
�+


(
�CNP

�f

)]

× �F F ′′ −F ′2+1�− �1−
�2�5Ze−�� (24)

�′′ = −Pr

�1−
+
���Cp�CNP/��Cp�f ��

�knf /kf + �4/3�Rd�
F �′ (25)

G′′ = −ScFG′ +�G�1−G�2 (26)

The aim of the methodology, firstly to reduce the gov-
erning equations into a system of first order differential
equations and for that, introducing the new variables as

f1 = F � f2 = F ′� f3 = F ′′� f4 = �� f5 = �′�

f6 =G� f7 =G′ (27)
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Letting f = [
F F ′ F ′′ � �′ G G′ ]T gives

d

d�

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
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⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

f2
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[
�1−
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(
�CNP

�f

)]

×�f1f3− f 2
2 +1�− �1−
�2�5Ze−��

f5

−Pr

�1−
+
���Cp�CNP/��Cp�f ��

�knf /kf + �4/3�Rd�
f1f4

f7

−Scf1f
′
7 +�f6�1− f6�

2

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(28)
and the corresponding boundary conditions are written as

f1�0� = 0� f2�0� = 0� f2���→ 1�

f5�0� =−Bi�1− f4�0��� f4���→ 0�

f7�0� = �1f6�0�� f6���→ 1

(29)

Secondly, we set this BVP up as an IVP and use an
ODE solver in Matlab to numerically integrate this system,
with the initial conditions given by

f �0�= [
0 0 K1 K2 −Bi�1−K2� K3 �1K3

]T
(30)

where K1, K2 and K3 are unknowns.
Thirdly, guess K1, K2 and K3 and solve the Eq. (28)

using MATLAB’S ODE routine. The guess unknown val-
ues are which based on the linear interpolation of the
boundary value specified on an initial mesh of 10 equally
spaced points is made. Continue this process till we reach
to the convergence criteria, �Ei�< tolerance= 10−10 where
the errors are defined as

E1 = f3���K1�−F ′′����

E2 = f4���K2�−����� (31)

E3 = f6���K3�−G���

The maximum value of �� representing the ambient con-
ditions was assumed to be 10.

4. RESULTS AND DISCUSSION
In the present study, we have investigated some interest-
ing and important characteristic properties of convective
flow pattern and heat transfer of CNP nanofluid over a
vertical Riga plate subjected to thermal radiation. Shoot-
ing algorithm is used to establish numerical solution of
the transformed governing equations. The numerical study
encompasses all the marshaled facts and figures to show

Table I. Thermo-physical properties of the base fluid and nanoparticles
at T = 300 K.

� Cp k �f df or ds

(kg/m3) (J/KgK) (W/mK) (Ns/m2) (nm)

NaCl 2165 3.85 0.593 0.007428 0.24
Graphite 2.21 0.72 100
Carbon

nano
powder

1950 4.15 100 30–60

Carbon
Black
(CB)

1700 4.15 6 30–60

the extent of clarity regarding the fluid velocity, temper-
ature and concentration profiles. The behavior of emerg-
ing pertinent parameters associated with the problem are
presented graphically and discussed beautifully. The aver-
age CPU time required for computing the results is 1.4 s.
The general and thermal properties of both the base fluid
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 when Z = 0�5.

(NaCl) and the carbon nanopowder (CNP) are incorporated
in Table I.
Figure 2 is prepared to reveal the variation of axial

velocity profile with different values of modified Hartmann
number Z at specified other values of parameters. The fluid
motion has been increased dramatically due to increase in
values of Z. It is due to the reason that the flow along
the plate is supported by surface parallel Lorentz force. In
other words, increase in magnetic field strength contributes
to belittle the boundary layer thickness and enhances the
wall velocity gradient. Further, an overshoot in the profiles
is envisaged for larger values of Z. This implicates that the
velocity of the fluid contiguous to the plate exceeds the
free stream velocity under the influence of strong Lorentz
force. This is well agreement with the observation made
by Ahmad et al.14 Figure 3 focuses on the variation of
axial velocity with different values of width parameter �.
It is observed from this figure that there is a noticeable
drop in fluid velocity due to increase in �. In other words,
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fluid velocity has an inverse relationship with �. It leads to
shrinking of velocity boundary layer in the flow domain.
Similar trend is visualized in case of variation of axial
velocity with nanoparticle solid volume fraction 
 (Fig. 4).
However, the variation is not so significant compared to
that with �.
Figures 5–8 are developed to show the behavior of

fluid temperature under the influence of different values of
modified Hartmann number Z, Biot number Bi, solid vol-
ume fraction 
 and the radiation parameter Rd. For fluid
temperature, facing its diminution that is being observed
throughout the entire flow domain is due to increase in Z.
However, positive value of Z causes low rate of tempera-
ture fall compared to negative values of Z. Above all, this
trend leads to shrinking of thermal boundary layer (Fig. 5).
This is an excellent agreement with the reports made by
Kumar et al.40 Behavior of fluid temperature with Biot
number is displayed through Figure 6. Larger Biot number
contributes stronger convective heating leading to tempera-
ture rise. In other words, fluid temperature has been surged

0 1 2 3 4 5
0

0.2

0.4

0.6

0.8

0.9

� = 0.01, 0.02, 0.04θ 
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Fig. 7. Temperature profile for different solid volume fraction 
 when
� = 0�5, Bi = 50, Pr = 7, Rd = 0�5, Z = 0�5.
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Fig. 8. Temperature profile for different radiation parameter Rd when

= 0�04, Bi = 50, Pr = 7, Z = 0�5, � = 0�5.

into prominence due to increase in Bi. This has added to
the fact that very large value of Bi (Bi = 100) causes an
anomalous situation such as lower rate of enhancement of
fluid temperature. Because of this thermal boundary layer
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Fig. 9. Concentration profile for different modified Hartman number Z
when 
= 0�04, Sc = 1, � = 0�5, � = 0�7, �1 = 0�5.
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Fig. 10. Concentration profile for different Schmidt number Sc when
Z = 0�5, 
= 0�04, � = 0�5, � = 0�7, �1 = 0�5.
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Fig. 11. Concentration profile for different strength of the homogeneous
reaction parameter � when Z = 0�5, 
= 0�04, � = 0�5, Sc= 1, �1 = 0�5.

gets modified in the sense that it is gradually becoming
thinner and thinner.
Figure 7 focuses attention on the behavior of fluid tem-

perature with solid volume fraction 
. It is observed from
this figure that fluid temperature upsurges significantly due
to increase in value of 
. This leads to thicker thermal
boundary layer. Also, an increase in the thermal radiation
(Rd) enhances the fluid temperature in the entire domain
(Fig. 8). Because of this fact, thermal radiation should be
considered minimum so as to achieve better cooling.
The graphic depictions regarding the variations of

nanoparticle concentration with modified Hartmann num-
ber Z, Schmidt number Sc, strength of homogenous reac-
tion parameter � and strength of heterogeneous reaction
parameter �1 are included in Figures 9–12. It is from
Figure 9 that unlike the velocity profiles, nanoparticle con-
centration profiles become larger due to increase in val-
ues of Z. In other words, nanoparticle concentration is an
increasing function of Z. This indicates that Lorentz force
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Fig. 12. Concentration profile for different strength of the heteroge-
neous reaction parameter �1 when Z = 0�5, 
= 0�04, � = 0�5, � = 0�7,
Sc = 1.
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Fig. 13. Skin friction versus modified Hartmann number Z for different
width parameter � when Z = 0�5, 
= 0�04.
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Fig. 14. Skin friction versus strength of heterogeneous reaction param-
eter �1 for different nanoparticles.

induced by Riga plate enlarges the nanoparticle concen-
tration boundary layer. Another striking feature observed
is that positive values of Z enhances the concentration at
lower rate compared to negative values of Z.
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Fig. 15. Local Nusselt number versus modified Hartmann number Z for
different width parameter �.
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Fig. 16. Local Nusselt number versus strength of heterogeneous reac-
tion parameter �1 for different nanoparticles.

The curves for concentration profiles for different values
of Schmidt number Sc is presented in Figure 10. Higher
values of Sc implicates smaller molecular diffusion coeffi-
cient DB. As a result, concentration boundary layer cannot
be developed as rapidly as for lower values of Sc. This
fact is responsible for diminution of G with increasing the
Schmidt number Sc. Figure 11 acknowledges that rising
values of � causes for the diminution of nanoparticle con-
centration yielding thinner concentration boundary layer.
It is completely agree with Khan et al.41 Behavior of fluid
concentration under the influence of �1 is portrayed in
Figure 12 implying that concentration decreases faster for
lower value of �1 and slower for relatively higher value
of it.
Figure 13 is made to exhibit the variation of skin fric-

tion against the modified Hartmann number Z for different
values of width parameter �. It reveals that in the nega-
tive range of Z�−1 < Z < 0�, skin friction increases due
to increase in � and an exactly reverse trend is achieved
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Fig. 17. Local surface concentration versus strength of heterogeneous
reaction parameter �1 for different strength of homogenous reaction
parameter � .
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Fig. 18. Local surface concentration versus modified Hartmann number
Z for different width parameter �.
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Fig. 19. Local surface concentration versus strength of heterogeneous
reaction parameter �1 for different nanoparticles.

in the positive range of Z�0 < Z < 1� followed by a
transition in the absence of Lorentz force �Z = 0�. Behav-
ior of skin friction with strength of heterogeneous reac-
tion parameter �1 for different nanoparticles like carbon

Table II. Value of skin friction, local Nusselt number and local surface concentration for different parameters Z������1 when Rd = 0�5, Sc = 1,
Bi = 2.

Z � � �1 �1−
�2�5F ′′�0� −knf /Kf �1+ �4/3�Rd��′�0� G�0�

−1 0�4 0.7 0.5 0.58515421 2.72943012 0.39955822
0 1.31734143 3.15735648 0.47711774
0�5 1.65223016 3.31254290 0.50057590

1.65760630 3.31604059 0.49062159
(Graphite) (Graphite) (Graphite)
1.64754929 1.30928990 0.49019453

(Carbon black) (Carbon black) (Carbon black)
1 1.97295227 3.44486610 0.51902960
0�5 0�6 1.61450259 3.28445434 0.49649329

1 1.90190561 3.39655685 0.51247347
0�5 0�4 0.3 1.65223016 3.31254290 0.51716432

0.9 1.65223016 3.31254290 0.47100531
0.7 0.3 1.61884651 3.59625266 0.61688990

0.8 1.63221363 3.29744348 0.38061503

nanopowder (CNP), graphite and carbon black (CB) is
shown in Figure 14. Skin friction exhibits increasing trend
in the order of nanoparticles like carbon nanopowder
(CNP) < graphite < carbon black (CB). This fashion is
well observed at the relatively higher values of �1��1 > 1�.
The Nusselt number variation with Z for various val-

ues of � is plotted in Figure 15. It conveys that rise in �

upsurges the heat transfer rate from the plate in the range
−1 < Z < 0 and exactly opposite trend is attained in the
range 0 < Z < 1 followed by a transition in the absence
of Lorentz force �Z = 0�. Heat transfer gets reduced for
carbon black nanoparticle compared to that for other two
nanoparticles such as graphite and carbon nanopowder
(Fig. 16). The rate of heat transfer for carbon nanopowder
is exactly same as that of graphite. Increasing heat transfer
rate indicate better cooling.
Figure 17 has focused on the variation of local surface

concentration G�0� with �1 for different values of � . It is
clear that increase in � belittles the local surface concen-
tration. Also it is observed from Figure 18 that increase in
� contributes to enhancement in G�0� in the range −1<
Z < 0 while reverse trend is attained in the range 0 <

Z < 1 followed by a transition in the absence of Lorentz
force �Z = 0�. The behavior of local surface concentra-
tion G�0� with �1 for different nanoparticles such as car-
bon nanopowder (CNP), graphite and carbon black (CB) is
demonstrated in Figure 19. It is envisaged from this figure
that G�0� attains a lower value for carbon black while
it attains an increasing trend for graphite and CNP. It is
remarkable to note that G�0� for CNP is nearly same as
that of graphite.
Table II elucidates the variations of dimensionless

skin friction �F ′′�0��, Nussselt number ��′�0�� and the
local surface concentration �G�0�� for different values of
Z����� �1 when Rd = 0�5� Sc = 1�Bi = 2. It is apparent
from the table that increasing in values of Z increases
the skin friction, Nussselt number and local surface con-
centration for carbon nanopowder (CNP). More clearly,
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increase in Z enhances the skin friction, Nusselt num-
ber and local surface concentration for graphite while that
(increase in Z) exhibits similar characteristics (increasing
trend) for skin friction and local surface concentration due
to carbon black and showing a reverse trend for Nusselt
number due to it compared to CNP. It is interesting to
note here that increase in values of ��� and �1 leads to
an enhancement in wall shear stress as well as heat trans-
fer rate from the plate whereas increase in values of �
and � upsurges local surface concentration and that of �1
belittles it. In the above analysis, the skin friction coeffi-
cient measuring the drag coefficient at the plate, increases
with an increase in modified Hartmann number Z which
is due to the fact that resisting force on the plate enhances
due to more strength of surface-parallel Lorentz force. The
results also reveal that wall drag coefficient falls due to an
increase in Lorentz force strength in opposing flow regime.
Further, wall heat transfer rate amplifies due to the cause
that strength of Lorentz force enhances.

5. CONCLUSION
In the present study, we have investigated the flow and heat
transfer characteristics of Sodium Chloride (NaCl)-Carbon
Nanopowder (CNP) nanofluid over a vertical Riga plate
in presence of thermal radiation and convective bound-
ary conditions associated with homogenous–heterogeneous
reactions. In addition, in the present study we have
explored the influence of pertinent parameters of engineer-
ing interest such as modified Hartmann number Z, solid
volume fraction 
, radiation parameter Rd, Biot’s number
Bi, Schmidt number Sc, strength of homogenous reaction
parameter � and strength of heterogeneous reaction param-
eter �1 on dimensionless fluid velocity, temperature, skin
friction, Nusselt number and local surface concentration.
The major findings of the present work are summarized as
follows:
• The surface-parallel Lorentz force assists the flow field
and belittles the temperature.
• Axial velocity upsurges due to enhancement in Z while
it attains a persistent decline due to increase in �.
• Fluid temperature upsurges due to increase in values of
Bi�
�Rd leading to diminution of thermal boundary layer
thickness.
• Increase in Z and Sc contribute to thicker concentration
boundary layer while that of � and �1 is responsible for
shrinking of concentration boundary layer.
• Skin friction exhibits increasing trend in the order of
nanoparticles like carbon nanopowder (CNP)< graphite<
carbon black (CB).
• Increment in � upsurges the heat transfer rate from the
plate in the range −1< Z < 0 and exactly opposite trend
is attained in the range 0<Z < 1 followed by a transition
in the absence of Z�Z = 0�.
• Local surface concentration attains an increasing trend
for CNP.

NOMENCLATURE
�u� v� velocity components in (x� y) directions

(ms−1)
�knf � kf � kCNP� thermal conductivities of (nanofluid, base

fluid, carbon nanopowder) (Wm−1K−1)
�DA�DB� diffusion coefficient of species A and B

(m2/s)
��� �1� Homogeneous and heterogeneous reac-

tion rates
��Cp�CNP heat capacitance of carbon nanopowder

(Jm−3K−1)
T temperature of fluid (K)
Tw surface temperature (K)
p width of magnets and electrodes (m)

M0 magnetization due to permanent magnets
k∗ mean absorption coefficient

��Cp�nf heat capacitance of nanofluid (Jm−3K−1)
�f density of base fluid (kgm−3)

�CNP density of carbon nanopowder (kgm−3)
�f dynamic viscosity of base fluid (NSm−2)
� non-dimensional vertical distance
Z modified Hartmann number
Pr Prandtl number
Sc Schmidt number
qw wall heat flux.

Subscripts
nf nanofluid
f fluid
s surface
w quantities at wall
� quantities at free stream
T� Ambient fluid temperature (K)
kf thermal conductivity of fluid (Wm−1K−1)
j0 current density (A/m2)
	∗ Stefan Boltzmann constant (Wm−2K−4)
�nf effective density of nanofluid (kgm−3)

��Cp�f heat capacitance of base fluid (Jm−3K−1)
Rex

local Reynolds number
�nf dynamic viscosity of nanofluid (NSm−2)

 solid volume fraction

F ��� dimensionless stream function
� width parameter
Rd radiation parameter
Bi Biot’s number
� ratio of diffusion coefficients.

Greek Symbols

, �, �f , 	 .
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