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Abstract. Emerging engineering and industrial needs made the prime concern of this article to investigate
the thermal management on the cross flow of micropolar fluids over a thin needle moving in a parallel
stream. The flow is subject to binary chemical reaction and Arrhenius activation energy. The mathemat-
ical model of the considered physical problem consists of coupled nonlinear partial differential equations:
conservation of mass, momentum, energy, and concentration equation. The dimensionless transformed gov-
erning equations subject to the given boundary conditions have been solved directly by the Runge-Kutta
Fehlberg fourth- fifth-order method followed by the shooting technique. Graphical results relative to the
interaction effects of dynamic thermo-physical dimensionless parameters such as Richardson parameter,
Dufour number, Soret number, Prandtl number, temperature ratio parameter, nondimensional activation
energy, chemical reaction parameter and velocity ratio parameter controlling the flow, heat and mass
transfer features are presented and analyzed. It can be seen, from the study, that the skin friction due to
angular velocity reduces with increase in size of the needle and it upsurges due to the increase in material
parameter. The obtained numerical results revealed that the augmented Richardson parameter is in favor
of a greater heat transfer enhancement. The obtained results show a better agreement of this model with
the previously published results.

1 Introduction

In view of the specific features of the final products depending mainly upon the rate of heat transfer, the flow and
heat transfer mechanism through stretching surfaces find many peer-to-peer applications such as manufacturing of
fiber-glass, enhancement in efficiency of paints and lubrication, plastic-molding, glass blowing, paper production,
crystal growing, aerodynamic extrusion of polymer and rubber sheets and many others. Crane [1] was the pioneer who
analyzed beautifully the flow over a linear stretching plate and obtained successfully the analytical solution for the
Navier-Stokes equations. The work done by Crane [1] was given a new domain by Gupta and Gupta [2] by introducing
the mass transfer effects on the stretching sheet. Later, the heat transfer characteristics of second grade fluid flow
past a stretched surface were well discussed by Rahman et al. [3]. More recently, Manzur et al. [4] carried on a study
regarding the heat transfer analysis on a mixed convection crossed flow past a stretching sheet.

Several industrial manufacturing processes involve non-Newtonian fluids such as paints, lubricants, polymeric sus-
pensions, biological fluids, animal blood, colloidal solutions, liquid crystals with rigid molecules, which cannot be
described by traditional Newtonian fluid behaviors. Therefore, to investigate the behavior of such fluids, researchers
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Fig. 1. Flow geometry of the problem.

applied the theory of micropolar fluid that was first formulated by Eringen [5,6]. Eringen’s micropolar fluid theory is ca-
pable of describing the class of fluids that has microscopic effects from the micro-motions and local structure of the fluid
element. In other words, in the theory of micropolar fluid, two new variables of the velocity are added which were not
present in the Navier-Stokes model. These are micro-rotations variables that represent spin and micro-inertia tensors
which describe the distribution of atoms and molecules inside the microscopic fluid particles. Since then, many authors
have investigated various flow (viscous/inviscid, steady/unsteady, two/three dimensional, normal/oblique and assist-
ing/opposing) and heat transfer (steady/unsteady, two/three dimensional) problems involving micropolar fluids. Ari-
man [7] illustrated the applications of a micropolar fluid. Moreover, similarity solution (Ahmadi [8]), stagnation point
flow (Hiemenz [9]), axi-symmetric flow (Homann [10]), stretched flow (Nazar et al. [11]), unsteady flow (Xu et al. [12]),
radiation effect on flow through non-Darcian and Darcian porous medium (Eladahak and Ghonain [13], Eladahab and
Aziz [14], Raptis [15]) of micropolar fluids over different configurations have been discussed. MHD natural convection of
micropolar fluids in a square cavity with centrally located heat source was analyzed by Muthtamilselvan et al. [16]. The
authors obtained in their study that the vortex viscosity parameter causes the diminution of the heat transfer rate of the
enclosure. The influence of natural convection in a wavy enclosure with micropolar fluid was investigated by Gibanov
et al. [17]. They found that the heat transfer rate decreases due to the increase in the vortex viscosity parameter, higher
Rayleigh numbers make the fluid circulation inside the cavity upsurge. Many others [18,19] worked on related areas.

Physical phenomena such as the Soret effect or thermal diffusion effect and the Dufour effect or diffusion-thermo
effect have significant involvement in isotope separation, hydrology nuclear waste disposal and geothermal energy.
Hayat et al. [20] investigated the influence of Soret and Dufour effects in a 3D stretched flow. In their study it is
found that the Dufour effect enhances the non-dimensional fluid temperature while the Soret effect diminishes the
concentration of the fluid concerned. Reddy et al. [21] explored the Soret effect on a mixed convection flow in a nanofluid
under convective boundary condition. Farooq et al. [22] studied the Soret and Dufour effects on a three-dimensional
Oldroyd-B fluid. It is noticed in their study that an increase in the Deborah number augments the velocity distribution
profile for the case of the retardation parameter and the opposite effect occurs for the relaxation parameter. Many
other researchers [23–27] discussed the Soret and Dufour effects under different conditions.

The main purpose of the present paper is to investigate the heat and mass transfer effects on the cross flow of
micropolar fluids subject to binary chemical reaction and Arrhenius activation energy over a thin needle moving in
a parallel stream. The present article includes the mathematical formulation for such flows. Most importantly, the
influences of the dimensionless governing parameters on the velocity, temperature and concentration profiles in cross
flows are studied and displayed with the help of graphical data. Also, the computed results of local skin friction, local
Nusselt number and local Sherwood number are analyzed and presented through graphs and tables. To our knowledge,
the current study is significant and not investigated yet.

2 Mathematical modeling and formulation

In this problem we consider the steady flow of a viscous incompressible micropolar fluid over a thin needle having
radius r = R(x) and moving with a constant velocity Uw(x) in a parallel free stream where r and x represent the
radial and axial coordinates. The temperature and concentration of the fluid (Tw, Cw) are higher than those of their
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free stream value (T∞, C∞). The physical model describing the flow geometry and the associated coordinate system
are shown in fig. 1. In this case we make the following assumptions:

i) The thickness of the needle is comparable to or smaller than that of the momentum and thermal boundary layer
over it.

ii) The influence of the curvature in the transverse direction is preeminent.

iii) The pressure gradient along the needle is neglected, i.e.
∂p
∂x = 0.

iv) The viscous dissipation and radiative heat transfer effects are neglected.
v) The cross flow (Soret and Dufour effects) is taken into consideration.
vi) The binary chemical reaction and activation energy are included.

Under the aforementioned assumptions the boundary layer equations representing the conservation of mass, mo-
mentum, energy and concentration of the viscous cross flow over a thin needle are [22–24,27–29]
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Here, u and v, respectively, are the velocity components in the axial and radial directions, ρ is the density of the
fluid, µ is the dynamic viscosity of the fluid, k is the vortex viscosity of the fluid, T and C are the fluid temperature
and concentration, respectively, T∞ and C∞ are the temperature and concentration of the ambient fluid. We set m
as a constant with 0 ≤ m ≤ 1. The case m = 0 represents N = 0 at the surface. It implicates that the flow of a
concentrated particle where the microelements are closed to the wall surface is unable to rotate. This case may be
designated as strong concentration of microelements. The case m = 0.5 represents the vanishing of the antisymmetric
part of the stress tensor indicating a weak concentration of microelements. Finally the case m = 1 is usually adopted
for the modeling of turbulent boundary layer flows. We assume that the spin gradient viscosity (γ) is defined as
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where K = k
µ is the material parameter. This assumption is taken into consideration in order to allow the field of

equations to predict the correct behavior in the limiting case when the microstructure effects become negligible and the
total spin N reduces to the angular velocity. α is the thermal diffusivity, βT is the thermal expansion coefficient, g is
the gravitational acceleration, D the mass diffusion coefficient, cs is the concentration susceptibility, cp is the specific
heat at constant pressure, Tm is the fluid mean temperature and kT is the thermal diffusion. In eq. (5), the term
k2

r( T
T∞

)n exp(− Ea

kBT ) represents the modified Arrhenius equation in which k2
r is the reaction rate, Ea is the activation

energy and kB = 1.38 × 10−23 J/K is the Boltzmann constant.
The boundary conditions for the problem are

u = Uw(x), v = 0, N = −m
∂u

∂r
, T = Tw, C = Cw, at r = R(x),

u → U∞(x), N → 0, T → T∞, C → C∞, as r → ∞. (7)

The transformations used for non-dimensionalization [29] are
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, (8)

where the velocity components u and v satisfy eq. (1) identically. Further, U = Uw +U∞ �= 0 is the composite velocity
and f(η) represents the dimensionless stream function. By setting η = A (referring to the wall of the needle) in eq. (6),
we get R(x) = (Avx

U )1/2 (establishing the shape and size of the surface of revolution).
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Table 1. Comparison of f ′′(A) at δ = 1, K = λ = 0.

A Ishak et al. [28] Chen and Smith [29] Afiridi and Qasim [30] Present results

0.1 1.2888 1.28881 1.28872 1.288778

0.01 8.4924 8.49244 8.49127 8.492479

0.001 62.1637 62.16372 62.16369 62.16781

With the help of eq. (8), eqs. (2)–(7) take the form
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Here fη denotes the differentiation of f with respect to η, fηη denotes the double differentiation of f with respect to
η etc., λ is the mixed convection parameter (Richardson parameter) with positive values of λ implicating the cooling
of the needle surface by the nanofluid, Grx is the local thermal Grashof number, Rex is the local Reynolds number,
Pr is the Prandtl number, Df is the Dufour number, Sr is the Soret number, Sc is the Schmidt number, Ω is the
temperature ratio parameter, E is the non-dimensional activation energy, Γ is the chemical reaction parameter and δ
is the velocity ratio parameter.

The local skin friction coefficient, wall couple stress, local Nusselt number and local Sherwood number which are
defined, respectively, as
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where Rex = Ux
υ is the local Reynolds number.

3 Solution method and validation

Results obtained by means of Runge-Kutta Fehlberg fourth- fifth-order (RKF-45) method are endorsing that the tool
is well-matched, efficient, accurate, appropriate and reliable to examine the solutions of nonlinear problems. In table 1,
the accuracy of the present method can be verified by comparing with the previous results of Ishak et al. [28], Chen
and Smith [29] and Afridi and Qasim [30] where it is observed that there is a good agreement between them. The good
agreement is related to the observation that an increase in the size of the needle enhances the skin friction coefficient
significantly.

In table 2, we observe that the values of skin friction coefficient for size of the needle and velocity ratio parameter
are in good agreement with those of Afridi and Qasim [30].



Eur. Phys. J. Plus (2019) 134: 427 Page 5 of 12

Table 2. Comparison of (Rex)0.5Cfx at K = λ = 0.

A δ Afridi and Qasim [30] Present results

0.2 0.7 1.100352 1.100325

0.01 2.662191 2.662169

0.001 6.139201 6.139202

0.01 1 6.792972 6.792972

0.6 1.320117 1.320171

0.3 −2.559024 −2.559025

0.0 −6.111587 −6.111587

Fig. 2. Effect of K, δ, λ and A on f ′(η).

4 Statements of the results and discussion

The unique and salient feature of the present work including the numerical simulation of the transformed equations
governing the boundary layer cross flow of micropolar fluids over a thin needle moving in parallel stream has been
addressed. The influence of Soret and Dufour effects on the flow, heat and mass transfer of micropolar fluids subject to
binary chemical reaction and Arrhenius activation energy has been explored. Numerical computations have been carried
out for the dimensionless linear velocity, angular velocity, temperature and concentration distributions accordingly
with the skin friction coefficient due to linear velocity (Rex)0.5Cfx, skin friction coefficient due to angular velocity
(Rex)0.5Cgx, Nusselt number (Rex)−0.5Nux and Sherwood number (Rex)−0.5Shx. The effects of the involved diverse
flow parameters like material parameter or micropolar parameter K, velocity ratio parameter δ, Richardson parameter
or mixed convection parameter λ, size of the needle A, Dufour number Df and Prandtl number Pr, Soret number Sr,
chemical reaction parameter Γ , non-dimensional activation energy E and temperature ratio parameter Ω on the flow,
thermal and concentration boundary layers are evaluated through graphical results (figs. 2–6) and their interpretation
is done in a detailed discussion. The default values of the parameters are set as A = 0.5, Γ = Ω = E = m = Sr =
Df = 0.2, Pr = Sc = K = n = δ = λ = 1 unless otherwise specified.

4.1 Variation in velocity field

Figure 2 shows the variation of the dimensionless velocity of the micropolar fluid in response to material parameter
K, velocity ratio parameter δ, Richardson parameter λ and size of the needle A. Figure 2(a) shows that the increment
in K diminishes the fluid flow much gentler with distinct overshoots near the surface of the needle. This is because
near the surface of the needle the vortex viscosity overrides the dynamic viscosity of the fluid. Also, velocity profiles
increase as δ augments with and without vertex viscosity. Physically, it is true because the free stream velocity is
higher than the velocity of the needle. It is peculiar to observe that the presence of vertex viscosity influences the flow
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Fig. 3. Effect of K, δ, λ and A on g(η).

in the sense that the flow is significantly raised in comparison to the situation with no vertex viscosity. This is due
to the fact that for K = 0, linear-momentum and angular-momentum equations are uncoupled and eqs. (2) and (3)
become the classical Navier-Stokes equations which are incapable of exhibiting effects like wall coupled stress. This is
the situation when the micromotion of fluid particles is negligibly small and does not affect the macromotion of the
fluid. Figure 2(b) indicates that a greater size (A) of the needle weakens the fluid flow effectively near the surface of
the needle while the opposite trend is attained far away from the surface of the needle. The rationale behind such
decreasing trend is that with the increasing size of the thin needle, the contact surface between the thin needle and
the fluid particles is enhanced. As a result the drag force augments thereby the flow velocity declines. Moreover, the
thickness of the velocity boundary layer increases with the enhancement of the needle size. The mixed convection
parameter (λ) plays an important role in the boundary layer assembly. In this figure, it is seen that the increasing
trend of the velocity field is attained due to the increase in the mixed convection parameter (λ) regardless of the size of
the needle (A = 1 and A = 2) and for each λ an overshoot appears near the surface of the needle. In fact, an increase
in λ accounts for a stronger buoyancy force that favours the vertical flow near the needle surface. As a consequence,
the decreasing velocity boundary layer is developed in the concerned flow domain. Further, the rationale behind the
formation of the peaks/overshoots near the needle surface is that the buoyancy force makes the velocity of the fluid
contiguous to the needle surface greater than the free stream velocity.

Figure 3 portrays the trajectories of non-dimensional angular velocity g(η) for varying values of material parameter
K, velocity ratio parameter δ, Richardson parameter λ and size of the needle A. Figure 3(a) illustrates that an increase
in K upsurges the dimensionless angular velocity g(η) with overshoots near the surface of the needle. It is understood
that larger K implicates a greater vortex viscosity leading to an enhanced micromotion of the fluid particles. It is found
that an augmented δ leads to a rise in g(η) regardless of the values of K. However, this increment is more evident for
a higher value of K(K = 2) compared to a lower value of K(K = 1). Initially at the surface of the needle (η = 0) the
micromotion of the fluid particles remains the same for all K(K = 1, 2) and δ(δ = 0.5, 0.6, 0.6). As we go away from
the surface of the needle (η increases), the micromotion g(η) rises and then attains a maximum value at a particular
value of η and with further increase of η (towards the ambient fluid), the micro motion g(η) gradually decreases
asymptotically irrespective of the values of K and δ. Near the surface of the needle, the micromotion g(η) attains a
maximum, gmax(η), for K = 2 and a minimum, gmin(η), for K = 1 which are represented by the corresponding peaks in
fig. 3(a). In the region far away from the surface of the needle the angular velocity g(η) of the fluid particles for K = 2
dominates over g(η) for K = 1 as is visualized in fig. 3(a). The behaviour of the micromotion of the fluid particles in
response to Richardson parameter λ and size of the needle A can be seen in fig. 3(b). The increase in A diminishes
the micromotion g(η) significantly. Further the rate of decrease of the micromotion g(η) is greater for A = 0.6 than
for A = 0.8. This is because a greater size of the needle creates more drag force thereby reducing the micromotion of
the fluid particles. Again, an increase in λ weakens the micromotion of the fluid particles g(η) regardless of the size of
the needle.
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Fig. 4. Effect of K, δ, Df , A, Pr and λ on dimensionless temperature.

4.2 Variation in temperature field

Figure 4 shows the thermal behavior of the micropolar fluid in response to material parameter K, velocity ratio
parameter δ, Richardson parameter λ, size of the needle A, Dufour number Df and Prandtl number Pr. To start
with, the temperature profiles provide directly proportional relation with the material parameter K. It is of interest
to observe from fig. 4(a) that an increment in K enhances the non-dimensional temperature θ(η) asymptotically. This
is because augmenting the vortex viscosity decelerates the fluid motion which in turn increases the thermal resistance
of the fluid. Also, an increase in δ upsurges θ(η) in the absence as well as in the presence of vertex viscosity. As a
consequence, the thermal boundary layer gets improved. One should pay attention to the fact that an increase in free
stream velocity enhances the kinetic energy of the fluid molecules thereby increasing the thermal resistance of the fluid.
Figure 4(b) is presented to analyze the behaviour of θ(η) in the sense that θ(η) increases due to the rise of the size
A of the needle. These results are very significant for the flow where the heat transfer is dominant. The temperature
fields show the formation of an ascending thermal boundary layer. By increasing the size of the needle the greater area
in contact with the fluid particles generates more drag force which slows down the fluid motion thereby upsurging
the thermal resistance. However, an opposite trend can be seen for greater values of η. One can easily observe from
this plot that θ(η) increases due to the increase in Dufour number Df and consequently also does the boundary layer
thickness, whatever A. This is because a greater Dufour number indicates more heat transfer due to the concentration
gradient. From fig. 4(c) it is obvious that the fluid temperature and thermal boundary layer thickness increase as
Pr decreases. Physically, a higher Prandtl number indicates a lower thermal diffusion contributing a lower diffusion
of heat through the fluid indicating a low fluid temperature. As a result, a low wall temperature gradient develops
a thinner thermal boundary layer. A similar behavior is envisaged for θ(η) in response to an increase in λ. At the
same time, the temperature fields illustrate a formation of a decreasing thermal boundary layer. This means that the
thermal boundary layer shrinks. It is obvious that a greater λ indicates a stronger thermal buoyancy force producing
a larger flow velocity which contributes a low thermal resistance.

4.3 Variation in concentration field

Figure 5 clearly shows the behaviour of the concentration field φ(η) in response to material parameter K, velocity
ratio parameter δ, Richardson parameter λ, size of the needle A. The dimensionless concentration distribution can be
controlled significantly by the effect of K and δ. An increase in K and δ upsurges the concentration φ(η) leading to the
enhancement of the concentration boundary layer thickness (fig. 5(a)). A bigger A makes a greater contact area with
numerous fluid particles leading to enhance their concentration in the related boundary layer. An increase in λ shows a
decline trend regardless the size of the needle. As a result, the surface concentration gradient gets reduced. It is easy to
see that a stronger buoyancy force strengthens the upward flow of the fluid particles thereby reducing the availability of
fluid particles near the surface of the thin needle. Furthermore, interesting phenomena can be found in fig. 6. It shows
the behavior of the concentration distribution φ(η) with respect to Schmidt number Sc and Soret number Sr. An
increase in Sc reduces the φ(η). Physically, an increase in Sc decreases the molecular diffusivity which in turn diminishes
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Fig. 5. Effect of K, δ, λ and A on dimensionless concentration.

Fig. 6. Effect of Sc, Sr, Γ and Ω on dimensionless concentration.

the fluid concentration. An Augmentation in Soret number Sr improves the concentration profiles φ(η) for both Sc =
0.62 and Sc = 1. As a result, a thicker concentration boundary layer is developed (fig. 6(a)). The Soret effect is the mass
transfer due to the temperature gradient. A greater Soret number accounts for the improvement of the concentration
profiles. Figure 6(b) gives the information that an increase in the chemical reaction parameter Γ and velocity ratio
parameter δ decreases the concentration field leading to a diminution of the surface concentration gradient.

4.4 Variation in skin friction coefficient, Nusselt number and Sherwood number

Figure 7 depicts the behavior of the local skin friction coefficients (Rex)0.5Cfx and (Rex)0.5Cgx in response to different
material parameter K and size of the needle A. It is observed from fig. 7(a) that the skin friction due to linear velocity
decreases with increasing the material parameter K and size of the needle A. However, the rate of fall is less in the
presence of vortex viscosity in the flow domain. Figure 7(b) reveals that the shear stress associated with angular
velocity shows the same descending trend in response to an incremented A (a greater contact area producing more
fluid friction) whereas an opposite trend can be found for augmented K (a greater vortex viscosity leads to a greater
angular velocity). It is interesting to observe that in the absence of vortex viscosity (K = 0) associated with a lower
size of the needle, the corresponding shear stress remains the same (represented by the straight line in the figure)
throughout the boundary layer.
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Fig. 7. Effect of K, δ and A on skin friction coefficient.

Fig. 8. Effect of K, δ, A, Df , λ and Pr on Nusselt number.

Figure 8 shows the heat transfer characteristics against velocity ratio parameter δ and Prandtl number Pr under
the impact of A, K and Df , λ respectively. Figure 8(a) shows that an increase in A and K decreases the heat transfer
rate from the surface of the needle at each value of δ (enhanced A and K augment fluid temperature). Figure 8(b)
demonstrates that an increase in Df reduces the heat transfer rate (temperature growth due to rise in Df ) regardless
of the values of λ (in the presence as well as in the absence of mixed convection). However, an increase in λ is in favor
of a better heat transfer enhancement (a greater buoyancy force diminishes the temperature), whatever Df .

Figure 9 illustrates the mass transfer characteristics against velocity ratio parameter δ and Schmidt number Sc
in response to different A, K and Df , Sr, respectively. Figure 9(a) shows that an increase in A and K diminishes
the mass transfer rate at each value of δ. Figure 9(b) shows that an increase in Df enhances the mass transfer
rate while that of Sr show a reverse trend in the mass transfer rate (because a greater Sr yields a greater fluid
concentration). Figure 10 shows the mass transfer characteristics against the chemical reaction parameter Γ for
different non-dimensional activation energy E and temperature ratio parameter Ω. As E increases, the mass transfer
rate decreases while an increase in Ω augments the mass transfer rate regardless of the values of E.

Table 3 enlists the numerically computed values of skin friction coefficient due to linear velocity (Rex)0.5Cfx,
skin friction coefficient due to angular velocity (Rex)0.5Cgx, Nusselt number (Rex)−0.5Nux and Sherwood number
(Rex)−0.5Shx showing the characteristic features of surface shear stresses, rate of heat and mass transfers from the
surface of the thin needle in response to different values of K, δ, Df , λ, Sc, E at fixed A = 0.1, Γ = Ω = m = Sr = 0.2,
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Fig. 9. Effect of K, δ, A, Df , Sr and Sc on Sherwood number.

Fig. 10. Effect of E, Γ and Ω on Sherwood number.

Pr = n = 1. It is understood from the table that an increase in material parameter K reduces the shear stress due
to linear velocity, heat transfer and mass transfer rates from the surface of the thin needle while it shows an opposite
pattern for shear stress due to the angular velocity. It is noticeable that the augmented velocity ratio parameter δ is
responsible for the enhancement of shear stresses due to the linear and angular velocity while it causes a decrease in both
heat and mass transfer rates from the surface of the thin needle. An incremented Richardson parameter λ augments
all the shear stresses, heat and mass transfer rates. an enhanced Schmidt number Sc augments both the shear stresses
and Sherwood number (Rex)−0.5Shx while a reverse trend is exhibited for Nusselt number (Rex)−0.5Nux. An increase
in the non-dimensional activation energy E decreases both the shear stresses and Sherwood number (Rex)−0.5Shx

while a growing trend is present for Nusselt number (Rex)−0.5Nux.
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Table 3. Numerical values of skin friction coefficient, Nusselt and Sherwood numbers when A = 0.1, Γ = Ω = m = Sr = 0.2,
Pr = n = 1.

K δ Df λ Sc E (Rex)0.5Cfx (Rex)0.5Cgx (Rex)−0.5Nux (Rex)−0.5Shx

0 0.5 0.1 0.1 0.6 0.2 1.63598 0.06325 1.68786 1.69442

1 0.47695 0.10377 1.65483 1.67871

2 0.22757 0.18291 1.63356 1.66877

1 0.6 0.75728 0.25057 1.63772 1.67066

0.7 1.04392 0.47430 1.61629 1.66091

0.8 1.34581 0.80692 1.58981 1.64916

0.5 0.2 0.49406 0.10838 1.61430 1.68432

0.3 0.51111 0.11297 1.57303 1.68998

0.4 0.52812 0.11753 1.53101 1.69570

0.1 0.2 0.88967 0.18885 1.69964 1.70060

0.8 2.85043 0.55844 1.86019 1.78525

1.2 3.92347 0.74117 1.92731 1.82370

1 0.8 3.40859 0.65508 1.89056 1.89712

1 3.41406 0.65615 1.88537 1.97943

1.2 3.41862 0.65700 1.88036 2.05457

1 0.4 3.41310 0.65598 1.88703 1.95791

0.7 3.41192 0.65578 1.88907 1.93156

1 3.41100 0.65561 1.89065 1.91106

5 Concluding remarks

We have numerically investigated the Soret and Dufour effects on the flow and heat transfer mechanisms of micropolar
fluids over a thin needle moving in a parallel stream. Applications of Arrhenius activation energy include oil reservoir
and geothermal engineering areas. In the present analysis, the influence of binary chemical reaction and Arrhenius
activation energy on the mass transfer is examined. We have reached the following conclusions from the current
work:

– A down-trending flow is visualized due to an enhancement in the material parameter K and the size of the needle
A while a reverse behaviour of the flow appears due to a rise in the mixed convection parameter λ.

– It is found that greater K accounts for the augmentation of the strength of the microrotation of fluid particles.

– Augmented K, A, Df and δ upsurge the surface temperature gradient of the thin needle and the related boundary
layer thickness.

– It is observed that the presence of buoyancy force results in a significant effect on the flow and rate of heat transfer
of micropolar fluids for all governing parameters.

– The micropolar fluid concentration is an increasing function of the size of the needle A and Soret number Sr.

– The heat transfer rate of the micropolar fluid decreases with Dufour effect while the mass transfer rate shows a
quite opposite behavior with respect to it.
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