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The present investigation concentrates on studying the inertial eﬀects on steady hydromagnetic convection in a horizontal mushy layer of constant permeability. The analytical
study considers a model using a near eutectic approximation and a large far-field temperature through a modified perturbation technique. The dynamics of the mushy layer
is studied with the main objective of providing a suitable model which can inhibit the
formation of freckles which spoil the quality of the crystal formed associated with chimney convection during the solidification of a binary or a multi-component alloy. Our
results suggest that by a proper choice of magnetic and inertial parameters it is possible
to suppress chimney convection enormously in the case of hydromagnetic mushy layer
convection. The profiles of marginal stability curves, vertical velocity, magnetic field,
temperature and local solid fraction are presented, which clearly predict the behavior of
the system in an eﬀective way. The results are in excellent agreement with the available
results in the limiting cases.

Introduction. The phenomenon of chimney formation occurs during the solidification of a binary or a multi-component alloy. The occurrence basically constitutes four stages. At the first stage, the interface between the solid and the
liquid becomes dendrite due to the morphological instability and thus a mushy
layer is formed which is a reactive porous medium [18]. At the second stage,
the interfacial region, or the mushy layer, becomes buoyant due to the density
variations caused by the rejected components and thus a transition to convection
results. In other words, finger convection sets in. At the third stage, there will be
an interaction between the thermal fields and the convective motions, which results
in the generation of plumes. At the final stage, the plumes lead to chimney formation which are narrow cylindrical regions free from dendrites. These chimneys
are similar to the “freckles” or the imperfections observed in the solid formed and
have adverse eﬀects on the quality of the solid formed. This phenomenon occurs
in solidifying alloys [17]. Extensive theoretical as well as experimental literature
pertaining to the study of convection in mushy layers is available [7]. The study of
chimney formation has become an important study area in ocean dynamics [15],
geophysics [22], Earth sciences [3, 16] and in metallurgy [19] because its occurrence
is found in a wide variety of areas like large alloy castings, Earth core, sea ice, lava
lakes, etc. [10]. Many works are based on the weakly non-linear simple models
of [1]and [2].
The main objective of the present study is to develop an eﬀective model which
can control the formation of chimneys which are responsible for causing the imperfections called “freckles” in the resulting alloy crystal during the solidification
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process of a binary alloy under suitable assumptions and approximations. There
are some experimental works with regard to magnetoconvection in mushy layers
during the solidification of alloys. For example, in [23] authors have studied the effect of a vertical magnetic field on the controlled solidification of metals and alloys.
In [4], the eﬀect of a horizontal magnetic field on convection in a horizontal mushy
layer was studied experimentally. The authors were able to observe a reduction
in chimney formation in the presence of the magnetic field. A weakly non-linear
analysis of magnetic convection in a mushy layer under a near eutectic temperature, a large far-field temperature and latent heat in the absence of joule heating
was performed in [13, 14]. Solutions in rolls and hexagons have been obtained,
and it is found that the eﬀect of magnetic field is to narrow down the subcritical
domain for the case of stable down-hexagons with the decrease of joule heating.
Authors in [5] studied numerically the eﬀects of variability on magnetoconvection
in an active mushy layer. They found that the magnetic field acts as a stabilizing
agent during the chimney formation, as expected, and the flow pattern was more
realistic when compared to the case of constant permeability. In [9], the inertia
eﬀects in a passive mushy layer in the absence of magnetic field were studied.
In [21], solutal convection in a mushy layer was studied analytically under gravity modulation. The obtained numerical results indicate that the eﬀect of inertia
terms is to increase the Rayleigh number and the vertical velocity in the mushy
layer. As expected, the inertial terms have a stabilizing eﬀect on convection in a
passive mushy layer. A thorough survey of the literature in this regard reveals that
no work has been undertaken to study the eﬀects of inertia and imposed external
magnetic field on convention in a mushy layer so far. Therefore, the present work
was undertaken to study analytically the eﬀects of inertia on magnetoconvection
in a passive mushy layer under a near eutectic approximation, a large far-field
temperature and latent heat using the Darcy’s law. The mushy layer so formed
during the solidification of a binary alloy is a porous layer and assumed to be
bounded from above and below by impermeable isothermal boundaries, so that
the Darcy law is applicable.
1. Mathematical formulation. The physical configuration consists of a
mushy layer (Fig. 1) formed during the solidification of a binary alloy that is
cooled from below. The solidification front moves with a constant velocity V0 in
the upward direction. The inertial eﬀects are considered and the whole system
is under the constraint of an externally imposed magnetic field H = (0, 0, H0 ) in

V

g

Fig. 1. Schematic diagram.
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the vertical z-direction. Here Te is the eutectic temperature at which the lower
mush-solid interface is maintained, and T∞ is the temperature of the liquid far
above the mushy layer (mush liquid interface). We consider a binary alloy melt
that is cooled from below and solidified at a constant velocity V0 and the resulting
horizontal mushy layer of thickness d adjacent and above the solidification front.
The mushy layer is assumed to be bounded from the above and below by rigid and
isothermal boundaries and it is treated as a porous layer, where the Darcy’s law
holds. The solidifying system is assumed to be subjected to an imposed external
vertical magnetic field with uniform strength H0 in the vertical direction antiparallel to the gravity vector. We consider a solidifying system in a moving frame
of reference translating at a velocity V0 with the solidification front in the upward
direction [6], [11]. Further, T0 is the liquidus temperature of the alloy such that
T∞ > T0 and the mushy layer is assumed to be in a state of thermodynamic
equilibrium so that
T = T0 L(C0 ) + Γ(C − C0 ),
(1)
where T is the temperature, C is the composition, Γ is the slope of the liquid, and
C0 is the composition of the liquid zone.
The governing dimensional equations given below for the hydromagnetic case
are taken from [6], [13, 14] and the consideration of the inertial term is as in [5].
The momentum equation with inertia and magnetic field is
[
]
µ
1
q·∇
µ
∂Hi
q+
∂t +
q−
Hj
=
π
1−ϕ
(1 − ϕ)
4πρ
∂xj
[
] [
]
∂ p
|H|2
δp
−
+µ
+ 1+
xi , (2)
∂xi ρ
8πρ
ρ0
the induction equation is
∂Hi
∂ui
∂Hi
+ Uj
= Hi
+ νm ∇2 Hi ,
∂t
∂xj
∂xj

(3)

the conservation of magnetic field is presented as
∂Hi
= 0,
∂xi

(4)

∇ · q = 0,

(5)

lh ∂ϕ
∂T
+ q · ∇T = κ∇2 T +
,
∂t
γ ∂t

(6)

the conservation of mass reads as

the equation conservation of heat is

the conservation of solute reads as
χ

∂C
∂ϕ
+ q · ∇C = [C − Cs ]
,
∂t
∂t

(7)

where q = {Ui } (i = 1, 2, 3), H = {Hi } (i = 1, 2, 3).
The boundary conditions are w = 0 for z = 0 and z = 1. Either
Dw = 0

(at the rigid boundary)

(8)
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or
D2 = 0 (at the free boundary).

(9)

H is continuous with an external field derived from the potential with the spatial
dependence exp{±az + i(ax x + ay y)} at the conducting boundary.
Scales. The governing equations which constitute the mathematical model
are derived in the dimensionless form by using the following scales for the velocity,
length, time, pressure, and temperature: the velocity scale U/V0 ; the time scale
κ/V02 ; the length scale κ/V0 ; the pressure scale p = κµ/π0 , the temperature scale
θ = (T − T0 )∆T ; the permeability function κ = π0 /π, H ∗ = H/H0 , where ∆T =
T0 − Te , ∆C = C0 − Ce .
The corresponding dimensionless equations are
I∗
Kq +
(1 − ϕ)

(

q·▽
(∂t − ∂z ) +
(1 − ϕ)

)
q = − ▽ p − Rθk̂ +

(∂t − ∂z ) H + (q · ∇)H = (∂z + H · ∇)q +

Q
(δz + H · ∇)H, (10)
τ
1 2
∇ H,
τ

(11)

(∂t − ∂z )(θ − sϕ) + q · ∇θ = ∇2 θ,

(12)

(∂t − ∂z )[(1 − sϕ)θ + Cϕ] + q · ∇θ = 0,

(13)

∇ · q = 0,

(14)

∇ · H = 0.

(15)

The dimensionless boundary conditions are
θ + 1 = w = 0,

H · k̂ = 0,

θ = ϕ = w = 0,

H · k̂ = 0, ,

at z = 0,

(16)

at z = δ.

(17)

The δ = dV0 /κ is the Peclet growth number and the dimensionless thickness
of the mushy layer, where the quantities have the following meaning:
ϕ = 1 − ψ is the local solid fraction, ψ is the local liquid fraction, p is the dynamic
pressure, π = π(ψ) is the permeability as a function of the local liquid fraction,
µ is the dynamic viscosity, t, T , κ, r, Lh are, respectively, the time, temperature,
thermal diﬀusivity, specific heat, and the latent heat per unit mass; ρ, ρ0 are the
densities, µ∗ is magnetic permeability, υm is magnetic viscosity, H is magnetic
field; Cs is the composition of the solid phase, υ is the kinematic viscosity, C is
the composition of the liquid phase, g = (0, 0, g) is the acceleration due to gravity, π(0) is the reference permeability, H0 is the strength of the magnetic field,
q = ui + vj + wk is the Darcy velocity vector per unit area, d is the mushy layer
thickness, π(ϕ) is the permeability of the medium (assumed to be finite), β is the
volume expansion coeﬃcient of combined heat, mass and solute [24], [20]; π(0) is
the reference value of permeability in porous media at ϕ = 0.
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2. Associated dimensionless parameters.
Ra =

β∇Cπ(0)g
is the Rayleigh number;
V0 µ

Lh
is the Stefan number;
γ∆T
κ
τ=
is the Roberts number;
νm

St =

C=

Cs − C0
is the concentration ratio;
∆C

Q=

µ∗ H02 π(0)
is the Chandrasekar number;
4πρ0 νm

π(0)
is the permeability function,
π(ϕ)
where T stands for the temperature, C0 is the composition of the liquid zone;
u, v, w are the horizontal and vertical components of q;
(i, j, k) are the unit vectors along the x, y, z axes;
π(0)
I∗ =
is an inertia parameter (the ratio of permeability to dynamic viscoµ
sity).
Nnote that the asterisk (∗ ) in the perturbed quantities is omitted for the sake of
simplicity.
All the variables q, t, θ, ϕ, z, H are dimensionless. In the case of variable
permeability, where it is a function of porosity or the local solid fraction, it is
expressed as K(x, y, z, t) = π(0)/π(ϕ), which is similar to the Kozney–Carman
relation [24]. The case of constant permeability corresponds to the decoupling of
permeability and porosity. In that case,
κ=

n

K(ϕ) = [1 − ϕ(x, y, z, t)] ,

n = 0; K = 1.

(18)

The present work is focused on the case of constant permeability, i.e K = 1.
3. Method of solution. The method of solution constitutes two stages, viz,
the basic state solution and the linear stability analysis.
3.1. Basic state solution. In the basic state, the velocity q = 0 and ∂/∂t =
0. Thus, we have the following set of equations, where the subscript ‘B’ indicates
the basic state,
(1 − ϕB )DθB + DϕB (C − θB ) = 0,

(19)

D2 θB + DθB − SDϕB = 0.

(20)

DPB − RθB = 0.

(21)

Here we take ϕB = δϕB0 , θB = δθB0 . Substituting the diﬀerential equations into
Eqs. (19) and (20) and solving them yield the following basic state solutions:
θB0 = −1 + eθ∞ − eθ∞ e−z or θB0 = −1 + zeθ∞ .

(22)

Finally, θB0 = C1 + C2 z, C1 = −1, C2 = eθ∞ , ϕB = δϕB0 = C3 + C4 z,
C3 = (1 + c + s)/s, and C4 = −eθ∞ /s.
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3.2. Linear stability analysis. To perform the linear stability analysis of the
perturbed system, the perturbation technique through the normal mode approach
is employed. The variables are expanded as follows:
(w, θ, ϕ, h3 ) = (0, θB , ϕB , H0 ) + ϵ(ŵ, θ̂, ϕ̂, hˆ3 ),

(23)

where
(ŵ, θ̂, ϕ̂, hˆ3 ) = [(w00 , θ00 , ϕ00 , h30 ) + I∗ (w01 , θ01 , ϕ01 , h301 )] eikx+σt ,

(24)

where ϵ ≪ 1 is the perturbation parameter, k is the horizontal component of the
wave number, α and σ are the growth rates of the disturbance. The perturbed
quantities are expanded in terms of I∗ which is assumed to be small.
Here w00 , θ00 , ϕ00 , h30 , w01 , θ01 , ϕ01 , h301 all are the functions of z only.
Applying curl twice and considering the z-component of the momentum equation
result in a system and this system can be expressed in the matrix form as
£α00 = 0,

(25)

where
£=


 D −α

 −DθB

 DθB

Dw
2

−α R00

0

D +D−α −σ
−(1−ϕB )(D−σ)+DϕB

−s(D−σ)
(θB −c)(D−σ)+DθB

0

0

2

2

2

2

−QD(D2 −α2 )
τ
0
0
(D2 −α2 )
D−σ+
τ









and
£α00 = (w00 , θ00 , ϕ00 , h300 )T ,
‘T’ denotes the transpose of the matrix.
The associated boundary conditions are
θ00 = w00 = h30 = 0 at z = 0 and θ00 = w00 = h30 = 0 at z = δ.

(26)

The solution of the zeroth order system is given by
R = R00 + I ∗ R01 ,

(27)

θ00 = − sin πz,

(28)

ϕ00 = A∗1 sin πz + A∗2 cos πz + k1 (z),

(29)

w00 = A1 sin πz + A2 cos πz + k2 (z),

(30)

h300 = A3 sin πz + A4 cos πz + k3 (z),

(31)

where k1 (z), k2 (z), k3 (z) are determined by the boundary conditions and are given
below.
K1 (z) = zA⋆2 ,

K2 (z) = (2z − 1)A2 ,

K3 (z) = (2z − 1)A4 .

(π 2 + α2 )A∗1
1
;
A∗1 = − , A∗2 =
s
πC3
]
C1 [ 2
A∗
A1 =
πA2 (c + 1) , A2 = 1 [(c + 1)(π + 1)] ;
C2
C2
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(
)
π π 2 + α2 A2 + π 2 A1 τ
;
A3 = −τ
2
(π 2 + α2 ) + π 2 τ 2
A4 = τ

π(π 2 + α2 )A1 − π 2 A2 τ
2

(π 2 + α2 ) + π 2 τ 2

.

(35)

(36)

Finally from Eqs. (49) and (52) we get the expression for R00 as
R00

[
]
(π 2 + α2 )
Q
=
A1 + πA4 .
α2
τ

(37)

The critical wave number αc will be apparent in Figs. 2–4. To compute the
total R, R01 has to be determined. For this purpose, we consider a higher-order
system O(I ∗ ) and derive analytical expressions for R01 , w01 , θ01 , ϕ01 , h301 . The
graphs are presented after computing for the specific values of the governing parameters. The solution of the first order system is obtained by using the solutions
of the basic state as well as the zeroth-order systems. The system is an inhomogeneous system given by
£α01 = f (α00 ),
(38)
where £ is the linear operator already defined. In order to solve the system, we
employ the solvability condition
ˆδ
⟨w0n , w00 ⟩ = ϵ,

⟨f, g⟩ =

f ·g dz.

(39)

0

The R01 is given by
R01 = −

2
α2 A1

{

[
]
)
2p2 A1 A2
π 2 C4 ( 2
2
A
+
A
(1
+
p
)
−
−
2
1
2
2p21
π
}
)(
)
πp2 ( 2
π + α2 A21 − A22 ,
4p1

(40)

where
p1 = (1 − C3 ), P2 =
C1 = −1, C2 = eθ∞ , C3 =

C4
,
p1

−(c + s + 1)
C2
−eθ∞
, C4 =
=
= DϕB .
s
s
s

(41)
(42)

In order to study the eﬀects of the inertial terms on the velocity, temperature,
solid fraction and magnetic field, we find w01 , θ01 , ϕ01 , h301 by using the basic
state as well as the zeroth-order results
w01 = C10 sin πz + C11 cos πz + b6 (z),

(43)

where
C10 =
D4 =
D11 = 1 −

c+2
,
τ

D4 C7 + πD5 C8
,
D42 + π 2 D52

Q
D21 + D23 + C9 ,
τ
D12 = c + 2,

D23

C11 =

D4 C8 + πD5 C7
;
D42 + π 2 D52

(44)

Q
D22 D11 + D24 D12 ; ,
(45)
τ
(
)
(
)2
= π 2 + α2 , D24 = − π 2 + α2 ; (46)
D5 =
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2

2

2

(c + 2)π 2 +

D21 = π (π + α )
π2 +
D22 =

1 2
(π + α2 )2
τ
;

1 2
(π + α2 )2
τ2

π 2 (π 2 + α2 )2
;
1
π 2 + 2 (π 2 + α2 )2
τ

[
]
π 2 A1 C4 s2
π(π 2 + α2 )sA2
C5 = − α2 R01 +
+
;
(c + 1)2
c+1

(47)

(48)

(49)

[
]
π 2 A2 C4 s2 π(π 2 + α2 )sA1
; C7 = − (π 2 + α2 )C5 + π(c + 2)C6 , (50)
+
2
(c + 1)
c+1
[
]
c+s+1
C8 = −(π 2 + α2 )C6 + π(c + 2)C5 ; C9 = −α2 R00 C2
,
(51)
c+1

C6 = −

h301 = C12 sin πz + C13 cos πz + b7 (z),
where
C12 =
C13 =

−πτ (π 2 + α2 )C11 + π 2 τ 2 C10
,
(π 2 + α2 )2 + π 2 τ 2

(53)

πτ (π 2 + α2 )C10 − π 2 τ 2 C11
,
(π 2 + α2 )2 + π 2 τ 2

(54)

θ01 = C14 sin πz + C15 cos πz + b8 (z),
where
C5 + (π 2 + α2 )C10 +
C14 =

C15 =

(56)

Q
π(π 2 + α2 )C12
τ
,

(57)

−α2 R00

ϕ01 = C16 sin πz + C17 cosπz + b9 (z),
C16 = −

C11 + π(1 − C3 )C14
,
π(c + 1)

(55)

Q
π(π 2 + α2 )C13
τ
,

−α2 R00
C6 + (π 2 + α2 )C11 −

where

(52)

C17 =

C10 − π(1 − C3 )C15
;
π(c + 1)

b6 (z) = (2z − 1)C11 ,

b7 (z) = (2z − 1)C13 ,

b8 (z) = (2z − 1)C15 ,

b9 (z) = (2z − 1)C17 .

(58)
(59)
(60)

4. Result and discussion. In Figs. 2–4, the graphs of R = R00 + I ∗ R01 are
presented for S = 3.2, C = 9.0, θ∞ = 0.6, 0.7, 0.8, Q = 0.1, 1, 3, 5 and τ = .0001.
For the computation of the total R, the values of I ∗ are taken as 0, 0.05 and 0.1,
respectively. The following observations are made.
(i) As discussed earlier, the solution procedure consists of three stages. At the
first stage, the basic state solution is obtained by considering the steady motionless
state and the corresponding boundary conditions. The solutions are the functions
of z only. These solutions are required for the linear stability analysis. At the
second stage, the perturbed system for the zeroth and first orders is considered
along with the boundary conditions.
(ii) The process starts with the solutions for w00 , h300 , θ00 , ϕ00 found by
solving the linear diﬀerential equations along with the boundary conditions. By
setting σ = 0, the marginal stability results are determined analytically for the
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experimental values of the parameters [8], for the Stephan number S, the concentration ratio C, the far-field temperature θ∞ , the Chandrasekar number Q and
for the inertia parameter I ∗ . From the higher order system which is an inhomogeneous system, R01 , w01 , h301 , θ01 and ϕ01 are determined by using the solutions
of the basic state and the zeroth order systems. In the solution process, the farfield temperature θ∞ is considered at the top boundary as Dθb = θ∞ at z = δ.
Since the first order system is an inhomogeneous system, we apply the solvability
condition which was defined earlier.
The results (Figs. 2–4) show that the marginal stability curves are extremely
sensitive to the far-field temperature. The eﬀect of the magnetic field is to stabilize
the system, as in the case of Rayleigh–Benard convection (Fig. 3). Also, as θ∞
increases, R decreases there by indicating the destabilizing nature of θ∞ (Fig. 4).
The presence of the inertia term enhances the value of R as expected. Thus, the
chimney formation could be suppressed by considering the eﬀects of the uniform
magnetic field and the inertial eﬀects.
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R vs. α, Q = 1.

140

120

100

R

Q = 0, 1, 3, 5.

80

60

40
20
2

3

4

5

6

7

8

9

α

Fig. 3.

R vs. α.
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R vs. α, Q = 3, I ∗ = 0.3.
I ∗ = 0.06

I ∗ = 0.03

I∗ = 0

w

z

Fig. 5.

w vs. z for Q = 1, s = 3.2, c = 9.

Table 1. w(z) = w00 + I ∗ w01
z

I∗ = 0

I ∗ = 0.03

I ∗ = 0.06

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0
1.634605883
3.730626110
5.927531241
7.854916472
9.168759608
9.585096508
8.907817606
7.047864556
4.031947936
-0.000067355

0
1.610837317
3.685838481
5.866425839
7.878368618
9.094482686
9.515043741
8.848740549
7.005334689
4.009811259
–0.000066814

0
1.587068752
3.641050854
5.80532044
7.712455888
9.020205769
9.44499097
8.789663502
6.962804822
3.987674582
–0.000066262

The profiles of w = w00 + I ∗ w01 , h3 = h300 + I ∗ h301 , θ = θ00 + I ∗ θ01 ,
ϕ = ϕ00 + I ∗ ϕ01 are drawn for I ∗ = 0, 0.03, 0.06 (Figs. 5–8), respectively.
From Fig. 5 and Table 1 it is observed that (i) the eﬀect of increase of the
inertia parameter I ∗ is to reduce the vertical component of the velocity w; (ii) w
decreases as I ∗ increases from 0.0 to 0.06 for z; (iii) it is maximum at the middle of
the layer; (iv) the variation of w with respect to z is remarkable: in the beginning
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I∗ = 0

I ∗ = 0.03
I ∗ = 0.06

h3

z

Fig. 6.

h3 vs. z for Q = 1, s = 3.2, c = 9.

Table 2. h3 (z) = h300 + I ∗ h301
z

I∗ = 0

I ∗ = 0.03

I ∗ = 0.06

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

6.107E-05
0.000104735
.000129576
0.00013602
0.000126293
0.000104203
7.47697E-05
4.37312E-05
1.69826E-05
–9.279E-09

6.0918E-05
0.000104538
0.000129424
0.000135973
0.000126379
0.000104414
7.50612E-05
4.40288E-05
1.71877E-05
–9.285E-09

6.0766E-05
0.000104341
0.000129271
0.000135926
0.000126465
0.000104624
7.53527E-05
4.43264E-05
1.73928E-05
–9.291E-09

it increases drastically and then proceeds towards left. Further the non-uniformity
of the velocity profile decreases as I ∗ increases, which clearly indicates that the
eﬀect of inertia is to suppress the formation of chimney convection.
From Fig. 6 and Table 2, the profile of the total h3 indicates that (i) h3 > 0 for
all z, Q = 1, I ∗ = 0,0.03, 0.06; (ii) it increases continuously and reaches maximum
at z = 0.4 and then proceeds towards left. A parabolic profile with opening
towards left is observed. The figure reveals that for z < 0.4 the values of h3
decrease as I ∗ increases from 0 to 0.06, whereas for z > 0.4 the values of h3
increase as I ∗ increases.
From Fig. 7 and Table 3 it is observed that the total θ is negative for all I ∗
and z. The values of |θ| increase as I ∗ increases from 0 to 0.06. As z increases
from 0 to unity, the values of |θ| increase and reache their maximum at the middle
of the layer and then proceeds towards right. The profile is parabolic with opening
towards right. The eﬀect of inertia is to increase the non-linearity as I ∗ increases.
This is in conformity with the behavior of the velocity profile.
When compared to the hydrodynamic case in the presence of inertial eﬀects,
these results clearly suggest a proper choice of the governing parameter for the
suppression of the freckle formation during the solidification process of binary or
multi-compressent alloys.
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I∗ = 0

I ∗ = 0.03

I ∗ = 0.06

θ

z

Fig. 7.

θ vs. z for Q = 1, s = 3.2, c = 9.

Table 3. θ(z) = θ00 + I ∗ θ01
z

I∗ = 0

I ∗ = 0.03

I ∗ = 0.06

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

0
–0.309017693
–0.587786441
–0.80901829
–0.951057424
–1.000000000
–0.951055154
–0.809013972
–0.587780498
–0.309010706
7.34641E-05

0
–0.314717509
–0.597135118
–0.819980948
–0.96181445
–1.009125162
–0.957655214
–0.81281612
–0.58915906
–0.3089505
7.41346E-05

0
–0.320417325
–0.606483794
–0.830943606
–0.972571476
–1.018250324
–0.964255274
–0.816618269
–0.590537622
–0.308890293
7.48049E-05

Fig. 8 illustrates the behavior of the local solid fraction in the presence of
inertial eﬀects for the case of hydromagnetic convection in a mushy layer. The
value of ϕ is negative except for z = 1.0. The values of |ϕ| increase till z = 0.3
and then drastically decrease and proceed towards right. The value z ≥ 0.6 and
the values of |ϕ| increase as I ∗ increases, whereas for z ≥ 0.7 the values decrease
as I ∗ increases. It was observed that the behavior of the profile in the external
magnetic field slightly diﬀered.
5. Conclusions. The following are the important conclusions drawn from
the present investigation.
A very sparse literature exists to discuss hydrodynamic or hydromagnetic
convection in a mushy layer under diﬀerent types of constraints. No analytical
research is available with regard to mushy layer convection in the presence and
absence of magnetic fields. That is why the present work was undertaken and the
mathematical model was presented along with the necessary assumptions.
The method of analysis constitutes the application of modified perturbation
technique. The Rayleigh number was defined by setting σ = 0, and the results are
in excellent agreement with the available numerical results in the limiting cases.
Although the analytical procedure is quite tedious, the results are accurate and
well justified.
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I ∗ = 0.06
I ∗ = 0.03
I∗ = 0

ϕ

z

Fig. 8.

ϕ vs. z for Q = 1, s = 3.2, c = 9.

Table 4. ϕ(z) = ϕ00 + I ∗ ϕ01
z
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

I*=0
-0.47599999
-0.596870823
-0.663974941
–0.675403147
–0.634696204
–0.550498252
–0.435710651
–0.306229106
–0.179387672
–0.072261971
0.000022958

I*=0.03
–0.484322259
–0.606446077
–0.673947358
–0.684959481
-0.643145404
–0.557339104
-0.440680846
–0.30933091
–0.180887708
–0.072665122
0.000023154

I*=0.06
–0.492644519
-0.616021332
–0.683999198
–0.694515815
–0.651594604
–0.564179957
–0.44565104
–0.312432713
–0.182387745
–0.073068271
0.000023351

The method has been found to be very elegant and eﬀective in predicting
the cumulative eﬀect of the externally imposed magnetic field and inertial eﬀects
on convection in a mushy layer. The main objective of all researchers was to
provide a suitable mathematical model which can predict the conditions under
which the formation of freckles could be avoided during the solidification process
of binary alloys. This in turn facilitates the non-formation of chimneys that are
formed due to the morphological instability at the interface of the mushy layer and
the solid phase. Through the present analytical approach it was shown that the
complete solution of the basic, zeroth and first order systems could be accurately
determined. This has not been undertaken in the available literature and hence
the present work is first of its kind.
Finally, it is concluded that the introduction of the inertial eﬀects suppresses
the formation of freckles and enhances the non-uniformity present in the temperature magnetic field and increases the solid fraction of the mushy layer. Therefore,
through a proper choice of the inertia and magnetic parameters it is possible to
have a complete control over the formation of chimneys during the solidification
of binary alloys.
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