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Abstract 
In present paper, certain aspect of shock wave in non-ideal gas, when magnetic 
field is orthogonal to the trajectories of the gas particles and electrical conduc-
tivity is taken to be infinite, is investigated. Considering one-dimensional un-
steady non-planer motion, basic equations, its general solution and formation 
of shock-wave, conservation laws and jumps conditions, variation of area of 
non-uniform cross section and analytical solution of strong non planer shock 
is obtained. 
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1. Introduction 

The assumption that the medium is an ideal gas is no more valid when the flow 
takes place in extreme conditions. Anisinov and Spiner [1] have studied a prob-
lem of point explosion in low density non ideal gas by taking the equation of 
state in a simplified form which describes the behaviour of medium satisfacto-
rily. Robert and Wu [2] have studied the gas that obeys a simplified Vander 
Waal’s equation of state. Assuming that the piston is moving with time accord-
ing to law given by Steiner and Hirschler [3], Vishwakarma et al. [4] have inves-
tigated the one dimensional unsteady self-similar flow behind a strong shock, 
driven out by a cylindrical or spherical piston in a medium which is assumed to 
be non-ideal and which obey the simplified Vander-Waal’s equation of state as 
considered by Robert and Wu [5]. Madhumita and Sharma [6] have considered 
the model equation for a low density gas, which describes the behaviour of the 
medium satisfactorily for implosion problems where the temperature attained by 
the gas motion in the strong shock limit is very high. Vishwakarma et al. [7] 
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have considered the propagation of magneto-gas dynamic cylindrical and 
spherical shock waves in gas with decreasing density. 

At higher temperature the gas is in ionised state, i.e. the gas is electrically 
conducting. The study of flow problems of such gases has been receiving con-
siderable interest for the last several decades [8]-[20]. Such studies are important 
in connection with astrophysical [21] [22] and geophysical [23] problems also. 
Re-entry problem of intercontinental ballistic missiles and supersonic projectiles 
are two engineering applications of such flows. Because of such engineering ap-
plications many engineers and aerodynamicists joining the astrophysicists and 
geophysicists have extensively studied the dynamics of electrically conducting 
gases moving in a magnetic field. When an electrically conducting gas moves in 
magnetic field, electric field is induced in it and electric currents start flowing in 
the gas. The magnetic field exerts forces on these currents which may considera-
bly modify the flow. Conversely, the currents themselves modify the magnetic 
field. Thus we have a very complex interaction between the magnetic and gas 
dynamic phenomena and hence the gas flow must be explained by combining 
the field equations with those of gas dynamic equations. 

In present paper, certain aspect of shock wave in non-ideal gas, when mag-
netic field is orthogonal to the trajectories of the gas particles and electrical 
conductivity is taken to be infinite, is investigated. Considering one-dimensional 
unsteady non-planer motion, basic equations, its general solution and formation 
of shock-wave, conservation laws and jumps conditions, variation of area of 
non-uniform cross section and analytical solution of strong non planer shock is 
obtained. It is concluded that the manner of formation of a shock wave in mag-
netogasdynamics is the same as that in ordinary gasdynamics. But since ea  is 
larger than a speed of sound for ideal gas case, the shock wave formation will be 
faster in magneto-gas-dynamics for non-ideal gas.  

2. Basic Equations and Formation of Shock Wave 

If we consider the case when electrical conductivity is very high and transverse 
magnetic field is to be orthogonal to the trajectories of fluid particles, then equa-
tions governing the one dimensional motion of unsteady non-ideal gas in pres-
ence of magnetic field when dissipative effects are neglected are given by [11] 

, , , 0t x xu uρ ρ ρ+ + =                       (2.1) 

, , , ,
1 0t x x x

Hu uu p Hµ
ρ ρ

+ + + =                  (2.2) 

, , , 0,t x xH uH Hu+ + =                      (2.3) 

and 

( ){ }, ,
0,t t x

E u E p+ + =                     (2.4) 

where , , , tu H pρ  are density, fluid velocity, magnetic field, total pressure de-
fined by 
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2

,
2t
Hp p µ

= +  

p  being non-ideal gas pressure and 
2

2
Hµ

 is magnetic pressure, µ  being  

magnetic permeability and a comma followed by an index implies partial deriva-
tive with respect to that index. E is the total energy density given by 

21 ,
2

E e uρ ρ= +                          (2.5) 

where e is the internal energy given by 
2 2

,
2 1 2v
H V b He C T pµ µ

γ
−

= + = +
−

 

T being temperature and 1V
ρ

= . 

Following Robert and Wu [5], we consider the equation of state for non-ideal 
gas as 

,
1

RT RTp
b V b

ρ
ρ

= =
− −

                      (2.6) 

R being universal gas constant, b being the internal volume of the gas mole-
cules, which is known in term of the molecular interaction potential in high 
temperature gases and γ  being ratio of specific heats. 

To find the exact solution of energy Equation (2.4) such that flow is isentropic 
and density is a function of u alone i.e. 

( ) ,f uρ =  

we can write Equations (2.1) and (2.2) in following form  

, , ,t x x
fu uu u
f

+ = −
′

                       (2.7) 

and 
2

, , , ,e
t x x

a
u uu f u

f
′+ = −                       (2.8) 

respectively, where  

( )
2

2

1e
p Ha
b

γ µ
ρ ρ ρ

  = + 
−  

 

is effective speed of sound and is a function of ρ  alone in the present case. 

( )1
p
b

γ
ρ ρ−

 is speed of sound for non-ideal gas and 
2

2 Hc µ
ρ

=  is Alfven ve-

locity. 
From Equations (2.7) and (2.8) and taking into consideration that  

, ,u uf f ρ′ = =  

we have  
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1 1 .
e

f
f u a

ρ
ρ

′ ∂
= = ±

∂
                      (2.9) 

Integrating above equation we have 

( )
0

d .ea
u

ρ

ρ

ρ
ρ

ρ
= ± ∫                       (2.10) 

Substuting Equation (2.9) into Equation (2.7) and after certain manipulation 
we have 

( ) ( ), , , ,0 and 0.t e x t e xu u a u u aρ ρ+ ± = + ± =            (2.11) 

The general solution of above equations is  

( ) ( )1 2, ,e eu F x u a t F x u a tρ   = − ± = − ±     

where 1F  and 2F  are arbitrary constants. 
Let us consider the solution  

( )1 .eu F x u a t = − +                      (2.12) 

This solution means that the variation of u with respect to a point moving 
with velocity ( eu a+ ) is zero, i.e. the disturbance is propagated with an instan-
taneous velocity ( eu a+ ). If the velocity u much smaller than ea , we have

[ ]1 eu F x a t= − . Thus ea  is the velocity of propagation of an infinitesimal dis-
turbance in the present case. Hence we call ea  the effective speed of sound. For 
wave of finite amplitude, the velocity of propagation is different at different 
points in the flow field, and the shape of the wave will be distorted as the wave 
propagates. For wave of the type of Equation (2.12), the velocity of propagation 
at the crest is larger than that at the trough. Hence the crest will overtake the 
trough. As a result, a shock will form and the assumption of isentropic flow 
breaks down. Qualitatively, the manner of formation of a shock wave in mag-
netogasdynamics is the same as that in ordinary gasdynamics. But since ea  is 
larger than a speed of sound for ideal gas case, the shock wave formation will be 
faster in magneto-gasdynamics for non-ideal gas. The solution ( )1 eu F x u a t = − −   
represents an expansion wave while ( )1 eF x u a t − +   represents a compres-
sion wave. The expansion wave will smooth itself out as the wave propagates 
while the compression wave will form a shock as the wave propagates. 

As systems of fundamental Equations (2.1) to (2.3) are of hyperbolic type, we 
may use the well known method of characteristics to solve such problems. There 
are four sets of characteristic curves for this case given as: 

Double roots of ,tx u=  as flow lines  

and ,t ex u a= ± , characteristic lines                (2.13) 

Along the flow lines ,tx u= , we have  

constantH
ρ
=                            (2.14) 

and 
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constant.S =                            (2.15) 

Along the characteristic line ,t ex u a= ± , we have respectively 

( ) ( ) ( ), , , , , , 0e t e x e t e x t e xH H u a H a u u u u p u a pµ ρ     + ± ± + ± + + ± =       (2.16) 

3. Conservation Laws and Jump Conditions 

Conservation equation in this case can be written as  

1 0ρ ρ β=                               (3.1) 

1 0H H β=                               (3.2) 

( )1 0 1 0 0u u uρ ρ− =                            (3.3) 

( )22 2 2
1 1 1 0 1 0 0 0 0

1 1
2 2

p H u u p H uµ ρ µ ρ+ + − = + +                (3.4) 

( ) ( ) ( )

( ) ( )

2
2 1 1 1

0 1
1 1 1 1

2
2 0 0 0
0

0 0 0 0

1
2 1 1

1
2 1 1

p p Hu u
b

p p Hu
b

µ
γ ρ ρ ρ ρ

µ
γ ρ ρ ρ ρ

− + + +
− +

= + + +
− +

                (3.5) 

where  

( )( )( ) ( ) ( )(

( )( )( )) ( )( )( )( )

2
0

1

1 22
0

2 1 1
2 1 1 1 1

1 1 1 1 1 1 1
2

au b
b b

bb b b

β
β

β γ β γ

γ β β β γ β

  = + + 
+ + − − + 

+ + − + + + + + − − 


    (3.6) 

( )
( )( )( ) ( ) ( )(

( )( )( )) ( ) ( )( )( )

2
1 0

1 0

2
20

2 1
1 1

2 1 1 1 1

1 1 1 1 1 1
4

ap p b
b b

bb b b

ρ β
β

β γ β γ

γ β β β γ

− = + + +
+ + − + +


+ + − + + − + − 



        (3.7) 

0 11
u uβ

β
=

−
                           (3.8) 

0p  is the constant ambient pressure, subscript ‘1’ and ‘0’ refer to state just 
behind and just ahead of the shock and β  is given by following equation 

( ) ( ){ } ( ){ } ( )

( ) ( ) ( )

2 2
3 2 2

2 2

2
2 2 2

2

21 2 1 1
1

1 2 1 1 0

A A

A

M Mb b b bM
M M b

MM bM M
M

γ β β γ γ γ γ
γ

β γ γ γ γ

 
 − + + − − + + −
 + 

 
+ − + + − − − + = 

 

 (3.9) 

where 
2

2 0
2
0

aM
u

= , 
2

2 0
2
0

A
cM
u

=  and 0b bρ=  whose square and higher power are 

neglected.  
The strong shock condition in present case is given as:  
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( )
1

2 1
1

u
u

α
γ
−

=
+

, 
( )2

0
1

2 1
1

u
p

ρ α
γ

−
=

+
, 

( )1 0
1

1 2
γ

ρ ρ
γ α

+
=

− +
, 

( ){ } ( ){ }1 2 1 2
1 2 1 1 2

1
ua b bγ ρ γ ρ

γ
= − − +

+
             (3.10) 

4. Characteristics Rules 

In this section we consider the method of characteristic as described by 
Whitham [24] to find change in area of a non uniform tube in case of pure 
magneto-gasdynamic non-ideal conducting gas. If we consider one dimensional 
formulation for flow in a tube of a given cross-sectional area, where  
( ) 0 constantA x A= = , in x < 0, and the shock is initially moving in this section 

with constant Mach number 0M . We consider that the shock is to be produced 
by a piston moving with appropriate constant speed far back in the uniform sec-
tion. The piston is still providing the thrust to keep the shock moving, but there 
are no changes due to this and the changes are entirely due to the cross-sectional 
area. Though the flow is not strictly one dimensional but if the cross-section
( )A x  does not vary too rapidly, the equations obtained by averaging across the 

tube will provide a good approximation of one dimensional flow. Thus for this 
case the equations governing the motion reduces into following form 

( )
( )

,
, , , 0x
t x x

A x
u u u

A x
ρ ρ ρ ρ+ + + =                     (4.1) 

, , , ,
1 0t x x x

Hu uu p Hµ
ρ ρ

+ + + =                      (4.2) 

( ),
, , , 0x
t x x

A x
H uH Hu Hu

A
+ + + =                    (4.3) 

and 

( )
2

, ,t x
JT S uSρ
σ

+ =                         (4.4) 

where , ,S J σ , are entropy, current density vector and electrical conductivity 
respectively. In case of infinite electrical conductivity σ →∞ , hence above 
equation reduces to  

( ), , 0t xT S uSρ + =                         (4.5) 

case corresponding to isentropic flow. Above system of equation may be com-
bined to give following differential equation along positive characteristics: 

d
d e
x u a
t
= +                            (4.6) 

2 dd d d 0e
e

e

a u Ap H H a u
u a A
ρ

µ ρ+ + + =
+

                (4.7) 

Since in this case we are dealing with pure magneto-gasdynamics shock wave 
in non-ideal gas, using the values of flow variable just behind the shock, given by 
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Equations (3.1), (3.2),(3.6),(3.7) and (3.8), into the characteristic Equation (4.7), 
after certain simplifications, we have following differential equation which will 
provide change of cross-sectional area of the tube 

( )d dA F
A

β β=                          (4.8) 

where  

( )
( ) ( ) ( )

( ) ( ){ } ( ) ( ){ }
0 0 0

2
0

d
d

d
L

R H H N
F

N L L N

β
β β ρ β β

ββ
βρ β β β β

 
+ +  = − 

+ 
  

 

( ) ( )( )( )
( ) ( )( ){ }

( ) ( )( ) ( )( ){ }

( ) ( )( )( ){ } ( ) ( )( ){ }

( )( )( ) ( ) ( )( ) ( )( ){ }
( )( )( )

0

2

2
20

2 11 1 1 1
12 1 1 1

1
1 1 1 1

2

1 1 1 1 1 1 1 1
41

2 2 1 1 1 2 1 1 1 1 1

2 1 1 1

p b
R b

bb

h
b b

p hb b b b
b

b b b

b

β
β γ

β γ β

β
γ β β γ

β γ β β γ β

β γ β β β γ β γ

β γ β

 −
= + + −

++ + − + 

−
+ − − − − −

+ + + + + − + + − − −
+

+ + − + − − + − + + −
∗
+ + − + 

 

( ) ( )( )( ) ( ) ( ) ( )( )( ){ }

( ) ( )( )( ){ }

2
0

1 22
0

2 1 1 1 1 1
2 1 1 1 1

1 1 1 1
2

a
L b b b

b b

b
b

ββ β γ β
β γ β γ

β β γ β

  = + + + + − +
+ + − + + 

+ + + + − − 


 

( ) ( )
( )

2
0 0

0 01
p HN

γ β µ
β

ρ α ρ
= +

−
 

( ) ( )( )( ){ }

( ) ( )( ){ } ( )( ) ( )( ){ }

( ) ( ) ( )( )( ){ }

( ) ( )( )( ){ }

( )( )( ){ } ( )( ) ( )( ){ }
( )( )( )

2 2
0 0

2
0

2
0

d 1
d 2 1 1 1

1 1 1 1 1 1 1 1
21

1 1 1 1 1
1

1 1 1 1
2

2 1 1 1 1 1 1 1
*

2 1 1 1

L
L b

a b c
b b b

b

a
b b b

b

c
b

b b b

b

β β β γ β

β β
γ β γ γ β

γ

β γ β
γ

β β γ β

β γ β β γ β β γ

β γ β

=
+ + − −


∗ + + − + − + − + − −
 +

+ + + + + − +
+

+ + + + − −

+ + − − − − − − + −

+ + − − 
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( )
( )( )( )

( ){

( )( )( )} ( ) ( )( ){ }

0
1 0

2
2

2 1
1 1

12 1 1 1

1 1 1 1 1 1
4

pp p b
bb

Hb b b

β
β

β γ β

µ
γ β β γ β

− = + + + ++ + − + 


+ + − + + − − − 



   (4.9) 

5. Analytical Solution for Non-Planer Wave 

In this section we shall deal with analytical solution for strong non-planer shock 
in non-ideal magneto-gasdynamics. Assuming the electrical conductivity to be 
infinite and the direction of the magnetic field orthogonal to the trajectories of 
the gas particle, the governing equation for the one dimensional unsteady non 
planer motion can be written as [17] 

( )
, , ,

1
0t x x

m u
u u

x
ρ

ρ ρ ρ
−

+ + + =                   (5.1) 

( )1
, , , , 0t x x xu uu p hρ−+ + + =                    (5.2) 

( )2
, , , , 0t x t xp up a uρ ρ+ − + =                    (5.3) 

, , ,
12 2 0t x x

mh uh hu hu
x
−

+ + + =                  (5.4) 

where u is the gas velocity, ρ  is the density, p is the pressure, γ  is the con-
stant specific heat ratio, t is the time, x is the single spatial coordinate being ei-
ther axial in flows with planer geometry, or radial in cylindrically symmetric  

flows, 
( )

2

1
pa
b

γ
ρ ρ

=
−

 is the equilibrium speed of sound, h is the magnetic  

pressure defined by 2 2h Hµ=  with µ  as magnetic permeability H is a 
transverse magnetic field, m = 1 and 2 correspond, respectively, to planer and 
cylindrical symmetry. A comma followed by a subscript “x” or “t” denotes the 
partial differentiation unless stated otherwise. The system of Equation (5.1) to  

(5.4) is supplemented with an equation of state 
1

RTp
b

ρ
ρ

=
−

, where R is gas con-  

stant and T is the temperature. It is well known that of shock wave may be initi-
ated in the flow region and once it is formed, it will propagate by separating the 
portion of continuous region. At shock, the correct generalized solution satisfied 
the Rankine-Hugoniot jump condition. Let ( )x tχ=  be the strong shock with 
the shock speed 0 d du tχ=  propagating into the medium characterized by, 

( ) ( ) ( )0 0 0, 0, ,x u p p x h h xρ ρ= = = =                (5.5) 

Therefore the boundary conditions at the shock front in present case can be 
written as  

( ) 2
0 0

0

1 2 21 ,
1 1 1

a
u

ρ γ αρ
γ γ γ

 +  
 = − −  − − −   

               (5.6) 

( )
2

0
0

0

2 1 ,
1

a
u u

u
α

γ

  
 = − −  +    

                   (5.7) 
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( )
2 222

20 0 0 0
0 0 0

0 0

2 1 1 1 4 41 1 ,
1 2 2 1 1 1
u a a

p C u
u u

ρ γ γ αα ρ
γ γ γ γ γ

       − +   = − − − − −       + − − −          
(5.8) 

22
2 0

0 0 0
0

1 1 4 41 ,
2 1 1 1

a
h C u

u
γ αρ
γ γ γ

   +  = − −   − − −     
          (5.9) 

where 0a  is the sound speed of the undisturbed medium, 2
0 0 0 02C h uρ=  is 

the shock Cowling number and the suffix “o” denote evaluation of the flow pa-
rameters just ahead of the shock respectively. 

If we assume that an explosion takes place over a plane or along a line accom-
panied by release of a finite amount of energy E, a plane or cylindrical strong 
shock is instantaneously formed which begins to propagate outward into the 
medium at rest. Thus the total energy E inside a blast wave is equal to the energy 
supplied by the explosive and thus constant. Thus total energy is given by  

( )( )
0

2 1

0

14π d ,
2 1 1

u
mpE u h x x

b
ρ

γ ρ
− 

= + +  − − 
∫               (5.10) 

which represents the sum of the kinetic and internal energy. Since the initial en-
ergy input 0E  of explosion is very large, the shocks speed 0 0u a  so that 

0 0 0a u →  in the strong shock limit. Therefore the Rankine-Hugoniot jump 
conditions in the strong shock waves can be written as  

( ) ( )0
0

1 2 21 , 1
1 1 1

u u
ρ γ α

ρ α
γ γ γ

+  
= − = − − − + 

             (5.11) 

( )
22

20 0
0 0 0

2
2

0 0 0

2 1 1 41 1 ,
1 2 1 1

1 1 41
2 1 1

up C u

h C u

ρ γ α
α ρ

γ γ γ

γ α
ρ

γ γ

   +
= − − −  + − −   

   +
= −  − −   

          (5.12) 

With the help of Equation (4.5.11), Equation (4.5.12) can be written as  
2

2 2
0

2
2

0

1 2 1 1 1 21 1 ,
2 1 8 1 1 2 1

1 1 1 21
8 1 1 2 1

p u C u

h C u

γ γ γ α
ρ ρ

γ γ α γ

γ γ α
ρ

γ α γ

     − + + = + − +      − − − −      

   + + = +    − − −    

    (5.13) 

After using Equation (5.13), the governing Equations (5.1), (5.2) and (5.4) can 
be transformed to  

( ) 21 21 1 2 0
2 1

u u uu u u
t x x x

α ρ
γ

ρ γ
 ∂ ∂ ∂ ∂ + + − + + =  ∂ ∂ − ∂ ∂  

        (5.14) 

( ) ( )11 21 1 0
2 1

m uu u uu u
t x x x

α
γ

γ
−  ∂ ∂ ∂

+ + − + + =  ∂ ∂ − ∂  
        (5.15) 

( )11 0
2

m uu u uu u
t x x x

− ∂ ∂ ∂
+ + + = 

∂ ∂ ∂ 
                (5.16) 
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Using Equations (5.14) and (5.15), and then integrating with respect to ‘x’, we 
get  

( ) ( )1mux tρ ξ− − =                         (5.17) 

where ( )tξ  is an arbitrary function of integration. 
Using the solution (5.17), Equation (5.1) reduced to 

( )
2 d2 1 0

d
u u um
t x t

ξ
ξ

∂
− − − =

∂
                  (5.18) 

On solving Equations (5.15) and (5.18), we have 

d
d

xu
t
ξη

ξ
= −                          (5.19) 

where  

( )( ) 1
1 32 21

1 1 1
mm γα

η
γ γ γ

−
− + 

= + + 
+ + + 

 

Putting value of “u” from Equation (5.19) in Equation (5.18) and then inte-
grating, we obtained 

0

tλ
ξ

ξ =                             (5.20) 

where  

( )( ) ( )( ) 1
1 3 1 12 21 1

1 1 1 1
m mm mγ γα α

λ
γ γ γ γ

−
− + − −  

= + + + +  
+ + + +  

 

and 0ξ  is arbitrary constant. 
With the help of boundary condition (5.11), we can obtain the analytical ex-

pression of the distance χ  as  

( )
1

2 1 wt
γ
αχ
+
−=                          (5.21) 

where  

( ) ( )( )1 1 1 2
.

2
m m

w
γ γ α+ + − − +

=  

Consequently, with the help of Equation (5.19), the analytical solutions of the 
flow variables and total energy in the presence of the magnetic field is given by 

1 1u xw t− −=  
2 1

0
mwx t λρ ξ − −=  

( )
( )( )

( )
3

110
0

11 2 21 1
2 1 8 1 1 2 1

mCp x w t λγγ α α
ξ

γ γ α γ
− +−

  +   −   = + − +    − − − −       
 

( )
( )( )

( )
3

110
0

1 21
8 1 1 2 1

mCh x w t λγ α ξ
γ α γ

− +−
 +   = +  − − −   

         (5.22) 

In view of the above solution (5.22), the analytical expression for the total 
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energy is given by 

( ) ( )
( )( )

( )
( ) ( )

( ) ( )
( )( )

3
0

0 2

2 1 2 12π
2 1 1 8 1 1 2

1 221
1 1 1

C
E

mw
γ α γ γ

ξ
γ α γ α

γ α αα
γ γ α

 − + − + = + 
− − − −  

 − + −  × +   − − −    

     (5.23) 

6. Result and Discussion 

In this paper, an attempt is made to discuss certain aspect of shock wave in 
non-ideal gas when magnetic field is orthogonal to the trajectories of the gas 
particles and electrical conductivity is taken to be infinite. It is concluded that 
due to presence of magnetic field shock wave being formed quickly. Variation of 
pressure, velocity density, and area change is investigated for different values of 
magnetic field and internal volume of gas molecules. The analytical solution for 
non-planer strong shock wave is also obtained. For two different values of in-
ternal volume of gas molecules ( )0,0.025,0.05α =  variation of velocity, den-
sity, gas pressure and magnetic pressure is analysed through graphs. Figure 1 
shows the variation of velocity for ( )0,0.025,0.05α =  and it is concluded that 
as α  is increasing velocity is increasing and always less than velocity of ideal 
gas. Figure 2 shows the variation of density for ( )0,0.025,0.05α =  and it is 
concluded that as α  is increasing density is decreasing and always less than 
density of ideal gas. Figure 3 shows the variation of magnetic pressure for 
( )0,0.025,0.05α =  and it is concluded that as α  is increasing magnetic 
pressure has an increasing tendency but is always greater than the ideal gas case. 
Figure 4(a) and Figure 4(b) show variation for pressure for different Cowling 
number ( )0 0.02,0.05C =  and different values of internal volume of gas mole-
cules ( )0,0.025,0.05α = . It is concluded that pressure has increasing tendency 
and is always greater than ideal gas pressure. 
 

 
Figure 1. Variation of velocity “u1/u0” for different values of the Mach number “M”. 
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Figure 2. Variation of density “ρ1/ρ0” for different values of Mach number “M”. 
 

 
Figure 3. Variation of magnetic field “h1/h0” for different values of Mach number “M”.   
 

 
(a) 

 
(b) 

Figure 4. (a) Variation of pressure “p1/p0” for different values of the Mach number “M” 
at cowling number C0 = 0.5; (b) Variation of pressure “p1/p0” for different values of Mach 
number “M” at cowling number C0 = 0.2. 
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