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Abstract - The aim of this work is to develop a new computational numerical program to determine the effect of gas of 
propulsion on the variation of the thermodynamics parameters and Mach number through a normal shock wave in the case at 
high temperature below the threshold of dissociation of molecules. The chosen gases are H2, O2, N2, CO, CO2, H2O, NH3, CH4, 
and air. The gas is considered as perfect. Its state equation is valid. It is calorically imperfect and thermally perfect. In this case 
the specific heats are function of temperature. The calculation of the error committed by the gas compared to air will be 
presented for goal to make a suitable choice of gas instead of air. The application is for the nozzle. 
 
Index Terms - High Temperature, Normal Shock Wave, Supersonic And Subsonic Flow, Thermodynamics Ratios 
 
I. INTRODUCTION 
 
Gases play an important role in the propulsion of 
aerospace vehicles. They influence the behavior of the 
supersonic flows and in particular on all 
thermodynamics parameters. The normal shock wave 
is a physical phenomenon appeared in nature to 
supersonic flows when conditions are favored. For 
example in a supersonic nozzle when the pressure at 
the exit section is less than the ambient pressure, a 
normal shock wave develops in interior of the nozzle. 
The position of the shock wave depends on the 
pressure ratio at the exit section. In this case, the flow 
is subsonic after the shock, and it will affect the thrust 
coefficient.  
 
The work done by [1-7] for the shock wave parameters 
are made by a calorically perfect ideal gas, ie the 
specific heats are constant and does not depend on the 
temperature. It gives good results for low stagnation 
temperature and Mach number.  
 
The aim of this work is to develop a new computer 
program to study the effect of propulsion gas on the 
normal shock wave parameters at HT and Mach 
number to make a suitable choice of gas witch givers 
good performances toward the shock. For example 
high downstream Mach number. In this case we will 
add the effect of variation of CP with temperature on 
the energy equation, lower than threshold dissociation 
of molecules. The shock is characterized by the 
determination of the thermodynamic relations and the 
Mach number through both the increase of entropy.  
Because the air is used in such aerospace application, 
a calculation of the error committed by gases 
compared to air is made in the context of determining 
the better gas instead the air which gives good 
performances of the shock.  

 

 
Table I. Coefficients of CP(T) and thermodynamics constants R 

for some gases..  
The molecules of these gases have one or two kind of 
atoms which are H2, O2, N2, CO, CO2, H2O, NH3, CH4, 
and air. For substances that are still of the gas 
temperature must be in a specific range for not having 
a dissociation of the molecules. This interval varies 
from one gas to another. The gas is considered perfect. 
Including the equation of state (P=ρRT) is still valid. 
We considered the gas as calorically imperfect seen 
the change in CP(T) varies with temperature and 
thermally perfect because the dissociation of 
molecules is not reached. For the chosen gas is found 
in a variation according to the relation (1) of CP(T). 
The coefficients of this function and the constant R of 
the gas are shown in the table I [8-9, 10-18]. 

 
2
'''
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cTbaTCP                                (1) 

Where, 
CP is the Specific heat at constant pressure.  
a’, b’, c’ are the coefficients of CP(T). See equation (1). 
T is the Temperature. 
Concerning the air, the variation of CP(T) is chosen as 
a polynomial of 9th degree [19-26]. 



International Journal of Mechanical And Production Engineering, ISSN: 2320-2092,      Volume- 5, Issue-10, Oct.-2017 
http://iraj.in 

High Temperature Gas Effect on the Normal Shock Wave Parameters 
 

79 

The function CP(T) is found in Joule/(mol K). One 
needs to convert it to the Joule/(kg K). For this we used 
the relationship (2). 
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Where 
R is the thermodynamic constant of the gas. 
I. Mathematical Formulation 
The presentation scheme of a normal shock wave is 
illustrated in the Fig. 1. The thickness of the shock 
wave is very small [5], so that one sees it as a 
mathematical discontinuity. The flow on both sides of 
the shock is isentropic. 

 
Fig. 1. Normal shock wave illustration 

 
The integration of equations of conservation of mass, 
quantity of movement and energy between the 
upstream and downstream state of the shock gives 
respectively [1-7, 19]: 

2211 V ρ  V ρ                                             (3) 
  0121112    V  V Vρ  P  P                                  (4) 

 
With [19] 
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Where [1, 19-26] 

    0     T
T dTTCTH P                                  (6) 

V is the gas velocity. ρ is the density. P is the static 
pressure. H is the enthalpy. 
 
0 is the indice for indicate the stagnation condition. 
* is the indice for indicate the critical condition. 
1 is the indice for indicate the upstream condition of 
the shock. 
2 is the indice for indicate the downstream condition 
of the shock Mathematical transformations to 
equations (3), (4) and (5) gives the following relation 
[19]: 
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Then 
TP xxx                                             (9) 

Where, 

 
M is the Mach number. xP is the pressure ratio 
through the shock.  xT is the temperature ratio through 
the shock. xρ is the density ratio through the shock. 
 
II. CALCULATION PROCEDURE 
 
The integration of the energy equation between the 
stagnation state and the upstream state before the 
shock (M1, T1), we get [20, 25]: 

    02 1
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Where, 
a is the sound velocity. γ is the specific heats ratio.  
The determination of T1 from (10) for given M1 and T0 
is done by the dichotomy algorithm [20, 25, 27, 28], 
where 0<T1<T0.  
The isentropic ratios 101 /  and 201/ can be 

calculated using the relation (13) respectively for i=1 
and 2, using the Simpson formulae [20, 25, 27, 28]. 
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The determination of xT through the shock, from 
equation (7) is done by the dichotomy algorithm, with 
T1 <T2 <T0. 
The ratios xρ and xP are determined respectively by 
equations (8) and (9). 
The values of M2 downstream of the shock, the total 
pressure ratio and the entropy through the shock can 
be determined respectively using the following 
relations [20, 25, 27, 28]. 
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And [1-5, 19] 
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Where S is the entropy 
 
The thrust coefficient CF of a supersonic nozzle, when 
a normal shock wave is delivered at the exit section, 
can be calculated by [20, 25, 27, 28]: 
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Where CF is the thrust coefficient of the nozzle. 
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The calculation of the critical temperature is necessary 
in this case for the evaluation of critical ratios of the 
sound velocity and density. Must be replaced M1 by 
1.00 and T1 by T* in equation (10) to determine T* 
always by the dichotomy method. ,Playing on the 
CP(T) function and R, we can determine the 
parameters through the shock for each selected gas 
and others. 
 
III. APPLICATION  
 
The example of a flow out of adaptation in a 
supersonic nozzle is a good example. When the 
pressure at the exit section is less than the ambient 
pressure, a shock wave will be to occur in the interior 
of the diverging and in this case the exit Mach number 
will no longer supersonic and necessarily affects the 
thrust coefficient delivered by the nozzle, which 
depends on the stagnation temperature T0 of the 
combustion chamber. This application is discussed in 
the obtained results. 
 
IV. ERROR CAUSED BY AIR COMPARED TO 
OTHER GAS 
 
According to this study, we can notice a difference on 
the given results between the gas and the air. The error 
given by the air compared to other gas can be 
calculated for each parameter by the relation (18) for 
each (T0, M): 

 

   
  1001
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10
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 M,TParameter
Gas        

(18) 
 
Where ε is the relative error of computation (%). 
 
V. RESULTS AND COMMENTS 
 
The figures contain 9 curves for 9 different selected 
gases. Curve 1 for the H2 gas. Curve 2 for O2. Curve 3 
for N2. Curve 4 for CO. Curve 5 CO2. Curve 6 for H2O. 
7 curve for NH3. Curve 8 for CH4 and the curve 9 for 
air. 
Fig. 2, 3, 4, 5, 6, and 7 shows the effect of gas on the 
thermodynamic parameters, respectively downstream 
Mach number, temperature ratio, pressure ratio, 
density ration, total pressure ratio and entropy through 
a normal shock wave in function of upstream Mach 
number where T0=2000 K. The obtained numerical 
values are presented respectively on tables II, III, IV, 
V, VI, and VII. In Fig. VIII,  IX, X, XI, XII, and XIII, 
we represent the variation of the thermodynamics 
parameters as function of the variation T0 when 
M1=3.00. The obtained numerical values are 
respectively presented in tables VIII, IX, X, XI, XII, 
and XIII. One noted that between the selected gas 

CH4, NH3, CO2, and H2O provides a downstream 
Mach number M2 after the shock sufficiently small 
compared to other gas O2, H2, N2, CO, and air will 
necessarily all influences other thermodynamics 
parameters and shows that the shock is necessarily 
harder to CH4, NH3, CO2, and H2O than for other 
gases. We can see this note on Fig. 7 and 13 for a leap 
of entropy through the shock and still results in high 
pressure drop (Fig. 6, 7, 12, and 13), which is quite 
high for CH4. In this case the flow noise id high and 
will not be used gases giving a high noise for flight. 
While the use of gases such as CH4, NH3, CO2, and 
H2O are not recommended for use in aerospace 
propulsion nozzles as rocket engines, missiles and 
supersonic aircraft. While other gases like H2, N2, CO, 
O2, and air are recommended. The best between these 
is that the H2 gas that gives the best performance 
across the shock. 
 

 
Fig. 2. Effect of Gas on the variation of M2 versus M1 

 

 
Table II. Numerical values of M2 versus M1 for T0=2000 K from 

Fig. 2. 

 
Fig. 3. Effect of Gas on the variation of T2/T1 versus M1 
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Table III. Numerical values of T2/T1 versus M1 for T0=2000 K 

from Fig. 3.  

 
Fig. 4. Effect of Gas on the variation of P2/P1 versus M1 

 

 
Table IV. Numerical values of P2/P1 versus M1 for T0=2000 K 

from Fig. 4.  

 
Fig. 5. Effect of Gas on the variation of ρ2/ρ1 versus M1 

 
Table V. Numerical values of ρ2/ρ1 versus M1 for T0=2000 K 

from Fig. 5.  

 
Fig. 6. Effect of Gas on the variation of P02/P01 versus M1 

 

 
Table VI. Numerical values of P02/P01 versus M1 for T0=2000 K 

from Fig. 6.  

 
Fig. 7. Effect of Gas on the variation of ΔS12/R versus M1 

Upstream Mach Number (M1) 
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Table VII. Numerical values of ΔS12/R versus M1 for T0=2000 K 

from Fig. 7.  
For low upstream Mach number to M1<1.50 
approximately, the choice of such a gas for propulsion 
poses no importance, since the setting through the 
shock are almost the same. 
 
Fig. 14 shows the effect of gas on the thrust coefficient 
of the nozzle when a shock is delivered at the exit 
section of the nozzle. In this case, the Mach number of 
the calculation occurring in the calculation of CF is 
that the M2 that is immediately after shock. We note 
that the use of gas CH4, NH3, CO2, and H2O will 
gradually decrease the coefficient CF compared to N2, 
O2, H2, and CO, which gives the best selection of gas 
propulsion one that gives the most CF largest possible 
what is the case for the H2. CH4, NH3, CO2 et H2O are 
not recommended. 
 
If a shock wave is provided in the exit section of the 
nozzle, the pressure coefficient will be large enough 
for H2, N2, CO, O2, and air, in that order, relative to 
CH4, NH3, CO2, and H2O, which demonstrates the 
ability to use the H2 to propel aerospace vehicles 
compared to CH4 for example. The remark remains 
valid if the shock wave occurs at the interior of the 
nozzle. 
 

 
Fig. 8. Effect of Gas on the variation of M2 versus T0 when 

M1=3.00. 

 
Table VIII. Numerical values of M2 versus T0 for M1=3.00 from 

Fig. 8.  

 
Fig. 9. Effect of Gas on the variation of T2/T1 versus T0 when 

M1=3.00. 
 

 
Table IX. Numerical values of M2 versus T0 for M1=3.00 from 

Fig. 9.  

 
Fig. 10. Effect of Gas on the variation of P2/P1 versus T0 when 

M1=3.00. 
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Table X. Numerical values of P2/P1 versus T0 for M1=3.00 from 

Fig. 10 

 
Fig. 11. Effect of Gas on the variation of ρ2/ρ1 versus T0 when 

M1=3.00. 

 
Table XI. Numerical values of ρ2/ρ1 versus T0 for M1=3.00 from 

Fig. 11.  

 
Fig. 12. Effect of Gas on the variation of P02/P01 versus T0 when 

M1=3.00. 

 
Table XII. Numerical values of P02/P01 versus T0 for M1=3.00 

from Fig. 12. 

 
Fig. 13. Effect of Gas on the variation of ΔS12/R versus T0 when 

M1=3.00. 
 

 
Table XIII. Numerical values of ΔS12/R versus T0 for M1=3.00 

from Fig. 13.  

 
Fig. 14. Gas effect on the CF of a nozzle when a normale sshockk 

wave is delivred at the exit section 
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Table XIV. Numerical values of CF from Fig. 14 

 
Fig. 5 shows the effect of gas on the error committed 
by the downstream Mach number of the gas relative to 
air in function of upstream Mach number when 
T0=2000 K for comparison purposes. The air is 
generally frequently used for aerospace applications. 
In comparison with air, we note that the error given by 
the CH4 gas, NH3, CO2, and H2O is high enough 
relative to air, while for N2 gas H2, O2, CO error is 
small which gives the possibility of using these gases 
instead of air. The best use is that the H2. The bad is 
that the CH4. For M1=5.00 and T0=2000 K, 
εCH4=28.00% and εH2=2.92%. 

 
Fig. 15. Gas effect on the variation of ε given by the downstream 

Mach number for T0=2000 K. 
 

 
Table XV. Numerical values of εM2 from Fig. 15. 

 
CONCLUSION 
 
This work allows us to study the effect of use of the 
propellant gases on the thermodynamic parameters of 
Mach number through a normal shock wave. Can be 
drawn from this work the following conclusions: 
Numerical computation program can do any gas found 
in nature. One should be added in this case the 
variation of the specific heat CP(T) as a function of the 
temperature and the gas constant R even calculation of 
the function H(T). 
The CP(T) function, R and γ(T) ratio characterize the 
calorific value of the gas and mainly affects all 
parameters across the shock. 
For aerospace applications, for missiles and 
supersonic aircraft, We recommend to use gas 
propulsion with the smallest ratio γ for a large thrust 

coefficient CF. Among the selected gas, CH4 is a bad 
choice and the H2 is a good choice. 
The stagnation temperature and the Mach number 
also affect all parameters through the shock. 
The higher the ratio γ of the gas is, the higher the 
downstream Mach number M2 is very small also 
affects all other parameters. The jump of entropy in 
this case is big enough yet interpreted by the high load 
losses affecting for example the sound of the shock 
wave. Among the selected gases in the case of CH4. 
The H2 is a good choice 
As prospects and in the same line of research, we can 
use the present work to study the effect of gas 
propulsion at High Temperature (HT) on the 
phenomenon of oblique shock wave and make an 
application for calculating the flow around supersonic 
pointed airfoils. 
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