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Abstract. The present work investigates the influence of gas at high temperature on the design and 

analysis of two-dimensional plug nozzle. The thermochemical and combustion studies of liquid 

launchers propellants make it possible to choose the gases to be studied. For example, four cases of 

bi-propellants engines have been studied. The combinations studied are: H2/O2, RP1/O2, CH4/O2 et 

MMH/N2O4. The selected gas are: CO2, H2O H2, N2 and CO. Once the profile is generated, an analysis 

of the thermodynamic-parameters evolution (such as: length, Mach number, mass, thrust 

coefficient) and aerodynamic performances is conducted. Some results were presented and 

compared with previous research using air. The comparison shows that the presence of H2O and 

CO2 gases considerably increases the performance of nozzles. The percentage of gases in the 

combustion has an influence on these increases. In order to minimize the weight of this nozzle, the 

truncation of Plug nozzle in order to increase their performances is studied in this research. 
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1. Introduction 

An aerospace vehicle is accelerated by a propulsion system to a velocity dictated by 

requirements specific to the vehicle's mission. However, it should be noted that one of the most basic 

requirements in the design loop of an actual rocket nozzle is to minimize weight. For this, it is 

advisable to control the length and / or the surface of the nozzle [1]. Unlike conventional bell-shaped 

nozzles, which operate optimally at one particular altitude, plug nozzles (Aerospike) allow the flow 

expansion to self-adjust, thus improving thrust coefficients. This improvement over conventional 

bell-shaped nozzles occurs at altitudes lower than the design altitude. At altitudes higher than the 

design altitude, plug nozzles essentially operate similarly to bell nozzles. The plug nozzle rocket 

engine was once a candidate for the space shuttle propulsion. A lot of investigation on aerospike 

nozzle has been carried by researchers. The activities concerned include contour design and its 

performance [2-7] and numerical simulations [8-9]. The previous contributions cited above were 

realized in the case of a perfect gas (PG) where to specific heat to constant pressure CP and specific 

heat ratio γ are constant. In reality, these two parameters vary with the temperature [10]. The 

researchers have developed a new mathematical model that takes account of this temperature. The 

study is done at high temperature, lower than the dissociation threshold of the molecules. The 

variation of the specific heats with the temperature is considered. The new model allows making 

corrections to the perfect gas model designed for low stagnation temperature and low Mach number. 

For a chemical rocket, the working fluid of exhaust gases is produced by active combustion of 

propellant (oxidizer/fuel) [12-14]. In this context, the study of the combustion of liquid propellants, 
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gives us information necessary for the choice of gases for this study. The combustion of the following 

propellant combinations was studied: hydrogen/oxygen, methane/oxygen, RP.1/oxygen and mono-

methyl hydrazine/nitrogen tetroxide. The gases which have the highest percentages are respectively: 

H2O, CO2, H2, CO and N2. In the present study, is to develop a numerical program (Fortran language) 

for studying the effect of these gases (H2O, CO2, H2, CO and N2) on the performance of the two-

dimensional plug nozzle, using the length, the exit Mach number, the mass and the thrust coefficient 

parameters. 

2. Design method of the two-dimensional plug nozzle 

In this section, we will present the method of designing at high temperature of the center body 

of the two-dimensional plug nozzle (Aerospike). In this nozzle, the flow is uniform and parallel to 

the exit section [16-17]. Two nozzle forms exist for this type of nozzle as shown in Fig. 1. The first 

type is called a plug nozzle (Fig. 1 (a)), while the second type is called the expansion-deflexion nozzle 

(Fig. 1 (b)). The design method is the same for both types of nozzles. The difference between this 

nozzle and bell-shaped is that the flow at the throat is titled of an angle θ* compared to the horizontal 

as indicates in Fig. 1, which is not the case for the others models where the flow is horizontal at the 

throat. Consequently, the lip is inclined at an angle Ψ relative to the vertical as shown in Fig. 2. To 

obtain the geometric shape of the central body, the stream line determined by calculation is replaced 

by a rigid surface limiting the flow field, and consequently the central body shape is obtained.  

 

 
Figure 1. Type of plug nozzle geometry 

 

The plug shape of the two-dimensional plug nozzle accelerates the flow of Mach number M=1.00 

at the throat to a Mach number M = ME at the exit section of the nozzle. The flow through the central 

body straightens from the angle θ=θ* at the throat to the angle θ=0 at the exit section. The ratio of the 

critical sections remains valid in our high temperature model in order to compare the numerical 

calculations with those of the theory. 

      (1) 

The search for the central body shape for a perfect gas at high temperature is based on the 

Prandtl-Meyer expansion presented by the following equation: [11,15,17]  

        (2) 

In Fig. 2, the lines AB and AS respectively present the Mach waves of the throat and the exit 

section. These lines are inclined to the angles μB and μE given respectively by μB=90° and μE=arcsin 

[1/ME] < 90°. Between these two Mach lines, there is an infinity of centred divergent Mach waves 

exists from point A of the lip. Each line gives a Mach number, which we can easily from this number 

deduct a point of the plug shape. We can easily determine those of the next point until we reach the 

exit section point. 
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Figure 2. Generic geometry of a 2D plug Nozzle 

 

 To have a good presentation of the plug shape; the number N of the Mach waves must be large. 

If we know the position and the properties of a point on the wall, we can easily determine those of 

the next point until we reach the exit section point. The relationship between Mach line and flow 

direction is illustrated in Fig. 3. 

 

 
Figure 3. Geometric relationship between Mach lines and flow direction 

 

After finding the plug shape of the nozzle, the performance of the mass of the nozzle and the 

thrust force exerted thereon can be calculated by the following equations: 

    (3) 

     (4) 

Where CF is the thrust force coefficient. 

CMass is the mass of the nozzle in non-dimensionnal value with the following nomenclature: 

A = Section area (m2) 

A = Coefficient of the specific heat at constant pressure function 

CF = Thrust coefficient 

CMass = Coefficient of the mass of the structure 

CP = Specific heat at constant pressure (J.Kg-1.K-1) 

F = Force exerted on the internal wall of the nozzle (N) 

H = Enthalpy (KJ) 

HT = Abbreviation for high temperature 

L = Length of the nozzle (m) 

M = Mach number 
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Mass = Mass through the nozzle normalized by (ρM tM) (m2) 

N = Number of the discretization points. 

P = Pressure (bar) 

PG = Abbreviation for Perfect Gas 

R = Thermodynamic constant of gas 

T = Temperature (K) 

Xplug = Distance between the exit section and the lip 

x = Abscissa of a section in the nozzle 

y = Radius of a section in the nozzle 

γ = Specific heats ratio 

ρ = Density (Kg/m3) 

ψ = Deviation of the Lip compared to the vertical 

θ = Flow angle deviation (rad) 

μ = Mach angle 

φ = Polar angle of a Mach wave 

λ = Polar ray of a Mach wave 

ν = Prandtl Meyer angle 

ε = Tolerance of calculation (desired precision) 

0 = Stagnation condition (combustion chamber)   

* = Critical condition   

S = Supersonic section   

E = Exit section   

M = Material   

i = Nodes   

3. Study of combustion for bi-propellant 

The objectives here are to determine the theoretical combustion temperature and the theoretical 

composition of the resulting reaction products. The first principle concerns the conservation of 

energy. The heat created by the combustion is equal to the heat necessary to raise the resulting gases 

adiabatically to their final combustion temperature. The heat of reaction of the combustion ∆r H has 

to equal the enthalpy change ∆H of the gases. 

      (5) 

Where ∆Hr was the energy difference between the reactants and products under standard 

conditions (kJ). 

 

The second principle is the conservation of mass. The mass of any of the atomic species present 

in the reactants before the chemical reaction must be equal to the mass of the same species in the 

products. The combustion of the following propellant combinations was studied: hydrogen/oxygen, 

kerosene/oxygen, methane/oxygen and mono-methyl hydrazine/Nitrogen tetroxide. The following 

four (04) chemical reactions were considered as follow: 
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• Liquid hydrogen (H2) and liquid oxygen (O2) 

    (6) 

 

• Kerosene (CnHm) and liquid oxygen (O2) 

    (7) 

 

• Methane liquid (CH4) and liquid oxygen (O2) 

    (8) 

  

• Mono-methyl hydrazine (MMH) and nitrogen tetroxide (N2O4) 

  (9) 

  

A practical calculation is made on the following engines: Ariane-5 first stage (Vulcain 2), Energia 

stage engine (RD-170), Falcon 9 upper engine (Raptor) and Ariane-5 upper stage engine (Aestus). 

Table 1 shows the characteristics of each engine used for this study. 

 

Table 1. This is a table. Tables should be placed in the main text near to the first time they are cited. 

 
 

 The method used for the determination of combustion products and flame temperature basse 

on the bisection and Lieberstein’s numerical methods, the inputs of calculation are the reactants 

temperature, combustion pressure and mixture ratio by mass (mass oxidizer/mass fuel). Using the 

bisection method, we suppose a large temperature range [1000,6000], where the flame temperature is 

inside the selected range. Then, we subdivide the interval until obtaining the flame temperature 

which verifies the energy equation with a good precision. After determination of the flame 

temperature and number of moles of the products, the molecular mass (M) and politropic parameter 

(γ) of the combustion products can be calculated. Fig. 5 gives the combustion products at the exhaust 

of the four engines. 

After calculating the molar fractions for each product from the four combinations (oxidizer / 

fuel), choosing those most responsive. Then find the shape of the two-dimensional plug nozzle for 

each selected gas. In order to have the contours, all the thermodynamic properties of these gases must 

be known. We are mainly interested in the variation of the specific heat at constant pressure CP(T) 

and the thermodynamic constant of gases γ(T). Our calculation program requires us to have 

analytical forms for the CP(T) function of each gas [18]. The CP interpolation function chosen in this 

study is given in the following equation: 

 

CP(T)=a1+T(a2T(a3+T(a4+T(a5+T(a6+T(a7+T(a8 +T(a9+T(a10)))))))))    (9) 
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4. Results and comments 

Fig. 4 illustrates an example of mesh with the two-dimensional plug nozzle at high- temperature 

for an exit Mach number ME = 3.00 and T0 = 2000 K. The application is for air. One large mesh and 

the fine other mesh are shown in Fig. 4(a-b). The convergence of the design results depends on the 

mesh considered for the calculation. A fine mesh gives good results. 

The convergence of the results is ensured when AE/A* computed numerically by the relation (1) 

according to the chosen mesh converges to the theoretical value. The other parameters θ*, M*, L/λB, 

CMass, CF and the shape of the nozzle also converge towards the exact solution, as on Fig. 5. 

 

 
Figure 4. Contour nozzle and mesh of the nozzle for ME=3.00 and T0=2000 K 

 

 
Figure 5. Profile and mesh of the nozzle for ME=3.00 and T0=2000 K 

 

Fig. 6 gives the results the combustion products at the exhaust of the four engines. According to 

Fig. 6, H2O, CO2, H2, CO and N2 gases are chosen which are the most dominant in the combinations 

(oxidizer/fuel). Then determine and compare the shapes and performances of the two-dimensional 

nozzle plug nozzles for each gas. The results were compared with numerical databases of previous 

research using air [15]. 
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Figure 6. Examples of combustion products (%) of the various engines 

 

In order to shown the influence of the stagnation temperature T0 on the parameters design of 

the plug shape for the selected gases, an error analysis is established with respect to those of the air 

as shown in Table 2. From the numerical results obtained, the difference between contours is 

negligible for the gases H2, CO and N2, with deviations not exceeding 8%. On the other hand, the 

difference of the plug shape corresponding to H2O and CO2 gas is very large, compared to that of air. 

The error is of the order of 20% to more than 53% depending on the temperature T0. These errors are 

due to variations in the function γ(T) for each gas. It is shown, therefore, that the profiles of the 

diatomic gas nozzles are almost identical with those of the air, which is also a 99% diatomic gas. 

However, the contour of the triatomic gases is very different from that of the air. Another important 

result is the non-influence of the molar mass on the nozzles design, since all of the chosen gases have 

different molar masses. 

Table 2. Dimensional values of the 2D plug nozzles for ME=3.00 

 
 

Figs. 7-10 show the shape of the two-dimensional plug nozzles rocket engine for the following 

gases: air, H2O, CO2, H2, CO and N2, calculated at ME=2.00, 3.00, 4.00 and 5.00 for T0=2000 K. These 

figures show that the volume and the mass of the nozzle increase with the exit Mach number ME. 

For example, for ME=2.00, the plug shapes for the gases (H2, CO, N2) are almost the same as those of 
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air, while for the other two gases (H2O, CO2), the difference is a little greater. In the range of ME from 

3.00 to 5.00, the nozzle shape design considered with H2 gas is very small, but with (CO, N2) are 

almost identical to that of air. On the other hand, the difference becomes pronounced for H2O - CO2 

and increases considerably with the increase of ME.  

It appears that for an exit Mach number ME of less than 2.00, the difference of the results among 

the different gases is generally small and the variation for all parameters does not exceed 5%, which 

gives the possibility of choosing only one of the following gases: air, H2O, CO2, H2, CO and N2 for the 

design of two-dimensional plug nozzle rocket engine. 

 

 
Figure 7. Gas effect on the plug shape giving ME=2.00 and T0=2000 K 

 

Table 3. Numerical Values of the 2D plug nozzle for ME=2.00 and T0=2000 K 

 
 

 
Figure 8. Gas effect on the plug shape giving ME=3.00 and T0=2000 K 

 

Table 4. Numerical Values of the 2D plug nozzle for ME=3.00 and T0=2000 K 
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Figure 9. Gas effect on the plug shape giving ME=5.00 and T0=2000 K 

 

Table 5. Numerical Values of the 2D plug nozzle for ME=4.00 and T0=2000 K 

 
 

 
Figure 10. Gas effect on the plug shape giving ME=5.00 and T0=2000 K 

 

Table 6. Numerical Values of the 2D plug nozzle for ME=5.00 and T0=2000 K 

 
 

In plug nozzles, the wall section is substantially constant and therefore it contributes only a few 

percent to the total thrust. For reasons of optimization, these nozzles must be truncated in order to 

increase their performance. One of the main advantages of plug nozzles is that their performance is 

not dramatically changed if the plug is truncated at even a small fraction of its length. Indeed, the 

ending part of the plug (like in the case of conventional nozzles) is fairly flat and its contribution to 

thrust is a small fraction of the overall nozzle thrust, as the force acting on the plug wall is nearly 

perpendicular to nozzle axis. 

Fig. 11 shows the coefficient of the mass gain and the loss of thrust coefficient calculated by the 

computation code from a two-dimensional plug nozzle, truncated to any section from the exit section 
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to the throat. Table 7 summarizes the performance of the truncated nozzles at the cross sections 

between 0% and 50% with respect to the length of the nozzle (L/λB). 

 
Figure 11. Representation of the gain in mass and the CF loss of a truncated 

2D Plug nozzle for ME =3.00 and T0=2000 K  

 

Table 2. Design Values of the truncated 2D Plug nozzle for ME=3.00 and T0=2000 K 

 

5. Conclusions 

The present work concerns the design and analysis at high temperature of the profiles of the 

two-dimensional plug rocket engine nozzle for different gases, as well as with the study of flow 

parameters (i.e.: pressure, mass, length, mass, and coefficient of thrust). The combustion of the 

following bi-propellant combinations was studied: hydrogen / oxygen, RP-1 / oxygen, mono-methyl 

hydrazine / nitrogen tetroxide and methane / oxygen. We conclude that the gases chosen in our study 

are: H2O, CO2, H2, CO et N2. Once the profile of each gas is generated, an analysis of the evolution of 

the thermodynamic parameters (namely length, Mach number, mass, thrust coefficient) is conducted. 

In this study, the effect of the stagnation temperature T0 on the values of the nozzle design 

parameters is presented. The numerical results obtained show that the difference between each 

contour is negligible for diatomic gases with deviations not exceeding 8%. On the other hand, this 

difference for triatomic gases becomes of the order of 20% to more than 50% depending on the 

temperature T0. These errors are due to variations in the function γ (T) for each gas. For reasons of 

optimization of the thrust/weight, the nozzles, initially too long, must be truncated. As an example, 

we can say that a 40% decrease in the length of the nozzle with ME=3.00 and T0=2000 K results in a 

gain of 36% of the mass and a loss of 1.35% of CF. 
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