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Abstract: Combustion-chamber is a critical component of the propulsion engine, which is widely 

used in the space industry and aeronautics. The goal of this article is to perform a numerical-

analysis on the combustion process using a liquid-type propellant. The steps that must be followed 

until total combustion is achieved are emphasized. It concerns the fuel feeding phase, its injection 

and the combustion operation. The amount of combustion products and the energy generated are 

evaluated.  It has been shown that the liquid propellant may present an efficient alternative fuel 

than the kerosene. In addition, the temperature of combustion does not exceed a certain limit to 

avoid structural problems in the chamber. The parametric survey allowed determining the range of 

the most influence factors, including the pressure, mixture richness, velocity and flow rates of 

injection for the fuel and oxidizer. The number and type of injectors revealed a considerable 

influence on the velocity and flow rates of injection. To maximize thrust force and system 
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propulsion, a careful selection of chamber material and ignition methods is required. A thorough 

inspection on the issues of walls cooling showed the necessary survey of maximum temperatures 

that may be reached during the combustion. Finally, an investigation of the thermal exchange 

through the walls will be very interesting.  

Keywords: Numerical simulation; complex engineering phenomena, combustion process; 

propulsion engine; liquid propellant. 

1 Introduction 

In the last decades, the significant changes were introduced in the ‘space’ area, and competitive 

commercial solution of engines were launched. Various issues remain a challenge to be addressed: 

maintaining of highly efficient materials and control of the development costs. This needs the best 

product quality and high level of knowledge level about the efficacy of materials [1,2]. 

Until present, various investigations have been made on combustion phenomena under high pressure 

mixing conditions. A theoretical formulation based on thermodynamic laws was applied to assess the 

propulsive efficiency of jet engines. It concerns combining the momentum balance and the analysis of 

fluid flows [1-3]. Arntz et al. [4] and Turan et al. [5] developed a methodology formulation based on 

exergy to inspect the efficiency of aircraft. Identical formulation was presented by Bastani et al. [6]. 

In other hand, Patrício et al. [7] used the thermodynamic laws to examine the behavior of jet engines. 

Fursh et al. [8] looked at the combustion chamber in tiny jet-engines that produce less than 1000 N of 

thrust. The liquid-type propellant rocket techniques have recently gotten a lot of attention. The pressure 

inside the chamber has been augmented to meet the requirements of efficiency and compactness [9-11]. 

Neill et al. [9] showed some liquid propellants used in this field.  

They claimed that the liquid methane and liquid oxygen propulsion is far more cost-effective than 

the present booster and in-space propellant combinations. For a small turbojet engine, Schrötter et al. [12] 

used a thermographic camera to conduct their analysis. They determined the temperature in different 

nodes of the engine. 
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The combustion of liquid propellants in a propulsion engine is numerically inspected. The fuel 

injection and the combustion operation are well detailed. The chemical affinity technique allows solving 

such a complicated phenomenon after some iterations. The composition of the combustion products is 

also determined. 

2 Details on the Combustion 

Several aspects may characterize the combustion phenomenon, depending on the thermodynamic 

conditions. A very slow oxidation may cause the beginning of combustion. Then, the oxidation becomes 

active under certain conditions of temperature, pressure and mixture. At this condition, the combustion is 

the auto-ignition. To generate auto-ignition, a kinetic source of a spark plug was used in this study. 

2.1 Thermodynamic Details 

Depending on the temperature of the reaction, the chemicals created by combustion that results from 

the reaction between fuels and oxygen are water, carbon dioxide, and other elements. This reaction is 

expressed chemically as: 

     HNqpnOHpnCONOqpnOHC qpn  22222 2476.3276.324            (1) 

The dissociation of products that happens during the combustion at significant temperature is given 

as: 

HOCOCO  22 2
1

                                                                                    (2) 

HOHOH  222 2
1

                                                                                    (3) 

HOHHOH  22 2
1

                                                                                    (4) 

HHH  22                                                                                     (5) 

HOO  22                                                                                     (6) 
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The equilibrium coefficients are utilized to determine the rate of dissociation as: 
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The concentrations depend mainly on the number of moles and the pressure. The reactions (2-6) are 

endothermic, because the temperature of combustion is higher than that of the equilibrium. 

Using the principle of energy conservation allows: 

  
Tf

Ti pT dTCH
produitI

                                                                                  (12) 

The temperature of combustion may be obtained by solving the above-mentioned equations. 

2.2 Details on the Kinetics 

2.2.1 Reaction Mechanism 

The reaction is typically carried out with more than 2 or 3 molecules at the same time and in separate 

steps, which is the reaction mechanism. For the combustion, stable molecules are formed at the end of this 

mechanism. The permanent production of free radicals allows obtaining a characteristic chain, 

transforming thus a significant amount of matters to radicals [13]. Chemically efficient radicals can 

greatly speed up the reaction, and its velocity can increase (theoretically) until it explodes. 
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2.2.2 The quickness of Reaction 

Changes is concentrations vs. temperature can be used to determine the reaction speed (VR): 

   
P
C

dt
d

nP
B

dt
dVR

1
                                                                                   (13) 

where n is a coefficient indicating that form a single molecule of fuel,  COn 2 molecules are produced. 

The reaction velocity is defined as follows [14,15]: 

i) Phase of Extension     

The next relation may be utilized to express the speed of reaction in the prolongation phase:                                                                                 

or:                                                                                        

Z
P
RVP ..                                                                                   (14) 

with: 

f
RT
EEXP

P
A

R
R P .1





                                                                                   (15) 

ii) Phase of Ramification Phase              

For this step, the speed of reaction is given as: 

'.. 
P
RZVR                                                                                    (16) 

where         

f
RT

EEXP
P
A

R
R r ...1' 






                                                                               (16bis) 

iii) Phase of Homogeneous Rupture               

During rupture step, the speed of burning is defined as: 
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                                                                               (17bis) 

The exponential term in the Eqs. (17) and (17bis) is significantly essential, because it presents the impact 

of temperature on the velocity. 

2.3 Radiation and Dissociation Phenomena 

The temperature of generated gases during the combustion may exceed 2,000 K. In this situation, it 

is necessary to consider the impact of molecules dissociation, which induces species such as CO, O, H, H2, 

etc. The present investigation aims to compute the details of these species for the case of oxy-gen-

kerosene. The radiation will be considered at significant temperatures of combustion, which means that 

the process is not adiabatic. 

3 Details on the Method 

Generally, many compounds are formed at elevated temperatures of the operation. Their 

characterization needs to solve a complicated system with nonlinear equations. Besides, the precision and 

computational time are the main difficulties encountered during the determination of the gas components 

composition. Among the different techniques in this area, the equilibrium constants approach is the most 

utilized. 

3.1 The Mixture’s Composition 

The composition of the mixture is determined by defining m  atoms and picking n , which results in 

an equation with mn  degrees. To obtain satisfactory reliability in computed temperatures of the mixture 

combustion, it is required to take into account the number of products (about ten) [14,16].  

A mixture of m  atoms of various species at temperature T  and pressure P  is considered. The n  
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products of reaction must be selected to evaluate the mixture composition [13,17]. The lowest free energy 

yields the thermodynamic equilibrium:  

 

The molar quantity X is: 

 


n

i ixX
1                                                                                   (19) 

In this situation, Eq. (18) is expressed as: jm 1,...,  

i
n

i idxdG  


1
                                                                                   (20) 

Furthermore, the mole conservation ( jd ) in each atoms ( jm 1,..., ) results in m  line-ar eqs: 

 

Also, the next condition appears, because the number of species moles may not be negative: 

 NiX I ,...,10                                                                                    (22) 

Many analysis approaches utilize the degree RJ of the reaction progress (laws of mass effect): 

ij

i
j n

dxdr                                                                                    (23) 

Taking into account (n-m) reactions, Eq. (20) is now: 

  






n

i

mn

j jijii drndX
1 1

.                                                                                    (24) 

Giving thus: 

  0
11

  





n

i iji
mn

j j ndrdG                                                                                    (25) 

The (n-m) reactions defined in Eq. (26) are sufficient for the condition in Eq. (20):    
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n

i ijin1
0                                                                                   (26) 

‘n’ unknown factors Xi may be obtained when ‘m’ linear equations (21) are added. The chemical potential 

of perfect gases is: 
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Eq. (26) is now: 

    0ln
11
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i iij
n

i
i Pn
RT
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When considering: 



n

i

nij
ipj PK

1

and 



n

i
iijj TGnTG

1

00 )()( , it gives: 

   
RT

TG
KLn j

Pj

0
                                                                                   (29) 

The right part of Eq. (29) is available in the thermodynamic tables. 

This approach may be also utilized if one or two reactions are needed for balance. The computation 

of equilibrium becomes complicated and iterative when the term Ln (Xi) appears in the equation of 

chemical potential. The ‘Equilibrium Constants Method’ is one of the oldest methods used in these 

situations. However, the advance in computer machines, allowed developing other methods such as 

BRINKLEY, WHITHE, and ALBASEE. In these numerical methods, the initial composition should be 

well estimated to overcome the issue of convergence [14,16,18]. In our case, the ‘Chemical Affinity 

Method’ was utilized, where the chemical affinity is supposed to be neglected at ‘j’ reactions [13,15]. 

3.2 Computational Technique  

The use of a combination in terms of m species and n elements was proposed. The law of the 

conservation in the mass is represented as a set of m  linear equations: 
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The matrices [D, A, and X] have [m, m × n, and m] dimensions, respectively. Therefore, the system 

must contain (n-m) equations, which may be obtained by chemical affinity: 

 

 

with: 

 

‘rj’ is given as: 

 

The following chemical affinity is reached by replacing Eqs. (32) and (33) in Eq. (30): 

 


n

i ijij nY
1
                                                                                   (34) 

The balance is performed if: 

 

So, the proper equations of equilibrium must be selected. The use of atomic species can be used to 

characterize each component:  

       


m

j jiji MaRMAR
1 0000                                                                                 (36a) 

       


m

j jiji MaRMAR
1 1111                                                                                 (36b) 
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The mass conservation is then: 

       


m

i iijj
tt XadXAXAD

11100                                                                                   (37) 

The matrix (R0) may be selected to have invertible (A0): 

        0
1

0111 RAAMAR                                                                                    (38) 

The (n-m) equations indicating the ‘no-basic bodies’ are: 

       
 

n

i oiijij RnRRAAR
10

1
011 0                                                                                   (39) 

Therefore:  

      1
01
 AAnnij                                                                                   (40) 

In comparison with Eq. (39), the chemical affinity becomes: 

            0
1

01101 GAAGGNGy                                                                                    (41) 

Solving the system by using this procedure allows the determination of a no-null chemical affinity: 

i
tt XAXAD .. 100                                                                                    (42) 

00
1

011   GAAGY                                                                                   (43) 

X1 is unspecified chosen. Eq. (42) allows defining 0X , 0G , 1G , and Y if TA0 is invertible and a suitable 

selection of basic bodies was made. 

3.2.1 Solving Procedure 

The determination of mixture composition was conducted according to the next steps: 

1- The [D, A0, A1] matrixes, then [X0 and X1] are written with their initial values. 
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2- Matrix evaluation: 

 

 

 

3- Using an iterative strategy to Solve the problem. 

3.2.2 Iterative Method 

1.  [G0 and Gi] are calculated after determine the n mole total-number. 

2.  Deducing: 

 

 3. Using the number of iteration (p) to determine the Xi mole new-number: 

 

4.  Deducing: 

 

2 new matrices [ )(X and )(X 10 ] are created and combined in a (X) matrix. It is essential to verify that 

all (X0) matrix element are positive before passing to the next iteration. If one element is negative, the 

program will stop, which indicates the bad selection of bases bodies. 

3.2.3 Assumptions )(X and )(X 10  

The combustion was considered adiabatic and isobar. The generated gases were supposed perfect. A 

constant temperature of oxygen and fuel was set at the inlet. The pressure was considered in the whole 

volume of the chamber. 
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3.3 Flame Temperature 

The temperature of combustion TB may be evaluated after determining the composition of products. 

At constant pressure, an adiabatic transformation’s change in enthalpy is negligible: 

 

Then, before combustion, the enthalpy of products equals that of the mixture: 

 

Generally, C, H and O are supposed to be the main components of the mixture. So, the enthalpy is: 

        29829812985.61014 fff HTTTH                                                                (52) 

3.4 Enthalpy of Products 

The values TR = 298.16 K, PR =1 atm are usually utilized to evaluate the enthalpy, which is given as: 

 T
ii

T
produit HXH                                                                                   (53) 

Where 

dP
P
HdTCLdTCHH

T

Ti

P
i

ip

Ti

Tr

Ti
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fi
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i   










 

0

Pr
2211                                                               (54) 

The term  P
H i


  is negligible, so: 

  
Ti

ip

Ti

Tr

Ti
iip

Tr
Fi

T
i dTCLdTCHH 2211                                                                                   (55) 

4 Findings and Analysis 

Cylindrical chambers of combustion are generally employed in the rocket’s technology. The slightly 

convergent chambers from the injector to the nozzle are also utilized. In our investigation, a section with 
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contracting rate was used. 

The stable combustion requires a minimal volume of the chamber, where many factors play a major 

role, such as the propellant nature, injector type, and combustion pressure [19,20]. The trust efficiency 

may be reduced by any pressure drop in the chamber. However, this drop may be negligible at low 

velocities of gases speed, while it has a significant impact if the converging rate is between 3 and 7 [21-

23]. 

4.1 Selection of the Combustion Chamber 

The following criteria are verified when selecting the chamber volume: 

i) A sufficient volume must be provided to ensure a homogeneous mixture, a good vaporization, and 

complete combustion;  

ii) Also, an adequate injector must be selected to provide a high pressure. A highly efficient 

propellant is also needed; and 

iii) The extension of combustion time of combustion may be ensured through the cooling of walls by 

fuel or oxidizer. 

4.2 Dimensions of the Chamber 

This investigation aims to define the optimal volume of the chamber: 

cALV .*                                                                                   (56) 

with 

0PC
FA

Ff
c 
                                                                                   (57) 

i

a
f F

F
                                                                                   (58) 
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The real and theoretical thrust forces are: 

1.. PACF CFa                                                                                    (59) 

mCFi .                                                                                   (60) 

The velocity C is: 

gIC s.                                                                                   (61) 

and  

 

P2 = P3 in the case of a modified nozzle: 



















































1

0

2
1
1

2

1
1

2
1

2
P
PCF                                                                                   (63) 

4.3 The Chamber’s Dimensions 

The chamber’s internal surface is: 

00

0
0 ...

..
VPMV

TRFA
e

                                                                                   (64) 

In fact, the internal velocity changes usually within the range [60-150]m/s. In our case, V0 = 129m/s 

was taken [21,22]. The outlet velocity, Ve is: 

ve CV .                                                                                   (65) 

The diameter of the chamber is determined as: 
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 0.4 ADc                                                                                   (66) 

Two cases were considered: a fixed pressure and then a fixed thrust force. 

4.4 Computation and Selection  

4.4.1 Fluid Selection 

The liquid oxygen (oxidizer) was selected due to its good properties compared with other oxidizers 

such as the Fluor (Table 1). We remind that the low viscosity and molar mass, and significant heat 

capacity are the main properties of a good propellant [21,22]. In addition, oxy-gen is highly available, 

easily storable and it may be utilized for the chamber cooling. Among the various available fuels 

(kerosene, hydrogen, liquid hydrazine, etc.), the kerosene is the best due to its availability, low cost, and 

satisfactory properties [14]. 

Table 1: Liquid oxidizer and Fluor properties (Barrere, 1972). 

 

4.4.2 Chamber Dimensioning 

Two cases were treated: 

i) For a fixed thrust force (F = 500 daN), the pressure was changed within [40-80] bar. As 

highlighted in Fig. 1, the diameter decreases with the rise of pressure for a given length of the chamber 

(Lc), for example 1 m. 

ii) In the chamber, the thrust force was varied within [500-100] daN for a P = 40 bars fixed pressure. 
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For the chamber length (Lc = 1 m), Fig. 2 reveals clearly the proportional augmentation of the chamber 

diameter vs. the propulsion force, i.e., the significant push needs a wide chamber diameter.  

The diameter of the chamber is within [0.6382-1.27] m for thrust forces varying between [500-1980] 

daN at a P = 50 bar pressure. However, increasing the pressure value from 2 × 10 to 102 bar requires 

selecting a design with a diameter ranging from 1.009 m to 0.4513 m for the same chamber. 

 

Figure 1: m. 1 = Lat  diameter,chamber   the vs.pressure combustion in the Changes c  

 

Figure 2: m. 1 = Lat  pressure, combustion anddiameter chamber   the vs.force thrust in the Changes C  

4.4.3 Process of Combustion 

The kerosene reaction with liquid oxygen is: 
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Eq. (67) allows determining the products composition and the temperature of combustion and released 

energy. Table 2 summarizes the findings for 0.70 of an equivalence ratio and 60 bar of pressure. 

 

Table 2:  0.7; richness 21.228010; =Nat  products combustion  theofn Compositio

kcal. 6424.301 = H bar; 60 = P K; 3409.225 =T c0c  

 

 

In addition, Table 3 reveals the pressure impact on the temperature and reaction enthalpy. For a 60 

bar pressure and a 0.80 richness, the following values are obtained during kerosene-oxygen combustion:  

g/mole. 29.276 = M massmolar  and 1.1872, =  kcal, 6424.30 = H K, 3409.22 = T cc   

The rise in temperature with increased chamber pressure and mixture richness is depicted in Fig. 3. 

The graphs show that an excessive increase in temperature can cause problems with the material 

chamber’s resistance. Details on Gordon-Mc Bride coefficients ar required for the calculation of 

H] and C [S, p [24]. As indicated by Eq. (62), eight elements are induced:  

O. and O OH, H, ,H O,H CO, ,CO 2222  
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Table 3: impact.-Pressure  

 

 

Figure 3: .combustion of re temperatuon theimpact  Pressure  

4.4.4 Computation of the Injection 

An injector with ‘3 jets in intersection’ was selected in this survey due to its effectiveness [19-21]. 

Three injectors of fuel (m1 = 3) and six others of oxidizer (m2 = 6) were utilized. A symmetric distribution 
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to the chamber axis must be ensure to provide satisfactory homogenization in the mixture. The injector 

Diameter was Dinj = 1.57 mm, the discharge coefficient CD = 0.90, the over-pressure bar, and the velocity 

of oxidizer and fuel injection was varied between 20 and 50 m/s. 

The computed results of the selected injector under the abovementioned conditions are summarized 

in Table 4. The flow rate of fuel injection (or oxidizer) is depending on the selected ΔP and number of 

injectors.  

Table 4: 0.90] = C m; 0.01570 = d ;kg.dm 1.140 = [ fuel ofinjector  on the Data d
-3

0  

 

For instance, at ΔP = 10 bar, m1 = 3, m2 = 6, ρcombustive = 1.14 kg/dm3, and ρfuel = 0.707 kg/dm3: the 

speed and flow rate of oxidizer and fuel injection are (Viox = 37.697 m/s, q = 4.619×10-4 m3/s), and (Vfuel 

= 47.86 m/s, q = 5.865×10-4 m3/s), respectively. In contrast, as ΔP, or the discharge coefficient, rises, the 

flow rate and velocity of oxidizer injection increase (Figs. 4 and 5). 

Fig. 6 highlights the impact of the number of injector and ΔP on the flow rate of fuel injection. At 

the end, adequate conditions should be selected to ensure injection velocities of oxidizer and fuel ranging 

within [20-50] m/s. This range has been recommended by many authors, as given in Refs. [21-23]. 
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Figure 4: rate. flowinjection oxidizer   the vs.pressureover  in the Changes  

 

 

Figure 5: injection.oxidizer   theof rate flow  the vs.pressureover  in the Changes  

 

Figure 6: 0.90. = Cat  ratesinjection  fuel  the vs.pressureover  in the Changes d  
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5 Conclusion 

The combustion of liquid propellants in a propulsion engine was numerically inspected. The 

chemical affinity technique allowed solving such a complicated phenomenon after some iterations. The 

composition of the combustion products was also determined. It has been demonstrated that the liquid 

propellant could be a more effective fuel than the kerosene. Furthermore, the combustion temperature is 

held below a certain threshold to prevent structural issues in the chamber.  

The parametric survey allowed determining the range of the most influential factors, such as pressure, 

mixture richness, velocity, and fuel and oxidizer injection flow rates, to be determined. The number and 

configuration of injectors had a significant impact on injection velocity and flow rates. 

To optimize thrust force and system propulsion, a careful selection of chamber material and ignition 

methods is needed. A detailed examination of the cooling of the walls revealed the need for a survey of 

the highest temperatures that could be reached during the combustion. Finally, it will be fascinating to 

look at the thermal exchange through the walls. 

Conflicts of Interest: The authors declare that they have no conflicts of interest to report regarding the 

present study. 
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