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ARTICLE INFO  The article provides an overview of the design and operation of pulse jet engines alongside a historical per-

spective on their development. It examines a selection of readily available fuels with diverse physicochemical 
properties, including methane, methanol, ethanol, gasoline, and LPG. A detailed chemical and energetic 

analysis of the combustion process for each fuel is conducted to determine key kinematic and thermodynamic 

parameters critical for the design and optimization of pulse jet engines. Computational methods and numerical 
tools used for simulating combustion chamber processes are discussed, with a focus on numerical analyses 

performed in the ANSYS environment. These simulations evaluate the impact of geometric parameters on the 

specific engine work, enabling the identification of optimal design solutions and key areas requiring further 
research and modifications. The study concludes by exploring potential design changes necessary for adapting 

pulse jet engines to operate efficiently with multiple fuel types. This includes considerations related to material 

selection for resistance to high temperatures and aggressive combustion conditions, as well as solutions for 
effective fuel distribution. 
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1. Introduction 
The contemporary battlefield is characterized by high 

dynamics and variability in operational conditions, which 

places critical importance on both the responsiveness and 

adaptive capabilities of armed forces. Consequently, the 

development of innovative propulsion solutions, including 

pulse jet engines, addresses the growing demand for effi-

cient, reliable, and easily adaptable propulsion systems 

capable of operating in demanding environments. A partic-

ularly significant aspect of these efforts is the ability to 

utilize a variety of fuels, driven by both logistical consider-

ations and the need to ensure operational continuity under 

diverse tactical conditions. 

Since the early development of jet propulsion, engineers 

and researchers have consistently aimed to enhance the 

operational parameters of propulsion systems, such as re-

ducing their weight and expanding the range of usable 

fuels. Experiences derived from contemporary military 

operations indicate that flexibility in energy source selec-

tion can be a critical factor in determining the effectiveness 

of combat missions. This is especially relevant in regions 

with limited logistical infrastructure, where the ability to 

utilize locally available fuels or unconventional fuel blends 

becomes increasingly significant. At the same time, pulse 

jet engines, due to their relatively simple design and high 

energy density, exhibit considerable potential for military 

applications. 

The growing interest in the concept of a multi-fuel pulse 

jet engine stems not only from the strategic and operational 

requirements of the modern battlefield but also from the 

rapid advancement of technologies in materials science, 

automation, and advanced control systems. Progress in 

these areas enables the design and construction of pulse 

systems characterized by increased thermal and mechanical 

resistance while facilitating integration with unmanned 

combat platforms and cruise missiles. 

2. Objectives and scope of the work 
The main goal of this article is to initiate systematic re-

search on the construction and application of a multi-fuel 

pulsejet engine, leading to a better understanding of the 

combustion mechanisms and flow dynamics in this type of 

propulsion system. In particular, the work aims to deepen 

both theoretical and practical knowledge regarding the 

selection of different fuels and their impact on efficiency, 

combustion stability, and engine durability. This is of sig-

nificant importance for both further scientific and experi-

mental applications, as well as technological implementa-

tions. The results and conclusions obtained will be used to 

develop design guidelines, which may contribute to the 

creation of a prototype system powered by various types of 

fuel in the future. The authors aim to lay the foundation for 

further work, addressing not only design and material as-

pects but also safety issues and the potential integration of  

a multi-fuel pulsejet engine with unmanned aerial plat-

forms. 

3. Literature review 
Research on pulse jet engines has a long history, dating 

back to the first half of the 20th century. The earliest de-

signs – most notably the German Argus As 014 engine used 

in V-1 missiles during World War II – sparked widespread 

interest in the principle of pulse combustion. Although 

initially employed solely in simple military systems, signif-

icant advancements over the years in understanding flow 

and combustion mechanisms have enabled the development 

of new variations and applications of pulse jet engines [20]. 
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The scientific literature contains numerous publications 

focusing on the theoretical and experimental analysis of 

pulse jet engines. Complementing these studies are works 

dedicated to improving the fuel-air mixture, which empha-

size the development of optimal fueling conditions to en-

sure combustion stability across a wide range of tempera-

tures and pressures [22, 26]. 

A particularly important aspect, addressed in the context 

of this study, is the ability to power pulse jet engines with  

a variety of fuels. Research on the use of alternative fuels, 

including methanol, ethanol, and LPG, has been conducted 

with the aim of improving supply logistics and reducing 

environmental impact. The 1990s and early 21st century 

saw a growing interest in low-emission fuels [12, 13] and 

high-energy-density fuels, focusing on the evaluation of 

combustion characteristics and pollutant emissions for 

various fuels in pulse jet engines and related designs, such 

as detonation engines [23]. 

Advancements in simulation tools, such as ANSYS Flu-

ent and CFX, have significantly expanded the capabilities 

for modeling phenomena associated with the operation of 

pulse jet engines. Numerical analyses enable precise repli-

cation of the pulse combustion process and the simulation 

of various geometric configurations without the need to 

build prototypes for every considered modification. The 

literature provides numerous examples of the application of 

these tools, including studies on optimizing combustion 

chamber shapes, controlling inlet flow swirl, and selecting 

the optimal fuel injection parameters. An example of  

a comprehensive numerical and experimental analysis of 

multi-fuel pulse jet engines is the work of Badanov et al., 

which presents a methodology for modeling fuel stream 

behavior and pressure wave dynamics [15, 17]. 

From a military application perspective, the develop-

ment of pulse jet engines, including multi-fuel concepts, 

has garnered increasing interest due to their relatively sim-

ple design, low production and maintenance costs, and 

favorable thrust-to-weight ratio. These features enable their 

implementation in unmanned aerial platforms and short-

range missiles. However, studies presented in the literature 

highlight the necessity of addressing numerous technical 

and material challenges, such as ensuring operation under 

extreme thermal conditions and maintaining structural in-

tegrity in cyclically fluctuating pressure fields [5]. 

4. Basic information about pulsejet engines 

4.1. Structure of a pulsejet engine 

The pulse jet engine is a type of combustion flow engine 

with a principle in which the combustion process occurs in 

a sequence of rapidly successive impulses. The operating 

cycle frequency of the engine is inversely proportional to its 

dimensions. For instance, small-scale model engines typi-

cally operate at frequencies of around 200–250 Hz, while 

the engine used in the German V-1 flying bomb reached 

approximately 45 Hz. The design of a pulse jet engine is 

exceptionally simple and lightweight compared to other jet 

engines with continuous exhaust flow, resulting in a favor-

able thrust-to-weight ratio. However, one of its major 

drawbacks is the high noise level (approximately 145 dB), 

which in practice limits its civilian applications and makes 

it more commonly used in the military sector. The basic 

components of a pulse jet engine include an air intake, 

combustion chamber, fuel injector, and nozzle (Fig. 1) [4, 11].  

 

Fig. 1. Valved pulsejet engine cross-section [24] 

4.2. Operation principles 

In the initial phase of the operating cycle (Fig. 2a), air 

flowing through the intake mixes with fuel delivered direct-

ly into the combustion chamber. Subsequently (Fig. 2b), the 

mixture ignites, typically triggered by a spark. As a result 

of the rapid pressure increase in the combustion chamber, 

the intake valve closes [8]. 

In the next phase (Fig. 2c), the exhaust gases are ex-

pelled through the outlet channel, and their inertia causes  

a temporary drop in pressure within the combustion cham-

ber below the ambient pressure. This allows the intake 

valve to reopen, and the receding flame initiates the next 

combustion phase. This entire process repeats multiple 

times in rapid succession, enabling the generation of con-

tinuous thrust. 

          

Fig. 2. Valved pulsejet engine working principles [25] 

4.3. Ways to control pulsejet engine  

Due to their design, pulse jet engines are divided into 

two primary categories: valved and valveless. In valved 

engines, the critical component is the intake valve, which 

can be controlled either mechanically (through the combus-

tion cycle) or electronically. A drawback of mechanically 

actuated valves is their susceptibility to damage caused by 

high operational loads, as well as the occurrence of "back-

flow" at low flow rates, resulting from the limited speed of 

valve opening and closing. However, the mechanical valve 

can be designed as a membrane that allows airflow exclu-

sively toward the combustion chamber, partially addressing 

the backflow issue [7, 8]. 

a) 

b) 

c) 
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In valveless pulse jet engines, all moving parts are elim-

inated. Gas flow is controlled solely by the carefully de-

signed geometry of the combustion chamber and the intake 

and exhaust channels. During combustion, the combustion 

products are expelled primarily through the exhaust chan-

nel, which has a larger cross-section, but some of the gases 

also flow backward through the intake. After the exhaust 

gases exit, the pressure in the combustion chamber drops 

below atmospheric pressure, allowing fresh air to enter and 

enabling the next ignition cycle. 

Although, in a valveless design, a portion of the thrust 

appears to "escape" through the air intake, this does not 

result in a loss of useful thrust in practice. By curving the 

engine into a "U" shape (Fig. 3), both gas streams (exhaust 

and "backflow") can be directed in the desired direction, 

achieving a very favorable thrust-to-weight ratio [21]. 

 

Fig. 3. Valved pulsejet engine a) and valveless pulsejet engine b) [7] 

5. Physiochemical processes in pulsejet engine 

5.1. Combustion in pulsejet engines  

Combustion, from a chemical perspective, is a rapid and 

highly exothermic reaction between fuel and oxygen. Fuel 

refers to technical materials that release a significant 

amount of energy per unit of mass during the combustion 

process. The combustion reactions of individual fuels [3, 

14, 17]: 

 

Methane  

 CH4 + 2O2 → CO2 + 2H2O (1) 

Methanol 

 2CH3OH + 3O2 → 2CO2 + 4H2O (2) 

Ethanol  

 C2H5OH + 3O2 → 2CO2 + 3H2O (3) 

Gas 

 2C8H18 + 25O2 → 16CO2 + 18H2O (4) 

LPG 

Propane combustion: 

 C3H8 + 5O2 → 3CO2 + 4H2O (5) 

Butane  

 2C4H10 + 13O2 → 8CO2 + 10H2O (6) 

Olefin’s general reaction: 

 CnH2n +
3n

2
O2 → nCO2 + nH2O (7) 

The determination of the amount of energy released 

during combustion is governed by Hess's Law. The quantity 

of heat released or absorbed by a system depends on the 

initial and final states of the reaction rather than the specific 

pathway of the process. In the context of fuel combustion, 

this means that the enthalpy of the combustion reaction can 

be calculated [1]. 

Hess's Law can be expressed by the following equation: 

 ∆H° = ∑ ni∆H°i pi − ∑ nj∆H°j sj  (8) 

where: ∆H° – enthalpy of reaction [kJ], i – number of prod-

uct, j – number of subtract, ni – number of moles of product 

number i, nj  – number of moles of subtract number j, 

∑ ni∆H°i p – the sum of changes in standard enthalpy of the 

products [kJ], ∑ nj∆H°j s – the sum of changes in standard 

enthalpy of the subtracts [kJ].  

The enthalpy of combustion is the difference between 

the enthalpy of the combustion products and the enthalpy of 

the reactants at a given temperature and pressure [9, 18]; it 

represents the amount of energy released as heat during the 

complete combustion of fuel. This value is expressed in 

units of kJ. Table 1 presents literature data on the enthalpy 

of combustion for the fuels considered in this study. 

 
Table 1. Values of enthalpy of combustion for specific fuels [1] 

Fuel Enthalpy of combustion [kJ] 

Methane 802 

Methanol 726 

Ethanol 1368 

Gas 5470 

LPG 2040 

 

The enthalpy of combustion for individual fuels was 

calculated using equation (8). The enthalpy of combustion 

was determined for 1 mole of fuel in accordance with the 

stoichiometry of the given reaction. This approach aligns 

with the definition and practical application of enthalpy. 

 
Table 2. Value of standardized enthalpy [1] 

∆H° [
kJ

mol
] 

Methane Methanol Ethanol Gas Propane Butane 
Carbon 

dioxide 
Water 

−74.8 −205.1 −234.2 −224.1 −104.7 −134.2 −393.52 −241.83 

 

Methane  

 CH4 + 2O2 → CO2 + 2H2O (9) 

 ∆H° = (−393.52 + 2 ∙ (−241.83)) − (−74.8)  (10) 

∆H° = − 802.38 kJ 

Methanol 

 CH3OH +
3

2
O2 → CO2 + 2H2O (11) 

 ∆H° = (−393.52 + 2 ∙ (−241.83)) − (−205.1) (12) 

∆H° = − 671.58 kJ 
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Ethanol 

 C2H5OH + 3O2 → 2CO2 + 3H2O  (13) 

 ∆H° = (2 ∙ (−393.52) + 3 ∙ (−241.83)) − (−234.2) (14) 

∆H° = − 1278.33 kJ 

Gas 

 C8H18 +
25

2
O2 → 8CO2 + 9H2O  (15) 

 ∆H° = (8 ∙ (−393.52) + 9 ∙ (−241.83)) − (−224.1) (16) 

∆H° = − 5100.53 kJ 

LPG 

LPG is a mixture of propane and butane gases; there-

fore, the enthalpy of combustion was first calculated sepa-

rately for each component. Subsequently, the value for the 

mixture was estimated based on its percentage composition. 

Propane combustion: 

 C3H8 + 5O2 → 3CO2 + 4H2O (17) 

 ∆H° = (3 ∙ (−393.52) + 4 ∙ (−241.83)) − (−104.7) (19) 

∆H° = −2043.18 kJ 

Butane combustion: 

 C4H10 +
13

2
O2 → 4CO2 + 5H2O (20) 

 ∆H° = (4 ∙ (−393.52) + 5 ∙ (−241.83)) − (−134.2) (21) 

∆H° = −2649.03 kJ 

Enthalpy of combustion of LPG: 

The propane and butane mixture is used in various pro-

portions. For the purpose of the calculations, it was as-

sumed that the gases constitute equal parts, with each mak-

ing up 50% of the mixture. 

∆H°LPG = 0.5 ∙ (−2043.18) + 0.5 ∙ (−2649.03) 

∆H° = −2346.105 kJ 

 
Table 3. Results of calculated combustion’s enthalpy  

Fuel Calculated enthalpy [kJ/mol] 

Methane − 802.38 

Methanol − 671.58 

Ethanol − 1278.33 

Gas − 5100.53 

LPG −2346.11 

 

The results of the calculated enthalpy of combustion are 

presented in Table 3, while literature values are provided in 

Table 1. These values are not equal. The discrepancies are 

likely due to different conditions under which the enthalpy 

determination processes were conducted. The enthalpy of 

combustion depends on the physical state of the reaction 

products, and thus the differences may arise from the con-

sideration of different physical states of substances in vari-

ous sources [1, 9, 16]. 

It is important not to confuse the enthalpy of combus-

tion with the heat of combustion. While these are related 

concepts describing the energy released during combustion, 

they differ in meaning. Enthalpy is a thermodynamic quan-

tity that defines the change in enthalpy during the combus-

tion of 1 mole of a substance, representing the amount of 

energy obtainable from fuel decomposition while account-

ing for the differences in bond energies. In contrast, the 

heat of combustion refers to the total energy released during 

the combustion of a unit mass or volume of fuel. Enthalpy 

of combustion is a theoretical value associated with the 

thermodynamic analysis of the reaction, while the heat of 

combustion reflects practical conditions of energy release 

and the states of combustion products. 

During fuel combustion, the amount of energy generat-

ed is denoted as H. Combustion of a given fuel is character-

ized by a maximum energy value, Hmx; however, in reality, 

this value is lower and depends on the oxidizer excess coef-

ficient α. In engineering applications, air is the most com-

monly used oxidizer because it is widely available and cost-

free. The energy value can be determined as follows: 

 Hmx =
Wt

1+Lt
 (22) 

where: Hmx – maximum energy during combustion [
kJ

kg
], Wt 

– combustion heat [
kJ

kg
], Lt – theoretical air requirement 

[
kg of air

kg of fuel
]. 

The heat of combustion of a fuel is the thermal energy 

released during the complete combustion of the fuel, which 

measures the energy content of the fuel. Table 4 presents 

the heat of combustion and the theoretical air demand for 

the specified fuels [19]. 

 
Table 4. Values of combustion heat and theoretical air demand for energy 
 calculations [1] 

Fuel Wt [
kJ

kg
] Lt  [

kg of air

kg of fuel
] 

Methane 50 000 17.2 

Methanol 19 900 6.45 

Ethanol 26 800 9.0 

Gas 44 500 14.7 

LPG 48 000 15.5 

 

Methane 

 Hmx =
50 000

1+17.2
  (23) 

Hmx = 2747.25 
kJ

kg
 

Methanol 

 Hmx =
19 900

1+6.45
  (23) 

Hmx = 2671.14
kJ

kg
 

Ethanol 

 Hmx =
26 800

1+9
  (24) 

Hmx = 2680 
kJ

kg
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Gas  

 Hmx =
44 500

1+14.7
  (25) 

Hmx =  2834.39
kJ

kg
 

LPG 

 Hmx =
48 000

1+15.5
  (26) 

Hmx =  2909.09
kJ

kg
 

Table 5. Calculation results of the maximum energy value during combus-

 tion 

Fuel  Calculated maximum value of energy [
kJ

kg
] 

Methane 2747.25 

Methanol 2671.14 

Ethanol 2680.00 

Gas 2834.39 

LPG 2909.09 

 

Using spark plugs, combustion is initiated by a spark 

discharge, which acts as an internal energy source. A neces-

sary condition for the combustion process to occur is the 

proper preparation of the combustible mixture. This prepa-

ration involves fuel atomization, evaporation, and mixing of 

fuel vapors with air. The intensity of fuel evaporation, 

which is crucial, can be enhanced by preheating the mix-

ture. After the initial ignition by the spark, subsequent lay-

ers of fuel ignite as they come into contact with the hot 

combustion gases produced from the burning of the previ-

ous layer during laminar flow. The factors initiating igni-

tion in the successive layers of the mixture include heat 

conduction from the combustion gases and the diffusion of 

active particles, such as free atoms or radicals, generated 

during the combustion of previous layers. 

It has not yet been determined which of these phenome-

na controls the process. Therefore, there are two groups of 

theories explaining the laminar combustion of homogene-

ous mixtures: the group of diffusion theories and the group 

of thermal theories. Below, one of the simplest thermal 

theories is described [26, 27]: 

 q = cpρuL(TZ − T0)  (27) 

where: q – heat flux [
kJ

m2s
], cp – specific heat [

kJ

kgK
], ρ – densi-

ty [
kg

m3
], uL – speed of combustion [

m

s
], T0 – ambient temper-

ature [K], TZ – combustion temperature [K]. 

 
Table 6. Physical and thermodynamic parameters of fuels for energy cal-
 culations [1] 

Compound Methane Methanol Ethanol Gas LPG 

cp [
kJ

kgK
]  2.22 2.51 2.44 2.1 2.58 

ρ [
kg

m3
] 0.717 792 789 755 2.2 

uL [
m

s
] 0.41 0.25 0.32 0.4 0.36 

T0 [K] 293.15 

TZ [K] 2223.15 2143.15 2193.15 2743.15 2253.15 

 

Calculations of the amount of energy released during 

the combustion of methane were performed as follows: 

 q = 2.22 ∙ 0.717 ∙ 0.41 ∙ (2223.15 − 293.15)  (28) 

q = 1259.54 
kJ

m2s
 

Analogous calculations were performed for each fuel, 

and the results are presented in the table below. 

 
Table 7. Calculation results of the amount of energy produced during 
 combustion 

Fuel Calculated energy flux [
kJ

m2s
] 

Methane 1260 

Methanol 919413 

Ethanol 1170497 

Gas 1553790 

LPG 4005 

5.2. Order of reaction and combustion rate 

The burning velocity refers to the rate at which fuel un-

dergoes combustion. It is defined as the linear regression of 

the fuel in parallel layers perpendicular to the surface itself. 

It can also be described as the distance traveled by the 

flame front into the fuel over a unit of time under known 

pressure and temperature conditions. Factors influencing 

the burning rate include pressure, the initial temperature of 

the fuel, fuel composition, and the size of oxidizer particles. 

The laminar burning velocity, or the speed at which the 

flame propagates, is given by the following formula: 

 uL = limt→0
∆x

∆t
=

dx

dt
 (29) 

where: 
dx

dt
 – the rate of the combustion reaction depends on 

the order of the reaction. 

 
Table 8. The combustion rate of individual fuels [1] 

Fuel Combustion speed [
m

s
] 

Methane 0.38–0.45 

Methanol 0.2–0.3 

Ethanol 0.3–0.35 

Gas 0.3–0.45 

LPG 0.35–0.4 

 

The burning velocities of individual fuels can vary with-

in specific ranges. For each fuel, the possible range of ve-

locities achievable under different conditions is presented. 

Factors such as the fuel-to-oxidizer ratio, initial tempera-

ture, and pressure influence the burning velocity [9].  

The order of a reaction determines how the rate of  

a chemical reaction depends on the concentrations of its 

reactants. First-order reactions involve the transformation 

of a single molecule. Second-order reactions involve the 

formation of products through the interaction of two mole-

cules. Third-order reactions involve the simultaneous inter-

action of three atoms or molecules, making such reactions 

relatively rare. 

The differential equations for first- and second-order re-

actions are as follows: 
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dx

dt
= k1(a − x)  (30) 

 
dx

dt
= k2(a − x)2  (31) 

or 

 
dx

dt
= k2(a − x)(b − x)  (32) 

where: a/b – initial concentration of substance A/B, x – the 

amount of substance A/B undergoing transformation during 

time t, k1/k2 – reaction rate constant for 1
st
 and 2

nd
 order 

reactions. 

Combustion can be treated as a first- or second-order 

reaction, depending on the conditions. During combustion 

with an excess of oxygen, it is assumed that the oxygen 

concentration remains practically constant throughout the 

reaction. In such cases, the reaction rate will primarily de-

pend on the concentration of the combustible substance. 

 

Methane 

 
dx

dt
= k1(aCH4

− xCH4
)  (33) 

Methanol 

 
dx

dt
= k1(aCH3OH − xCH3OH)  (34)  

Ethanol  

 
dx

dt
= k1(aC2H5OH − xC2H5OH)  (35) 

Gas 

 
dx

dt
= k1(aC8H18

− xC8H18
)  (36) 

LPG 

During the combustion of a mixture of two gases, the 

reaction rate is considered separately for each of them. 

 
dx

dt
= k1(aC3H8

− xC3H8
)  (37) 

 
dx

dt
= k1(aC4H10

− xC4H10
)  (38) 

The key to understanding the kinetics of combustion re-

actions lies in the reaction order and burning velocity. 

These parameters enable the prediction of combustion rates 

for various fuels under identical or varying conditions. This 

understanding is critical in the fields of chemical engineer-

ing, energy production, and environmental protection. 

Knowledge of reaction kinetics also allows for the optimi-

zation of combustion processes, minimizing the emission of 

harmful substances while maximizing efficiency. 

5.3. Fuel consumption 

To determine the fuel requirements, an analysis of the 

fuel-air mixture mass was conducted for various types of 

fuels. It was assumed that the mass of fuel injected in  

a single cycle is 50 mg. The calculations accounted for the 

theoretical air demand relative to the fuel mass. The fun-

damental relationship describing the mass of the fuel-air 

mixture is expressed by the formula: 

 mmix = mfuel + mair  (39)  

where: mfuel – mass of fuel [mg], mair – air mass required 

for the combustion of a given amount of fuel [mg].  

The air mass has been determined by the formula: 

 mair = Lt · mfuel  (40) 

The mixture mass calculations for methane have been 

performed: 

 mmix = 50 mg + 17.2 · 50 mg  (41) 

mmix = 910 mg 

Analogous calculations were performed for each fuel, 

and the results are presented in the table below. 

 
Table 10. Calculation results for the individual mixture masses for one 

 cycle 

Fuel  Mass of mixture [mg] 

Methane 910 

Methanol 370 

Ethanol 500 

Gas 785 

LPG 830 

6. Numerical analysis of a sample engine 

6.1. Simulation environment and boundary parameters 

ANSYS Fluent software was utilized to model the pro-

cesses occurring in the pulse jet engine. The analysis was 

conducted on a valved pulse jet engine model with a com-

bustion chamber designed in accordance with the calcula-

tions from Chapter 5. The process began with the prepara-

tion of a two-dimensional geometry in ANSYS Discovery, 

followed by generating a computational mesh using  

ANSYS Fluent's built-in mesh generator. The element size 

was set to 10
–3 

m, providing relatively high mesh density in 

critical areas for accurate representation of flow phenomena 

and exhaust gas generation. The standard Fluent mesh type 

and default settings, such as growth rate and mesh quality 

control methods (smoothing and remeshing), were used 

without modifications. 

The resulting computational mesh was denser in the fuel 

injection zone, enabling a more detailed analysis of the 

mixing processes between fuel and air and the formation of 

the reaction zone. This area exhibited locally higher node 

density, minimizing numerical errors associated with the 

rapid changes in the physicochemical properties of the 

flow. A sample view of the mesh in the fuel injection re-

gion is shown in Fig. 4, where the increased mesh density 

in the diffusion zone of the fuel is clearly visible. 

The next step was to define an appropriate turbulence 

model. The k-omega Shear Stress Transport (SST) model,  

a second-order accuracy model, was chosen. This model 

was selected due to its high efficiency in describing flows 

with strong velocity and pressure gradients, which are par-

ticularly relevant in cases involving intense fuel-air mixing 

and wall-bounded phenomena in flow channel regions. The 

k-omega SST model combines the advantages of the  

k-epsilon model in free-stream regions with the characteris-

tics of the k-omega model in near-wall zones, providing  

a more accurate analysis of the phenomena. 
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Fig. 4. Mesh of the fuel and air injection and mixing area 

 

For modeling the combustion process, the Non-

Premixed Combustion method was implemented, enabling 

the representation of chemical reactions in systems with 

separate fuel and oxidizer supplies. This type of model is 

often applied in systems where fuel and air mix within the 

flow zone (e.g., fuel injection in the intake duct or combus-

tion chamber). Non-Premixed Combustion uses the con-

cepts of the mixture field and mixture fraction, allowing for 

the consideration of diverse local conditions in terms of 

temperature, chemical composition, and enthalpy. 

To ensure computational stability and achieve satisfac-

tory convergence, standard second-order upwind schemes 

were applied for transport equations and the energy equa-

tion. This choice was dictated by the need to accurately 

capture rapid temperature and velocity gradient changes, 

particularly in the combustion reaction zone. The iterative 

process was conducted until the residual error values 

dropped below the accepted 2% threshold, indicating the 

stabilization of key flow and thermodynamic parameters 

within the computational domain [2, 29]. 

6.2. Simulation study results 

To investigate the flow dynamics and fuel combustion 

processes within the chamber, a simulation was conducted 

for a single injection under static (steady-state) conditions. 

This assumption enabled the analysis of key parameters 

crucial for design optimization: velocity distribution, heat 

release rate, and dynamic pressure. The importance of these 

parameters lies in the need to select an appropriate chamber 

geometry and determine an effective method for fuel-air 

mixing, which ultimately influences combustion efficiency 

and engine stability. 

Each combustion simulation assumed a fuel injection of 

50 mg and a corresponding air dose, calculated based on 

stoichiometric conditions specific to the analyzed fuel. This 

standardized approach ensured comparable initial condi-

tions across all studied variants and allowed for the assess-

ment of individual parameters' impacts on combustion 

efficiency. 

The results obtained highlight the need for design modi-

fications aimed at optimizing the shape of the combustion 

chamber and adjusting the fuel injection and air supply 

systems to diverse operating conditions. Notably, a strong 

correlation was observed between the distribution of veloci-

ty and dynamic pressure fields and parameters related to 

combustion reaction kinetics. Uniform distribution of the 

mixture within the chamber is a key factor in minimizing 

heat losses and thereby ensuring high efficiency of the 

propulsion system. 

The subsequent sections present detailed simulation re-

sults, including: 

 Velocity gradients – allowing the identification of areas 

with high and low local flow values 

 Heat release rate – enabling the determination of com-

bustion process intensity 

 Dynamic pressure – crucial for assessing the structural 

strength of components and potential wave phenomena 

in the chamber. 

The analysis of these parameters provides insights for 

further engine optimization in terms of operational stability, 

thermodynamic performance, and adaptability to different 

types of fuels. 

In the case of methane combustion (Fig. 5–7), a relatively 

uniform velocity field is observed in the central part of the 

stream, indicating stable mixing of fuel with air. The heat 

release gradient (Fig. 6) is primarily concentrated in the 

region immediately downstream of the injection point, 

where the main oxidation process of methane begins. 

 

Methane 

 

Fig. 5. Velocity gradient for methane combustion 

 

Fig. 6. Heat release gradient for methane combustion 
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Fig. 7. Dynamic pressure gradient for methane combustion 

 

Meanwhile, the dynamic pressure distribution (Fig. 7) 

suggests that pressure values stabilize further along the 

stream, which may indicate a relatively smooth progression 

of the combustion process. These results confirm that me-

thane exhibits favorable combustion conditions under the 

simulated conditions. 

 

Methanol 

 

Fig. 8. Velocity gradient for methanol combustion 

 

Fig. 9. Heat release gradient for methanol combustion 

 

Fig. 10. Dynamic pressure gradient for methanol combustion 

 

The results presented in Fig. 8–10 show that, for metha-

nol combustion, the maximum velocity values (Fig. 8) 

occur in the central part of the stream, with a relatively 

narrow combustion zone located near the injection point. 

The heat release rate (Fig. 9) is notably intense during the 

initial phase of combustion, resulting in a more pronounced 

temperature gradient. The dynamic pressure distribution 

(Fig. 10) is similar to that of methane, although slightly 

higher values are observed locally in the reaction zone. This 

may indicate a faster oxidation process for methanol, at-

tributed to its favorable physicochemical properties, such as 

a lower ignition temperature and the ease of forming  

a combustible mixture with air. 

 

Ethanol 

 

Fig. 11. Velocity gradient for ethanol combustion 

 

Fig. 12. Heat release gradient for ethanol combustion 

 

Fig. 13. Dynamic pressure gradient for ethanol combustion 

 

In the case of ethanol (Fig. 11–13), the velocity distribu-

tion (Fig. 11) is relatively uniform, with the zone of highest 

velocity values extending along the axis of the stream. The 

heat release intensity (Fig. 12) is slightly lower in the initial 

combustion zone compared to methanol, which may indi-

cate a milder nature of the preliminary reaction. Mean-

while, the dynamic pressure (Fig. 13) shows a noticeable 

increase in the combustion zone but returns to lower values 

further downstream. This behavior may result from the 

uniform propagation of the flame front and the relatively 
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high energy content of ethanol, coupled with its moderate 

boiling temperature, which facilitates efficient evaporation 

within the chamber. 

 

Gas 

 

Fig. 14. Velocity gradient for gasoline combustion 

 

Fig. 15. Heat release gradient for gasoline combustion 

 

Fig. 16. Dynamic pressure gradient for gasoline combustion 

 

For gasoline combustion (Fig. 14–16), the widest distri-

bution of the high-velocity zone is observed (Fig. 14), 

which may result from the more complex chemical struc-

ture of the fuel and the higher volatility of hydrocarbon 

fractions. The heat release gradient (Fig. 15) suggests  

a multi-stage combustion process, with visible points of 

intense energy release near the injection point and in adja-

cent regions, indicating possible variations in reactions 

depending on local mixing conditions. The dynamic pres-

sure distribution (Fig. 16) is significantly higher near the 

injection point, followed by a gradual decrease further 

along the stream. This indicates potential challenges in 

achieving uniform distribution of the fuel-air mixture, 

which may necessitate additional modifications to the 

chamber design. 

 

 

LPG 

 

Fig. 17. Velocity gradient for LPG combustion 

 

Fig. 18. Heat release gradient for LPG combustion 

 

Fig. 19. Dynamic pressure gradient for LPG combustion 

 

Simulations for LPG combustion (Fig. 17–19) confirm 

high flow velocity (Fig. 17) in the central zone, with a dis-

tinct concentration of the combustion process near the in-

jection point. The thermal distribution (Fig. 18) indicates  

a high level of heat release within a small area, which may 

pose challenges related to heat dissipation and flame stabil-

ity. The dynamic pressure (Fig. 19) shows relatively high 

values in the initial region, which diminish as the combus-

tion progresses toward the outlet. From the perspective of 

integration into a multi-fuel system, LPG could prove ad-

vantageous due to its rapid evaporation and mixing capabil-

ities with air. However, careful chamber design is required 

to address its relatively high thermal potential and dynamic 

pressure near the injection point. 

7. Design solutions 
Adapting a pulse jet engine to operate on methane, 

methanol, ethanol, gasoline, and liquefied petroleum gas 

(LPG) necessitates comprehensive modifications to ac-

commodate the distinct thermophysical and chemical prop-

erties of each fuel. 
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A universal injection system must be designed to man-

age considerable variations in viscosity, density, and evapo-

ration temperature. This includes the judicious selection of 

nozzle dimensions and injection pressures to achieve effec-

tive atomization and uniform mixing with the air stream. 

Additionally, a flexible ignition system – capable of modu-

lating spark energy or ignition timing – must account for 

disparate ignition temperatures and heat of vaporization, 

while enhanced thermal and corrosion-resistant materials 

are required to protect critical regions of the combustion 

chamber from degradation [10]. 

The air intake and exhaust assemblies must also incor-

porate mechanisms for precise flow regulation, such as 

valves or variable airflow control elements, in order to 

maintain optimal stoichiometric ratios for each fuel. These 

modifications help to prevent local thermal hotspots and 

incomplete combustion. Moreover, improvements to the 

cooling configuration may be warranted to ensure sufficient 

heat dissipation and avert structural damage in high-

temperature zones. 

Implementing a real-time monitoring and control system 

– integrating temperature, pressure, and exhaust gas com-

position sensors – is imperative for dynamically adjusting 

engine parameters. This feedback loop enables consistent 

and safe operation across a variety of fuels by continuously 

optimizing combustion conditions and detecting anomalous 

performance indicators. 

Finally, an integrated fuel and air injection methodology 

(Fig. 20) initiates the mixing process directly at the injector 

outlet, thus reducing the overall number of components and 

enhancing mixture homogeneity.  

 

Fig. 20. Example of a fuel-air injector [6] 

 

This approach further streamlines engine control and 

promotes stable combustion, facilitating a robust and effi-

cient multi-fuel pulse jet engine design. 

A promising approach involves implementing a varia-

ble-position fuel injector, wherein the injector’s angular 

orientation with respect to the combustion chamber is dy-

namically adjusted to optimize the spatial distribution and 

mixing of the fuel–air mixture. This adaptability also ac-

commodates variations in fuel properties (e.g., viscosity, 

volatility, and density) that influence diffusion dynamics 

within the chamber (Fig. 21). 

 

Fig. 21. Example of a flexible joint adapter for a fuel injector [28] 

 

Another critical design consideration concerns the ge-

ometry of the combustion chamber. The velocity gradient 

(Fig. 22) reveals that flow regions outside the primary 

combustion zone incur superfluous losses and reduce over-

all engine efficiency. While increasing the injection dose 

offers one potential remedy, this approach is not fully scal-

able and may introduce instability into engine operation. 

 

Fig. 22. Example of an area with suboptimal flow 

 

A further design consideration involves implementing 

variable geometry for the exhaust channel, a feature closely 

tied to the formation of standing waves that are crucial for 

achieving stable and efficient engine operation. By enabling 

adjustments to the channel length, one can precisely tune 

the standing wave position, thereby ensuring consistent 

performance. 

8. Conclusions 
The viability and potential of a multi-fuel pulse jet en-

gine capable of operating on various fuels – including me-

thane, methanol, ethanol, gasoline, and LPG – has been 

demonstrated both theoretically and numerically. Address-

ing modern military requirements and advancing research 

into valved pulsejet propulsion necessitates this versatile 

approach to fuel selection, as the ability to adapt to different 

energy sources is of paramount strategic importance. From 

a scientific perspective, developing such flexibility broad-

ens opportunities for future experimental and defense-

related applications. 

The use of numerical simulations in the ANSYS Fluent 

environment enabled a detailed analysis of key engine per-

formance parameters, such as velocity distribution, dynam-

Loss 

area 
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ic pressure, and heat release rate. Based on these results, it 

was concluded that effective mixing of fuel and air in the 

combustion chamber is a critical condition for achieving  

a stable and efficient combustion process. Simultaneously, 

the findings highlight the need for several design modifica-

tions, including considerations of the varied calorific val-

ues, viscosity, air demand, evaporation temperature, and 

different cooling and material resistance requirements of 

the fuels. 

The obtained results demonstrate the high potential of 

the multi-fuel pulse jet engine concept for both experi-

mental and military applications. At the same time, they 

emphasize the need for further research, including experi-

mental validation of the simulation results and continued 

improvements to the design. The successful implementation 

of a multi-fuel pulse jet engine will require interdisciplinary 

development efforts in fluid mechanics, thermodynamics, 

materials science, and control systems, presenting broad 

opportunities for the advancement of this technology. 
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Nomenclature 

CFD  computational fluid dynamics 

CFX  a software used for computational fluid dynamics  

Hmx  maximum energy during combustion  

LPG  liquefied petroleum gas 

SST  Shear Stress Transport model 

∆H° enthalpy of reaction 
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