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ARTICLE INFO  The paper presents a theoretical analysis of possible thermodynamic cycles of a pulse jet engine. To clarify the 

type of thermodynamic cycle, equations for calculating the polytropic index from instantaneous gas parameters 

in the combustion chamber are derived. The classic Argus As 014 valved pulse-jet engine workflow, both at 
static conditions and at 800 km/h, has been simulated. The simulation results confirm the known data that the 

real operating cycle of a valved pulse jet engine during static conditions is the Lenoir cycle. However, for the 

engines with straight air intake and with increasing flight speed, the specific workflow nature, i.e. the presence 
of polytropic pre-compression before heat release, that corresponds to the Humphrey cycle rather than the 

Lenoir cycle, has been found. Unlike a straight intake engine, a valved pulse jet engine with a side air intake that 

does not have air pre-compression has also been found to exhibit increased performance with increasing flight 
speed. The obtained data confirm that, in general, the thermodynamic cycle of a valved pulse jet engine can be 

represented as the Humphrey cycle, which in specific cases, such as zero flight speed and/or a side air intake, 

does not experience polytropic pre-compression before heat release and corresponds to the Lenoir cycle. 
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1. Introduction 
Although no production pulse jet engines have been de-

veloped since World War II, this type of engine has been 

periodically considered for use in unmanned aerial vehicles 

(UAV) for 80 years. However, until recently, the generally 

accepted, long-held concept of limited application of 

"smart," high-precision, and expensive systems virtually 

ruled out the need and feasibility of using pulse jet engines 

in unmanned aircraft. However, the rapidly changing nature 

of 21st-century military conflicts is forcing a reconsidera-

tion of established opinions and proven technologies.  

An analysis of some open sources indicates a gradual 

shift away from expensive, low-production systems, which 

were just recently considered the only feasible ones for  

a wide range of operational and tactical tasks [2, 3], toward 

inexpensive systems for mass production and application 

[29]. But the first problem arises with the scaling of engine 

production. Thus, with the number of unmanned aerial 

vehicles reaching hundreds or even thousands per day, 

equipping them with piston engines produced in similar 

series is technically difficult or even economically ques-

tionable. Moreover, piston engines are currently not used 

on UAVs at speeds above 250 km/h [46] and, in principle, 

do not allow achieving the high flight speeds (700 km/h and 

above) typical of jet engines. At the same time, mass pro-

duction of turbojet engines in a series of sizes under con-

sideration is not only extremely difficult technically, but 

also practically impossible, including for economic reasons. 

In such a situation, the search for an alternative again natu-

rally leads to the long-forgotten pulse jet engine [32]. 

However, analyzing any parameters or characteristics of 

pulse jet engines, with their previous position as "smart" 

and highly precise, but expensive and unique systems, loses 

its meaning from the outset. For example, most analysts, 

when considering a UAV with a pulse jet engine, immedi-

ately cite the pulse jet engine's specific fuel consumption 

[30], which is three times higher than that of a turbojet 

engine. Further, for added persuasiveness, they usually add 

the extremely high noise and thermal radiation levels, or 

even the short service life of the reed valves [21], as well as 

the "inaccuracy" and "non-selectivity" of German V-1 

cruise missiles produced in 1944–45 (as if they were still 

around this time), after which they lose interest.  

In fact, such a superficial analysis is inconsequential. 

For example, today's UAVs with a range of 1000–1200 km 

often use 2-stroke piston engines, but no one mentions their 

specific fuel consumption, which is almost twice that of  

4-stroke engines [3]. This example demonstrates that an 

aircraft's mission performance is determined not by its 

engine's specific fuel consumption, but by its speed and 

range. Furthermore, the negative impact of some features of 

a pulse jet engine, which are important for a single applica-

tion, is mitigated by mass deployment, where features such 

as noise and thermal radiation can even become advantages. 

Moreover, the main advantages of a pulse jet engine for 

UAV use have remained unchanged for 80 years, particu-

larly in mass-production conditions: extreme simplicity of 

design, low deployment cost, and scalability without signif-

icant capital expenditures. All this makes the use of pulse-

jets on UAVs of various types, especially high speed, pos-

sible, and their research to justify the choice of parameters 

and their coordination with the characteristics of UAVs 

relevant. 

2. Sources review and problem statement 
A preliminary analysis of different sources on pulse jet 

engine research (Fig. 1) shows that significant progress in 

developing their theory has not been achieved. Since the 

late 1940s, there have been virtually no serious experi-

mental studies of the pulse jet engine workflow, except for 

a few specific problems [1, 43]. As a result, no significant 
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new data on the processes, parameters, and/or characteris-

tics of aircraft pulsejets, expanding on the known data from 

the first half of the 1940s from the leading German devel-

opers of the classic Argus As 014 engine [9], have been 

obtained during this entire period. 

 

Fig. 1. Schematic diagram of a classic valved pulse jet engine with straight 
air intake: 1 – inlet device; 2 – valve grid; 3 – Venturi diffuser; 4 – com-

 bustion chamber; 5 – cone (nozzle); 6 – resonance tube 

 

The situation with theoretical research is no better. 

Thus, the method of characteristics [37], developed in the 

first half of the 1940s, remained, for many decades, one of 

the few available methods for theoretically studying the 

pulse-jet engine workflow. Numerous works devoted to 

theoretical research and the development of methods for 

modeling motors [8, 44] have not led to greater clarity of 

the processes than was investigated by the founders of the 

pulsejet technology in Germany 80 years ago [36]. It is 

characteristic that even half a century after the creation of 

this project, in the subsequent decades of general computer-

ization, not a single computer program for modeling the 

workflow and characteristics of a pulse jet engine has been 

developed that is accessible to a wide range of users, alt-

hough significant efforts have been made to this end, in-

cluding the use of the most modern 3-D modeling [39, 40]. 

The lack of a systematic approach in research naturally 

leads to difficulties in assessing the feasibility of various 

engine designs. As a result, for many decades, numerous 

enthusiasts, primarily amateurs, unsuccessfully attempted to 

make various exotic pulsejet designs work, including valve-

less designs [22, 45], while the experience of German de-

velopers clearly indicates the ineffectiveness of such de-

signs in aviation [6] and the practical absence of an alterna-

tive to the valve-based pulsejet design [9].  

The reasons for these failures are ambiguous. On the 

one hand, it is worth noting the lack of interest in this en-

gine type in "large" aviation since the late 1940s, which led 

to the closure of all areas of development and application of 

aviation pulsejets in favor of turbojet engines. Consequent-

ly, research into pulse jet engine processes has become  

a proactive endeavor, where a lack of, or even complete 

absence of, adequate funding for this topic prevents the full 

implementation of all necessary research [35, 38]. On the 

other hand, significant research has been devoted to inves-

tigating pulse combustion [33, 44], including efforts to 

develop industrial installations and devices based on this 

phenomenon [26, 27]. Since the purpose of such work was 

not to obtain the characteristics of an aircraft engine, in-

cluding thrust and specific fuel consumption, their results 

have rather limited application for aviation. 

In general, it should be noted that the insufficient re-

search into these processes leaves a wide range of possibili-

ties for the emergence of various theories unsupported by 

theoretical modeling and experiments, which are the basis 

for numerous attempts to create inefficient [28] or com-

pletely inoperable engine designs [41]. This situation is 

understandable, since for many decades the main field of 

application of the pulse jet engine was aircraft modeling 

[11], where the main "scientific centers" were workshops 

and garages, and the main research tools were metal cutters 

and welding machines [23]. It is for this reason that signifi-

cant gaps are observed, first and foremost, in the fundamen-

tals of the theory of pulsejets, including in the study of their 

thermodynamic cycles. 

An analysis of known sources on the topic of pulsejets 

allows us to draw the preliminary conclusion that German 

developers clearly justified the thermodynamic cycle of the 

pulse jet engine as the Lenoir cycle [36]. As is known [34], 

the ideal Lenoir cycle (Fig. 2a) consists of three processes. 

Initially, heat is released to the working fluid during iso-

choric combustion at constant volume, increasing the work-

ing fluid's pressure. This is followed by polytropic (adia-

batic) expansion, after which heat is released to the envi-

ronment at constant atmospheric pressure in isobaric cool-

ing. In other words, the key feature of the Lenoir cycle is 

that pressure increases solely as a result of heat release, 

without the use of mechanical boosters such as compressors 

or superchargers. This explains the low maximum cycle 

pressure, pmax, relative to ambient pressure, p0 – in pulse-

jets, the cycle pressure ratio (π = pmax/p0) does not exceed 

2.2–2.4. 

The closed curve of the component processes forms the 

diagram of the ideal working cycle (Fig. 2a) of a pulse jet 

engine. This is not merely a theoretical diagram; on the 

contrary, it demonstrates that during operation, the state of 

the working fluid in the engine, not only in the combustion 

chamber but also in all other sections, undergoes continu-

ous changes in accordance with the circular movement of 

the diagram at a frequency of 40–200 Hz. This feature 

characterizes the pulse jet engine as a periodic-flow engine 

[16], by analogy with an internal combustion engine [4]. 

But at the same time, it significantly distinguishes this en-

gine from other air-breathing engines (turbojets and ram-

jets), in which the flow is stationary [42], that is, the state of 

the working fluid in a specific section of the engine remains 

constant over time. 

Despite the indication of the German developers [36], 

and also taking into account the fact that no serious theoret-

ical studies of the pulse jet engine cycle have been conduct-

ed for almost 80 years, in some sources [7], nevertheless, 

there have been claims that the engine's workflow is de-

scribed by another, more efficient thermodynamic cycle – 

the Humphrey cycle (Fig. 2b). 

The main difference between the Humphrey cycle and 

the Lenoir cycle lies in the preliminary polytropic (adia-

batic) compression before the onset of heat release at con-

stant volume [19]. In other words, an engine operating on 

the Humphrey cycle, unlike the Lenoir cycle, has an addi-

tional compression process in the chamber in addition to the 

combustion itself. In addition, the Humphrey cycle can be 
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considered a kind of modification of the Brayton cycle, 

typical of ramjet engines [7], but instead of heat release at 

constant pressure, heat is released at constant volume, and 

there is no gas exchange, instead there is a conditional pro-

cess of heat removal from the cycle to the environment at  

a constant atmospheric pressure. 

a) 

 

b) 

 

Fig. 2. Diagrams of thermodynamic cycles attributed to a pulse jet engine 

and their individual processes (phases): a – Lenoir cycle [5], b – Humph-

rey cycle [7]; A – isobaric gas exchange (intake) and heat removal; B – 
isochoric heat release (combustion); C – polytropic (adiabatic) expansion; 

 D – preliminary polytropic (adiabatic) compression 

 

According to proponents of this concept [14], prelimi-

nary compression also occurs in a pulse jet engine; howev-

er, no studies supporting this claim are presented in these 

works. Some sources provide an additional clarification, 

albeit without proper justification, stating that the thermo-

dynamic cycle of a pulse jet engine can be represented by 

two variants [26]. Thus, the cycle of a valve engine when 

operating at a stationary speed, at zero speed, and a valve-

less engine remains, as previously believed, the Lenoir 

cycle [12, 20]. However, at a non-zero flight speed, it was 

proposed to treat the valve engine cycle as a Humphrey 

cycle [12]. This later enabled some researchers [7, 14] to 

completely exclude the Lenoir cycle, treating it as a special 

case of the Humphrey cycle at zero speed, and to consider 

the Humphrey cycle as the only working cycle of a pulse jet 

engine without additional conditions [20]. Thus, contrary to 

the data of the German founders, it was proposed to describe 

the working cycle of a pulse jet engine as a modification of a 

ramjet engine, with heat release at constant volume.  

It means adding another process to the Lenoir cycle of  

a pulse jet engine can create a contradiction. A pulse jet en-

gine, as noted above, is a periodic, not continuous, engine. It 

features gas exchange, as in an internal combustion engine, 

rather than constant-temperature heat removal at constant 

atmospheric pressure, as in other types of jet engines. This 

workflow characteristic significantly influences seemingly 

obvious patterns, or at least requires substantiation.  

For example, all air jet engine types have an appropriate 

inlet device that brakes the oncoming airflow, but ramjet 

and turbojet engines are not engines with a periodic work-

flow; their operating cycle is open, closed only conditional-

ly by the conventional process of heat removal to the envi-

ronment at constant atmospheric pressure. In contrast, the 

pulse jet engine's operating cycle is closed, so the introduc-

tion of a new process, such as preliminary braking and air 

compression, must be substantiated by relevant data.  

However, such data is currently unavailable. Further-

more, when describing the pulse jet engine workflow using 

the Humphrey cycle, well-known designs of valved pulse 

jet engines [24] with a side intake (Fig. 3) are often omitted. 

It is perfectly clear that such a design does not allow for 

straight air intake and pre-compression as flight speed in-

creases. However, the most important fact is that all re-

searchers, without exception, consider only the ideal theo-

retical cycle of a pulse jet engine. Such a cycle, whether the 

Lenoir or Humphrey cycle (Fig. 2), bears no relation to 

specific operating pulsejets constructed of metal. Accord-

ingly, a purely theoretical representation of the workflow, 

without its connection to real objects and their processes, as 

well as attempts to use theoretical assumptions without 

verification and to link them to a specific object of study, 

do not allow us to identify real operating principles for 

subsequent practical application. 

 

Fig. 3. McDonnell XPJ40-MD-2 valved pulse jet engine with side air entry 

 (McDonnell TD2D Katydid air target [24]) 

 

Therefore, there is every reason to believe that insuffi-

cient research into the processes involved has led to uncer-

tainty, or even a contradiction, regarding the actual operat-

ing thermodynamic cycle of a heat engine known for over 

80 years – namely, the pulse jet engine. It is also unclear 

which of the known thermodynamic cycles is more efficient 

in a pulse jet engine, and how to practically implement 

either cycle in a real product. These questions are quite 

important, as they may be fundamental both to the correct 

evaluation of the efficiency of existing pulse jet engine 

designs and to the development of potential new designs for 

this type of engine.  
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In light of the identified contradictions and problems, 

this work aims to determine the actual operating cycle of  

a pulse jet engine. To achieve this goal, the following tasks 

must be resolved:  

1) Perform a theoretical analysis of known thermody-

namic cycles of a pulse jet engine. 

2) Consider the possibility of using software tools to 

simulate the pulse jet engine cycle.  

3) Obtain calculation equations for determining the pol-

ytropic exponent in the pulsejet thermodynamic cycle.  

4) Simulate the pulse jet engine's workflow, calculate 

the polytropic exponent, and determine the actual thermo-

dynamic cycle of the pulse jet engine.  

5) Compare the obtained thermodynamic cycles of 

pulsejets of different designs and identify the general effect 

of flight speed on their workflow. 

3. Research materials and methods  

3.1. Real operating cycle of pulse jet engine: preliminary 

notices 

At first, a valved pulse jet engine operating under static 

conditions, that is, at zero airspeed, has been considered. 

Next, analyze the operating cycle of such an engine, taking 

into account that, as reported in various sources [19, 31, 

36], it corresponds to the Lenoir cycle. We begin with the 

differences between ideal and real thermodynamic cycles. 

In the handbook on internal combustion engine (ICE) 

theory [10], the relationship between cylinder pressure and 

its volume in a piston engine, or equivalently, piston posi-

tion, is commonly referred to as an indicator diagram. This 

relationship was historically determined using a special 

indicator device, hence the name of the diagram. Character-

istically, an indicator diagram in a piston engine is a graph-

ical representation of the real operating cycle of the internal 

combustion engine, used to analyze engine efficiency, as 

opposed to the theoretical (ideal) Otto, Diesel, Atkinson, 

and Miller cycles, which are typically needed primarily to 

understand the operating principles of internal combustion 

engines. 

In other words, an indicator diagram is a graphical rep-

resentation of the change in pressure and volume of gases 

inside the cylinder during internal combustion engine oper-

ation under real conditions. It captures all the features of the 

real operating cycle, including gas exchange processes, heat 

loss and combustion imperfections and incompleteness. 

Obviously, such diagram can be made not only experimen-

tally, on a real engine, but also simulated using an engine 

computer model through numerical experiments. Thus, the 

ICE indicator diagram precisely corresponds to the actual 

operating cycle of a specific engine, from which it was 

measured experimentally or simulated. 

Unlike the ICE, no real operating cycle of a pulse jet 

engine has been considered to date. Numerous studies only 

consider theoretical (ideal) Lenoir and/or Humphrey cycles, 

which are unsuitable for analyzing real engine operation. 

On the other hand, when analyzing the operating cycle of 

jet engines with a steady flow of the working fluid [42], it is 

customary to determine which points correspond to which 

cross-section of the engine's flow path. This approach to  

a pulse jet engine yields only the ideal thermodynamic 

cycle diagram (Fig. 2).  

The real operating cycle diagram cannot be constructed 

in this way; its construction requires certain assumptions, 

including volumetric combustion (heat release) and a uni-

form distribution of instantaneous gas parameters through-

out the combustion chamber. The key feature of interpret-

ing the real operating cycle of a pulse jet engine is that it 

lacks a cylinder with a moving piston, and the combustion 

chamber volume, conventionally defined, remains constant 

during engine operation. This means that a complete analo-

gy with an ICE is not possible in this case. However, con-

sider the piston analogy or "liquid piston" method [15, 16] 

adopted when describing gas flow in a resonance tube, the 

gas volume in a pulse jet engine, limited by the “liquid” 

piston in the tube, also changes over the cycle time due to 

gas periodic expulsion. This is generally consistent with the 

process of an ICE with piston movement in the cylinder. 

In ICE theory, it is common to represent the real operat-

ing cycle (indicator diagram) in p – v coordinates, where  

v = V/m is the specific volume of the cylinder, i.e., relative 

to the mass of gas in the cylinder. This value is the recipro-

cal of the current (instantaneous) density ρ of the gas in the 

cylinder, i.e.:  

v =
V

m
=

1

ρ
  

The same can be achieved in a pulse jet engine. Fur-

thermore, in an ICE, the mass of the gas in the cylinder 

remains constant during the compression and power 

strokes, but changes during intake and exhaust (gas ex-

change). In a pulse jet engine, by contrast, with a constant 

combustion chamber volume, the mass changes, and the gas 

exchange process is generally little different from that in an 

ICE. 

In essence, this means that the movement of a hypothet-

ical “liquid” piston in the exhaust tube of a pulse jet engine 

can be represented by analogy with the movement of  

a metal piston in an ICE cylinder. In this case, it becomes 

quite acceptable and reasonable to refer to the real operat-

ing cycle diagram of a pulse jet engine as an indicator dia-

gram, as is the case with an ICE. This is indeed important 

for practice, as it highlights the fundamental difference 

between the real operating cycle of a pulse jet engine dis-

cussed in this paper and the previously widely known ideal 

theoretical cycle. This name, indicator diagram, for the real 

operating cycle of a pulse jet engine is proposed in this 

paper and used below. 

3.2. Theoretical analysis of possible thermodynamic 

cycles of a pulse jet engine 

Thus, it is known that the following assumptions are 

typically made in studies of ideal (reversible) thermody-

namic engine cycles [34]: 

1) The working fluid is an ideal gas. 

2) The mass of the working fluid is constant and the 

same throughout all processes. 

3) Compression and expansion processes are assumed to 

be adiabatic. 

4) Heat is supplied to the working fluid by heat transfer 

from a hot source. 
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5) Gas exchange processes are replaced by a reversible 

process of heat removal from the working fluid to a cold 

source. 

Since such an idealized representation of the workflow 

is far from reality, it can yield significant errors when used 

to identify the characteristics of a real engine. For example, 

assuming a constant mass of the working fluid, an adiabatic 

expansion process with extremely hot walls, and neglecting 

the gas exchange processes that determine the filling of the 

combustion chamber – such crude assumptions make the 

results of theoretical analysis more than questionable for 

practical application. It follows that reliable data on the 

engine's workflow, especially with a periodic one, can only 

be obtained through the analysis of real cycles. This is 

confirmed by the experience of theoretical analysis of the 

operating process of another type of engine with a periodic 

workflow – internal combustion engines [24]. 

Indeed, the actual cycle of a pulse jet engine differs sig-

nificantly from the ideal one, and one of the main differ-

ences is that instead of a constant heat removal process at 

constant atmospheric pressure and a constant mass of the 

working fluid, the actual cycle involves a process of gas 

exchange with a variable mass of incoming and outgoing 

gas. It is also known that during this period, the pressure in 

the combustion chamber of a pulse jet engine is not con-

stant and does not equal atmospheric pressure, but rather 

drops significantly to 0.60–0.65 atmospheric [21]. Moreo-

ver, in the actual process, one should not expect ideal heat 

release at constant volume, nor an ideal subsequent adia-

batic expansion. All this suggests that the expected indica-

tor diagram of the real cycle (Fig. 4a) will also differ signif-

icantly from the ideal one (Fig. 2a). Under such conditions, 

the polytropic indices of individual processes depicted on 

the indicator diagram can be particularly important for 

understanding the operating cycle. To determine patterns of 

polytropic index change, all possible thermodynamic pro-

cesses can be represented as functions of their direction 

(Fig. 4b), with a distinction made between positive (yellow) 

and negative (blue) polytropic exponent values. Based on 

these values, the limiting values of the polytropic index can 

be shown on the real indicator diagram (Fig. 3a). 

Thus, approximately halfway through the gas exchange 

process, the polytropic index increases from –∞ and passes 

through n = 0, which corresponds to isobaric heat removal 

(cooling). However, it will continue to increase and, at the 

beginning of the heat-addition phase, reach +∞. Obviously, 

during heat addition, a discontinuity in the value of n will 

occur, since this phase of the process begins at +∞ and ends 

at –∞, with a transition (discontinuity) from +∞ to –∞. 

Thereafter, n will gradually increase to approximately the 

adiabatic expansion exponent γ = 1.4, from where it will 

gradually increase to +∞, with the new cycle beginning 

with a discontinuity and again at –∞. 

An approximate picture of the change in the polytropic 

index during a circular walk through the indicator diagram 

of Fig. 4a is shown in Fig. 5a as a function of time. The 

cycle is taken to start at the time of intake (gas exchange) at 

point 3. For comparison, Fig. 5b shows a similar depend-

ence, but for the ideal cycle depicted in Fig. 2a. The vertical 

line in the middle of the heat addition process indicates  

a conditional discontinuity associated with the change in 

sign of the polytropic index from +∞ to –∞ between the end 

of the isobaric heat removal process with n = 0 and the 

beginning of the adiabatic expansion with n = γ. The dis-

continuities in the polytropic index values do not always 

lend themselves to a precise physical explanation, but in 

this task, they should be considered and used as transition 

points between processes. 

a) 

 

b) 

 

Fig. 4. Changes in the polytropic index in thermodynamic cycles: a – in  

a hypothetical real operating cycle of a pulse jet engine, constructed based 

on a theoretical logical analysis of the engine's workflow (the specific 
volume, the inverse of the gas density, is used instead of volume V); b – 

ranges of values of the polytropic index of the processes (the field of 

 positive values is shown in yellow, the field of negative values in blue) 

 

Overall, one can note the qualitative agreement between 

the diagrams of the polytropic index change for the ex-

pected real and ideal cycles – despite significant simplifica-

tions, the difference in the nature of the n dependence in the 

ideal cycle (Fig. 5b) and the real cycle (Fig. 5a) is not as 

great as one might expect. 

Similar calculations could be made by assuming that the 

thermodynamic cycle of a pulse jet engine is a Humphrey 

cycle. It can then be assumed that at the beginning of the 

curve's rise, immediately before heat input at constant vol-

ume, a section D of polytropic air compression (Fig. 6a) 

may appear. In this case, a characteristic step will appear in 

the diagram of the change in the polytropic index (Fig. 6b), 

corresponding to the transition from the gas-exchange pro-
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cess A (3–1) through the preliminary compression D (1–4) 

to the isochoric heat input B (2–3). 

a) 

 

b) 

 

Fig. 5. Change in the polytropic index over time in the operating cycle of  

a pulse jet engine corresponding to the Lenoir cycle (according to Fig. 2a): 

a – real cycle (expected change); b – ideal cycle; A – gas exchange (air 
intake) at constant pressure; B – combustion at constant volume; C – 

 polytropic expansion (exhaust) 

 

This step should be considered an indication of prelimi-

nary compression in the pulsejet working cycle, as shown 

by a comparison of the nature of the change in the poly-

tropic index for both cycles (Fig. 5b and Fig. 6a). In fact, 

for the Lenoir cycle (Fig. 5a), there is only a smooth transi-

tion of the polytropic index during gas exchange through 0 

from –∞ to +∞, while for the Humphrey cycle, after passing 

through 0, a step must still appear that characterizes the 

polytropic air compression (braking). 

Despite its logical consistency, the theoretical construc-

tion of the real operating cycle (Fig. 4–6) may prove erro-

neous, especially when attempting to accurately depict the 

aforementioned air deceleration in the inlet device at high 

flight speeds. Therefore, it is necessary to verify and con-

firm preliminary assumptions about the actual nature of 

processes in the real operating cycle. 

This can be accomplished by constructing an indicator 

diagram (and the dependence of the polytropic index 

change in the cycle) based on modeling the pulse jet engine 

workflow using the Pulsejet-Sim program [18, 31].  

 

a) 

 

b) 

 

Fig. 6. Representation of the pulse jet engine operating cycle as a thermo-
dynamic Humphrey cycle (according to Fig. 2b): a – hypothetical real 

cycle; b – hypothetical change in the polytropic index in the real cycle; A – 
gas exchange (air intake); D – preliminary polytropic compression; B – 

 combustion; C – polytropic expansion (exhaust) 

3.3. Using Pulsejet-Sim software for modeling pulse jet 

engine operating cycle 

The Pulsejet-Sim software is based on a thermodynamic 

model of volumetric combustion of a fuel-air mixture in a 

combustion chamber and the "piston analogy" model for 

gas flow in a resonance tube [15]. The program specifies 

the engine's geometric dimensions and the UAV's flight 

mode, then numerically calculates changes in the instanta-

neous gas parameters over time for a selected number of 

cycles, with increments of 0.01 milliseconds (10
–5

 s). 

The calculation results in diagrams of changes in instan-

taneous pressure and temperature in the combustion cham-

ber, velocity in the resonance tube and intake duct, and 

other parameters, including an indicator diagram in "pres-

sure-specific volume" coordinates [34]. The program also 

accounts for air deceleration at the inlet, taking into account 

total pressure losses (using the total pressure recovery coef-

ficient σ [13]), enabling the comparison of engine operating 

modes at various flight speeds. 

In general, the Pulsejet-Sim program replicates the 

methods of thermodynamic modeling of instantaneous gas 

parameters in the cylinder of an internal combustion engine 
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[17, 25], with the difference that in a pulse jet engine, the 

combustion chamber volume, unlike in an internal combus-

tion engine cylinder, remains constant [31]. However, both 

engines share a key property: their workflow is periodic 

rather than steady-state, making it possible to apply re-

search methods used in internal combustion engines to 

pulse jet engines. 

Thus, by using the program to obtain diagrams of 

changes in instantaneous gas parameters in the chamber, it 

becomes possible to calculate the instantaneous value of the 

polytropic index of the process occurring in the combustion 

chamber at a given moment. 

3.4. Derivation of calculation equations for determining 

the polytropic index in a pulsejet thermodynamic 

cycle 

To derive the calculation relationships, considered the 

process of changing gas parameters in the pulsejet combus-

tion chamber. According to the definition of a polytropic 

process for an ideal gas [34]: 

pvn = const                                     (1) 

where p is the gas pressure; v = V m = 1 ρ⁄⁄  is the gas 

specific volume; m, V, ρ are the gas mass, volume, and 

density, respectively. 

Let's rewrite equation (1) as: 

p = ρnconst                                    (2) 

Let's assume that the polytropic process occurs between 

the adjacent time points 1 and 2 in the thermodynamic 

cycle (the Pulsejet-Sim program calculates 1000 time points 

during the pulsejet working cycle [18], which yields a very 

short time interval between time points). Then the follow-

ing relation holds: 

p2

p1

= (
ρ2

ρ1

)
n

                                (3) 

Hence, the polytropic index of the process between 

these points is: 

n =
ln (

p2

p1
)

ln (
ρ2

ρ1
)

                                      (4) 

From the equation of state of an ideal gas, its density is 

related to pressure p and temperature T: 

p = ρRT                                         (5) 

where R is the gas constant. 

Then equation (4) can be rewritten as: 

n =
ln (

p2

p1
)

ln (
p2

p1

T1

T2
)

=
ln (

p2

p1
)

ln (
p2

p1
) − ln (

T2

T1
)

                (6) 

From here, the polytropic index is expressed in terms of 

the pressure and temperature in the combustion chamber: 

n =
1

1 −
ln(

T2
T1

)

ln(
p2
p1

)

                                 (7) 

For ease of calculations directly from the resulting en-

gine indicator diagram in "pressure-specific volume" coor-

dinates, where the specific volumes are the inverse of the 

density, expression (4) can be transformed as follows: 

n =
ln (

p2

p1
)

ln (
ρ2

ρ1
)

=
ln (

p2

p1
)

ln (
1 v2⁄

1 v1⁄
)

=
ln (

p2

p1
)

ln (
v1

v2
)

.               (8) 

Formulas (7) and (8) have a specific points at the begin-

ning of the engine calculation: when the pressures, tempera-

tures, and gas densities in all engine sections are the same 

and equal to the initial (atmospheric) values, the result of 

calculations using formula (7) may be undefined and equal 

to 0/(1–0/0), while using formula (8) it may simply be equal 

to 0/0. 

To eliminate uncertainty, including random uncertainty, 

a safeguard was introduced into the calculation. Thus, for 

p2 p1 = 1,⁄  a small value was added to the logarithm in the 

denominator of the fraction in formula (7): 

ln (
p2

p1

) + 0.00001                           (9) 

A similar technique was used for the entire denominator 

of formulas (7) and (8). 

Thus, when calculating the closed thermodynamic cycle 

of a pulse jet engine, as determined by its indicator dia-

gram, it becomes possible to obtain a diagram of the change 

in the instantaneous value of the polytropic exponent 

throughout the cycle. This diagram can be used to directly 

determine where and when, in the pulse jet engine cycle (if 

it occurs at all), the preliminary compression of air during 

its deceleration in the inlet device occurs, and which ther-

modynamic process it corresponds to. 

4. Research results 
The well-known Argus As 014 valved pulse jet engine 

[9] was selected for the calculations. Even after 80 years, it 

remains the only fully and comprehensively studied engine 

of this type [6]. Furthermore, this engine is also one of the 

standard engines in the Pulsejet-Sim program [18, 31]. 

After confirming the engine dimensions, the program 

simulates the start-up and calculates a specified number of 

cycles (10 cycles were calculated), which allows us to ob-

tain diagrams of instantaneous gas parameters (Fig.7). 

These parameters are displayed in dimensionless form in 

the diagrams: pressure p/p0, temperature T/T0, gas velocity 

in the resonance tubeva/a0, air velocity at the inletve/a0and 

heat release ratedQ/dt(1/(a0Cp0T0)) where parameters with 

the index "0" correspond to the environment; a0, Cp0 are the 

speed of sound and the heat capacity of the ambient air at 

constant pressure. 

In addition to the diagrams of instantaneous parameters, 

the program also plots the pulse jet engine's indicator dia-

gram in the "dimensionless pressure – dimensionless spe-

cific volume" coordinates for the last specified calculation 

cycle. To verify the assertion that, at non-zero flight speeds, 

the thermodynamic cycle of a valved pulse jet engine 

smoothly transforms from the Lenoir cycle to the Humph-

rey cycle, similar indicator diagram calculations were also 

performed for a speed of 800 km/h (Fig. 8). The indicator 
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diagram data then allows one to directly plot a diagram of 

the polytropic index change in the pulsejet operating cycle 

(Fig. 9), using formula (8) for different flight speeds. 

 

Fig. 7. Diagrams of instantaneous dimensionless parameters: pressure, 

temperature, inlet velocity, resonance tube velocity, and heat release rate, 
which were obtained using the Pulsejet-Sim program [31] for the classic 

Argus As 014 pulse jet engine during operation at zero flight speed vf = 0 

 

Fig. 8. Indicator diagram (the real operating cycle) of the valved pulse jet 
engine, obtained using the Pulsejet-Sim program [31] for the Argus As 014 

 engine during operation at speeds of uf = 0 and uf = 800 km/h 

 

To explain and synchronize the processes, diagrams 

(from bottom to top) of the heat release rate, inlet air ve-

locity, and combustion chamber temperature and pressure 

are shown above the diagram of the process's polytropic 

exponent change. The vertical lines sequentially show four 

characteristic moments in time (Fig. 9): 1 – the start of 

combustion (heat release), 2 – reaching the maximum heat 

release rate, 3 – the end of the intake phase (change in the 

pressure drop across the valves from positive to negative), 

and 4 – closing of the valve system petals (end of backflow 

from the chamber). 

In addition, the obtained diagrams of the change in the 

polytropic index (Fig. 9) conventionally indicate the phases 

of the pulse jet engine operating cycle, including gas ex-

change (intake) shown in blue, heat supply during combus-

tion in yellow, and expansion in green. 

To ensure a complete study, a simulation of the Argus 

As 014 engine with a side air inlet was also performed. Fig. 

10 presents the operating cycle simulation and calculation 

results for instantaneous parameter changes, including the 

indicator diagram and the polytropic index of the process 

for this engine design at the same flight speed of 800 km/h. 

 

a)                                                      b) 

Fig. 9. Calculated change in instantaneous parameters of the Argus As 014 

pulse jet engine with parameter synchronization over time in the operating 

cycle shown in Fig. 7 and 8 (from top to bottom): pressure, temperature, 
inlet air velocity, heat release rate, polytropic index; a – at zero flight 

 speed uf = 0; b – at flight speed of uf = 800 km/h 

5. Discussion and results analysis 
From the obtained results, it follows that the calculated 

indicator diagram (Fig. 8) for static conditions closely 

matches the diagram constructed solely based on theoretical 

inferences (Fig. 4a). A fairly close match is also observed 

between the diagram of the change in polytropic index (Fig. 

9a) and the diagram shown in Fig. 4a. This confirms the 

fact that the thermodynamic cycle of a valved pulse jet 

engine during stationary operation is a Lenoir cycle. At the 

same time, as shown in the comparison of the diagrams for 

a straight intake engine at 0 and 800 km/h (Fig. 9), increas-

ing airspeed and inlet dynamic pressure produce noticeable 

changes in the indicator diagram. 

First, the significant increase in airflow (Fig. 9b) is un-

derstandable for a straight intake design with an open 

downstream resonance tube. However, this design degrades 

combustion chamber performance at higher airspeeds, as 

the amplitudes of pressure and temperature fluctuations  
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a) 

 

b) 

 

Fig. 10. Results of modeling the workflow of Argus As 014 valved pulse 

jet engine with a side air intake: a – indicator diagram at flight speeds of 0 
and 800 km/h; b – change in instantaneous parameters (top) and polytropic 

 index over cycle time at flight speed of 800 km/h 

 

decrease. This is clearly visible in the indicator diagram 

(Fig. 8), where, as airspeed increases, a drop in maximum 

pressure along the vertical axis is accompanied by a propor-

tional drop in maximum specific volume along the horizon-

tal axis, which is proportional to temperature. It's also sig-

nificant that, as flight speed increases, the air pressure at the 

engine inlet rises due to the dynamic head (accounting for 

the total pressure loss). As a result, in the upper diagram at 

800 km/h (Fig. 9c), the intake phase begins and ends at  

a pressure above atmospheric, although below the total 

free-stream pressure. 

The second major difference observed in the indicator 

diagram of the valved pulse jet engine with a straight air 

intake at 800 km/h (Fig. 8) is a characteristic slope in the 

lower-left corner, absent from the indicator diagram for 

engine operation at zero flight speed. This slope corre-

sponds to a "shelf" in the polytropic index curve at the very 

beginning of the heat release process (Fig. 9b), which is 

also absent at zero speed (Fig. 9a). 

Let's examine this slope in more detail. As shown in 

Fig. 9b, at the end of the gas exchange (intake) process, the 

polytropic index stabilizes for some time at n > 2.5, which 

is significantly higher than in the adiabatic process with  

n = γ. In other words, this is a polytropic pre-compression 

process, but with a significant energy loss. 

Such losses are understandable. Really, in a valved en-

gine, significant hydraulic losses should be expected as air 

flows through the petal valve grid. Furthermore, the Pulse-

jet-Sim program calculates instantaneous pressure and 

temperature values in the combustion chamber, accounting 

for heat losses from all outer engine walls, including the 

resonance tube [18]. Accordingly, heat losses from the 

combustion chamber during the air inlet process are signifi-

cant, as indicated by the increased polytropic index. It fol-

lows that, as flight speed increases, the actual operating 

cycle of a valved pulsejet with a straight air intake corre-

sponds to the Humphrey cycle, not the Lenoir cycle. 

However, the validity of this statement for all valved 

pulsejets should be verified. Thus, in a valved pulse jet 

engine with a side air intake, as follows from the diagrams 

(Fig. 10), the inlet pressure does not increase with increas-

ing flight speed. Accordingly, unlike a straight intake en-

gine (Fig. 8 and 9), a preliminary air deceleration (compres-

sion) section does not occur in a side-entry engine. As  

a result, the indicator diagram changes only slightly with 

increasing speed (Fig. 10a). This is confirmed by the ap-

pearance of the diagram of the change in the polytropic 

index for the such engine workflow (Fig. 10b), as well as 

by its comparison with the diagram of the change in the 

polytropic index for an engine operating at zero flight speed 

(Fig. 9a) – in both cases, no air deceleration section is ob-

served. 

Therefore, a valved pulse jet engine with a side air in-

take, unlike a straight intake engine, continues to operate in 

accordance with the Lenoir thermodynamic cycle even at 

high flight speeds. However, the results of the study con-

firm that, at least within the investigated range of parame-

ters and operating conditions, the thermodynamic cycle of  

a valved pulse jet engine can be represented as a Humphrey 

cycle, which in special cases, at zero flight speed and/or 

with a side air intake, does not have polytropic pre-

compression before the heat supply and corresponds to the 

Lenoir cycle. 

Significantly, a comparison of the pulsejet cycles of dif-

ferent designs (Fig.8 and 10a) at zero flight speed and high-

speed flight indicates a clear advantage of the side-intake 

engine operating on the Lenoir cycle over the classic 

straight intake pulse jet engine operating on the Humphrey 
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cycle. At least, the cycle work, estimated by the area under 

the indicator diagram curve, at high flight speed, is signifi-

cantly higher for the side-inlet engine operating on the 

Lenoir cycle. However, due to limitations in the parameter 

ranges and operating modes considered, as well as the as-

sumptions and errors of the methods used, the results ob-

tained are preliminary and require further study, verifica-

tion, and justification (or refutation). 

6. Conclusions 

A preliminary theoretical analysis of possible thermo-

dynamic cycles of a pulse jet engine revealed that two types 

of thermodynamic cycles – the Lenoir cycle and the 

Humphrey cycle can correspond to the workflow of this 

type of engine. At the same time, a significant difference 

between the theoretical ideal cycle of a pulse-jet engine and 

its actual operating cycle is noted. The characteristics of the 

real operating cycle and the similarity of its processes to 

those of internal combustion engines suggest that it can be 

called the indicator diagram of a pulse jet engine. 

To clarify the type of thermodynamic cycle of a pulse 

jet engine, equations for calculating the polytropic index 

based on instantaneous values of gas parameters in the 

combustion chamber, were derived. The classic Argus As 

014 valved pulse jet engine workflow was simulated using 

the Pulsejet-Sim program at both static condition and at  

a flight speed of 800 km/h. 

The workflow simulation results show that the actual 

thermodynamic cycle of a valved pulse jet engine in static 

condition is the Lenoir cycle. However, in a straight intake 

engine, the shape of the indicator diagram changes with 

increasing flight speed, developing a characteristic slope 

absent at zero flight speed. At the same time, the polytropic 

index curve before the onset of heat release exhibits a brief 

stabilization at n > 2.5, which is significantly higher than in 

an adiabatic process with n = γ and corresponds to a poly-

tropic pre-compression process. This process pattern indi-

cates significant hydraulic and heat losses from the com-

bustion chamber during the air intake process, but confirms 

that the real thermodynamic cycle of a straight intake 

valved pulse jet engine at high flight speed corresponds to 

the Humphrey cycle, not the Lenoir cycle. 

Unlike a straight intake engine, in a side-intake valved 

pulse jet engine, pre-compression of the air does not occur 

as flight speed increases, and the indicator diagram changes 

only slightly. As a result, the valved pulse jet engine with  

a side air intake operates according to the Lenoir thermody-

namic cycle across the entire flight speed range. 

The study results confirm that, at least within the stud-

ied range of parameters and operating conditions, the ther-

modynamic cycle of a valved pulse jet engine can be repre-

sented as a Humphrey cycle. However, in specific cases, 

such as at zero flight speed and/or with a side air intake, 

polytropic pre-compression before heat release is absent, 

and the real operating cycle corresponds to the Lenoir cy-

cle. 

Despite the apparent higher efficiency of the Humphrey 

cycle compared to the Lenoir cycle, due to the design fea-

tures of the valved pulse jet engine, organizing the work-

flow at high flight speeds in accordance with the Lenoir 

cycle (side air intake) may offer advantages in key parame-

ters over the Humphrey cycle (straight air intake). Howev-

er, this issue requires further research and substantiation. 
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