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The objective of the present study is to conduct an empirical and theoretical investigation of
a liquid-fueled laboratory hobby scale pulsejet engine. This engine comprises an inlet and air
intake valve, combustion chamber, exhaust pipe, connecting semi-cone, igniter, and fuel
injector. It is capable of ignition, stable combustion, and thrust production with a combustion
chamber length to a total length ratio of 0.14. The operating frequency of this engine is 56 Hz,
and the valves can function for 10 minutes. Experimental tests have demonstrated that the
thickness of the valves significantly impacts the stable combustion of the engine. Empirical
data indicate that the operating pressure ratio of the combustion chamber to ambient
pressure is approximately 1.63. The average thrust of the engine is 140 Newtons, and the fuel
mass flow rate is 15.9 grams per second. A performance simulation program for this engine
has been developed using MATLAB software. Validation of the results shows the utmost 5/1%
discrepancy between the simulation and experimental data. The simulation indicates that
increasing the chamber pressure ratio from 1.5 to 2.5 results in a nearly sixfold increase in
thrust. With an increase in the chamber pressure ratio, specific fuel consumption decreases.
The simulation also shows that an increase in the engine's exhaust temperature leads to a
reduction in thrust. Additionally, the sensitivity of thrust reduction to an increase in exhaust
duct temperature is higher at elevated combustion chamber pressures. Furthermore,
increasing the ratio of the combustion chamber diameter to the exhaust duct diameter results
in an increase in thrust relative to the engine's baseline thrust. The specific fuel consumption
of the engine increases with the combustion chamber diameter.

© 2025 The Author(s). Journal of Heat and Mass Transfer Research published by Semnan University Press.
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1. Introduction

that make them appealing for various

Among all the new emerged with no-
moveable parts propulsion systems, including
thrusters and microthrusters [1-3], ramjet [4-6],
and scramjet engines [7,8], the pulsejet engines
are one of the first fabricated and the oldest ones.
Pulsejet engines represent a fascinating aspect of
both the history and future of propulsion
technology. They offer several unique advantages
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applications. One of the primary benefits of
pulsejet engines is their simple construction.
They can be built with few moving parts, which
makes them lightweight and structurally
straightforward [9]. Pulsejet engines utilize
resonant combustion, meaning that the
combustion process occurs cyclically and
intermittently within the combustion chamber at
a specific frequency. They control the expanding
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combustion products through the engine's
exhaust pipe in such a way that a pulsed jet
stream is  formed, generating thrust
intermittently [10]. This unique operation allows
them to function in a static manner. Overall, the
pulsejet engine’s main challenges are resonant
combustion, combustion efficiency, valve
mechanism, fuel types, and operating conditions.
In this paper, the fuel types and operating
conditions of a pulsejet engine are investigated.

Pulsejets can be broadly categorized into two
main types: valveless [11,12] and valved [13]
pulsejets. In this paper, a valve-controlled
pulsejet is examined. Valve-controlled pulsejets
are categorized into two types: actively
controlled valves [10] and passively controlled
valves [14, 15]. The valve of a pulsejet with a
passive control mechanism typically opens and
closes in response to changes in pressure within
the chamber. From the combustion perspective,
pulsejet engines can be further classified into
several categories, including pulse detonation
engines (PDE) [16-18], pulsejet engines (P]E),
and rotating detonation engines (RDE) [19, 20].
These engines usually utilize liquid fuels,
commonly employing fuels such as gasoline, Jet-
A, JP-4, and ATK. The subsequent sections will
review studies conducted on liquid-fuelled
pulsejets.

Ghulam el al. [13] investigated a pulsejet
engine with varying lengths of combustion
chambers and exhaust pipes. They considered
three different engine exhaust lengths, including
27, 43, and 58 centimetres. Their findings
indicated that the engine performs optimally
with a  43-centimeter exhaust length.
Furthermore, they demonstrated that different
engine designs (i.e., different engine lengths)
operating at various frequencies can produce the
same thrust levels. The engines they studied
utilized gasoline and ethanol as fuels, revealing
that gasoline provides more stable performance
compared to ethanol, which poses challenges
such as short-term combustion and the need for
preheating due to longer combustion times.
Annand et al. [15] explored the effects of different
engine lengths on the performance of the
combustion chamber in a pulsejet engine. They
used octane as fuel for pulsejet combustion and
their engines operated at a frequency range of
100-150 Hz. They investigated the behaviour of
the engine using high frame-rate cameras and
discovered that combustion in each operational
cycle occurs due to multiple auto-ignitions that
primarily happen simultaneously in different
regions of the chamber. By averaging the light
produced in the engine during various cycles,
they created charts that illustrate the combustion
and fluid dynamics (gas movement) inside the
engine. They also found that pulsejet engines
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function very similarly to compression ignition
engines (such as diesel engines), where
combustion is initiated by compressing the fuel-
air mixture. In another study, Annand et al. [14]
examined a butterfly valve pulsejet. They
conducted laboratory experiments and analysed
the flow observed using a method called SPOD,
utilizing shadowgraphy. Their results indicated
that two types of vortices are generated within
the engine. The first is a strong, donut-shaped
vortex created by the rapid closure of the
engine's intake valves. The second vortex
separates from the first and is generated due to
the inertia of the incoming fuel and air flow. They
have demonstrated that if the engine has a
diverging nozzle at the end of the exhaust pipe,
two distinct vortices are created at the inlet of the
exhaust pipe. Additionally, they mentioned that
in a straight exhaust pipe, only one vortex forms
at the combustion chamber outlet. Overall, the
focus of their paper was primarily on
understanding the rotational flows that occur
within the engine and at the beginning of the
exhaust. Trzeciak and Gieras [21] calculated the
exit temperature of a valveless pulsejet engine.
They utilized coated thermocouples as
temperature measurement sensors in the
pulsejet engine, particularly at the engine outlet,
due to their resistance to high gas velocities and
temperature variations. They predicted a
reasonable approximation of the average exit
temperature of the engine by continuous
measuring of the exit temperature and an
iterative algorithm resulting from the obtained
experimental data. They showed that even minor
changes in the geometric configuration of the
engine could significantly affect its behaviour,
highlighting the need for precise temperature
measurements in pulsejet engines. Agrawal and
Pitsou [22] used ANSYS-CFX software and
employed the Eddy Dissipation Model to simulate
combustion within three liquid-fuel pulsejet
engines. They simulated the engine with one,
three, and five fuel inlets. They demonstrated that
for all three models under investigation, the
maximum pressure occurs in the combustion
chamber, while the pressure gradually decreases
within the exhaust pipe. They showed that the
maximum thrust occurs in the third configuration
(i.e., the engine with five fuel inlets). They came
to the conclusion that the thrust generated by the
pulsejet engine is dependent on the design of the
fuel inlet. Anand et al. [23] examined the
geometric  variations  affecting  pressure,
combustion, and frequency characteristics of a
valved pulsejet engine. They considered different
lengths of the exhaust pipe, the addition of a
diverging nozzle at the exit, and variations in the
combustion chamber length. They analyzed those
effects on engine performance. They found that



Sadeghi et al. / Journal of Heat and Mass Transfer Research 12 (2025) 271 - 286

except for the case where the combustion
chamber is short, and the exhaust pipe is long,
maximum pressure occurs in the combustion
chamber, and the engine operates stably. One
significant finding of their study is that when the
combustion chamber is short and the exhaust
pipe is long, the performance of the pulsejet
engine is suboptimal, making ignition very
challenging. They investigated twelve different
pulsejet configurations. Some configurations
exhibited stable performance, while others
displayed low-frequency instability (around 25
Hz), characterized by maximum pressure
fluctuations throughout the cycles. Yangster et al.
[24] studied a resonant pulsed combustion
chamber suitable for use in gas turbine engines.
They claimed that previous research on resonant
pulse combustors utilized long chambers, making
their application in real gas turbine engines
challenging. In their study, they focused on
smaller chambers with an emphasis on pressure
rise within the system. They found that both the
pulse combustion section and the engine ejector
could be shortened without disrupting engine
performance  or  degrading  operational
parameters. Qatoumah et al. [25] investigated the
performance of a pulse combustion chamber
operating with liquid fuel. Their examined engine
featured a combustion chamber length of 106
mm, a petal inlet diameter of 46 mm, an exhaust
pipe length of 345 mm, and an exhaust pipe
diameter of 38 mm. They explored the effects of
fuel type on the combustion chamber, testing two
fuel mixtures: one with gasoline and diesel and
the other with gasoline and ethanol. They
observed that the ignition delay time increased
when wusing the gasoline-ethanol mixture
compared to gasoline alone, while the ignition
delay decreased when utilizing the gasoline-
diesel mixture. They used the peak pressure
point in the engine cycle as an indicator of heat
release (or combustion) time and found that as
the gasoline concentration decreased, the
ignition delay for the gasoline-ethanol mixture
increased almost linearly. Min et al. [26]
examined the performance of a valved pulsejet
utilizing liquid fuel. They investigated the effect
of fuel mass flow rate on wall temperature,
chamber pressure, chamber temperature, and
combustion product concentration. They
demonstrated that as the fuel flow rate in the
engine increased, the maximum chamber
pressure also rose, and the oscillation frequency
of chamber performance increased. Specifically,
when the fuel flow rate in this engine was
increased from 7.8 liters per hour to 13.8 liters
per hour, both the maximum chamber pressure
and the engine frequency increased,
subsequently enhancing pulse combustion. One
of the key findings of their paper was that
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adjusting the fuel flow rate significantly impacts
the performance of the pulsejet engine and

combustion characteristics. Jianpeng et al.
Suganya [27] investigated the design and
numerical simulation of a pulsejet that

incorporates a flame holder within its chamber.
The length of their pulsejet combustion chamber
was 100 millimetres, the exhaust tube length was
500 millimeters, and the length of the conical
section was 84.3 millimeters. Additionally, the
chamber diameter was 69 millimeters, while the
exhaust pipe diameter was 40 millimeters. The
injection velocity of fuel into the chamber and the
incoming air velocity to the engine were
considered to be 82 meters per second and 72
meters per second, respectively. They
demonstrated that the use of a flame holder in the
engine resulted in an increase in thrust.
Nazarpour and Fathali [28] investigated the
impact of geometric characteristics of a valveless
pulsejet engine on thrust parameters and other
performance metrics. They demonstrated that
for their engine if the length-to-diameter ratio of
the exhaust pipe is set at 29, the length-to-
diameter ratio of the combustion chamber at
25.1, and the length-to-diameter ratio of the
engine inlet at 5.3, the thrust of the engine
significantly increases. Taheri et al. [29] focused
on the design, construction, and testing of a
valveless pulsejet engine, examining the effect of
geometric parameters on thrust. Their engine
had an overall length of 116.74 centimeters, a
combustion chamber diameter of 8.89
centimeters, and an exhaust pipe diameter of 4.5
centimeters. They reported that their engine
generates a thrust of 54 Newton initially;
however, they noted that the thrust value varies
in subsequent cycles, with an average thrust
calculated at 31 Newton. Additionally, they
reported 4 bar pressure inside the combustion
chamber. Rajashkar et al. [30] |used
shadowgraphy techniques to investigate the
unsteady flow field inside the exhaust pipe as
well as within the engine combustion chamber.
Their pulsejet used hydrogen as fuel and
operated at a frequency of 250 Hertz. Their
shadowgraph  observations revealed the
formation of vortex rings inside the combustion
chamber. They indicated a complete cycle of
combustion and discharge flow from the pulsejet
engine. To address the issue of non-flammability
of combustion products at high pulsejet speeds,
they suggested creating a barrier in the airflow
path (i.e, adding a flame holder to the chamber)
to provide more time for combustion. They
suggested that if this pulsejet engine is used on a
drone, a supplementary torch flame should be
utilized at the inlet for engine start-up. They
demonstrated the proper operation of their
proposed design through laboratory tests and
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shadowgraph observations. Evans and Alshami
[31] employed a pulsejet engine in a heat-
generating setup. The pulsejet engine they used
was a valveless design consisting of two coaxial
tubes, each measuring 76.2 cm in length with
internal diameters of 3.48 cm and 4.04 cm. The
combustion chamber diameter was slightly
larger than that of the exhaust outletl; the
combustion chamber length was 17.145 cm,
while the inlet length was 15.875 cm. They stated
that their designed engine possesses the
capability for automatic adjustment across a
wide operational range (in terms of fuel flow rate
and chamber pressure). Additionally, their
engine was capable of operating with liquid
propane, gaseous propane, and hydrogen.
Paksoon and Dagheri [32] investigated a
laboratory setup referred to as a pressure gain
combustor. Their setup consisted of a valve-
controlled pulsejet with liquid fuel, an ejector,
and a shroud tube connected to a small
turbocharger, which in turn was connected to a
turbine that generated thrust. The thrust
produced by this system was measured using a
load cell. This system was designed to investigate
issues related to the interaction of pulse
combustion devices with turbomachinery
mechanisms. The pulsejet engine in this
apparatus used liquid fuel (gasoline), operated at
a frequency of approximately 220 Hz, and
generated a thrust of about 4.2 pounds (18.68
Newton). The inlet valve was of the flap type, with
a thickness of 0.006 inches. It was mechanical and
opened and closed passively due to the pressure
differential created by the combustion process
and the corresponding gas dynamics occurring in
the pulsejet combustion chamber and exhaust
pipe. One of the weaknesses of this setup was the
short operational lifespan of the pulsejet valves.
Geng et al. [33] investigated a valve-controlled
butterfly pulsejet. In their study, they utilized
high-speed cameras to observe the operation of
the valve in a 50 cm long pulsejet engine. They
examined this engine using both experimental
and simulation methods. Their engine, which
operated on ethanol, produced an average thrust
of 25 Newton a at frequency of 240 Hz. The
exhaust gas velocity from the engine behaved like
a wave with a frequency of 235 Hz. Their
observations revealed that the valves remained
open for approximately 30 percent of each cycle.
The location and timing of combustion were
determined by measuring CH (a molecule
produced during the combustion of ethanol).
Their results indicated that combustion occurred
when the pressure inside the combustion
chamber exceeded atmospheric pressure.
Nakano et al. [34] investigated the length of the
exhaust pipe on the performance of a pulsejet
engine through both experimental and numerical
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methods. Their findings revealed that employing
a diverging nozzle (flare tube) at the exhaust pipe
exit significantly increases the mass flow rate
entering the engine, which in turn enhances
thrust. Lightki et al. [35] tested a pulsejet engine
under static conditions and compared its
performance with another type of engine known
as a pulsed detonation engine (PDE). Their
pulsejet engine operated with a fuel flow rate
ranging from 2.5 to 4.5 pounds per minute (1.13
to 2 kilograms per minute). The thrust generated
by pulsejets ranged from 40 to 102 pounds (178
to 453 Newton). The maximum pressure within
the combustion chamber of these pulsejets varied
between 8 to 20 pounds per square inch gauge
(psig) (55 to 138 kilopascals). In contrast, pulse
detonation engines (PDEs) achieved significantly
higher pressures of 80-120 psig (550 to 830

kilopascals). Their specific thrust was
approximately 40 to 100 pounds force thrust,
whereas under similar conditions, PDEs

produced a specific thrust of 120 pounds force
thrust. One critical aspect of experimental
pulsejet testing is that the speed of sound is a
function of temperature, and this parameter (i.e.,

temperature) varies both spatially and
temporally within a pulsejet engine. Blomquist
[36] accurately measured the average

temperature in a pulsejet engine (a pulsed
combustion chamber) using eight
thermocouples. This engine was utilized for
heating purposes, and his results demonstrated
that it could operate and generate heat under
various operational conditions. However,
Blomquist pointed out that one of the significant
issues with this engine is the excessive
production of carbon dioxide. Mason et al. [37]
investigated the combustion chamber of a
valveless pulsejet engine. They analysed the flow
dynamics within the chamber, including heat
transfer, pressure distribution, and thermal
efficiency, using both experimental and
numerical methods. They categorized the flow
behaviour into primary and secondary flows. The
primary flow referred to the portion of the flow
field describing the fluid that completes a full
convective cycle from the combustion chamber's
inlet to the exhaust pipe outlet. The secondary
gas flow describes the fluid that does not undergo
the aforementioned processes, which can be
observed both at the inlet and in the exhaust pipe
of the combustion chamber.

In this paper, the performance of a liquid-
fueled pulsejet engine is examined. The next
section explains the methodology used for
laboratory testing. Then, the developed
theoretical approach is reviewed. The results
obtained from the theoretical method are
compared and validated against experimental
data from the tests conducted. Subsequently, the
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effects of varying the combustion chamber
diameter and pressure on engine performance,
particularly thrust and fuel consumption, are
investigated. Thereafter, the impact of increased
temperature in the engine's exhaust section is
discussed. Additionally, the influence of changes
in altitude, flight speed, and fuel type on engine
performance is analyzed. This engine can be used
as a laboratory apparatus for studying the
resonating and unsteady cyclic combustion.

The primary innovation of this paper lies in
the successful construction and experimental
testing of a pulsejet engine at a laboratory scale.
Another innovative aspect is the development of
a MATLAB simulation code that predicts the
performance of pulsejet engine. This simulation
tool bridges the gap between theory and practice,
enabling researchers to predict engine behavior
under various conditions without the need for
physical testing. It combines experimental testing
with simulation, establishing a reliable approach
in pulsejet engine research. By integrating these
two methods, this paper provides a more
comprehensive understanding of pulsejet engine
performance. This unified approach not only
validates theoretical models but also enriches
them with experimental data. Existing studies on
pulsejet engines have several gaps, including: a
limited understanding of long-term stability and
material durability under various conditions, a
lack of comprehensive analysis on how different
fuel types and flow rates impact multiple
performance parameters (thrust, specific fuel
consumption, temperature), insufficient
validation of simulation models with extensive
experimental results, impacting the reliability of
simulations. Spite of some studies [25,26]
focused on fuel types and flow rates but did not
explore the comprehensive impact on various
performance parameters like thrust, specific fuel
consumption, and temperature distribution, or
other studies reported significant variability in
thrust but did not investigate the underlying
causes or ways to optimize engine design to
minimize this variability. This study addresses
these gaps by extending the understanding of
geometric configurations by exploring the impact
of valve thickness and combustion chamber
pressures on both short-term and long-term
stability and performance. Identifying factors
contributing to thrust variability and proposing
design optimizations to reduce it, including
detailed analysis of the effects of combustion
chamber pressure and exhaust temperature on
thrust stability.

2. Methodology

In this section, the constructed pulsejet
engine introduced, including its dimensions and

275

the measured parameters. Then, the theoretical
approach of simulation is described.

2.1.Experimental Procedure

The constructed pulsejet engine consists of
the following components: the inlet (Figure 1: a),
intake valve, combustion chamber (Figure 1: b), a
downstream conical section of the combustion
chamber (Figure 1: b), the exhaust duct of the
engine (Figure 1: b), and fuel injection nozzle
(Figure 1: c), spark plug (Figure 1: d). The overall
configuration of the engine is depicted in Figure
1: e. The diameter of the combustion chamber is
168 mm, while the diameter of the exhaust duct
is 128 mm. The ignition system of the engine
includes a 230-volt transformer and a single-
electrode spark plug with an electrode-base gap
of 0.2 mm. The fuel system comprises a fuel pump
connected to a fuel injector with a spray angle of
90 degrees. For the experimental testing of the
engine, a thrust (single-component) stand was
utilized to measure the thrust generated by the
engine. Furthermore, the starting air pressure,
and fuel pressure were measured during the
experimental tests. The starting air pressure
sensor was used for engine ignition and was not
included in the analytical calculations. The load
cell sensors measuring thrust and the fuel
pressure sensor were employed for theoretical
calculations in this study. The displayed values
were initially compared with those from two
other calibrated sensors at an atmospheric
pressure of 0.85 bar under laboratory conditions
to calibrate the sensors. Additionally, prior to
commencing the experiments, the values
indicated on the displays were considered offset
values and were subtracted from the values
obtained during testing.

2.2.Theory

According to Figure 2, the pulsejet engine
consists of four wave series: a compression wave
traveling to the left (toward the combustion
chamber), an expansion wave moving to the right
(toward the engine's exhaust), an expansion
wave moving to the left, and a compression wave
moving to the right. These waves oscillate within
the duct at a speed slightly exceeding the local
speed of sound during each operational cycle. For
a pulsejet engine, the following regions can be
identified: Region 4, which has maximum
pressure P4 and maximum temperature T4 and is
located before the expansion wave R. Region 3b,
which is positioned after the expansion wave,
experiences a decrease in both pressure and
temperature. Region 3a due to changes in the
engine cross-sectional area, exhibits different
characteristics compared to Region 3b. Region 1,
known as the base region, is located in the
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engine's exhaust pipe, where its pressure P1 is *F\;
close to atmospheric pressure, and its initial

temperature T1 equals the ambient temperature; .

however, this temperature increases with engine
operation. Additionally, a contact surface exists @

@

| 8|
— O¢

between the compression wave and the

expansion wave [38-40]. The contact surface is —/
located between the discontinuity of Regions 2
and 3a.

Fig. 1. Schematic of wave areas in engine

(a) Intake

(c) Fuel injector

Combustion

chamber Semi cone

intake

injector
ignitor
Fuel pump

Power
source

(e) Overview of the engine and its components

Fig. 2. Pulsejet engine main components (test stand not shown)
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In this paper, only the main equations for
engine analysis are presented. The period of each
cycle is calculated using equation (1). The duct
length (I, ) refers to the combined length of the
combustion chamber and the engine's exhaust
duct.

4Lc/p 1
Atcyc = =—

(1)

a feye

where f, is the operational frequency, and a,
denotes the speed of sound in region 1. It is
assumed that thrust and pressure inside the
combustion chamber oscillate around a mean
value. Consequently, a maximum thrust is
denoted by Fmax, and an average thrust is
represented as F. The average thrust is related to
the maximum thrust as the following:

F ~ Fmax
~
T

(2)

The mass flow rate of fuel consumed by the
engine is in the following:

T, [pCVCCPTI]
me=0A-7)|—— 3
! ( Tl) Atc,ihPRnb (3)
where p. represents the density in the

combustion chamber, V. denotes the volume of
the combustion chamber, hp, is the heating value
of the fuel, 1, signifies the combustion chamber
efficiency, and At.; indicates the time required
for combustion within the chamber. The ratio of
the cross-sectional area of the combustion
chamber to that of the exhaust duct can also be
calculated using the energy balance between
these two regions along with gas dynamics
relations as follows:

y+1

Acc _ Mazq [2+(y—1)Ma§b]m 4)
Ag  Mazp L2+(y-1)Ma3,
where M3, and Mag}, are the Mach numbers in
regions 3a and 3b. There exists a contact region
(or surface) between Region 2 (i.e., after the
compression wave moves towards the engine
outlet) and Region 3a . This contact surface
moves at a local speed of sound towards the
engine outlet, and the following assumptions are
considered for this region:

Uzq = Uy,

Py =P, (5)

(6)

Aza # Az, P3a* P2
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Using the relations pertaining to the
expansion wave between regions 3b and 4, as
well as the equations of state for an ideal gas and
isentropic processes, an equation for the speed of
sound in region 3a can be calculated as follows:

(7)

Additionally, by employing the energy
conservation between the area change regions of
the engine (regions 3a and 3b), an equation for
the speed of sound at region 3a is derived as
follows:

1
-1 5

1 +YTMa§b

y—1
1+TMa§a

af, = asp (8)

The values of other parameters such as
pressure or temperature are computed using
isentropic relations and the ideal gas equation.
The thrust generation phase corresponds to a
scenario where an expansion wave is
propagating toward the combustion chamber
(see Figure 3).

4

R

6 ][ 6

Fig. 3. Schematic of engine thrust production positions in the
phase of the expansion wave in the outlet tube

The following equation is derived between
the upstream and downstream of the expansion
wave:

2(a; —ay)

o ©)

Us = U, +

Therefore, the maximum thrust can be
computed as follows:

Frax = Me(Ue — Vo) = psusdp(us — V)  (10)

The algorithm for the overall performance
analysis of the engine is illustrated in figure 4.
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Egn. (8)

B
a3a/ A3p increaseMs), Eaqn. (4)

(Acc /Ad )new <

P, T, M,

i=1,2,3a,3b,4,5

v

m,SFC,

Thrust

inputs
Initial guess, v
J_ M3,
Initial guess Acc/Aa
e | M3a l
g
5 Atcycle
=
) v
Atcombustion
mfuel

Fig. 4. Engine performance analysis algorithm

2.3.Theory Assumptions

1. It is assumed that the velocity in region 4,
Uy, is zero.

2. There is a contact wave that moves to the
right (a wave between the incident and
reflected waves of expansion and
compression). It is assumed that in the
direction of this wave u;, = u, and p;, = p,,
but it should be noted that p3, # p, and
azg * ay.

3. It is assumed that the velocity in region 1,
u, is zero.

4. It is assumed that at the engine exit
P1 = Ps = Pamb-

5. The following assumptions are considered
between regions 1 and 5: a; = a5, T; =Ts,
p1 = ps. It is worth mentioning that at the
beginning of the engine start-up, T; = T,
and as the engine operates, the value of Tg
increases.

3. Validation

To comprehensively assess the performance
of this engine, simulation outputs are validated
against experimental results. The inputs for the
simulation program are listed in Table 1.
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Table 1. Pulsejet performance simulation input parameters

Parameter Description unit value
dee CC Dia. m 0.168
diail Exhaust Dia. m 0.128
lec CClength m 0.2

l; total Length m 1.46
T; Ambient temp. K 300
p1 Ambient Density  kg/m3  0.988
M CC efficiency Dimless. 0.98
Pamb Ambient press. Pa 85000
y Specific heatratio Dimless. 1.33
hpr Heating value M]/kg 40

Moreover, the outputs of this simulation
include those specified in Table 2. The subscripts
i=1, 2, 3a, 3b, 4, 5 refer to different locations
within the pulsejet engine, as explained in Section

2-2.
Table 2. Simulation outputs

Parameter Description unit

M; Mach at station i Dimless.
P, Press. At station i kPa

T Temp. at station i K

Fpeak Maximum thrust N

Favg Average thrust N

¢ Fuel flow g/s

m Mass flow rate kg/s
TSFC Specific fuel consumption  kg/hr-N
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In Table 3, the simulation results are
compared with laboratory values, and the
following conditions demonstrate that the results
exhibit a maximum discrepancy of 5.1% from
laboratory values. It should be noted that the
error is calculated from the following equations:

€thrust = |Favg,exp. - Favg,theory|/Fan,exp (11)

emfuel = |mavg,exp. - Ii’lavg,theory|/ri’1avg,exp (12)

The maximum error for the thrust value based
on experimental data is 1.75%, while for the fuel
mass flow rate, it is 1.5%. The average difference
between the simulated and the laboratory thrust
average is 0.6%. The average difference between
the simulated mass flow rate of the fuel and the
average mass flow rate obtained from
experiments is 0.2%. This level of discrepancy for
all these parameters appears acceptable
according to the analytical methodology
developed in this paper, and results from other
simulations of this engine, which will be
discussed in the next section, can be used to
examine the behavior of the constructed engine
with a maximum error percentage of 1.75%.

Table 3. Comparison of simulation and laboratory test results

Experiment Results Simulation Results errors
Thrust (N)  Titpyer (g/s) P4/P1 Thrust (N)  Tipyer (gs) CCign etnrust i el
135 12.86 1.62 134.5 12.2 7 -0.37 -5.1
143 14.591 1.64 142.03 14.4 8 -0.68 -1.31
168.25 16.891 1.71 169.35 16.9 8.5 0.65 0.05
142.8 17.109 1.64 142.03 171 9.5 -0.54 -0.05
104 13.263 1.53 102.2 13.4 9 -1.73 1.03
136.89 16.096 1.62 134.5 15.7 9 -1.75 -2.46
141.33 16.94 1.64 142.03 171 9.5 0.50 0.94
143.09 16.927 1.64 142.03 171 9.5 -0.74 1.02
143.5 16.921 1.64 142.03 171 9.5 -1.02 1.06

4. Results and Discussion

The important input values for the engine
performance simulation program are presented

in Table 1. Additionally, the value of 5—4 is selected
1

equal to 1.63. The parameter of cc;g, (which
determines the fraction of time relative to a
complete cycle duration required for the reaction
to occur) is 9. The outputs of the engine
performance simulation are detailed in Table 4.

In Region 1, according to initial assumptions,
the Mach number is ignorable, with pressure and
temperature also at ambient levels. Therefore,
the baseline engine conditions correspond to the
environmental conditions at the beginning of the
combustion process, where the engine's exhaust
duct has yet to reach a temperature higher than
that of the environment; hence, the value of
Fpeak is reported as well.

Region 2 follows the compression wave
exiting from the engine - (toward the engine
exhaust). As expected, its pressure increases to
139.34 kPa, with a temperature rise of 11.81
Kelvin. Due to the presence of a contact surface
between the compression wave and the
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expansion wave regions, there exists a singularity
area in this section where, according to
assumptions, pressure and velocity are equal in
these two regions, but density differs.

The Mach number in Region 3a is higher than
in Region 3b, as expected, due to the decrease in
the cross-sectional area of the engine. The
pressure in Region 3a is slightly lower than in

Region 3b, while temperatures are
approximately equal.
The pressure in Region 4 reaches its

maximum, which corresponds to that part of the
combustion chamber that achieves peak pressure
after valve closure. Due to the pressure increase,
the temperature rises as well due to its direct
relationship with pressure, reaching 469.75
Kelvin. Furthermore, according to assumptions,
velocity in this region is considered negligible.
The maximum thrust of this engine is calculated
to be 433.61 Newtons, while its average thrust is
calculated at 138.09 Newtons.

The mass flow rate of fuel for this engine is
determined to be 15.9 grams per second, and the
mass flow rate of incoming air is calculated at
2.68 kilograms per second.
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The specific fuel consumption of this engine is
0.00011 kilograms per hour-Newtons.

Table 4. Simulation outputs

Parameter unit value
M, Dimless. =0

P, kPa 165.34
T, K 469.75
Mg Dimless. 0.49
P; kPa 85000
Ts K 300
Fpeak N 433.61
Favg N 138.09
my g/s 15.9

m kg/s 2.68
TSFC Kg/hr-N 0.00011
M; Dimless. 0

P; kPa 85

T, K 300
M, Dimless. 0.234
P, kPa 139.34
T, K 311.81
M;, Dimless. 0.195
P3q kPa 139.34
Tsq K 450.22
M3 Dimless. 0.111
Py kPa 142.87
Tsp K 453.03

4.1.Combustion Chamber Pressure Ratio

The analysis of the effect of the combustion
chamber pressure ratio relative to the baseline
conditions of the engine is conducted in this
section. Based on Figure 5, it is clear that as the
chamber pressure increases, thrust also
increases. An increase in chamber pressure
essentially translates to an increase in flow
energy, and a higher energy flow will produce
greater thrust. Importantly, the engine thrust is
very sensitive to changes in the pressure ratio. As
the pressure ratio increases, thrust significantly
increases; specifically, increasing the pressure
ratio from 1.5 to 2.5 results in an almost sixfold
increase in thrust. Changes in the chamber
pressure ratio also significantly affect specific
fuel consumption, with an increase in the
pressure ratio leading to a decrease in fuel
consumption.

280

600 45
~——g——  Thrust
——a—— TSFC
500 40
400 35 %
—~ z
z 0
< 30 <
. * 300 2
25
200 2
20
100
16 18 2 22 24
P./p,

Fig. 5. Variations of thrust and specific fuel consumption
with chamber pressure ratio

This issue arises because part of the engine
thrust is provided by the energy of high-pressure
air and not solely by burning fuel. Theoretically,
one must also consider the formula for
calculating specific fuel consumption (SFC), given
by the following relation:

iy

_my 13
TSFC i (13)

It can be observed that specific fuel
consumption has an inverse correlation with
thrust.

Additionally, according to the graph in Figure
6, changes in fuel mass flow rate with the
combustion chamber pressure ratio show that as
the combustion chamber pressure increases, the
fuel mass flow rate also increases. The
simultaneous  effect of increased fuel
consumption and increased thrust results in
changes in specific fuel consumption.

40

point of

~~
2zl
Y Aty l
E/D 251 operationa
= engine

15

1q.5 1.7 19 2.1 2.3 2.5
p./p,

Fig. 6. Fuel mass flow rate changes with
increasing chamber pressure
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4.2.Chamber to Exhaust Diameter Ratio Effect
(dcc/dtail)

The thrust value for the baseline condition is
138.1 Newtons. In this condition, the combustion
chamber diameter is 128 millimeters, and the
exhaust duct diameter is 108 millimeters. The
diameter of the chamber varies from 108
millimeters to 270 millimeters. As the ratio of the
combustion chamber diameter to the exhaust
duct diameter increases, the thrust relative to the
baseline thrust of the engine increases.
Additionally, fuel consumption also increases
(Figure 7).

The increase in thrust is because a larger
combustion chamber allows for a greater mixture
of air and fuel to combust. This results in a higher
volume of exhaust gases being expelled, which
increases the thrust produced by the engine.

165
14}
160
12 — 1% %
X
£ benchmark case 1%° G
g £
R IE] SRR 145 5,
> )
140 E
R 135 E
130
{].64 |
L A . A 125
1 1.2 14 16 18 2 22

d_/d

tail

Fig. 7. Changes in thrust and specific fuel consumption
with changing the ratio of chamber diameter
to exhaust pipe diamet

The graphs in Figure 8 confirm that as the
combustion chamber diameter increases, both
fuel and air flow rates also increase. In Figure 8,
the values of M¢pench = 15.9 g/s and
Mair bench = 2.68 kg/s and mass flow rates for air
and fuel are normalized. The graph illustrating
changes in specific fuel consumption with
varying chamber diameters (Figure 7) indicates
that as the chamber diameter increases, specific
fuel consumption also rises. This implies that the
engine consumes more fuel to maintain a larger
combustion process (in terms of volume and flow
rates of fuel and air).

Therefore, although this increase in
combustion chamber diameter leads to increased
thrust, it also results in higher fuel consumption
per unit of thrust, indicating an increase in
specific fuel consumption (SFC).
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4.3.Engine Warm Thrust

The term 'engine warm thrust' refers to the
condition where the temperature in the Ts region
increases. In this section, we will show that an
increase in Ty temperature leads to a reduction in
thrust. To analyze the engine warm thrust,
certain modifications are made in the equations.
It is assumed that us at the downstream of the
expansion wave is approximately equal to the
exitvelocity and can be approximated by ue. It can
also be assumed that ps and pe are close to
atmospheric pressure and are equal to p: in this
condition. The assumption is that the velocity in
the exhaust duct has not reached the speed of
sound, and the flow in the exhaust is not choked.
Using the theory of characteristics, we can write.

+ 2a; 4
U y—1_u5

2ag
y—1

(14)

Considering the temperature for exit from the
engine duct, denoted as Ts, and based on the
equation of sound speed and temperature, simply
one can write the following equation:

as = /YRT; (15)

Thus, the exit velocity is written as follows:

2(a; — \/YRTs)

T (16)

u5=u2+

Subsequently, the maximum thrust can be
calculated according to Equation (10). It should
be noted that the value ps in Equation (10) is
derived from the ideal gas relationship. The
variations in engine thrust with changes in
exhaust temperature are illustrated in Figure 9. It
is evident that as combustion chamber pressure
increases at a T; constant temperature, thrust
also increases.
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Figure 9 contains two  important
observations. The first point is that engine thrust
is highly sensitive to exhaust temperature. It is
observed that at a constant chamber pressure, an
increase in Tg significantly reduces thrust.
Therefore, thrust sensitivity to Ts changes is
substantial. This highlights the importance of
cooling requirements for the engine's exhaust
duct. In experimental tests of this engine, when
the exhaust duct was cooled with water, higher
thrust values were achieved.

3t —— p,/p=1.63
—aA—— p,/p,~1.80
25l ——— p/p,=2.0

1 " L

1.06 1.1 1.25

TJT

0.95 1 1.15 1.2

bench

Fig. 9. Thrust variation with engine exhaust temperature

The second point from Figure 9 is that as
chamber pressure (p,/p;) increases, the
maximum temperature (T; maximum value) at
which the engine can produce thrust also rises. If
the engine shuts down during flight for any
reason (such as a failure of the intake valve), the
exhaust duct may have a temperature higher than
ambient conditions. Consequently, it is possible
for the engine to shut down after heating up air in
region 5 (i.e, an increase in Ts) and require a
restart. Under such conditions, higher chamber
pressure is needed to restart the engine. For
example, in Figure 9, if Ts/Tyench = 1.17 and a
thrust equivalent to produce a thrust equivalent

to = 0.13 is required, then p,/p; mustbe at

Fpench
least 2.0. Another solution could involve reducing

the temperature of air in region 5 (i.e., Ts), which
somewhat occurs due to the cold air entering
during engine shutdown; however, for a reliable
restart under such conditions, it is preferable to
increase the chamber pressure.

4.4. Altitude and Speed Variation Effects

Considering a standard atmosphere for the
pulsejet engine, the effects of altitude are
analyzed. Altitude impacts pressure, density, and
ambient temperature as following [41]:

Ty (K) = (15.04 — 0.00649 h) + 273.15  (17)
5.256
Pomp (kPa) = 101.325 x [T‘;;"Tbé’;) (18)
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Results indicate that with an increase in flight
speed, the thrust of the engine decreases
(Figure 10-a). The reason for this is that as flight
speed increases, the term V., in the
Fidealmax = Me(ue — V,,) diminishes, leadingto a
reduction in thrust. It should be noted that the
behavior of thrust reduction is linear and
resembles that of turbofan engines, where thrust
decreases with increasing speed [42-45].
Furthermore, it is observed that at a specific
speed, thrust decreases with increasing altitude.
This is because as altitude increases, the density
of the air entering the engine decreases, resulting
in a reduced mass flow rate into the engine. For
sea level altitudes 800 meters, 1600 meters, and
2000 meters, the mass flow rates into the engine
are approximately 2.68 kg/s, 2.46 kg/s, 2.26 kg/s,
and 2.16 kg/s, respectively. According to the law
of conservation of mass, the mass flow rate
exiting the engine () also decreases with a
decrease in height. Thus, the term m, in the
thrust equation decreases and consequently
leads to a reduction in thrust.

As illustrated in Figure 10-b, fuel
consumption increases with an increase in flight
speed (due to the inverse correlation between
thrust and specific fuel consumption). Another
important point is that the sensitivity of thrust to
speed elevation is higher than the sensitivity of
specific fuel consumption to flying speed.
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a-Thrust variation
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Fig. 10. Thrust and SFC variation with flying velocity
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4.5.Fuel Type Variation

Although it is evident that an increase in fuel
calorific value leads to a reduction in fuel
consumption, several different fuels with varying
calorific values are examined to quantitatively
assess this issue and their effects on engine
performance. It is essential to mention that the
use of certain fuels, such as hydrogen, presents
challenges such as storage, high flammability, and
toxicity issues, which are not addressed in these
analyses, and only their calorific value effects are
considered. Figure 11 shows that for bioethanol,
kerosene, gasoline, diesel, and hydrogen fuels,
the respective fuel consumption rates are 21.2
g/s, 14.8 g/s, 14.5 g/s, 14.1 g/s, and 5 g/s. It is
evident that hydrogen exhibits the lowest fuel
consumption in producing an equivalent amount
of thrust among these five proposed fuel types.
The maximum fuel consumption corresponds to
bioethanol. When hydrogen is used as fuel,
approximately 76% less fuel is consumed
compared to using bioethanol. This highlights the
importance of utilizing high-calorific value fuels.
However, it should be noted that the use of
hydrogen is still not common in air-breathing
engines and poses numerous challenges
regarding unintended flammability and storage.

B E85 Bioethanol
20 (] Kerosene
[ ] Gasoline
[} Diesel
15} (] Hydrogen
)
=
g 10}
| H
0

Fig. 11. Fuel flow rate variation for different fuel types

5. Conclusions

This study focused on the construction and
performance evaluation of a pulsejet engine. The
following results were obtained from the
experimental tests:

1. Combustion Chamber Pressure: The
pressure within the combustion chamber
has a significant impact on the engine's
performance. As the pressure increases,
the engine's operational capability
improves. However, structural
considerations must also be taken into
account, as the engine generates high
temperatures upon ignition, leading to
elevated chamber temperatures. Thus,
pressure control is essential to prevent
engine explosions.
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2. Thrust and Fuel Consumption:
Experimental results indicated that this
engine produces a thrust of approximately
140 Newtons, with a fuel mass flow rate of
about 15.9 grams per second.

3. Fuel-to-Air Ratio: In addition to the length
ratio, the fuel-to-air ratio is another
important parameter for ignition and
stable engine performance. This engine
ignites at a fuel flow rate of 15.9 grams per
second and maintains a stable cycle.

The theoretical simulation results of the
engine also yielded the following findings:

1) Increasing the pressure ratio of the engine
combustion chamber to the ambient
pressure results in an increase in thrust.
For a condition where the pressure ratio of
the chamber to the ambient is 2.5, the
thrust is 6.2 times that of the condition
where the pressure ratio is 1.5
Additionally, the specific fuel consumption
(SFC) for the condition where the pressure
ratio is 2.5 is 0.3 times that of the condition
where the pressure ratio is 1.5.

2) The fuel consumption for the condition
where the pressure ratio of the chamber to
the ambient is 2.5 is 3 times that of the
condition where the pressure ratio is 1.5.
From points 1 and 2, it can be concluded
that increasing the chamber pressure
increases both thrust and fuel flow rate but
reduces SFC (specific fuel consumption)

3) Pressure Ratio Impact: Similar to
experimental results, increasing the
combustion chamber pressure leads to an
increase in thrust. For a pressure ratio of
2.5, the thrust is approximately six times
greater than that at a pressure ratio of 1.5.

4) Combustion Chamber Diameter: If the
diameter of the combustion chamber is
doubled, thrust increases by 1.45 times,
while specific fuel consumption increases
by 1.8 times compared to the baseline
condition. Additionally, the air and fuel
mass flow rates increase by 1.2 and 2.6
times, respectively, relative to the baseline
condition.

5) Exhaust Air Temperature: An increase in
the temperature of the exhaust air duct
leads to a reduction in thrust. For instance,
when the pressure ratio is 2, increasing the
exhaust temperature from 280 K to 328 K
results in the thrust decreasing
significantly, from three times the baseline
to 0.13 times the baseline.
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6) High-Temperature Operation: Increasing
combustion chamber pressure allows the
engine to operate at higher exhaust
temperatures while still producing thrust.

7) Altitude Effects: An increase in altitude
results in reduced thrust and increased
specific fuel consumption. In other words,
the engine performs better at lower
altitudes.

8) Higher Heating Value Fuels: Utilizing fuels
with higher heating values results in
reduced fuel consumption for a given
amount of thrust produced. Thus, as the
heating value of the fuel increases, specific
fuel consumption (SFC) decreases.

In future research on this engine, the fuel
system can be configured so that injection only
occurs when the valves are closed. Additionally,
this system can be enhanced with exhaust duct
cooling to improve performance.

Nomenclature
le/p Duct length (m)
feye Operational frequency (Hz)
Fmax Maximum thrust (N)
e Mass flow rate of fuel consumed(kg/s)
D¢ Combustion chamber density(kg/m3)
v Volume of the combustion
€ chamber(cm?)
hopr Heating value of the fuel (M]/kg)
My Combustion chamber efficiency
At Time required for combustion in the
et chamber (s)
Ms, Mach number in region 3a
My Mach number in region 3b
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