
ABSTRACT 

ZHENG, FEI. Computational Investigation of High Speed Pulsjets. (Under the direction of Dr. 

William L. Roberts). 

 

Pulsejet may be the simplest propulsion system ever. Due to its simplicity, the pulsejet may 

be an ideal low-cost micro-propulsion system. Although a considerable amount of work has 

been done on developing different types of pulsejets, understanding of the operation of these 

jets is still very limited. One goal of this investigation is to study the valveless pulsejet, find 

out effect of the geometry of inlet, combustion chamber and tailpipe on the performance of 

valveless pulsejet. Another goal is to study effect of the environment, such as free stream 

speed, ambient pressure and temperature, on the performance of pulsejet. 

In this work, combined computational and experimental methods were used to study valved 

and valveless pulsejets to develop an understanding of how various inlets, exhaust sizes and 

coming flow speed effect the overall performance of the jet. Focus is put on the 

computational study. Fluid mechanics, acoustics and combustion were studied numerically to 

understand the operation of pulsejets and their interactive with the environment. The research 

objectives include the principles of valveless pulsejet design, optimize valveless pulsejet 

geometries and the effect of ejector and shroud. 
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CHAPTER 1.  INTRODUCTION  

1.1 Pulsejet background 

1.1.1 Valved pulsejet 

 

Figure 1-1: Schematic of German Aeropulse used to power the V-1 óbuzz bomb.ô 

The pulsejet is an unsteady propulsion device that generates intermittent thrust [1]. The 

concept of a pulsejet can be traced back to the beginning of the 20
th
 century.  Two French 

engineers, Esnault and Peltrie, patented a design of an engine that drove a turbine wheel. 

However, the first working pulsejet was designed by German engineer Paul Schmidt, which 

was called the Schmidt tube, in the 1930ôs.  This jet was used to power the German V-1 

weapon, ñBuzz Bombò, in the World War II. Figure 1-1shows the sketch of V-1 ñBuzz 
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Bombò, which was the first practical application of the pulsejet.  It can be viewed as a 

prototype of a modern cruise missile.  

This pulsejet used a series of reed valves at the intake end of the tube to intake a volume of 

fresh air to mix with the atomized fuel prior to ignition, thus, it is called valved pulsejet. In 

valved pulsejets, reed valves allow the injection of fresh reactants but prevent hot gases from 

leaving through the inlet. However, the reed valves operating in high temperature and high 

frequency are subjected to intense physical and thermal punishment. They are good for only 

20-30 minutes continuous operation, thus regular replacement is required. It is good for a 

one-time use missile but when it comes to a longer time application, the only moving part of 

the valved pulsejet, the reed valves, comes to be a weak part of the system. 

1.1.2 Valveless pulsejet 

By proper utilization of wave processes in an inlet duct of adequate length, the amount of 

negative thrust can be minimized in a valveless pulsejet [2]. 

In 1909, Marconnet developed what he termed an aerodynamic valve that replaced the reed 

valves of conventional design (Figure 1-2).  The objective of the aerodynamic valve was to 

allow the intake of air for oxidation but, at the same time, offer resistance to backflow 

momentum created by the combustion event.  This design is the grandfather of all valveless 

pulsejets.  

The principle of the valveless pulsating combustor was rediscovered by Lt. William Schubert 

of the US Navy in the early 1940s. His design, called the ñresojetò at the time on account of 
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its dependence on resonance, is one of the simplest successful valveless designs of all (Figure 

1-3) [3].  

 

Figure 1-2: Marconnet design of valveless pulsejet 

 

Figure 1-3: Schubert design of valveless pulsejet 

There were a few other designs of valveless pulsejets after World War II. The Escopette, 

illustrated in Figure 1-4, was a valveless designed in French France in the early 1950's. To 

avoid negative thrust from inlet, inlet was made rearward in this designation. 

 

Figure 1-4: Escopette design of valveless pulsejet 

The United States government made considerable advances in valveless pulsejet technology 

in the 1950's to early 60's.  Project Squid [4-8], a collaboration between the United States 

Navy and Air Force to research and develop all potential sources of jet propulsion available 

at that time, became greatly involved in the investigation of valveless pulsejets. It has been 

suggested that the Logan jet improved the rate of heat release and cycle efficiency.  
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However, such a design differed from pulsejets of the present work in that air was directly 

injected during operation rather than accomplishing air intake through self- aspiration.   

Another project supported by US government focusing on the investigation of valveless 

pulsejet reactors was also conducted between 1961 and 1963.  Numerous valveless designs 

were developed, produced, and tested in the course of the project. The most well known one 

of these designs was the Lockwood-Hil ler pulsejet shown in Figure 1-5. 

 

Figure 1-5: Lockwood-Hiller  design of valveless pulsejet 

1.1.3 Pulsejet cycles 

The ideal pulsejet is based on the Humphrey thermodynamic cycle, where isochoric heat 

addition (combustion) follows an isentropic compression and isobaric heat rejection follows 

an isentropic expansion. The reactants enter the combustion chamber when the pressure in 

the combustion chamber is lower than the ambient pressure. Residual hot gases and heat 

transfer from the hot walls raise the reactantsô temperature to the auto-ignition temperature, 

initiating combustion of the reactants.  The ensuing heat release increases pressure, and the 

combustion gases then expand down the exhaust duct and exit at high velocity, generating 
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thrust.  Once the combustion gases at the exit have expanded to nearly atmospheric pressure, 

the overexpansion due to momentum of the combustion products causes the pressure to 

decrease in the combustion chamber to sub-atmospheric; also, the reflected wave propagates 

back up the exhaust duct towards the combustion chamber.  When the reflected wave reaches 

the chamber, the combustion chamber pressure increases again, auto ignition occurs, and the 

cycle repeats itself.  

In reality, the combustion process is not isochoric, and this is especially true for the valveless 

pulsejet. Because there is no mechanical compression, the peak pressure is low and, therefore, 

the overall thermodynamic efficiency is low. Because of their relatively low efficiency, 

pulsejets were surpassed by the much more efficient turbojets and were put aside for decades 

following limited development into the early 1960ôs. In a turbojet, high efficiency is 

achieved through high compressor pressure ratios. However, the compressor is a complex 

and expensive piece of turbo machinery that consumes a large fraction of the chemical 

enthalpy. As the scale of turbo machinery is reduced, the compressor efficiency decreases 

and, therefore, the efficiency of a turbojet drops nonlinearly with size when it is utilized in a 

micro-propulsion system. Therefore, there may be applications where small scale, simplicity, 

low cost, and high thrust-to-weight ratio make the pulsejet attractive. 

1.2 Ejector 

Ejector or thrust augmentor is separate device which is placed in the exhaust of a jet engine 

to increase the amount of thrust produced. For low speed applications, high speed, high 



6 

temperature exhaust is not optimal, would prefer lower temperature and speed with larger 

mass flux to provide higher thrust. 

Kinetic Energy of the flow: 

 2

2

1
vmE ##=  (1-1) 

Momentum of the flow: 

 EmvmF ### 2==  (1-2) 

From equation (1-2), could find that for the same kinetic energy, higher mass flow provide 

higher thrust. In static or low speed environment, large mass flow and lower velocity is 

desired. 

There are numerous designs of ejectors, the simplest form of an ejector is just a pipe have a 

larger diameter than the jet tailpipe. The function of the ejector is to transfer energy from 

high temperature, high speed primary flow from jet to low temperature, low speed secondary 

flow. For a steady flow ejector, this energy transfer process is via viscous and turbulence 

shear stress. It is not efficient, due to the irreversible nature of the process. 

For unsteady flow ejector, however, pressure interface was generated and thus push the 

secondary flow through the ejector, which makes the unsteady flow ejector quite efficient in 

thrust augment. Pulsejet is a typical source of the unsteady flow. While the flow from the 

pulsejet gets through the ejector, it is mixed with the ambient air, velocity decreased and 
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mass flow rate increased. A proper designed ejector could maximize the mass flow rate 

through the ejector, thus increase the thrust generated. 

For pulsed flow from the pulsejet, another theory is that vertex generated at the exit of the 

pulsejet created low pressure region. This low pressure region moves to the ejector together 

with the vortex. When the low pressure region hit the ejector, thrust was generated [9].  

1.3 Research objective 

The pulsejet is driven by acoustic, which makes it very sensitive to the geometries of the 

combustion chamber, tailpipe and inlet. Although the engine is simple, it is not practice to 

generate pulsejet with all dimensions to decide the optimal one, not to say the difficulty to 

test the pulsejet in different environments. Experimental also have difficulty to collect 

detailed results of the flow field inside the pulsejet. 

This work is to generate a valid CFD model for pulsejet simulation and use the model to 

predict the pulsejet performance. A detailed analysis will be carried out to find out how the 

geometry and environment affect the performance of the pulsejet. The object is to develop 

the principle to design a pulsejet and find out optimal pulsejet for different purpose and under 

different environments.  

1.4 Combustion and fluid models used in simulations 

In this work, most of the simulations were made by commercial available CFD software CFX. 

Models were chosen from the models provided by the software. However, detailed 
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knowledge of the principle and performance of the models is necessary to understand the 

simulation results and their limits and errors.  

1.4.1 Turbulence model 

To model the flow in the pulsejet simulation, k-Ů turbulence model was used. It has proven to 

be stable and numerically robust and has a well established regime of predictive capability. 

For general purpose simulations, the k-Ů model offers a good compromise in terms of 

accuracy and robustness [10]. 

k is the turbulence kinetic energy and is defined as the variance of the fluctuations in 

velocity. It has dimensions of (L2
 T-2), e.g. m2/s2. e is the turbulence eddy dissipation (the rate 

at which the velocity fluctuations dissipate) and has dimensions of k per unit time (L2 T-3), 

e.g. m2/s3. 

The k-e model introduces two new variables into the system of equations. The continuity 

equation is then: 

 
( ) 0=ÖÐ+ U

dt

d
r

r
 (1-3) 

and the momentum equation becomes: 

 
( ) ( ) ( ) BUpUUU

t

U T

effeff +ÐÖÐ+¡Ð=ÐÖÐ-ÃÖÐ+
µ

µ
mmr

r
 (1-4) 
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where B is the sum of body forces, effm  is the effective viscosity accounting for turbulence, 

and p¡ is the modified pressure given by 

 teff mmm +=  (1-5) 

 
kpp r

3

2
+=¡  (1-6) 

where tm is the turbulence viscosity. The k-Ů model assumes that the turbulence viscosity is 

linked to the turbulence kinetic energy and dissipation via the relation 

 e
rm m

2k
Ct =  (1-7) 

where mC  is a constant. 

The values of k and Ů come directly from the differential transport equations for the 

turbulence kinetic energy and turbulence dissipation rate: 
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where Ce1 , Ce2 , sk and sŮ are constants. Pk is the turbulence production due to viscous and 

buoyancy forces, which is modeled using: 
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( ) ( ) kbt

T

tk PkUUUUUP ++ÖÐÖÐ-Ð+ÐÖÐ= rmm 3
3

2
 (1-10) 

1.4.2 Combustion model 

In this work, most simulations used propane as the fuel. The gas phase fuel made the 

simulations need not deal with the multi-phase flow problem, which made the simulation 

quicker and easier to get more accurate results. Propane is also easy to be handled in 

experiments, whose results are needed to validate the simulation results. 

The model used propane-air 5-step reaction model, provided by CFX package, to simulate 

the combustion of propane. The 5 reactions included are propane oxidation, Carbon 

monoxide oxidation, Hydrogen oxidation, forward and backward water-gas reactions.  

In this work, the chemical reaction rate is fast relative to the transport processes in the flow, 

Eddy Dissipation model is thus used to simulate the combustion process.  

The eddy dissipation model is based on the concept that chemical reaction is fast relative to 

the transport processes in the flow. When reactants mix at the molecular level, they 

instantaneously form products. The model assumes that the reaction rate may be related 

directly to the time required to mix reactants at the molecular level. In turbulent flows, this 

mixing time is dominated by the eddy properties, and therefore, the rate is proportional to a 

mixing time defined by the turbulent kinetic energy, k, and dissipation, e. 

 k
Rate

e
´  (1-11) 
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This concept of reaction control is applicable in many industrial combustion problems where 

reaction rates are fast compared to reactant mixing rates. Because of its simplicity and robust 

performance in predicting turbulent reacting flows, the eddy dissipation model has been 

widely applied in the prediction of industrial flames [11].    
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CHAPTER 2. ACOUSTIC MODEL FOR  VALVELESS PULSEJETS 

AND ITS APPLICATION TO OPTIM IZ E THRUST 

Due to its simplicity, the valveless pulsejet may be an ideal low cost propulsion system. In 

this paper, a new acoustic model is described, which can accurately predict the operating 

frequency of a valveless pulsejet. Experimental and computational methods were used to 

investigate how the inlet and exhaust area and the freestream velocity affect the overall 

performance of a 50 cm pulsejet. Pressure and temperature were measured at several axial 

locations for different fuel flow rates and different geometries. Computer simulations were 

performed for exactly the same geometries and fuel flow rates using a commercial CFD 

package (CFX) to develop further understanding of the factors that affect the performance of 

a valveless pulsejet. An acoustic model was developed to predict the frequency of these 

valveless pulsejets. The new model treats the valveless pulsejet engine as a combination of a 

Helmholtz resonator and a wave tube. This new model was shown to accurately predict 

geometries for maximum thrust. The model was further extended to account for the effect of 

freestream velocity. Evidence is provided that valveless pulsejet generates the highest thrust 

when the inherent inlet frequency matches the inherent exhaust frequency. 
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2.1 Introduction  

The pulsejet is an unsteady propulsion device that generates intermittent thrust [1]. The 

reactants enter the combustion chamber when the pressure in the combustion chamber is 

lower than the ambient pressure. Residual hot gases and heat transfer from the hot walls raise 

the reactantsô temperature to the autoignition temperature, initiating combustion of the 

reactants. The ensuing heat release increases the pressure, and the combustion gases then 

expand down the exhaust duct and exit at high velocity, generating thrust. Once the 

combustion gases at the exit have expanded to nearly atmospheric pressure, overexpansion 

due to the momentum of the combustion products causes the combustion chamber pressure to 

decrease to subatmospheric, causing fresh reactants to be pulled into the combustion 

chamber, and the process to begin again. 

Simultaneously, there is an acoustic wave propagating down the exhaust duct, reflecting off 

the exhaust exit, traveling back up to exhaust duct as an expansion wave. The expansion 

wave reflects off the inlet and travels back down the exhaust, reflecting off the exhaust exit 

(now as a compression wave) and propagating back to the combustion chamber. When the 

reflected wave reaches the chamber, the combustion chamber pressure increases again, the 

autoignition occurs, and the cycle repeats itself. 

The primary reason for the development of a valveless pulsejet is that in most designs, the 

use of reed valves limits the reliability and longevity of the engine, and renders the pulsejet 

difficult to scale down in size. In the valved pulsejet, the function of the reed valves is to 
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prevent a reversal of the flow at the inletðand therefore negative momentum transportð

when the combustion chamber pressure exceeds the freestream stagnation pressure. By 

proper utilization of wave processes in an inlet duct of adequate length, the amount of 

negative thrust can be minimized in a valveless pulsejet [2]. 

In 1909, Georges Marconnet developed the first pulsating combustor without valves (Fig. 1-

2), and it is the grandfather of all valveless pulsejets. The US government made considerable 

advances in valveless pulsejet technology in the 1950s and early 1960s. Project Squid [3ï7], 

a collaboration between the United States Navy and Air Force to research and develop all 

potential sources of jet propulsion available at that time, became greatly involved in the 

investigation of valveless pulsejets. 

Another project supported by the US government focusing on the investigation of valveless 

pulsejet reactors was also conducted between 1961 and 1963 [8]. Numerous valveless 

designs were developed, produced, and tested in the course of the project. The most well 

known of these designs was the LockwoodïHiller pulsejet shown in Fig. 1-5. It uses the 

same principles of the Marconnet design; however, the entire tube was bent into a U-shape to 

have thrust going in the same direction from both the inlet and exhaust. 

Due to their relatively low efficiency, pulsejets were surpassed by the much more efficient 

turbojets and were put aside for decades following their development into the early 1960s. As 

the scale of turbo machinery is reduced, the compressor efficiency decreases and, therefore, 

the efficiency of a turbojet nonlinearly drops with its size when it is utilized in a 
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micropropulsion system [9]. Therefore, there may be applications where small scale, 

simplicity, low cost, and high thrust-to-weight ratio make the pulsejet attractive. 

Recently, pulsejets have been studied utilizing modern numerical techniques [10ï12]. Geng 

et al. [12] performed a combined experimental and computational study on a small scale 

valveless pulsejet. In Ref. [12], the area ratio of the inlet to that of the combustion chamber 

and the length ratio of the inlet and exhaust pipes were used to evaluate the scalability of the 

valveless pulsejet. However, the physical reasons why the inlet area is related to the length 

ratio of inlet and exhaust pipe length were not investigated. 

The purpose of this paper is to develop a model to predict the operating frequency of a 

valveless pulsejet and suggest how inlet geometry affects the performance of a valveless 

pulsejet. This is accomplished by comparing the performance of a valveless pulsejet with 

different geometries to determine how inlet and exhaust geometry affects frequency, 

temperature, and thrust of the valveless pulsejet, leading to an optimization of the design and 

a set of design rules. 

2.2 Experimental Setup 

The pulsejet discussed in this paper is a modified version of the Bailey machining service 

(BMS) hobby-scale (50 cm in length) pulsejet where the original valved inlet is replaced with 

a straight pipe (Figure 2-1). 



17 

As shown in Figure 2-1, the pulsejet is composed of three parts: the valveless head, body, 

and extension. Ports 1ï5 were added to allow temperature and pressure measurements 

(Figure 2-1).  

 

Figure 2-1: Dimensions of the Experimental Valveless pulsejet (in cm) 

 

Figure 2-2: Pulsejet cross-section showing details of fuel injection, pressure and temperature 

measurements 

Figure 2-2 shows the structure of the temperature and pressure sensor on the pulsejet and 

how the fuel was injected into the combustion chamber. The pulsejet was secured to a low-

friction linear bearing assembly. Four valveless heads were made with different diameters 

(1.3 cm, 1.6 cm, 2.2 cm, and 2.5 cm) and different lengths (2.54 cm, 5.08 cm, and 7.62 cm) 
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to determine how inlet geometry affects performance. Fuel was continuously fed into the 

combustion chamber via a 3 mm stainless steel tube with eight small holes drilled into it and 

located at the same axial position as Port 1, but orthogonal to it, as shown in Figure 2-2. 

Various extensions were added to the exhaust to evaluate the contribution of exhaust duct 

length to the valveless pulsejet. 

Propane was used as the fuel to run the pulsejet for all tests. This was done to simplify the 

comparison between the test results and the simulations by eliminating the need for 

multiphase modeling. Fuel was directly fed into the combustion chamber at a constant flow 

rate of 0.47 g/s during all experiments. Three Type B (platinum and platinum/rhodium) 

thermocouples were used to measure the time-averaged temperature simultaneously at Ports 

1, 3, and 5 along the jet axis. These thermocouples (TCs) were custom made, and run through 

ceramic material, thus placing the TC junction at the centerline of the pulsejet. The voltage 

was measured with a Pentium 4 computer via a data acquisition card with a maximum input 

of 4 Hz per channel. This measured temperature is a time-averaged value due to the high 

operation frequency of the pulsejet and thermal inertia of the thermal couples. Also, (time-

averaged) inlet and exhaust temperatures were measured at the inlet plane and exhaust exit 

plane, respectively. Both time-averaged and instantaneous pressures were measured at Ports 

1, 3, and 5 on the jets. To measure the time-averaged pressure in the combustion chamber, a 

mercury manometer was used. For instantaneous pressure, a Kulite XTE-190-5G pressure 

transducer was used. This transducer has a peak pressure reading ability of 350 kPa with 0.1 
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kPa resolution and 300 kHz sampling frequency. The operating frequency of the pulsejet was 

determined from the oscillation frequency of the instantaneous pressure [13]. 

2.3 Numerical Model 

Numerical simulations of acoustic resonators are addressed in numerous publications [10ï12, 

14, 15]. In this paper, the commercially available CFD software, CFXÊ 5.7 package, was 

used to model the combustion and flow inside and outside of the pulsejet. Because the 

pulsejet is symmetric about the axis, the geometry was simplified to two-dimensional 

axisymmetric to save computational time. The mesh was generated in a 4 deg slice instead of 

the full 360 deg region. In Figure 2-3, the computational domain is different from Ref. [13], 

which only simulated the flow field inside the pulsejet. In this paper, as shown in Figure 2-3, 

the computational domain includes not only the interior of the pulsejet but also an extended 

domain to compute the flow field around the pulsejet. Because the boundaries were set far 

from the pulsejet, effects from pulsejet operation were negligible at the boundaries, and the 

boundary condition was set to temperature T0 equals to 300 K and pressure P0 equals to 10
5

 

Pa. 

A much smaller node distance was used for the flow field inside the pulsejet, shown in 

Figure 2-3, than for the flow field outside the pulsejet, with the total number of nodes in this 

model being about 18,000. The code was also tested with a double mesh density case. 

However, results showed that further increasing the density of nodes does not affect the 

results. The computations were performed on the NCSU IBM Blade Center utilizing a single 
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3.0 GHz Inter Xeon processor. Typical computational time for one cycle of the pulsejet was 

about 18 CPU hours.  

 

 

Figure 2-3: Numerical model for the pulsejet 

A k-Ů model based on the Reynolds averaged NavierïStokes (RANS) equations was used 

because it offers a good compromise in terms of accuracy and robustness [16, 17]. The eddy 

dissipation model was chosen as the combustion model. A propane-air five step reaction 



21 

mechanism (propane oxidation, hydrogen oxidation, CO oxidation, and both directions of 

water-gas shift reaction) provided by CFX 5.7 was used to simulate the combustion process. 

There is a significant heat flux between the pulsejet walls and fluid inside the pulsejet. 

However, the frequency is high enough and the thermal inertia is large enough so that the 

wall temperature distribution can be assumed to be steady. To find the steady temperature 

distribution, a steady state simulation was performed, where boundary conditions were based 

on the average gas temperature in a transit simulation. This temperature distribution was 

further simplified to what is shown in Figure 2-4, where the region between two dashed lines 

represents the combustion chamber, with a constant temperature of 1000 K along the 

combustion chamber and then an exponential decay toward both the inlet and exit planes, 

which are at 400 K. 

 

Figure 2-4: Temperature distribution along the pulsejet wall 

The computational procedure for the pulsejet was initiated by setting the velocity to 0 m/ s 

and temperature to 300 K everywhere in the computational domain. A stoichiometric mixture 

of air and propane was then injected into the combustion chamber and ignited. This 

generated a high pressure, and pulsed operation of the jet was initiated. This process is quite 

similar to pulsejet start-up in the analogous experiments. 
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It was also of interest to understand how the freestream velocities affected the operation of 

valveless pulsejets. Pulsejets flying at different forward flight speeds were modeled by 

changing the boundary condition at the inlet of the enclosure flow field. The freestream 

velocity was varied between 0 m/ s zero and 80 m/ s. 

Monitors for pressure and temperature were set at precisely the same locations as in 

experiments along the centerline of the pulsejet. Data were acquired at every time step (10
ī5

 

s) during the simulation. Time-averaged temperature values were calculated by averaging the 

temperature over a cycle for comparison with experimental (TC) data. 

2.4 Acoustic Model 

Self-compression is one of the most important characteristics of pulsejets, so understanding 

this phenomenon is of considerable interest. Pressure oscillations in a pulsejet are amplified 

by an acoustic resonance. Traditionally, a valved pulsejet is modeled as a tube closed at the 

valve end and open at the exhaust end, so the fundamental resonance occurs when the total 

length of the pulsejet is equal to one-quarter of an acoustic wavelength. However, an acoustic 

investigation of valved pulsejets revealed that, because of the increased diameter of the 

combustion chamber, the frequency of a valved pulsejet obeys the following equation [18, 

19]: 
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where ee fpw 2= , fe is the resonate frequency associated with the exhaust pipe, ce is the 

average speed of sound in the exhaust tube (spatial and temporal average), Se is the cross 

section area of the exhaust pipe, V is the volume of the combustion chamber, and Le is the 

length of the exhaust pipe. 

The inlet length was much shorter than the exhaust, only a few diameters long, and thus 

much shorter than the sound wavelength. The volume of the inlet is also small compared to 

the volume of the combustion chamber. Therefore, the combination of this short inlet and 

combustion chamber is modeled as a Helmholtz resonator. The frequency of a Helmholtz 

resonator is calculated as [19] 

 
5.0)]/()][2/([ iiii VLSˊcf =  (2-2) 

where fi is the resonate frequency associated with the inlet, ci is the average speed of sound in 

the inlet and combustion chamber, Si is the cross section area of the inlet, V is the volume of 

the combustion chamber, and Li is the length of the inlet. Since the reactant mixture in the 

pulsejet has similar heat ratio and specific gas constant to that of air, in this paper, the speed 

of sound was calculated by assuming a ɔ (at the appropriate average temperature) and R for 

air. 

Since the operating frequency of the pulsejet is affected by both the inlet and exit tubes, it is 

expected to be a function of a compound variable that combined both the inlet and exhaust 

frequencies. In this research, the operating frequency of a pulsejet f was postulated to be the 

average value of the inlet and exhaust frequency: 
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2/)( ei fff +=  (2-3) 

where fi and fe are inlet and exhaust frequencies defined in Eqs. (2-1) and (2-2), respectively. 

2.5 Results and Discussion 

2.5.1 Static Environment 

The instantaneous pressure at Port 3 is shown in Figure 2-5 for a pulsejet with a 1.6 cm inlet 

diameter and 50 cm exhaust duct length. From this comparison between experimental and 

computational results, two effects are observed. First, the amplitude of pressure variation is 

almost the same in experimental and computational data. Second, the frequency observed in 

computational data is a little larger than that in experimental data. Figure 2-5 also shows 

computationally obtained temperature at Port 3; the time-averaged temperature at Port 3 is 

2000 K. 

 

Figure 2-5: Chamber pressure and temperature at port 3 for 1.6 cm inlet diameter and 50 cm exhaust 

duct length 
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Operational frequencies for both experimental and computational are relatively accurately 

obtained by taking the average value for several cycles. This frequency is generated by both 

the acoustic waves traveling in the tube and the gases flowing into and out of the tube due to 

the large pressure differences. Therefore, the pulsejet frequency contains information about 

all the properties relative to combustion, flow, and heat transfer. As shown in Figure 2-6, 

both experimental and computational results show a frequency increase with an increase of 

inlet diameter and decrease with an increase of the exhaust duct length. Both of these trends 

are consistent with our modeling of the inlet as a Helmholtz resonator and exhaust as a wave 

tube. 

 

Figure 2-6: Frequency comparison between computational and experimental results. 

a) Frequency vs. inlet diameter for 50 cm exhaust duct pulsejet;  

b) Frequency vs. exhaust duct length for 1.6 cm inlet diameter.     
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Table 2-1: Chamber temperature from simulations and experimental data 

Inlet diameter 

(cm) 

Simulation 

temperature (K) 

Experimental 

temperature (K) 

1.3 1711 1593 

1.6 2000 1423 

2.2 1826 N/A 

2.5 1807 1343 

 
As seen from Figure 2-6, the frequencies obtained from simulations are 5ï10% higher than those from 

those from experiments. These disagreements are explained by considering the temperature difference between 

difference between experiments and simulations. The higher the temperature, the higher the speed of sound and 

speed of sound and thus the higher the frequency. As shown in  

 

Table 2-1 (unfortunately, experimental temperature for 2.2 cm inlet diameter pulsejet was not 

acquired), it was found that the average temperature from the simulations at Port 3 was much 

higher than measured. There are two reasons for this. First, in the two-dimensional 

simulations, one source point was set in a 4 deg wedge, which equates to 90 point fuel 

sources for the whole pulsejet; however, in the experiments, there were only eight small 

holes in the fuel injector. Since the reaction is controlled by fuel-air mixing, this led to a 

significantly shorter combustion time and thus higher temperature in the simulations than in 

the experiments. This is the result of the compromise between precision and simulation time 

expense. Second, there is always heat transfer from the junction of the thermal couple 

through the wire. At Port 3, this temperature difference is quite large, and the distance from 

the centerline to the water jacket is quite small. This causes lower experimental temperature 

reading than real temperature at Port 3. However, since temperature has the same effect on 
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inlet and exhaust frequencies, this difference will not affect on the inlet-exhaust frequency 

matching discussed (Eq. 2-3) in this paper. 

Figure 2-7 compares the inlet frequency calculated by Eq. 2-2 and the exhaust frequency 

calculated by Eq. 2-1 with operating frequency obtained in either simulations or experiments. 

In Figure 2-7(a), the inlet and exhaust frequencies are calculated by using temperature from 

the computational results, and in Figure 2-7(b), these are calculated by using experimental 

temperature results. From these figures, it is clear that the frequencies obtained from both 

simulations and experiments compare well to the average frequency calculated by the two 

analytical acoustic models. Moreover, at small inlet diameters, the wave tube (exhaust) 

model overpredicts the operating frequency while the Helmholtz (inlet) model underpredicts 

the frequency. This then flips as the inlet diameter increases. 

 

Figure 2-7: Calculated inlet and exhaust frequency compared with pulsejet running frequency for 50 cm 

tail pipe. a) Computational data; b) Experimental data. 
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Table 2-2 shows a comparison of calculated frequencies with the actual measured 

frequencies for all available experimental results. The inlet frequency was calculated by Eq. 

(2-2), the exhaust frequency was calculated by Eq. (2-1), and the overall operating frequency 

was calculated by our new acoustic model, Eq. (2-3). As shown, the new acoustic model 

frequencies compare very well to the measured frequencies, with the difference between 

them being less than 5% for all tested cases. Simulation results for the same geometries are 

summarized in Table 2-3. It is evident that frequencies obtained using the computational 

model compare well to frequencies obtained using the analytical model, the difference being 

less than 10% for all cases. This suggests that the new analytical acoustic model given by Eq. 

(2-3) captures the relevant physics and yields correct results. 

Table 2-2: Frequencies obtained from experimental data versus those obtained from the analytical model 

Tail 

pipe 

length 

(cm) 

Inlet 

length 

(cm) 

Inlet 

diameter 

(cm) 

Inlet 

frequency 

(Eqn. 2) 

(Hz)  

Exhaust 

frequency 

(Eqn. 1) 

(Hz) 

Acoustic 

model 

(Eqn. 3) 

(Hz) 

Measured 

Jet Freq 

(Hz) 

42 10 
1.6 208 254 231 220 

2.2 247 258 253 253 

50 

7 1.3 196 216 206 200 

10 

1.3 164 212 188 183 

1.6 213 214 214 214 

2.2 275 211 243 244 

2.5 291 216 253 259 

58 

7 1.3 192 187 189 198 

10 

1.3 158 181 169 178 

1.6 212 183 198 196 

2.2 275 176 226 223 

2.5 297 202 249 246 

 

The frequencies obtained from the analytical acoustic model depend on both inlet and 

exhaust temperatures through the speed of sound. Average temperatures at the inlet and 
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exhaust provide some information about the relative amount of time during each cycle when 

the air flows into the pulsejet (i.e., at 300 K), from both ends, and when combustion products 

flow out (i.e., ~1500 +K), also from both ends.  

Table 2-3: Frequencies obtained from a computer simulation versus those obtained from the analytical model 

Tail 

pipe 

length 

(cm) 

Inlet 

length 

(cm) 

Inlet 

diameter 

(cm) 

Inlet 

frequency  

(Eqn. 2) 

 (Hz) 

Exhaust 

frequency  

(Eqn. 1) 

 (Hz) 

Acoustic 

model 

(Eqn. 3) 

(Hz) 

Simulation 

Jet Freq 

(Hz) 

42 10 
1.6 222 238 230 244 

2.2 323 255 289 265 

50 

7 1.3 212 208 210 218 

10 

1.3 181 193 187 196 

1.6 223 214 219 227 

2.2 298 222 260 258 

2.5 306 231 269 271 

58 

7 1.3 211 184 198 208 

10 

1.3 171 179 175 190 

1.6 227 189 208 210 

2.2 316 196 256 250 

2.5 300 214 257 242 

 

As shown in Figure 2-8, for a small inlet diameter, the average temperature of the fluid 

moving through the pulsejet at the inlet is higher than at the exhaust. As the inlet diameter 

increases, the average inlet temperature decreases while the exhaust average temperature 

increases. Computations and experiments agree quite well; however, this result is 

counterintuitive, as one would expect a small diameter inlet to force more hot products out 

the exhaust. 

To validate the external flow field simulation, computed temperatures at the exit and at 

several points downstream are compared to measured temperatures. As shown in Figure 2-9, 
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simulation and experimental results compare reasonably well. The numerical model is thus 

validated by comparing with experimental data for the temperature (both inside and outside 

the pulsejet) and pressure at various locations, as well as for the operating frequency. 

 

Figure 2-8: Inlet and exit temperatures vs. the inlet diameter for a 50 cm exhaust duct pulsejet 

 

Figure 2-9: Temperature at the exit 
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Thrust was not experimentally measured, but was calculated based on the momentum flux 

through the inlet and exhaust. Thrust generated by the momentum flux through the inlet and 

exhaust planes was separately calculated, and the total thrust was calculated by deducting the 

inlet thrust from the exhaust thrust. Studying the dependence of the total thrust on the inlet 

diameter suggests that the maximum thrust occurs for the inlet diameter at which the inlet 

and exhaust frequencies coincide. To confirm this assumption, a new case with the inlet 

diameter determined by the intersection of the curves corresponding to inlet and exhaust 

frequencies in Figure 2-7(a) was computationally investigated to obtain the thrust for the 

geometry where the inlet and exhaust frequencies coincide. 

 

Figure 2-10: Thrust vs. inlet diameter for 50 cm exhaust duct pulsejet 

For the base line exhaust duct length of 50 cm, the inlet thrust, exhaust thrust, and net thrust 

were calculated as a function of inlet diameter and the results are shown in Figure 2-10. The 

inlet thrust (in the negative x direction) increases with inlet diameter. The exhaust thrust 
































































































































































































