Abstract
McCalley, Christian Talbot. Experimental Investigations of Liquid Fueled Pulsejet
Engines. (Under the direction of Dr. William L. Roberts).
Various sizes of pulsejets are used to study the effects of heavy liquid fuels like kerosene and
military grade JP-8. A hobby scale pulsejet, commercially available from Bailey Machine
Services (BMS), is used with gasoline to verify data acquisition techniques, and attempts are
made to use kerosene to fuel the jet to prove the viability of using kerosene to power pulsejet
engines. A large valved pulsejet, predicted to deliver 25 lbs of thrust, is designed to be used
with kerosene for initial testing to prove the feasibility of using such a propulsion device for
personal troop transport. A 25 cm valveless pulsejet is designed, fabricated, and tested using
propane, gasoline, and kerosene to determine if such an engine is practical for propelling a
small, high speed Unmanned Aerial Vehicle (UAV) for military application. Temperatures,
average and instantaneous combustion chamber pressure, sound pressure levels and jet
operating frequencies were recorded at various fuel flow rates.
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1.

Introduction
The investigation into pulse combustion engines was initially funded by the Defense

Advanced Research Projects Agency (DARPA) to explore the scalability of such engines,
particularly for small Unmanned Aerial Vehicle (UAV) propulsion. It was desirable to
develop a small liquid hydrocarbon fueled pulsejet to power such vehicles. The goals of this
investigation were to demonstrate the feasibility of a heavy liquid fueled engine, validate data
acquisition techniques, and design a larger valved pulsejet for thrust augmentation studies.
1.1

Background and History
The pulsejet gained its recognition during WWII when it was used as the propulsion

device for the first cruise missile. This was the infamous German V-1 “Buzz-Bomb” sonamed for its loud, obnoxious cyclical sound. It operated approximately at 50 Hz, producing
a maximum thrust of 800 lbs at sea level. The “Buzz-Bomb” was a valved pulsejet as
opposed to a valveless type. The implementation of the V-1 marked the first successful
application of a pulsejet as a propulsion device.
Pulsejets operate on a thermodynamic cycle close to the Humphrey cycle. The
Humphrey cycle starts with isentropic compression followed by isochoric heat addition. The
working fluid is then allowed to isentropically expand, and it is through this expansion
process that propulsion is attained. To close the cycle, the working fluid then undergoes an
isobaric heat rejection process. The difference between the operating cycle of the pulsejet
and the Humphrey cycle is the heat addition process. It is not exactly isochoric nor is it
exactly isobaric (as in the Brayton, or jet engine, cycles); it lies somewhere in between.
For the valved pulsejet, as soon as a combustion cycle is completed the inertia of the
expanding exhaust gasses results in an over expansion, which in turn creates a negative
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pressure in the combustion chamber which opens the valves allowing the next charge of fresh
air to be introduced into the combustion chamber. Fuel is simultaneously injected into the
combustion chamber where it mixes with both the fresh air and hot residual products. A
pressure wave from the previous cycle is reflected from the exhaust opening to the
combustion chamber. The pressure rise closes the valves, and helps to initiate the
combustion of the fresh charge along with the high temperatures of the remaining exhaust
gasses not scavenged by the previous expansion. Then the cycle repeats itself. The valveless
pulsejet is similar in operation, but does not incorporate valves. It relies strictly on the
dynamics of the pressure waves to intake and exhaust the working fluid.
Development of Pulsating combustion began around the 17th century. Christian
Huyghens, a renowned mathematician and physicist, designed a pulsating engine powered by
gun powder (Bertin, 1951). In 1777, the pulsating flame was discovered and many
theoretical designs utilizing this phenomenon followed (Zinn, 1986). At the beginning of the
20th century the Esnault-Peltrie push-pull combustion engine was patented. This engine used
pulsed combustion to drive a turbine and from this turbine work was to be extracted (Zinn,
1986). Holzwarth is given credit for starting his research in 1908, which consisted of
constant volume combustion using a passive valve mechanism similar to that of the valved
pulsejet to supply air to his gas turbine. In 1909 Gorges Marconnet designed the first
valveless pulsejet (Bertin, 1951). Instead of using valves to control the intake and exhaust
processes, his jet relied on the Kadenacy effect to regulate the flow of gasses through the jet.
The Kadenacy effect describes how a high pressure wave resulting from a combustion event
will result in a low, negative pressure as it leaves the combustion chamber. This way the
engine can use the expansion of the exhaust gasses down the exhaust pipe to ingest fresh fuel
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and air through the intake. This is also similar to the way a two-stroke internal combustion
engine works. This precursory work led up to Paul Schmidt’s accomplishments and the
design of the Argus V-1 pulsejet. Schmidt developed what is the basis for the valved
pulsejet. His “Schmidt tube” consisted of a constant area combustion chamber open at one
end and sealed off by flapper valves at the other. These valves would open allowing a fresh
charge of air into the chamber. Inside the chamber fuel was injected and combustion was
initiated. The valves would close and expel the exhaust gasses out the open end. It is this
simple design that was further developed by the German V-1 missile program (Schoen,
2005).
The V-1 piqued allied interest into pulsed combustion, which led to different
programs studying valved and valveless jets. In the United States Project Squid and the
Hiller Aircraft Corporation carried out the two most noted studies. The collaboration of the
Navy and Air Force to investigate all potential sources of propulsion, known as Project
Squid, included an in-depth look into the area of valveless pulsejet technology. This research
led to the application of valveless pulsejets to helicopter rotor tips (Logan, 1951; Logan
1949).
Much of the progress in valveless pulsejet technology was achieved through the
research carried out by the Hiller Aircraft Corporation. Out of this work came the HillerLockwood design, which is the basis for most of the current valveless pulsejet designs used
today. The work at Hiller tested many different configurations of valveless pulsejets. They
also developed thrust augmenters. A valveless pulsejet with thrust augmenters is shown in
Figure 1-1. The augmenters would double the thrust and dramatically increase the efficiency
of the jets. They worked by ingesting cool ambient air flowing outside the jet and mixing it
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with the exhaust gasses. The cool air would be allowed to expand and gain momentum
inside the augmenter. This increased the mass flow rate of the jet, which is directly related to
the thrust. Combustor geometry including intake, exhaust, and combustion chamber
characteristics were also developed and improved by the Hiller study. This led to further
increases in efficiency and thrust specific fuel consumption for valveless pulsejet technology
(Lockwood, 1963).

Figure 1-1: Ray Lockwood Holding a Hiller Aircraft Company Pulsejet with Thrust Augmenters

After the Hiller study, interest in pulsejets subsided as the remarkable improvements
in turbojet technology superseded that of the aforementioned. Even with the research carried
out by Project Squid, Hiller Aircraft Corporation, and others, an understanding of the
fundamental physics that govern operation of pulsejets was still lacking. At the time of these
previous studies, access to equipment and data acquisition devices that are currently used was
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either limited or non-existent. At the end of the “Golden Age” of pulsejet research, pulsejet
technology development was left to the hobbyists. Hobbyists used pulsejets as propulsion
devices for remote-controlled airplanes and go-karts.
Today there has been a renewed interest among the defense industry in pulsejet
technology. With the increasing popularity of the unmanned aerial vehicle, contractors are
trying to find ways to propel these small, lightweight devices with an efficient, affordable,
and durable power plant. Pulsejets, because of their simplicity, offer a unique solution to this
demand. The lack of hardware found in pulsejets makes for a power source that is
lightweight and dependable. With few moving parts it becomes hard for one of these
machines to fail in operation. Pulsejets are also known for their exemplary throttle response,
as there are no turbines to spool up or flywheels to slow down. This characteristic makes for
a highly maneuverable vehicle that can speed up and slow down quickly. Also as seen in
Figure 1-2, these machines can take quite a beating and still prove operable. In an
environment as demanding as a war zone it is possible for a pulsejet to take a bullet and keep
on running.

Figure 1-2: Operational 50 cm Pulsejet after much Abuse
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1.2

Related Work
One of the experiments conducted by The Hiller Aircraft Corporation is specifically

important to the current study, and therefore should be noted. Hiller worked on scaling down
the valveless pulsejets. The smallest pulsejet they were able to operate, shown in Figure 1-3,
had a combustion chamber diameter of 19 cm and an overall length of 30.5 cm. At the time
this was the smallest pulsejet on record to have operated. The jet would only operate when
oxygen and acetylene were injected separately and simultaneously. Hiller recorded a thrust
reading of one pound. This configuration was quite temperamental and hard to operate on a
consistent basis. Therefore, no data other than thrust was obtained. Because oxygen had to
be added to the jet, it operated more as a pulsed rocket rather than a pulsed jet, and the
proposed power plant would have to carry around its own oxidizer. This defeats the purpose
of having an air breathing propulsion device. They proposed to run the jet on pre-mixed fuel
and air, but they did not conduct a test of such nature because such a combination was not
considered to be of practical value within the scope of the program. Nevertheless this study
was very beneficial in having a baseline with which to compare (Lockwood, 1964).

Figure 1-3: Drawing of the Smallest Pulsejet Operated by Hiller Aircraft Company
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Also of importance is the work carried out at North Carolina State University Applied
Energy Research Labs (NCSU-AERL). The current study is a continuation of the
experimental work carried out by Michael Schoen, Adam Kiker, and Rob Ordon.
Michael Schoen’s research was directed towards the miniaturization of valveless
pulsejets so that the gap between hobby-scale pulsejets and micro-scaled pulsejets could be
bridged. His efforts were to understand the physical effects on engine performance subject to
the changes in jet geometry. He found that tail pipe length is a direct function of inlet length.
In order to shorten the exhaust pipe of a valveless pulsejet the inlet must also be shortened.
He also concluded, as did Hiller, that the addition of a divergent exit nozzle allows for the jet
to be shortened and run on a more consistent operating basis. The most notable conclusion
drawn from Schoen’s work is that at shorter lengths the chemical kinetic reaction rate
(combustion time) becomes challenged by the period of fluid mechanic oscillations. As the
jet gets smaller, its inherent operating frequency rises. A highly reactive fuel must then be
used in order for the combustion process to keep up with the acoustic properties of the jet
(Schoen, 2005).
Adam Kiker’s work focused on the development of micro-scale pulsejets. He was
able to design and operate a record 8 cm long, air breathing, hydrogen fueled pulsejet (Kiker,
2005). This jet can be seen in Figure 1-4. In his research he found that the frequency of the
jet scales as one over the length. When he tripled the inlet length it had the same effect as
increasing the overall length by fifty percent. He observed that the exhaust diameter had
little effect on the operating frequency. While the exhaust diameter did not have an effect on
operating frequency, it did have a pronounced effect on peak pressure rise in the combustion
chamber. As the exhaust diameter was decreased the peak pressure increased. Kiker also
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noticed that as the fuel flow rate was increased, the operating frequency increased. With an
increase in the fuel flow rate, the peak pressure increased also. Kiker was also able to take
instantaneous thrust data. The method of measuring this is questionable because when
operating the jet at close to 1 kHz, there tends to be some interaction with the resonant
frequencies of the test rig. However, these measurements should not be overlooked. When
testing the pulsejet with forward facing inlets little positive thrust was noticed. When the
inlets were faced rearward a marked improvement in thrust was recorded. Thrust increased
by almost 500%. Kiker was also able to operate a 5 cm long pulsejet, also shown in Figure
1-4, but only with rearward facing inlets. He proposed that this configuration made for better
mixing and air induction. Another step that helped to contribute to the starting of the 5 cm
pulsejet was the application of a platinum coating on the combustion chamber walls. The
platinum acted as a catalyst to help promote combustion in the chamber to increase the
chemical kinetic reaction rate (Kiker, 2005).

Figure 1-4: 8 cm & 5 cm Pulsejets
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Rob Ordon’s study concentrated on the hobby scale pulsejet. This was a pulsejet 50
cm in length seen in Figure 1-5. He operated the jet on either ethanol or propane. Ordon was
able to run it in both valved and valveless configurations. He made a great contribution to
the understanding of the characteristics of the hobby-scale pulsejet. This contribution made
it possible for Schoen and Kiker to complete their work. Another contribution to pulsejet
technology that Ordon made was the formulation of an analytical model to predict the
operating frequency of any valveless pulsejet. In his model, the inlet can be treated as a
Helmholz resonator, and the exhaust can be treated as a sixth wave tube. An independent
frequency can be computed for both and as long as they are within a certain percent of each
other the jet will operate. The predicted frequency is within ten percent of the actual
frequency. This model opens the doorway to finding governing parameters for the design of
pulsejets (Ordon, 2006).

Figure 1-5: 50 cm valved pulsejet
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Daniel Paxson at NASA Glenn Research Center conducted another study that needs
to be noted. Paxson used a 50 cm hobby scale pulsejet similar to that used by Ordon. The
jet, fueled with gasoline, was used as a source for unsteady combustion to test thrust
augmenters to be used by Pulsed Detonation Engines (PDE’s). Paxson used a correlation
between the exhaust diameter, combustion chamber pressure, and average thrust produced by
the jet. If the average combustion chamber pressure is multiplied by the cross-sectional area
of the exhaust pipe, the resulting number closely matches the average thrust measurement to
within 3%. The data published from Paxson’s research was used as a control for the 50 cm
hobby scale experiments in the following study (Paxson, 2002).
1.3

Objectives of the Investigation
The following study undertakes a variety of problems, discussed below. The most

prominent objective of the study was to develop a pulsejet, 25 cm in length, running on JP-8,
the military’s fuel of choice. Ensuring that the chemical kinetic reaction rate is fast
compared to the operating frequency poses a large problem. Therefore, getting a 25 cm size
jet to run on a hydrocarbon fuel was a significant achievement in itself. When working with
liquid fuels, mixing and vaporization times are also brought into the equation. Therefore not
only must the chemical kinetic reaction rate be fast, but the vaporization and mixing must be
accomplished quickly enough to allow the chemical reactions to occur faster than the
operating frequency of the jet. High speed wind tunnel testing was not approached in this
study due to lack of proper facilities and equipment to conduct such tests. The only
configuration used in this study was that of a forward facing inlet, which is known to produce
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little thrust. Therefore neither the thrust nor thrust specific fuel consumption (TSFC) were
measured.
An additional goal to this study was to validate the data acquisition systems and
measurement methods by comparing to studies carried out by Paxson on NASA’s 50 cm
Dynajet. Paxson used a valved hobby scale pulsejet running on gasoline as a source for
unsteady combustion in their testing of thrust augmenters to be used on PDE’s. The data he
published was used as the baseline.
The hobby-scale valved jet was further used to validate the concept of running a
pulsejet on JP-8. JP-8 is a close derivative of Diesel Fuel #2, otherwise known as kerosene.
By running the hobby scale on kerosene, methods for fuel introduction and preparation for
mixing were validated so that similar concepts can be used on smaller jets. Kerosene is a
“heavy” fuel and is difficult to combust without high pressures. Most engines that use
kerosene or diesel fuels have a compression ratio around 40:1. Compression is used to
elevate the fuel and air temperature so that it will ignite. With the hobby scale pulse jet, peak
pressures in the combustion chamber reach just over 18 psi above atmospheric pressure.
This is equivalently a compression ration of 1.5:1, much lower than that used in other
applications. To get kerosene to combust at high frequency, without the benefit of high
compression was a feat in itself.
In another project it was desired to design a large pulsejet to study thrust
augmentation and noise cancellation. The ultimate application for this project is a propulsion
device for a personal troop transport. Because the pulsejets are loud by their very nature, it is
desirable to try to operate a pair of jets out of phase with each other so that the pressure
waves will destructively interfere with each other and cancel out the noise. Fabrication of
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this jet has recently been completed and is waiting to be put into operation. Steps to
achieving a final design will be outlined.
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2.

Experimental Apparatus and Setup
Three different jet sizes were used in this study. The traditional hobby scale and the

25 cm jet were used in tests and development, and another jet was designed to produce a
predicted 25 lbs. of thrust. The motivation and reasoning behind their designs and
configurations will be discussed.
2.1
2.1.1

Pulsejets Designs
Bailey Machine Service 50 cm Valved Jet
A 50 cm hobby scale pulsejet purchased from Bailey Machine Supply was used in a

valved configuration to validate pressure data, and the ability to run a pulsejet on JP-8. The
jet along with the petal valves and fuel delivery arrangement can be seen in Figure 2-1. This
jet has a combustion chamber 63.5 mm in diameter and a 31.75 mm diameter exhaust pipe.
It uses a venturi to create a sub atmospheric pressure at the inlet in order to pull the fuel into
the incoming air flow. The emulsion tube supplied with the jet comes with different sizes of
metering jets so that the jet can be carefully tuned to the fuel being used and for the
conditions of the day. The fuel flow rate can also be regulated by using a needle valve
placed upstream of the emulsion tube or by adjusting the head pressure of the fuel.

Figure 2-1: 50 cm Pulsejet with Venturi Fuel Atomizer
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2.1.2

25 lb Thrust Pulsejet
The large pulsejet designed to deliver 25 lbs of thrust, is roughly 100 cm in length.

Design drawings, model, and picture of the author holding the finished product are shown in
Figure 2-2. It was determined that this jet will be valved with direct injection. It is believed
that the valved configuration will offer more static thrust than that of a valveless, and will
therefore, be more preferable for a personal troop transport carrier. Direct injection will be
used so that researchers can have greater control over the fuel delivery. This control is
desired for the intent to shift the phase of the pulsejet operating cycle.

Figure 2-2: 25 lb Pulsejet Model, Design Drawings, and Finished Product
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It was determined that a reed valve design similar to the Argus V-1 would be
preferable for this application. The first step in the design of this pulsejet was to find a
suitable reed valve that could withstand the harsh environment of a pulsejet combustor. Earl
Bailey of Bailey Machine Supply recommended De-Sta-Co as a supplier of reed valves. DeSta-Co is a manufacturer of high quality reed valves, and donated 50 valves to the project,
one of which is shown in Figure 2-3. Because of cost, the jet was designed around these
valves. The original plan was to construct a jet delivering 100 lbs of thrust. It was
determined that 40 valves would be needed for a jet of this size. Therefore, the design was
scaled down, so that valves will be left over as replacements for damaged valves.

Figure 2-3: Reed Valves for 25 lb Jet

According to Bailey, the reed valve area should be roughly 70% of the combustion
chamber area. This will provide for better volumetric efficiency. He also recommended that
the valve block be made of aluminum and hard anodized. The aluminum provides a soft seat
for the reed valve, and the hard anodizing further cushions the valve and helps protect the
aluminum from the high temperatures in the combustion chamber. Much care was taken into
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the design of the reed valve geometry. To determine the optimum geometry, design concepts
from two-stroke internal combustion engine reed valve blocks were used. The angle of the
valves should be oriented to suit the frequency of operation. The predicted frequency of the
25 lb pulsejet is ~140 Hz. This is equivalent to operation a two-stroke motor at 8400 RPM.
At this RPM range it is desirable to have a reed block angle of 45° to gain the best volumetric
efficiency (Baudille, 2005), but the valve block design had to facilitate the donated valves.
To achieve more effective area, it was decided to utilize a 30° valve block angle. This angle
would permit high frequency operation without sacrificing valve performance. The final
valve geometry design can be seen in Figure 2-4.

Figure 2-4: Reed Valve Block Design
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The design of the 25 lb jet combustor and tailpipe section was an iterative process
that began with using Frank Westberg’s guidelines for designing a pulsejet (Westberg, 2000).
He states that most pulsejets get 4.4 lbs of thrust for every square inch of exhaust crosssectional area. Using this criterion gives an exhaust pipe diameter of roughly 6.86 cm. After
considering the valve arrangement in the combustor section, it was decided to use 60.3 mm
as the exhaust diameter and scale the rest of the jet from that dimension. This allowed for the
most efficient packing of reed valves in the combustor section given the reed valve geometry
criteria.
After getting the basic design down, a component style design was then formulated to
facilitate development of the 25 lb pulsejet. Various combustion chamber and exhaust
geometries can be used to find the most efficient configuration.

2.1.3
2.1.3.1

25 cm Pulsejet Design
Basic Design
The basic design for the 25 cm was originally to be a half scale of the hobby scale

pulsejet. It was a priority to meet the 25 cm requirement, so a 45% scale design was used.
Most dimensions were rounded to standard sizes to facilitate the ease of manufacture.

2.1.3.2

25 cm Component Jet
The first jet to be constructed and successfully run was the component style jet. This

jet was manufactured out of mild carbon steel. The component jet was made with a fairly
large wall thickness so that ports could be easily added by drilling and tapping. The large
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wall thickness did provide plenty of thermal inertia, which played a large role in achieving
successful operation.
The component jet was made of a single combustor (Figure 2-5) section threaded at
both ends with an overbore exhaust. This way interchangeable tail sections and inlets of
different diameters could be used.

Tailpiece
Coupler
Combustor
Sleeve
Extension
Figure 2-5: Exploded View of 25 cm Component Jet

The tail section consisted of sleeve and extension sections as seen in Figure 2-5. The
sleeve fits inside the overbore and threaded into the rear of the combustor. Four different tail
sections were fabricated. 14.3 mm, 17.5 mm, 20.6 mm, and a divergent exhaust were used.
The entrance to the tail section is tapered to match the converging angle inside the
combustion chamber. In retrospect a more clever and feasible way of designing
interchangeable parts is desired. Carbon build up inside the overbore and on the sleeve of the
tail section was an unexpected problem that had to be solved. Due to the extreme heat of the
pulsejet, carbon would diffuse to the parts’ mating surfaces and cause the pieces to lock up,
nullifying the point of having interchangeable parts. A solution was found in using a boron
nitride coating on the sleeve. Boron nitride is a mold release agent for molten metals. It
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helps to contain the carbon build up, or allows it to flake off. Recoating the parts became
cumbersome and time consuming. In future designs, sleeve fits should be avoided.
The inlets were made in different sizes to match their respective exhausts. The first
successful inlet configuration is shown in Figure 2-6. Criterion developed by Kiker in his
research was used in determining the diameters of these inlets. The inlet area was to be 40%
of the exhaust area. It was found that this is not a rigorous restriction but a good starting
point. In fact smaller inlets were fabricated later that proved to operate successfully. The
lengths were left longer than needed so that problems could be avoided if the predicted
length was too short. A radius at the front and rear of the inlet proved vital in pulsejet
operation. The two inlets used in this study have diameters of 9.13 mm and 7.14 mm.

Figure 2-6: First Successful Inlet Design

Several extensions were fabricated for the component jet and were attached to the tail
sections with threaded couplers (Figure 2-7). At the end of these extensions a 40° taper was
added to facilitate start up and pulsejet operation.
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Figure 2-7: Tapered Extensions and Coupler

2.1.3.3

Porous Jet Design
Another component style jet was designed to use a porous material to deliver the fuel.

This jet was designed but never implemented. A conceptual model is shown in Figure 2-8.
It was intended to use the heat from the previous cycle to preheat the fuel as it passes through
the porous media. The goal was to achieve a thin liquid film at the wall of the combustion
chamber. The film would steadily vaporize and mix with the incoming air so that an evenly
distributed charge of fuel/air mixture would be achieved and facilitate combustion at high
frequency. This was not tested due to the difficulty in obtaining the proper material.

21

Figure 2-8: Porous Combustion Chamber Conceptual Design

2.1.3.4

Spike Inlet Flow Rectifier
The most exotic design of this project is the spike inlet (Figure 2-9). Being a

derivative of the flow rectifier concept by J.V. Foa, this design attempts to slow down the
incoming air, promote mixing, and redirect the majority of the combustion flow out the
exhaust (Foa, 1960). The spike is expected to create turbulence in the combustion chamber.
This turbulence in turn slows down the incoming air to a stagnation point so that it can pause
to mix with fuel and combust. With the conventional valveless inlets it can be seen that at
high speed some of the fuel/air mixture combusts in the exhaust section rather than the
combustion chamber due to a high speed central flow. Once the mixture combusts, the spike
will act as an obstruction to prevent the flow from traveling out the front of the jet. The flow
will be redirected towards the combustion chamber walls and deflected backwards out the
exhaust. The spike is also used for fuel delivery.
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Figure 2-9: Spike Inlet Model and Finished Product

The inlet was carefully designed and fabricated. The difficulty comes with designing
parts so small and fragile. The final design was reached after an iterative process between
conceptual design and machine shop meetings. It was through the expertise of the
Mechanical and Aerospace Engineering Department Machine Shop at North Carolina State
University, that this concept became a realization.
This exotic inlet fits into the component design, but because of lack of fore thought,
the volume consumed by the spike was not accounted for in combustion chamber design and
another jet had to be constructed.

2.1.3.5

Enlarged Combustion Chamber Design
A second jet had to be designed to accommodate the spike inlet (Figure 2-10).

Except for the combustion chamber, this jet was to be made of the same internal dimensions
as the successful configuration used in the component design. The combustion chamber was
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enlarged to an inside diameter of 31.75 mm to allow for the volume occupied by the spike. It
was also found during test runs with the component design that an increase in combustion
chamber volume may facilitate operation and improve performance of the conventional
inlets. The combustion chamber and exhaust were made as one piece. It is the author’s
intuition that the flare at the exit plays an important role in the aspiration of the pulsejet and
its ability to operate without assistance. Therefore, a sharp flare was intended to be added
that can be seen by the environment outside the jet. Due to time constraints, the outer flare
concept had to be abandoned to speed up fabrication. Adapters were designed to reduce the
combustion chamber volume if needed.

Figure 2-10: Model and Picture of 25 cm Jet with Enlarged Combustion Chamber

2.2

Ignition System
For both the 50 cm and 15 cm jet a hobby spark plug was used in the previous

studies. The spark plug used was a Rim-Fire, model size spark plug supplied by Bailey
Machine Supply, and it was 8 mm in diameter. The problem with these spark plugs is their
limited life. After so many cycles of operation the electrodes become corroded and the
ceramic inserts fall apart. Due to limitations on availability and costs, another ignition source
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had to be found. An NGK CM-6 spark plug, 10 mm in diameter, seen in Figure 2-11, used on
small gas powered generators was found for a fraction of the cost and with next day shipping
availability.

Figure 2-11: Deteriorated 8 mm Rim-Fire Spark Plug & 10 mm NGK CM-6 Spark Plug

While the spark is not as large or powerful, it was a lot more consistent and rendered less
headaches. The location of the spark plug is illustrated by Figure 2-12. It is set in the radial
plane, 90º from the fuel injector.

fuel injector

90°

spark plug

Figure 2-12: Spark Plug Location
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2.3

Fuel Injection System
Finding the best method of providing fuel to the combustion chamber created a

problem. For the 25 cm jet a 1/8” copper tube was used as the fuel injector. This injector was
inserted through a fuel port located a 6.35 mm behind the front combustor wall.
Figure 2-13 shows the 1/8” tube, along with the injector holes. The baseline injector
has three holes drilled on the bottom in the same direction and three holes drilled on top in
the opposite direction. The holes were 0.51 mm in diameter. The objective was to achieve a
swirling motion inside the combustion chamber to promote mixing. The end of the injector
was crimped or plugged with a threaded insert.

A 6.35 mm hole was drilled in the

combustion chamber wall, and the fuel injector slides easily into the chamber through a 1/4”
stainless steel fuel port. A variety of other injectors were designed and used, which will be
discussed later.

Three 0.020 in
holes on the
bottom

Three 0.020
in holes on
the top

Figure 2-13: Baseline Fuel Injector

26
For the spike inlet configuration, a special fuel delivery method was developed. The
spike itself acts as a fuel injector.

On the downstream side of the spike there are 4

interchangeable brass inserts that are located 90° apart from one another as seen in Figure 214. The center of the spike acts as a high pressure fuel reservoir where the fuel is preheated
under pressure to prepare it for auto ignition once it mixes with the incoming air. The
injection holes were strategically located so that the fuel spray is injected into an area of
turbulent air tumbling around the center spike.

Figure 2-14: Brass Fuel Injection Inserts for Spike Inlet

For propane fueling, a large bottle of compressed liquid propane was used as the
driving force for the fuel. A digital flow meter was used to measure the flow rate of fuel into
the jet. For liquid fueling purposes, two different setups were used. The first was a
gravity/siphon feed setup similar to that used by the 50 cm pulsejet in Ordon’s study, Figure
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2-15. The second was a high pressure fuel tank. The tank was pressurized by a regulated
high pressure nitrogen bottle, also shown in Figure 2-15. Fuel flow rate for liquid fuel was
measured using a rotameter.

Gravity
Feed
Fuel
Reservoi

High Pressure
Fuel Tank

Figure 2-15: Gravity Feed and High Pressure Feed Fueling Rigs

2.4

Instrumentation
This section describes the various instruments used to measure certain pulsejet

parameters. From the measured parameters of the pulsejet being tested, performance
envelopes can be studied and pulsejet characteristics can be understood.

28

2.4.1

Fuel Flow Meters

2.4.1.1

Digital Flow Meter
A Hastings Instruments Model 40 flow meter was calibrated and used to measure the

flow of propane into the jet shown in Figure 2-16. It has a digital readout, which makes
attaining precise and accurate flow rate recordings easy.

Figure 2-16: Hastings Model 40 Flow Meter

2.4.1.2

Rotameter
An Omega rotameter was used to measure the fuel flow rate of liquid fuels into the 25

cm jet seen in Figure 2-17. It has a graduated scale measuring from 0-150 mm. The float is
made of stainless steel, and the flow tube is glass. The calibration data sheet is used to
convert the linear scale to ml/min of water at standard temperature and pressure. Knowing
the density of the fuel being used the day of the testing, the standardized flow rate of fuel can
be found.
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Figure 2-17: Rotameter Used to Monitor Liquid Fuel Flow Rates

2.4.2

Pressure Measurements
Obtaining time-resolved combustion chamber pressure was a goal from the start of

the 8 cm project. It was known from work with the 50 cm jet that monitoring pressure
throughout the jet’s operation was the best way to obtain operating frequency, and validate
CFD models. In addition, measuring the peak pressure rises in the combustion chamber
proved useful in determining the pulsejet’s efficiency (Kiker, 2005).

2.4.2.1

Kulite Strain Gage Transducer
Due to some inconsistency in data gathered in previous experiments it was decided

that the pressure measurements taken with the Omega DPX transducer had to be validated.
The Omega DPX model is piezoelectric crystal transducer. It is designed to measure
dynamic pressure. Access to calibration equipment for these types of transducers is highly
limited. Also, it is believed that the frequency response of such a transducer may be too fast
and may lead to some of the measurement drift. After much time and research in the area of
high frequency response pressure transducers it was determined that a high frequency strain
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gage transducer needed to be used to attain instantaneous pressure data from the pulsejet. A
Kulite XTE-190-50A strain gage pressure transducer was purchased, and is shown in Figure
2-18. Surprisingly enough, without previous knowledge by the author, this was a similar
transducer to that used by Paxson in his research. This transducer measures absolute pressure
up to 50 psi. It is powered by a 12 volt motorcycle battery. A custom pin connector using a
4 pin microphone plug was ordered from Industrial Electronics to connect the transducer to
its power supply and the oscilloscope.

Figure 2-18: Kulite XTE-190-50A Pressure Transducer

2.4.2.2

DPX Piezoelectric Crystal Transducer
The pressure transducer used in the previous experiments carried out at NCSU-AERL

was the Omega DPX101-250 Dynamic Pressure Transducer. With a one micro-second rise
time, this model was ideal for measuring high frequency, pulsating pressures. Purchased
along with the pressure transducer was the Omega DPX-NPT flush mount for the pressure
transducer. The transducer mounts smoothly in the DPX-NPT, which in turn mounts in a
1/4”-NPT connector. This allows the pressure transducer to be mounted onto a 1/4” pipe that
can be screwed into the combustion chamber, as shown in Figure 2-19. Also purchased
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along with the pressure transducer were the ten-foot BNC-Microdot coaxial cable and the
Omega ACC-PSI power supply. The BNC-Microdot cable screws onto the pressure
transducer. The other end of the coaxial cable mounts to the power supply also shown in
Figure 2-19. A BNC cable connects the power supply to the oscilloscope (Kiker, 2005).

Figure 2-19: DPX101-250 Pressure Transducer & Power Supply

2.4.2.3

Pressure Ports
Only one instrumentation port was used on the 25 cm jet, shown in Figure 2-20. This

port is located in the combustion chamber 30° offset from the fuel port and set back 12.7 mm
from the front of the combustion chamber. The port is 10.2 cm long, and it was made of 1/4”
stainless steel piping. 1/8” piping was wrapped tightly around the port to provide cooling for
the sensitive transducers used to gather the data. A 1/4” Swagelok compression fitting was
used to couple the transducers and thermocouples to the port.
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Figure 2-20: Pressure Port

At this length there was concern for resonant frequency to interfere with
measurements. The natural frequency of the port can be found using the following equation:

f =

c
4L

Using room temperature gives a frequency of ~850 Hz. This is too close to the operating
frequency of the jet, and resonance will be encountered when acquiring data. A
thermocouple was then inserted in the pressure port to get the temperature of the column of
gas that resonates in the instrumentation port. It was found that this temperature varies
between 500°C and 600°C. When using this temperature, the frequency is found to be ~1400
Hz, more than double the operating frequency of the jet. It was then decided that the 10.2 cm
long port was adequate for the measurements being taken.
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2.4.2.4

Mercury Manometer

To measure the average combustion chamber pressure, a Fisher Scientific mercury Utube manometer was used, shown in Figure 2-21. Its scale reads to 50 cm of mercury. It was
connected to the combustion chamber pressure port by several meters of 1/4” plastic tubing.

Figure 2-21: Mercury Manometer

2.4.2.5

Water Manometer

Compared to the 50 cm jet, the average combustion chamber pressures were much
lower in the 25 cm jet. These pressures were immeasurable with the mercury manometer.
Water has a lower density than mercury, which makes it a more sensitive medium. A
Meriam Instrument Company model M-173 inclined water manometer was used to record the
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average pressure data, shown in Figure 2-22. This was connected to the pressure port by
several yards of 1/4” plastic tubing. The 8 inch scale proved useful for most of the
configurations and fuel flow rates. If the water manometer scale was not large enough, then
the Fisher Scientific mercury manometer would be used.

Figure 2-22: Water Manometer

2.4.3

Sound Meter

A Radioshack sound level meter was used to record the sound pressure level
measurements, shown in Figure 2-23. The C weighting scale was used to provide a relatively
flat frequency response. Readings were taken a couple feet back from the jet at a 30° angle
from the jet axis as pictured in Figure 2-24.

Figure 2-23: Radio Shack SPL Meter
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30°

Figure 2-24: SPL Meter Location

2.4.4

Thermocouples

Type B high temperature thermocouples were used to attain temperature
measurements of the intake, exhaust and combustion chamber temperatures. The intake and
exhaust temperatures were measured one diameter upstream and one diameter downstream
respectively shown in Figure 2-25. The combustion chamber temperature was measured at
the instrumentation port location 1/8 of a diameter away from the combustion chamber walls
as seen in Figure 2-26.
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Figure 2-25: Thermocouple Locations at Exhaust and Intake

Figure 2-26: Thermocouple Location inside Combustion Chamber
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2.4.5

Oscilloscope

The oscilloscope used to record the instantaneous pressure and sound level data was a
Hewlett Packard 54503A 500 MHz digitizing oscilloscope, shown in Figure 2-27. Because
the sampling rate is slower than the oscilloscope used by Kiker and Schoen, it made taking
measurements more laborsome. There was also a problem with noise interference. One of
the sources was found to be the computer monitor. All data had to be taken with the monitor
turned off. There was still ambient noise in the signal but not enough to change the data.
This oscilloscope also had problems with digitizing the signal. On some captured runs,
digitization noise would make plots look messy and unreadable. It was up to the
experimenter to continuously gather data until a clean signal could be captured.

Figure 2-27: Oscilloscope
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2.4.6

Computer

A computer hooked to the oscilloscope via a GPIB cable was used to record the data
from the oscilloscope. The computer was a Hewlett Packard Pavilion 8380 with an Intel
Pentium II 400MHz processor donated by Rob Ordon to AERL. Lab View 7.1 was used to
read the data and convert it to a file readable by excel.

2.4.7

Thrust Stand

The experimental setup for testing all pulsejets is shown in Figure 2-28. A lowfriction linear bearing assembly used for thrust measurements was mounted to a large steel
table. An aluminum plate device, however, secured the pulsejet to the linear bearing
assembly and differed according to the specific pulsejet under testing. For the 25 cm, an
aluminum mount with a radius cut out to fit the outer diameter of the exhaust pipe
was used. A single bolt fastened the jet to the stand. In retrospect a steel mount should have
been used because the aluminum reached temperatures greater than 60 percent of the melting
point of aluminum. It is at this temperature that the aluminum is susceptible to creep
deformation. It was normal to continuously have to retighten the jet to the stand as the
aluminum would deform due to the small stress induced by the screw. This led loss in
valuable time. The aluminum plate was attached to a black anodized aluminum shuttle,
which rested on the rods of the linear bearing assembly (Schoen, 2005).
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Figure 2-28: Thrust Stand

2.4.7.1

Linear Potentiometer

A linear potentiometer was purchased from Active Sensor to measure the linear
displacement of the spring used in the thrust stand. This is a CLS1322-100 series linear
potentiometer shown in Figure 2-29. It has a 100 mm stroke. It is powered by a DC power
supply of 10 volts. The voltage division of the pot can be directly related to the displacement
of the shaft, so that a linear measurement can be made from the voltage output.

Figure 2-29: Linear Potentiometer
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2.4.7.2

Linear Coil Spring

Several springs were ordered from Century Spring Company to transform the thrust
force into a linear measurement. These springs were calibrated to find their respective spring
constants. With the spring constant and known displacement a thrust force could be
calculated.

2.4.8

Weather Measurements

It is the belief of the author that atmospheric conditions play a large role in the
performance of pulsejet engines. To record atmospheric data an Oregon Scientific BTHR968
433 MHz weather station, Figure 2-30, was used to record pressure, temperature, and relative
humidity.

Figure 2-30: Weather Station
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2.5
2.5.1
2.5.1.1

Procedures
Startup Procedures
50 cm Valved Jet

The procedure for starting the 50 cm valved pulsejet starts with turning on the power
to the spark igniter. This provides the initial energy needed to ignite the incoming air/fuel
mixture. Next, a valve is opened to allow compressed air to flow into the jet inlet, opening
the valves. The valved pulsejet utilizes a venturi, which takes incoming air and lowers the
pressure by accelerating the flow with an area constriction. This low pressure pulls fuel
through emulsion tubes to atomize it and allow it to mix with the air. After the air is turned
on, the fuel valve is opened. Once a charge of fuel air mixture passes through the valves it is
ignited by the spark. The heat released from the first cycle provides the ignition source for
the next cycle and at this point the jet runs on its own. The air feeding into the jet and the
spark igniter can then be turned off and allow the jet to breath naturally. When using
kerosene the walls of the combustion chamber must be heated with a propane torch until
stable ignition is established. At that point the torch, spark, and air may be turned off. To
stop the jet, the fuel supply is cut off by closing the valve.

2.5.1.2

25 cm Valveless Propane Fueled

The 25 cm jet is a valveless style jet and requires a similar yet different starting
procedure than a valved jet. It is required that the walls of the jet be hot first before stable
combustion cycles are established. If not the walls act as a heat sink and pull energy out of
the fuel and air so that it cannot ignite in the combustion chamber. Because of the thicker
walls, the warm up period for this jet takes a considerably longer amount of time over the 50
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cm jet. As with the 50 cm jet the first step is to turn on the igniter then the air. The fuel flow
is then turned up to the fuel flow rate that is desired for starting conditions. This desired fuel
flow rate changes with inlet diameter. For the 9.13 mm inlet, it is 4.5 SLPM, and for the 7.14
mm inlet it is 2.5 SLPM. The fuel is delivered directly into the combustion chamber through
a copper injector located behind the inlet. The nozzle delivering the feeding air flow is then
moved around until the correct sound is heard. This sound is described as a “poppy” sound
with a slight whine. As the jet begins to warm, the sound smoothes out to a high frequency
whine/hum.

The combustion chamber will then slowly brighten until it is glowing red. At

this point the feeding air can be cut off slowly and the sound will smooth out even more as
the jet starts to run by natural aspiration. The jet can then be turned off by cutting off the fuel
supply.

2.5.1.3

25 cm Valveless Liquid Fueled

When operating the 25 cm jet on liquid fuel the procedure takes longer than running
on propane, because it is required that propane be used to get the liquid fuel up to operating
temperature along with the jet itself. A propane fuel injector is inserted through the
instrumentation port. The liquid fuel injector is located at the main injector port behind the
inlet. The jet is first started on propane using the procedures outlined above, but the feed air
is never cut off. Once the jet is glowing red, the propane is cut off and the high pressure fuel
is allowed to flow through the preheating coils and into the jet as a vapor. The feed air is
then adjusted to get stable combustion with a slight whine. The propane injector is then
removed and the instrumentation port is capped off. The feed air is then re-adjusted along
with the fuel flow rate to attain the right sound. This is a stable whine/hum. Once the jet has
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warmed up to a glowing red combustion chamber, the air can then be slowly turned off
followed by the igniter. The jet then runs on its own and can be turned off by cutting the fuel
flow. It takes a minute for the jet to stop running after this due to high pressure vapor
remaining in the preheating coils.

2.5.1.4

25 cm Valveless Short Configuration

To get the jet running in short mode first requires the jet to be started at a longer
length. This is so that a proper amount of heat can be built up in the combustion chamber.
After the jet is running by itself at length the feed air is then turned on again. While the jet is
running with forced air, the long extension is switched out with a short one. Then the feed
air must be readjusted to hear the correct sound of a whine/hum. Once the combustion
chamber is red hot the feed air must be shut off quickly. The spark can then be turned off
and the jet will run under its own power. Turning off the jet is accomplished by cutting the
fuel supply.

2.5.2

Electronic Setup

It was noticed during initial testing that there were some obstacles to overcome in the
area of data acquisition. Triggering problems and difficulties with filtering out noise were
among the top problems. Some simple techniques were used to resolve these errors. The
first problem was triggering. It was noticed that the oscilloscope used would not trigger two
different signals at the same time. This was due to the auto triggering setting being used. By
switching to a manual trigger, consistent data from two different sources could be matched
and compared with respect to time. This also allowed the experimenter to attain the last set
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of data if the jet was to abruptly cut out. Manual triggering was considered to be a huge
benefit in cases where running the jet was not stable and data acquisition was difficult.
Another problem faced was filtering out noise. Through trial and error, sources of
noise were located and terminated. The main source was the EMP given off by the spark
ignition. Digital data could not be taken while the spark was on, and the spark had to be
turned off before data could be acquired. Another source of noise was a computer monitor
used to examine data coming from the oscilloscope. The monitor too had to be turned off
while acquiring data. Other noise was found to come through the ground loop. Turning off
the monitor lowered the noise to an acceptable limit. More noise can be further filtered out
through proper electronic wiring techniques.

45
3.
3.1

Investigations with the 50 cm Valved Pulsejet
Pressure Transducer Validation

The original pressure transducer used in previous experiments by NCSU-AERL was a
DPX-250 piezoelectric crystal transducer purchased from Omega. There was concern as to
the validity of its measurements, because the combustion chamber pressure results obtained
with the DPX transducer were lower than the measurements recorded by Paxson. To
quantify the error a Kulite XTE-190 strain gage pressure transducer was purchased. The two
transducers were mounted to the 50 cm pulsejet at the same longitudinal position, 90° apart
as seen in Figure 3-1. The jet was run with the valved configuration and fueled with
gasoline, so that the data taken could be compared to the data published by NASA (Paxson,
2002). The transducer positions were then switched with each other to eliminate
discrepancies between different pressure ports. Runs were also taken with oscilloscope
settings varied to eliminate the possibility of setup error. A mean pressure reading was also
taken with a mercury U-tube manometer to compare against. The oscilloscope was set so
that only the AC part of the output signal from the transducers would be read.

90°

Figure 3-1: Orientation of Pressure Transducers
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The results from the first run can be seen in Figure 3-2. The pressure read on the
manometer is at 2.39 psi. This is low compared to the average pressure recorded by NASA,
3.8 psi (Paxson, 2002). This is probably due to different fuel flow rates, as it was noticed the
performance of the jet changes with the head pressure of the fuel supply. Another possibility
is due to the use of different experimental setups. While the average pressures are different,
it can be seen that the pressure amplitudes of the Kulite transducer correlate very well to
NASA’s. The difference between the amplitude of the Kulite transducer and that of the DPX
is also noticeable. The DPX on average shows an 8% difference with the Kulite on peak
pressure.
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Figure 3-2: Combustion Chamber Pressure Measured with Kulite & DPX Pressure Transducers
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The transducers were then switched and another test was performed. There is an
obvious change in pressure amplitude between the first and second run. This is attributed to
a change in fuel head pressure between the two runs. The 8% difference between peak
pressures of the Kulite and DPX transducers is still apparent. After averaging the data of the
two runs, it was found that there is a 13% error between the Kulite and DPX pressure
transducer amplitudes, an 8% difference in peak pressure, and a drastic 30% difference in
minimum pressure. The Kulite transducer consistently reads larger pressure amplitudes and
consistently reads close to the published NASA records.
The final test performed with this setup was to eliminate the difference between DC
and AC settings on the oscilloscope. Only the Kulite transducer could be used in this
experiment because the DPX, being a piezoelectric crystal transducer can only read an AC
measurement. The DC reading was plotted against the AC in Figure 3-3. The AC plot was
offset by the manometer reading so that the two would be comparable. The DC trace shows
an average reading of 2.67 psi, comparable to that of the manometer reading. Thus, the AC
and DC plots correlate very well. The only difference noticed was a shift in the location of
the “secondary humps” seen on both sides of the main peak. On the DC trace, the hump on
the rising side of the wave shows a lower pressure than that of the hump on the falling side of
the wave. The opposite occurs for the AC readings. The shift in humps was consistent
among the recordings taken. The cause for this discrepancy is unknown, and after much
thought and consultation, it was decided that the results of a lengthy investigation would not
be as beneficial as time and effort spent in other areas.
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Figure 3-3: AC and DC Traces for Combustion Chamber Pressure Using Kulite Pressure Transducer

3.2

Kerosene Fueled Operation

A main part of this study was performing proof-of-concept experiments. One
experiment employed the 50 cm valved pulsejet to demonstrate the viability of using JP-8 as
a fuel. The ability to use JP-8 to fuel pulsejets would add to its value as a military
application. JP-8 also provides more energy per unit volume than many other fuels. The
capability to use denser fuel loads can extend the range of UAV’s. In this test kerosene was
substituted for JP-8 because the access to such fuels proved to be a limitation. Typically with
heavy fuels like kerosene, compression ratios around 40:1 are used to elevate the temperature
of the fuel to its activation energy level. In a pulsejet, the highest compression ratio seen is
close to 2:1. The lack of pressure proves to be a formidable obstacle.
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The first attempt to run the jet on kerosene was feeble. The idea was to get the jet
started on ethanol using the conventional fueling method, then switch over to kerosene being
fed through a Delavan nozzle into the incoming air stream allowing it to premix before it
passes through the valves and enters the combustion chamber. A picture of this setup is
shown in Figure 3-4. This attempt did not work because as soon as the atomized kerosene
entered the combustion chamber it would absorb the energy from the combusting ethanol,
consequently extinguishing the flame.

Figure 3-4: 50 cm Valved Jet with Fuel Delivered by Pressurized Delevan Nozzle

After talking to Earl Bailey, it was discovered that preheating the fuel may be
necessary to get kerosene to ignite. He also divulged that it is common for hobbyists to mix
kerosene with gasoline. The next attempt taken was to preheat the kerosene before it enters
the combustion chamber. Figure 3-5 shows 1/8” copper tubing coiled around the exhaust
pipe down stream of the convergent section of the combustion chamber. A 0.86 mm
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metering jet used for gasoline operation was also used to deliver the kerosene to the venturi
where it could mix with the incoming air before it enters the combustion chamber. After
many attempts, the jet still would not run. It was noticed that there was a problem involving
vapor lock in the fuel line. As the jet would begin to start, the fuel in the preheating line
would immediately begin to heat up. After a few slow combustion cycles the jet would stop
and emit a thick white fog of hot kerosene vapor. It was recognized that as the jet began to
start the kerosene was heated above its boiling point creating vapor lock so that no more fuel
could be fed to the engine. It was desirable to find a way to control the heat transfer rate to
the fuel so that it could be heated without reaching the boiling point. This plan of action was
not feasible at the time.

Figure 3-5: 50 cm Valved Jet with Preheating Fuel Delivery

The third attempt to get the jet to run on kerosene proved to be successful. It was
decided to directly feed kerosene to the jet through the conventional fuel delivery system
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(Figure 3-6). Instead of preheating the fuel the kerosene was mixed with the ethanol so that
25% of the mixture was kerosene by volume. This mixture proved successful, so the amount
of kerosene was increased to 50%. This mixture too proved successful. The mixture was
then increased to 75% kerosene followed by 90%. Finally 100% kerosene was delivered to
the jet and it ran successfully. To get this mixture to ignite the combustion chamber had to
be heated with a propane torch to raise the temperature of the walls high enough to get the
atomized kerosene/air mixture to combust. After a few slow combustion cycles, recognized
by sporadic ‘pops,’ the jet had enough heat to auto ignite the mixture on its own and the jet
would start. No data was taken on this experiment. The proof-of-concept was validated and
the experience gained would prove quite valuable in getting the 25 cm jet started on
kerosene.

Figure 3-6: 50 cm Valved Jet with Kerosene Direct Feed
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4.
4.1

Achievements with the 25 cm Valveless Pulsejet
Attaining Operation with a Hydrocarbon Fuel

The valveless pulsejet operates in one of two modes. The first mode, shown in the
left picture of Figure 4-1, is called the torch mode. While the flames seen at the rear of the
jet are captivating, the jet is not producing thrust in this mode. The reactants and oxidizer are
expelled down the exhaust pipe where combustion takes place when the jet is operating in
torch mode. Here, useful work is not able to be extracted from the high temperature exhaust
gasses. The torch mode also is not self aspirating and requires an external source to feed air
into it. The second mode is the pulsejet mode where the jet resonates. This mode is marked
by a high pitch shrill whine and a bright red combustion chamber as seen in the picture on the
right in Figure 4-1. Here, the reactants and oxidizer combust in the combustion chamber.
The hot exhaust gasses are allowed to expand down the exhaust pipe converting the chemical
energy to kinetic energy propelling the jet forward.

Figure 4-1: Torch and Pulsejet Resonating Modes

Getting the 25 cm jet started on propane was a feat in itself. The only jets smaller
than the 50 cm jet that were run at NCSU-AERL, were run on hydrogen because it was the
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only fuel with a chemical kinetic reaction rate fast enough for the chemical time to be short
compared with the fluid mechanic time. The initial steps leading to getting the 25 cm jet
started on propane are important to develop an understanding of how these jets operate.

4.1.1

Effect of Flares

The first step taken was following a recommendation from Rob Ordon. He had
difficulty running the 50 cm pulsejet on the same thrust stand as used in this experiment.
Adding a flare to the end of the exhaust aided in the startup of the jet. The theory behind this
move is that under the circumstances of pulsed combustion, vortices form at the
exhaust/atmosphere interface. Figure 4-2 shows an ensemble-averaged contour of measured
instantaneous vorticity at the exhaust of a 50 cm valved pulsejet taken by Paxson in the
Rocket Lab at NASA Glenn Research Center using digital particle imaging velocimetry,
DPIV (Paxson, 2002). These vortices aid in the breathing of the pulsejet. By adding a flare,
it promotes the vortical structure, helping the jet to breath. It was observed that adding a 40°
flare facilitated the operation of the 25 cm valveless pulsejet.

Figure 4-2: DPIV Imaging of Vortices at Exhaust of 50 cm Valved Pulsejet
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The next step was to add a similar flare to the intake. This was another
recommendation made by Ordon. He actually recommended that a radius be added. Due to
limitations in machine shop accessibility to modify the inlet, it was undertaken by the author
to add a three angle taper (20°, 40°, 60°), similar to that found on intake and exhaust ports in
internal combustion engines, to the inlet as seen in Figure 4-3. This modification too had a
noticeable effect in aiding the operation of the jet.

3 Angles

Figure 4-3: Inlet with Three Angle Taper Cut

4.1.2

Fuel Injector Development

Fuel injector development is arguably the most critical step leading to the running of
the 25 cm jet. From the start it was noticed that the jet was highly sensitive to fuel injector
position. Good fuel injection promotes good mixing. With good mixing the time needed for
combustion to take place is decreased, enabling the combustion process to be short compared
with the natural operating frequency of the jet.
The first fuel injectors used were 1/8” stainless tubes with 1.6 mm holes drilled
radially through them. One had 6 holes drilled in each side (12 hole injector). The other had
3 holes on the bottom on one side and 3 holes at the top on the opposite side (6 hole injector).
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This asymmetric arrangement was used to produce a swirl effect inside the combustion
chamber. Flow visualizations of these two injectors are shown in Figure 4-4. The 12 hole
injector barely ran at all with forced air.

a)

b)

Figure 4-4: Flow Visualization of Initial Injectors with 1.7 mm Holes: a) 12 hole injector that would not run, b) 6 hole
injector that would run with forced air

After studying the flow with visualization techniques, it was noticed that with so
many openings there was not enough pressure drop being created over the injector face. By
increasing the pressure drop the velocity of the fuel being injected is increased which
promotes mixing. In the picture of the 6 hole injector, it can be seen that good flow is only
attained through the bottom hole. This injector would work only with forced air. Adequate
mixing was taking place in that bottom quarter of the combustion chamber but not anywhere
else. This is due to the hole not being small enough to create enough pressure drop to force
the fuel out the other orifices. It was determined that injectors with smaller holes were
needed to attain the required pressure drop.
The next generation of injectors was made out of 1/8” copper tubing for ease of
machining. At first there was apprehension about using copper, because it would be
operating in a temperature range close to its melting point. Because there are virtually no
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stresses on the injector and a continuous flow of fuel helps to keep it cool, it was determined
that it would be adequate for testing applications. Over time, the injectors did deform and
faced a loss in performance.
The diameters of the holes drilled in these injectors were 0.51 mm. One injector was
made with 9 holes on the bottom of one side and 9 holes on the top of the opposite side (18
hole). A flow visualization image of this injector can be seen in Figure 4-5. The other
injector, shown in Figure 4-5, was similar in design with only 3 holes on each side (6 hole).
The 6 hole was the more successful than the 12 hole. As seen in the flow visualization
picture, the 6 hole was able to achieve a more even fuel flow distribution with higher
velocities than the twelve hole. While the 6 hole performed better it can still be seen that the
majority of the flow comes out the bottom three holes. There is obvious room for further
optimization.

a)

b)

Figure 4-5: Flow Visualization of Initial Injectors with 1.7 mm Holes: a) 6 hole injector which was the first to achieve
successful operation, b) 18 hole injector which would work with a smaller throttlability range.

These injectors too were highly sensitive to position in the combustion chamber.
They were sensitive to height as well as the direction the orifices aimed. The jet would only
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operate with the holes facing 30º to 90º from the jet axis as seen in Figure 4-6. 90º was used
as the standard position. It was noticed that the 6 hole injector had a greater range of
throttlability than the 12 hole. It was at this point that the 6 hole injector with 0.51 mm holes
was determined to be the baseline injector to which all others would be compared. It yielded
the most consistent results and was the most reliable.

Figure 4-6: Top View of Jet Showing Allowable Range of Motion for Injectors

Further injectors were fabricated to help develop an optimal fuel injector. The
throttlability limits were used to judge fuel injector performance. The first injector tested
against the 6 hole baseline injector, was the 18 hole “orthogonal swirl” with 0.51 mm
diameter holes shown in Figure 4-7. This injector had 9 holes on the top and 9 holes on the
bottom. The top holes were located 90° apart as were the bottom holes, but the patterns were
180° apart. This injector only would start with the bottom holes 45° off the longitudinal axis
of the jet. The baseline injector on the day of the test showed a throttlability limit of 2.5-6.5
SLPM of propane. The 18 hole orthogonal swirl only had a throttlability limit of 2.5-4.5
SLPM of propane. The orientation of the injector helped to illustrate the idea that the
majority of the fuel was being injected through the bottom holes. If an equivalent amount of
fuel were to be delivered out the top holes then the jet would have operated with the top holes
45° off the centerline. The decrease in throttlability range points to the lack of even mixing.
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Figure 4-7: 18 Hole Orthogonal Swirl Injector

The next injector to be tested was the 18 hole “opposed spray” shown in Figure 4-8.
This injector also had 0.51 mm holes, the arrangement of the holes was similar to that of the
orthogonal swirl with 9 holes on the top and 9 on the bottom, the difference being that the top
holes are oriented 180° apart as opposed to 90°. The bottom holes were also 180° apart, and
the top and bottom patterns were 90° apart. This injector had a larger range of motion over
the baseline. It could operate through a rotation of 270°. It would not run with the bottom
holes pointed fore and aft of the jet. It was observed that the jet ran best with the bottom
holes perpendicular to the jet axis. The throttlability range of this injector was better than the
18 hole orthogonal swirl, but at 2.5-5.0 SLPM of propane, it was still not as good as the
baseline.
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Figure 4-8: 18 Hole Opposed Spray Injector

The conclusion of these tests was that the jet preferred to have fewer holes in the
injector. It was also assumed that smaller holes would work better. A larger body injector
would possibly also be beneficial as it would promote more pressure drop across the orifices
rather than the injector body. Optimal hole orientation was still an open ended question.
Another test was performed using injectors with fewer holes drilled to 0.33 mm. On the day
of the test the baseline injector throttlability range improved to 2.0-7.0 SLPM of propane,
setting a high standard to overcome. The first injector to be tested was similar to the
baseline, the only difference being the 0.33 mm holes. It was assumed that the smaller holes
would promote mixing even further over the baseline. With a throttlability range of 2.0-7.0
SLPM of propane, no improvements were witnessed. It appears as though a limit in injector
hole diameter has been reached with the current configuration.
The next injector tested was a 4 hole radial injector pictured in Figure 4-9. Each of
the holes were oriented in the same plane 90° apart at the bottom of the injector so that not
only rotational but height location as well could be tested. The jet would not resonate
without forced air with this injector. It was noticed that the propane flow rate of 4.5 SLPM
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used to start the jet could not be attained, because the decreased number of orifices increased
the restriction too much. Forced air was required to help the small amounts of fuel being
delivered to mix more effectively, and forced air helps resonance. With forced air it was
observed that the jet preferred the injector positioned just below the bottom of the inlet
opening. Preference was judged by the sound of the jet; it demonstrated a whine/hum sound
similar to running conditions. The smoother the jet sounded the more preferable the position.
At the bottom of the inlet opening it was preferred to orient the holes fore and aft and side to
side. With the holes raised to the middle of the jet the sound was okay, but not as smooth as
when they were located at the bottom. At the middle location it was more preferable to
orient the holes at 45° to the jet axis. It was also observed that the jet sounded better with the
inlet as close as possible to the injector. This distance is 6.35 mm behind the front combustor
wall.

Figure 4-9: 4 Hole Radial Spray Injector

The second injector tested, seen in Figure 4-10, was a 2 hole opposed spray injector
with its holes oriented 180° apart. This would not run without forced air either, because the
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fuel flow rate was limited to 3.8 SLPM. This injector ran best with the holes located either
6.35 mm above or below the center of the combustion chamber. At this location it was
preferred to run with the holes oriented 90° to the jet axis spraying towards the combustion
chamber walls.

Figure 4-10: 2 Hole Opposed Spray Injector

The last injector to be tried was one with a single hole. With this injector it could be
determined if fuel delivery from a single point is an adequate way to introduce fuel to the jet.
Also, if the jet were to run, a map could be figured where the fuel liked to be delivered at
each vertical location in the combustion chamber. With such a map, an optimal fuel injector
can be designed. However, the test was not successful as the pressure drop across the single
hole kept any adequate fuel flow rate from being delivered. The fuel injector was modified
and the hole was enlarged to +0.51 mm. Even with enough fuel flow the jet could not run at
all. From this test it was concluded that the idea of achieving enough mixing by delivering
the fuel from a single point was invalid.
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4.2

Attaining Operation at a Shorter Length

Decreasing the jet length to 25 cm was one of the main goals of this project. Hiller
Aircraft Company had attempted to shrink their design as much as they could, and their
minimum length was 30.5 cm (Lockwood, 1964). Even then they had to use an oxygenacetylene mixture to get the jet to resonate. To gain insight on the advantages and
disadvantages of their design and the design being used in this experiment, the drawings of
the two jets are overlaid on top of each other in Figure 4-11. Three areas of improvement
were determined; inlet design, fuel injector design, and exhaust design.

Figure 4-11: Drawing of Hiller Model (Green) Overlaid on the 30.5 mm Jet Designed at AERL (Red)

To shorten the jet from its initial length of 30.5 cm (combustion chamber to end of
exhaust pipe) a shorter extension had to be made. The existing extension at that time was
7.62 cm. A 2.54 cm extension with a 40° taper was designed and fabricated. At first the jet
would not run with the shorter extension. Many different inlets were tried, but only two
would work with forced air; the 9.13 mm and 7.17 mm inlets. In Kiker and Schoen’s
research they observed that as inlet length decreased the exhaust length could also be
shortened.
A shorter inlet with a diameter slightly larger than the 9.13 mm (9.53 mm) was made
and tested. This inlet would not even run with the 7.62 cm extension. It was determined that
the diameter was too large and the length was too short.
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A startup procedure for the short jet was developed. With this procedure the jet could
be consistently started in the short mode. The jet at 25 cm is shown in Figure 4-12. While
the jet will start fairly consistently, there is still room for improvement. The jet has a
decreased range in throttlability and is temperamental when it is running. This makes it
atrocious for trying to take data. It has also been observed that the jet will not run while
average pressure measurements were being acquired with the manometer. This is believed to
be due to a resonance effect in the long pressure line that creates destructive interference
within the jet. With further development a more stable design may be found. It is believed
the mixing efficiency of the injectors and inlets can be vastly improved.

Figure 4-12: 25 cm Jet in Operation at AERL

4.3

Attaining Operation on a Heavy Liquid Fuel

The most important goal of this investigation was to achieve operation of a 25 cm
class pulsejet on liquid fuel, more importantly JP-8, a derivative of kerosene. The following
sections outline the steps that were taken to achieve this goal.
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4.3.1

Operation on Gasoline

Gasoline with an 89 Octane rating was selected as the first liquid fuel for the initial
attempts to attain operation of the 25 cm pulsejet. Gasoline was chosen for its volatility,
which eases the atomization process. Through the atomization process there is an increase in
surface area, which encourages quicker reactant consumption. The configuration chosen for
the liquid fueling attempts was the small inlet configuration. At the time of the liquid fuel
tests, this configuration yielded the most consistent operation on propane.
It was decided that the easiest way to attain liquid fuel operation was to start the jet
on propane and transition to the liquid fuel. This required two different fuel injectors; one
for propane and one for gasoline. The first delivery system used was the gravity siphon feed
as discussed in section 2.3. Initially there were two different ways of introducing the liquid
fuel into the jet. The first method used, consisted of introducing the fuel by way of the
baseline 6 hole injector used to deliver propane. This injector was passed through the main
fueling port similar to propane operation. The second method used a 4 hole radial injector
similar to that pictured in Figure 4-9. This injector was inserted through the jet inlet and into
the combustion chamber.
The first attempt showed much promise in attaining liquid fueled operation. A flow
meter was not being implemented to measure the fuel flow rate, which made metering the
fuel flow difficult. It was uncertain whether the jet was being fed too much fuel or not
enough. As the gasoline flow rate was increased, the jet was weaned from the propane. The
smooth hum of the propane fueled operation would transition into an alternating sound of
coughs and hums. The gasoline would combust for a few cycles then die.
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In the second attempt, the goal was to run the jet on gasoline and propane
simultaneously. The jet would run but in an oscillating manner. A loud whine would be
followed by a low hum. This sound would alternate steadily between high pitch sounds and
low pitch sounds in a sine wave manner. It was found that this oscillating operation was due
to vaporization of the liquid fuel inside the fuel injector. This phenomenon is similar to
vapor lock recognized in automobiles. As the liquid fuel in the fuel line turns to vapor, the
engine of the automobile is starved of fuel. In a similar manner the same phenomenon
occurs with the pulsejet. As the liquid fuel boils inside the injector, the combustion chamber
of the jet is starved of fuel, and the jet makes a low pitch sound. As the liquid cools down,
the jet is fed more fuel and the sound radiating from the jet becomes louder. A clear fuel line
made of tygon tubing was used to deliver the gasoline. Bubbles from the boiled gasoline
were observed. These bubbles also oscillated back and forth in phase with the sound of the
jet.
To better understand what was taking place with the fuel injection system, two other
injectors were tested. The first injector tested, a 2 hole opposed spray injector, gave more
restriction to the fuel flow, increasing the pressure drop across the injector opening. It was
noticed that the amount of vapor lock was increased with the use of this injector. It was
decided to test the other extreme, which would allow the fuel to flow with less restriction in
order to decrease the amount of vapor lock. The second injector tested was a 6 hole injector
with holes larger than the baseline (1.6 mm holes instead of 0.51 mm). It was quickly
observed that this did not offer enough restriction and flooded the engine. It was concluded
that a fuel delivery system capable of delivering high pressure to the injector was needed.
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This system would yield higher fuel injection velocities aiding atomization, vaporization, and
mixing.
Such a fuel system was built and employed. The high pressure fuel system is
discussed in section 2.3. A rotameter was purchased and used to meter the fuel flow rate.
The needle valve included with the rotameter made attaining precise readings difficult as it
would cause the fuel to cavitate. A needle valve was placed downstream from the rotameter
to resolve this problem. After the changes to the fueling rig, the fuel could be metered
carefully and delivered to the injector at a pressure of 30 psi.
In the next attempt to run the jet on gasoline, it was observed that the jet behaved like
the 50 cm when being fueled by preheated kerosene. As the jet would begin to start, the fuel
would immediately begin to heat up. After a few slow combustion cycles the jet would stop
and emit a thick white fog of hot gasoline vapor. It was noted that the fuel needed to be
delivered into the combustion chamber as a single phase.
At this point it was desirable to achieve direct injection without boiling the fuel.
Because the temperatures in the combustion chamber exceed 1300°C, the fuel would boil
inside the injector without extreme high pressures. An injector that yields extreme high
pressures at extremely low flow rates would be attractive for this purpose. Diesel injectors
offer delivery pressures on the order of 30,000 psi. This would be a desirable solution, but
most of these injectors flow enough volume to flood the 25 cm pulsejet. It is also doubtful
whether these injectors can withstand the high temperatures of the pulsejet. A custom
injector would probably have to be specially designed for this application. At the time of this
study this option was not feasible.
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Delivering the liquid fuel as complete vapor was the second option. The method used
on the 50 cm jet to preheat the fuel could be implemented here to heat the fuel all the way to
its boiling point and deliver it as superheated vapor. Because the preheating method was
unsuccessful with the 50 cm jet, this option did not show much potential.
A 1/4” copper line was wrapped four and a half times around the exhaust pipe of the
25 cm jet downstream of the convergent section, serving as the preheating fuel line for the
gasoline. The gasoline was injected with a 2 hole opposed spray injector with 0.51 mm
holes. The injector was fed through the main fuel port into the combustion chamber. The jet
was started with propane, to heat the jet to a desirable operating temperature, so that the
gasoline would be vaporized. A long propane fuel injector was inserted through the
instrumentation port into the combustion chamber. After the jet was heated to a cherry red
color, the propane injector was removed from the instrumentation port, and the port was then
capped off. The flow of gasoline was then increased, and the jet began to barely resonate.
The position of the fuel injector was moved up and down until a steady resonance was
achieved. The air and spark were then turned off and the jet continued to run. Successful
operation of the 25 cm pulsejet on liquid fuel is pictured in Figure 4-13.

68

Figure 4-13: 25 cm Valveless Pulsejet Running on Gasoline

Even though successful operation of the 25 cm pulsejet on liquid fuel was achieved, it
was noticed that the fuel flow rate would drift. The sound of the jet was observed to drift out
of phase with the fuel flow rate. It was concluded that the oscillations were due to an
unsteady phase change of the fuel. To make the phase change more consistent, the number
of preheating coils around the jet’s exhaust was increased from 4.5 to 9 coils. A sintered fuel
filter was also inserted into the fuel line downstream of the rotameter to dampen the
oscillations.
Because the resonance of the jet was highly dependent on the fuel injector location,
the position was examined after successful operation. It was observed that if a level line is
drawn from the bottom of the inlet towards the rear of the jet, this line would intersect the
openings of the injectors as pictured in Figure 4-14. This helps to illustrate how pulsejet
performance is highly dependent upon mixing of the fuel and incoming air. It also shows
that there are regions of higher and lower circulation inside the combustion chamber. If these
regions were to be mapped out, an optimal fuel injector could be designed to increase the
combustion efficiency of the jet.
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Figure 4-14: Location of Injector Openings Relative to the Jet Inlet

4.3.2

Operation on Kerosene

After achieving successful operation with gasoline, the fuel was switched out with
kerosene. The same procedure for starting up on gasoline was used for kerosene. The jet
resonated successfully on the first attempt. Contrary to previous impressions, modifications
did not have to be made to transition from gasoline to kerosene. The higher viscosity of the
kerosene also helped to further damp out the oscillations of the fuel flow rate indicator in the
rotameter. Figure 4-15 shows the 25 cm jet running on kerosene.

Figure 4-15: 25 cm Valveless Pulsejet Running on Kerosene
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4.3.3

Operating on Kerosene at a Shorter Length

The next goal for the project was to get the jet running at 25 cm. While the jet is
classified as a 25 cm valveless pulsejet, up till this point it had been run with a 5.08 cm
extension. With the jet running steady on kerosene, the 5.08 cm extension was removed and
replaced with a flare. With the flare attached the jet ran steady on kerosene at an actual
length of 25 cm. Figure 4-16 shows the jet with the short flare attachment running on
kerosene at a length of 25 cm. The running jet is marked by the red hot combustion chamber
section. The resonating combustion flame is recognized by the blue light being emitted from
the center of the jet in the right picture

Figure 4-16: Valveless Pulsejet Running on Kerosene at 25 cm

4.3.4

Difficulties with Operating on Kerosene

Unfortunately the kerosene-fueled jet was difficult to run consistently. Much effort
was devoted to investigating the reasons why it was difficult to run the jet on kerosene again.
The objective of this investigation was to enable consistent and stable operation of the 25 cm
pulsejet on kerosene so that data could be attained.
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The first culprit discovered was clogged injectors. At elevated temperatures kerosene
decomposes and becomes “gummy.” The breakdown of kerosene tends to deposit a hard
film on surfaces that it comes in contact with. This process of leaving deposits is called
coking. Kerosene also tends to leave plenty of soot behind when it is burnt. Between the
soot and the coking the tiny fuel injector holes are quite susceptible to clogging. Clogging
leads to inefficient mixing. Since these jets are highly dependent upon mixing, clogging
poses a definite problem. After cleaning the injector, the jet was run, and the injector was
viewed through a microscope. Figure 4-17 shows the clogged injector on the left. The
picture on the right shows the clean injector before it was run. In the right picture of Figure
4-17, the light from the other side of the injector can be seen through the two injector holes.
Further investigation is needed to help reduce the occurrence of clogging.

Figure 4-17: Microscope Image of Clogged and Unclogged Injector Hole

Since the injector had many problems, the copper preheating tube was cut open to
inspect the inside. Figure 4-18 shows the inside of the preheating tube opened up. Each
section is marked by a number below, which corresponds to the number of each coil. This
preheating tube had 9 coils all together. Coil number 1 is where the fuel first entered the
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preheating tube, and coil number 9 corresponds to where the fuel exits the preheating tube
and enters the injector. The hash marks above the numbers correspond to the top of the coil.

Figure 4-18: The Inside of the Preheating Coils

The first observation made was the steady darkening of deposits to an area between
the second and third coil where it is the darkest. This is where the most deposits were left,
and it occurs at the bottom of the coil. A pattern of alternating dark and light areas was
recognized between the second and fifth coil. The darker areas correspond to the bottom side

73
of the coils. This suggests that kerosene, in liquid form, puddles at the bottom of the coils.
As the kerosene boils, it leaves behind the deposits. From the fourth to the seventh coil the
deposits fade to a grey color. After the seventh coil the deposits are smooth all the way to
where the preheating tube connects to the injector. This implies that complete vaporization
happens by the time the fuel reaches the seventh coil and that further heating is not needed.
The 9 coil preheating tube was replaced with a 7 coil preheating tube, which yielded better
results.
Another culprit preventing consistent running of the jet on kerosene was a continual
drop in fuel flow rate. When the fuel flow rate was set to a desired level, it would drop in a
matter of a few seconds. The needle valve would be further opened to increase the flow rate
to the desired level and the flow rate again would drop. It was noticed that by barely
touching the needle valve assembly, the fuel flow rate would increase back to its original
setting. It is believed the cavitation in the needle valve is the reason for the continuous drop
in fuel flow rate. The bubbles created by the cavitation combined with the surface tension of
the kerosene create a blockage in the fuel line, increasing the pressure drop. The increase in
pressure drop leads to a drop in fuel flow rate. It was found that this problem was minimized
when higher fuel pressures were attained at the injector.
A pressure gage and a thermocouple where attached to the fuel line between the
preheating tube and the fuel injector. This allowed measurement of fuel pressure and fuel
temperature so that performance of the preheating coils could be observed. It was found that
the jet ran fairly steady at fuel pressures above 30 psi and at fuel temperatures above 290°C.
It was discovered that with a clean preheating tube and clean injector, fuel pressures of 75 psi
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and fuel temperatures exceeding 310°C were attained. The jet ran steadiest at these
conditions.
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5.
5.1

Proof of Concept Studies
Experiments with a Forward Flow Deflector

The problem with the current configuration of valveless pulsejets used in this study is
that exhaust gasses are ejected both out the front and rear of the jet, leading to a total net
thrust close to zero. It is desirable to redirect the exhaust coming out the inlet backwards to
cancel out the reverse thrust being produced as well as add to the thrust created by the
exhaust gasses being expelled from the exhaust. A quick test was undertaken to determine
the feasibility of using a deflector rather than a U-tube jet similar to the Hiller-Lockwood
design. A 40° cone deflector pictured in Figure 5-1 was fabricated and held up to the inlet.
It was observed that the cone could be placed within a minimum distance of 3.18 mm of the
inlet without the jet cutting out. At this position a noticeable amount of flow was redirected
backwards, but the jet was not throttlable. At 6.35 mm the jet retained some throttlability
while still redirecting the majority of the exhaust gasses coming out the inlet. It seems
possible to attain an average thrust reading if such a device were mounted to the slide plate
on the thrust stand.

Figure 5-1: The Model of the Deflector Used
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5.2

The Spike Inlet Flow Rectifier

The spike inlet was designed to test the flow rectifier concept. By introducing a
carefully designed “aero-spike” into the combustion chamber/inlet transition area, back flow
out the inlet should be minimized. This aero-spike acts as an aero-valve. With careful
shaping of the geometry, air will be allowed into the combustion chamber. After the
combustion process, it is intended that the spike will disrupt the return flow. By disrupting
the return flow it is desired to reduce the negative thrust. A unique design, pictured in Figure
5-2, was fabricated by the NCSU-MAE Machine Shop. This design was tested on the 25 cm
pulsejet as a proof of concept investigation. Two goals were set: 1) to see if a valveless
pulsejet can resonate with a flow rectifier while naturally aspirated, and 2) to determine if
there is an increase in forward thrust by the addition of a flow rectifier.

Figure 5-2: The Spike Inlet Flow Rectifier

The first test with the spike inlet was made with the baseline 25 cm jet with a 5.08 cm
extension operating on propane fuel. In the first test the propane was initially fed through
four 0.40 mm fuel jets exiting out the rear of the spike at 45° to the jet axis. Compressed air
was fed through the inlet. Partial resonance was achieved which showed great potential for
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an initial test. The fuel jets were changed out with 0.15 mm jets to see what changes if any
would occur. The smaller jets produced the same results. The setup was then changed so
that air was fed through the injector holes and fuel was introduced through the baseline 6
hole copper fuel injector. It was not until a smaller diameter inlet extension was placed in
front of the spike inlet that a low pitch resonance was able to be achieved, but it required the
use of forced air to continue to run. In this case the pulsejet operated more like a pulsed
rocket, which defeats the concept of having a naturally aspirated jet. Two observations were
made from this first test. First, the inlet in front of the spike was too large and needed to be
sleeved. Second, with the addition of the spike to the combustion chamber, the combustion
chamber volume was reduced. To increase the volume in the combustion chamber, a second
jet was designed with a 40% larger cross-sectional area.
The new combustor was made of a single piece, including the exhaust pipe and the
combustion chamber. Adapters were made so that the volume of the combustion chamber
could be changed. The diameter of the combustion chamber was enlarged from 2.70 cm to
3.18 cm. To make sure that this new combustor would operate, it was tested with the small
inlet. Figure 5-3 shows this combustor in operation with the small inlet.
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Figure 5-3: The Enlarged Combustion Chamber Design Operating with the Small Inlet

The first test of this new combustor fitted with the spike inlet achieved resonance
with forced air. Propane fuel was fed through the fuel jets located at the rear of the spike.
The sleeve was then added in hopes that the jet would run naturally aspirated. It was
observed that with the sleeve inserted all the way, the jet would not resonate. If the sleeve
was pulled out slightly the jet would achieve resonance again. Still the jet would not operate
without forced air. It was determined that the sleeve should be enlarged to find a medium
between the larger inlet size and the small sleeve diameter. The sleeve was removed and
machined out. This change appeared to facilitate operation, but forced air was still required
to attain resonance. Figure 5-4 shows the jet in operation with the spike inlet while being fed
forced air.
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Figure 5-4: Enlarged Combustion Chamber Design Operating with the Spike Inlet and Forced Air

The fuel introduction method was changed back to delivering the propane through the
baseline 6 hole copper injector. It was observed that the jet failed to resonate, but the middle
of the exhaust glowed red hot, indicating that combustion was taking place in the exhaust
duct and not the combustor. This suggests that fuel delivery needed to be moved further
upstream.
The adapters, mentioned in section 2.1.3.5, were then used to lengthen the
combustion chamber and move the spike further upstream. This modification also seemed to
help. If the inlet was screwed further into the combustion chamber, resonance would suffer.
As the spike inlet was moved further forward, the resonance would become smoother.
During this test it was observed that there was a blue flame present ahead of the
spike. This flame suggested that the spike was not behaving as a rectifier, but more as an
object positioned in the combustion chamber. It was decided that fuel injection methods
must be tested to find a better way to promote mixing in the combustion chamber down
stream of the spike. The fuel jets were removed so that fuel flow was not restricted to the jet.
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With this arrangement the jet failed to resonate. With the 0.40 mm fuel jets, the jet would
barely resonate, and with the 0.15 mm fuel, jets the jet would resonate with forced air. Two
of the four fuel jet ports were plugged, and the jet would achieve resonance at a lower fuel
flow rate. This appeared to be the correct direction. With three of the four ports plugged, the
jet operated as it did with two of the four ports plugged. The fuel was then switched from
gaseous propane to liquid gasoline. The injector in the spike showed poor atomization
capabilities. Even though the fuel was fed with high pressure (120-130 psi), the fuel did not
exit the fuel jet at high velocity. The four fuel ports were then plugged, and the cause of poor
fuel injection was determined to be fuel leaking from the fuel tube/spike connection and fuel
leaking around the brass plugs, which had failed to seal with the stainless spike fuel ports.
The fuel leaking from the fuel tube/spike connection could be the reason why blue flames
were observed upstream of the spike.
These leaks need to be sealed, and the spike inlet needs to be tested again. If the
spike inlet still fails to operate while naturally aspirated, it is believed that more effort must
be devoted to finding better fuel injection solutions.
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6.
6.1

Frequency Effects
Review of Helmholz Resonators and Sixth Wave Tubes

In Ordon’s study, he argues that the 50 cm valveless pulsejet operating frequency can
be modeled using a Helmholz resonator and a 1/6 wave tube. The following equation
calculates the frequency of a Helmholz resonator. It shows that the frequency, f, is inversely
proportional to the square root of the tube length. The speed of sound, c, the volume, V, and
the area, S, are constant.

A quarter wave tube is defined as a tube with one end sealed and one end open. It is
similar to a Helmholz resonator, but different in that it has no cavity behind it. The equation
for its frequency is:

fr =

c
4 Lb

The actual pulsejet has a combustion chamber attached to the exhaust so this
compliance alters the equation. After conducting tests with the valved jet, it acted like a
mixture between the two resonant cavities. It acts closer to a 1/6 wave tube due to valves
opening and closing in each cycle (Ordon, 2006). The following is the equation used to
calculate the frequency of a 1/6 wave tube:

fr =

c
6 Lb

Ordon declares that the inlet can be modeled as a Helmholz resonator, and the
exhaust can be modeled as a 1/6 wave tube. Ordon took an average of the two and found that
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it closely predicts the actual operating frequency of the 50 cm valveless pulsejet (Ordon,
2006).
To validate Ordon’s findings, the same calculations were performed on the 25 cm
valveless pulsejet in different configurations using gaseous propane as the fuel. These
calculations were then compared to experimental data. The temperatures used for the inlet
and exhaust were taken one diameter upstream and one diameter downstream respectively.
Because the frequency calculations rely heavily on the temperatures used, there is some
uncertainty since the temperatures were not measured inside the inlet or exhaust.
There were three configurations used to validate the analytical acoustic model. The
first configuration is referred to as the standard configuration. This configuration ran the
most reliably and yielded the most consistent results. A 9.13 mm inlet was used with a 5.08
cm extension. The next configuration used is referred to as the small inlet configuration.
This configuration was fitted with a 7.14 mm inlet and a 5.08 cm extension. The third
configuration used is named the short configuration. This jet was run with the standard 9.13
mm inlet without any extensions. Because this configuration was temperamental, data was
only able to be taken at a single flow rate.
In Figure 6-1, the Frequencies were plotted for each configuration at various fuel flow
rates. Also plotted are the predicted frequencies using the model prescribed by Ordon. It can
be seen that there is little error between the model and the experimental results, with the
model consistently under predicting the frequency. This is consistent with an under
prediction of the temperature. It was found that there was a maximum percent error of 13%.
Error can be found in the temperatures used and the method of calculating the experimental
operating frequency from the instantaneous pressure data.

83
1000

100

Standard Exp.
Small Inlet Exp.
Short Exp.
Standard Mod.
Small Inlet Mod.
Short Mod.

10
0

1

2

3

4

5

6

7

Fuel Flow Rate (SLPM)
Figure 6-1: Comparison of Experimental and Modeled Frequencies

Although Ordon’s model is neither exact nor orthodox, it does provide a good
ballpark figure for predicting the operating frequency of valveless pulsejets.

6.2

Effect of Filtering Pressure and Sound Data with Labview

After attaining instantaneous pressure and sound data, it was run through a filter using
Labview. The filtering function provided by Labview was very beneficial for interpreting the
data. The unfiltered data contained much digitization noise making it very difficult to see the
trends in the plots. Figure 6-2 shows a plot of combustion chamber pressure and sound
pressure for the 25 cm jet running on kerosene before the data was filtered.
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Figure 6-2: Original Pressure and Sound Traces before Filtering

The filter function in Labview dramatically reduced the amount of digitization noise
in the plot. It cleared the data of extreme outliers so that the data could be processed at a
higher level of quality. This was very important for determining peak pressures and pressure
amplitudes. Figure 6-3 shows a plot of the same data in Figure 6-2 after it had been filtered.
It is quickly noticed that the peak and minimum pressures were reduced from the original
data, which would contain spikes, throwing off the minimum and maximum values. The
filter also exposed trends in the data which went unnoticed before. A second harmonic is
observed as a secondary hump in the pressure trace on the falling side of the wave.
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Figure 6-3: Filtered Pressure and Sound Traces

6.3

Investigations Using Fast Fourier Transfer Functions

Labview also has a Fast Fourier Transfer (FFT) function that was used to determine
the predominant operational frequencies of the 25 cm valveless pulsejet. While the data was
filtered, it was also processed by the Labview FFT function. As mentioned previously there
was an apparent second harmonic in the pressure trace. This trace was processed and the
second harmonic was also exposed by the FFT function. Figure 6-4 shows the FFT plot of
the pressure data from the 25 cm pulsejet with the small inlet configuration. It is uncertain
what the second harmonic is and its impact on the combustion cycle of the jet. The second
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harmonic was found to be 1000 Hz, which is close to double the frequency of the first
harmonic (500 Hz).
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Figure 6-4: FFT Plot for the Pressure Trace of the Small Inlet Configuration

The FFT function was also used to process the sound pressure data. Figure 6-5 shows
the FFT plot of the sound data taken at the same time as the pressure data. The first and
second harmonics found from the FFT plot of sound support the FFT results of the pressure
data. The FFT plot of the sound data reveals that the second harmonic is also at 1000 Hz, the
same as the second harmonic in the pressure wave. It is obvious from Figure 6-5 that there is
not only a second harmonic but there is also a third harmonic in the sound data. The third
harmonic was found to be nearly three times the fundamental frequency of the jet at 1500 Hz.
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Figure 6-5: FFT Plot for the Sound Trace of the Small Inlet Configuration

The FFT function also exposed a fourth and fifth harmonic not observed in the sound
trace. These harmonics are depicted as the last two small humps in Figure 6-5. The
frequencies for the fourth and fifth harmonics are 2000 Hz and 2500 Hz respectively. These
harmonics are close to four and five times greater than the fundamental operational
frequency of the 25 cm pulsejet with the small inlet. It is still uncertain the impact of these
harmonics on the performance of pulsejet operation.

6.4

Frequency Effects of Geometry

After discovering the different harmonic features in the pressure and sound traces of
the 25 cm valveless pulsejet with the small inlet configuration, it became imperative to
observe the effects of jet geometry on these harmonics. In Ordon’s study, he discovered that
the larger inlets displayed a pronounced second harmonic in the sound trace. With the
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smaller inlets he observed the presence of the second and third harmonic (Ordon, 2006).
Figure 6-6 shows the filtered pressure and sound traces of the 25 cm jet with the small inlet
configuration. The fuel flow rate was set to 3.5 SLPM of propane. In the pressure trace the
second harmonic is seen as a hump on the backside of the wave. The second and third
harmonics are also prevalent in the sound trace, and the fourth harmonic is barely noticeable.
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Figure 6-6: Pressure and Sound for the Small Inlet Configuration at 3.5 SLPM of Propane

Figure 6-7 shows a filtered plot of the pressure and sound traces of the standard
configuration with the larger 9.13 mm inlet. The fuel flow rate was also run at 3.5 SLPM
using propane. Here the second harmonic is barely noticeable in the pressure trace. The
second harmonic is readily noticeable in the sound trace, but the third harmonic is not visible
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to the human eye. This finding supports what Ordon observed in his work. It was also
noticed that the enlargement of the inlet raised the operational frequency to 600 Hz.
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Figure 6-7: Pressure and Sound for the Standard Configuration at 3.5 SLPM of Propane

It was decided to investigate this phenomenon further and process the data using the
Labview FFT function. The FFT plot for the sound data using the small configuration is
displayed in Figure 6-8. It shows all five harmonics easily visible. Figure 6-9 shows the
FFT plot for the sound data using the standard configuration. Contrary to the sound trace, the
FFT plot shows that a third harmonic does exist for the larger inlet. The presence of the
fourth and fifth harmonics is minimal.
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Figure 6-8: FFT Plot for the Small Configuration Sound Trace
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Figure 6-9: FFT Plot for the Standard Configuration Sound Trace
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This investigation was taken further to discover the effects of shortening the jet. This
configuration used the small inlet without an extension. This configuration was incapable of
being run at the same fuel flow rate as the last two. The propane flow rate was reduced to a
rate of 3.0 SLPM. The effects of the lower fuel flow rate should be taken into account when
making any comparisons. According to data taken at various fuel flow rates for a single
configuration, fuel flow rate has minimal effect on the harmonics of the pulsejet. Therefore,
this comparison should be valid. Figure 6-10 shows a plot of the filtered pressure and sound
data. The second harmonic is visible in the pressure and sound trace. The shortening of the
jet damps the third harmonic, but it is barely noticeable in the sound trace. Decreasing the
length of the jet by 5.08 cm raised the operational frequency to 600 Hz; the same frequency
as the standard configuration.
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Figure 6-10: Pressure and Sound for the Small Inlet and Short Exhaust Configuration at 3.0 SLPM of Propane

An FFT plot of the sound trace, shown in Figure 6-11, clearly displays all three
harmonics. The fourth and fifth harmonics are not visible in this plot. According to these
results shortening the jet exhaust has similar effects on the frequency and harmonics as
enlarging the inlet diameter. Upon further review when the inlet diameter was enlarged by
~17% it had the same effects as shortening the jet by ~17%. In both cases the frequency was
increased to 600 Hz and the higher harmonics were damped out.
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Figure 6-11: FFT Plot for the Small Inlet and Short Exhaust Configuration Sound Trace

94
7.
7.1

Fuel Flow Rate Dependency
Fuel Flow Rate and Pressure Limits

With the valveless type pulsejets used in this study, the net forward thrust is too small
to measure accurately. However, there exists a strong correlation between combustion
chamber pressure and thrust. To quantify the performance of the different configurations, the
combustion chamber pressure was used in lieu of thrust.
Three types of pressure parameters were used to determine performance envelopes:
mean pressure, peak pressure, and pressure amplitude. Paxson shows that the product of the
mean combustion chamber pressure and the area of the exhaust pipe is equivalent to the
thrust of the valved pulsejet (Paxson, 2002). This illustrates how mean combustion chamber
pressure is linked to the thrust. Peak combustion chamber pressure is indicative of the
potential energy stored in the exhaust gasses. As the exhaust gasses expand down the
exhaust pipe, the potential energy is converted to kinetic energy giving the exhaust gasses
momentum, which in turn will propel the jet forward. Therefore peak combustion chamber
pressure can be also correlated to thrust. The amplitude of the oscillating pressure wave can
also be correlated in the same way as the peak pressure.
Figure 7-1 shows the amplitude of the pressure waves in the combustion chamber for
three different configurations at various fuel flow rates. The three configurations used are
the standard, small inlet, and the small inlet with short exhaust. Pressure data could not be
obtained for the short configuration with the standard inlet because at the time of performing
this test this configuration would not run. This figure shows that the pressure amplitude
increases with increasing fuel flow rate as expected. What is peculiar is that as the inlet gets
smaller and the exhaust shorter the throttlability range contracts. Even though this range
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becomes smaller, the same maximum amplitude is still able to be achieved. Therefore the
configurations with narrower throttlability ranges are able to run more efficient, because they
can achieve the same pressure amplitude at a lower fuel flow rate.
14

12

10

8

6

4
Standard
Small Inlet
Small Inlet/Short

2

0
0

1

2

3

4

5

6

7

Fuel Flow Rate (SLPM)
Figure 7-1: Pressure Amplitudes at Various Fuel Flow Rates

Figure 7-1 also indicates that there is a performance envelope for these jets and that
an optimum configuration for efficiency can be designed. This envelope can be visualized
by drawing a box around the pressure data as shown in Figure 7-2. The drawback to this ideal
design is a lack of throttlability. Without any margin for error, achieving operation of such a
jet would be quite problematic.
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Figure 7-2: Performance Envelope for 25 cm Valveless Pulsejet

Figure 7-3 shows peak pressures for the same configurations. The peak pressures
show a similar behavior as the pressure amplitudes, and a similar performance envelope can
be visualized.
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Figure 7-3: Peak Pressure at Various Fuel Flow Rates

Mean pressures for the standard and small inlet configurations are shown in Figure 74. Mean pressure was unable to be obtained for the small inlet with short exhaust
configuration due to the temperamental nature of the configuration. As fuel flow rate
increases the mean combustion chamber pressure also increases. This also points to a
potential performance envelope for the valveless pulsejets. It is also observed that the mean
pressures for the 25 cm valveless pulsejet are considerably lower than that of the 50 cm
valved pulsejet. Instead of being on the order of 2 or 4 psi, the mean pressures of the 25 cm
valveless jet are on the order of 0.25 psi.
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Figure 7-4: Mean Pressure at Various Fuel Flow Rates

7.2

Fuel Flow Rate and Sound Pressure Level

Sound pressure level is indicative of the velocity of the exhaust gasses. Sound
pressure level was measured with a Radio Shack SPL Meter, downstream of the exhaust, and
30° off the jet axis. It was observed that as fuel flow rate was increased, sound pressure level
also increased, until it found a maximum and began to level out. Figure 7-5 shows this, and
it shows that as the front inlet diameter decreased the sound pressure level increased. It is
expected that as the inlet diameter is constricted, more exhaust gasses will be diverted
towards the exit.
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Figure 7-5: Sound Pressure Level for Standard and Small Inlet Configurations
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8.

Comparison of Propane and Kerosene Fueled Operation

The most important research of this study dealt with the differences in operation of
the 25 cm pulsejet between propane and kerosene fuels. The jet was run at similar conditions
on both fuels and various performance parameters were compared. For this comparison it
was decided to use the small inlet with the 5.08 cm extension configuration. At the time of
the test, this configuration yielded the most consistent operation for both the propane and
kerosene fuels. A 6 hole baseline injector was used during propane operation, and a 2 hole
opposed spray injector was used for kerosene operation.
Because the propane fuel flow rate was measured in gaseous form and the kerosene
fuel flow rate was measured in its liquid state the fuel flow rates could not be matched. This
became a large obstacle for the research because the previous studies on the 25 cm pulsejet
used fuel flow rate as the independent variable. It was required to find a different
independent variable for the two fuels so that they could be adequately compared. The most
reliable measurement taken was the mean combustion chamber pressure. It was decided that
if the jet was run with both fuels at similar mean combustion chamber pressures, a
quantitative comparison between the two fuels could be made. The jet was run four times
with propane at a fuel flow rate of 3.5 SLPM. The mean pressure at this fuel flow rate was
measured to be approximately 6.09 inH2O. Kerosene was then run four different times and
data was collected with a mean pressure of 6 ± 0.5 inH2O. This was a difficult task because
the mean pressure could not be observed while other data was being taken. After a few runs
were made, a window for the kerosene fuel flow rate was determined where the mean
combustion chamber was maintained in the allowable range. The mean pressure was
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checked before and after acquiring other data to make sure that the pressure did not deviate
from the allowable range.

8.1

Comparisons of Averaged Parameters

After the test was conducted, it was determined that the average of the mean pressure
measurements taken of both the propane and kerosene runs were at 0.22 psi (6.1 inH2O).
The average sound pressure level of the propane runs was found to be 117.5 dB, and the
average sound pressure level of the kerosene runs was 117 dB. The average fuel flow rate
for the kerosene was determined to be 12.7 cc/min while in liquid state. The average fuel
pressure and fuel temperature of the kerosene before it entered the injector, were found to be
32 psi and 293°C respectively.

8.2

Temperature Trends

Figure 8-1 shows the temperature trends for the intake, combustion chamber, and
exhaust for the propane and kerosene fuels. It is quickly observed that the intake and
combustion chamber temperatures for the kerosene are noticeably higher than that of the
propane. The exhaust temperature measurements remain relatively the same for both fuels.
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Figure 8-1: Temperature Trends for the Intake, Combustion Chamber and Exhaust

Three reasons for the increase in combustion chamber and intake temperature while
running on kerosene were determined. Because the jet had to be started on propane first to
prime the jet for kerosene operation, this led to a longer runtime allowing the jet to be fully
saturated with heat. This tends to aid in the increase of temperature. The jet is also insulated
by hot kerosene vapor when operating on kerosene fuel. This can also have an effect of
increasing the combustion chamber temperature. The third and most important reason for the
increase in temperature is the introduction of a preheated fuel. With propane operation the
fuel is delivered at room temperature or lower. This provides a large cooling effect on the
combustion chamber. Because the kerosene is preheated, a cold fuel is not introduced to
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provide this cooling effect, and the jet is allowed to run at an elevated temperature. This is
the key reason and the basis for the increase in intake and combustion chamber temperatures.

8.3

Frequency Trends

Frequency was compared using two different methods. The first method was a hand
calculation using elapsed time over a period of nine waves. This method showed a difference
of about 5 Hz between the two fuels with the propane having a higher frequency. At about
500 Hz this is a difference of 1%. A second and more reliable method was used to support
these results.
A Labview Fast Fourier Transform (FFT) was used to determine the frequency of the
pressure and sound traces. An FFT gave the dominant frequencies of operation. Figure 8-2
shows the results of the FFT method for the propane and kerosene pressure data. The result
of this method was that the fundamental frequency was exactly the same for both the
kerosene and propane fuels at 500 Hz. An FFT of the sound trace also supported this
finding.
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Figure 8-2: Frequency Trends of Propane and Kerosene Operation

Because the two different methods yield similar and nearly identical results it is clear
that fuel does not have an effect on the operational frequency of a pulsejet as expected. The
frequency of pulsejets is dominated by geometry.

8.4

Pressure Trends

Instantaneous pressure data was not only used to determine the operational frequency
of the jet, but it was also used to find the peak pressure and the amplitude of the pressure
waves. An average peak pressure, also called maximum pressure, and pressure amplitude
(peak to peak pressure) were calculated from the instantaneous pressure data taken for both
the propane and kerosene. Figure 8-3 shows the trends of these averages. It is apparent that
the maximum pressure is higher for the kerosene than the propane. The same is true of the
peak to peak pressure, but the error bars also show that it is within the error of the experiment
for these values to be the same for the propane and kerosene.
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Figure 8-3: Maximum and Peak to Peak Pressure Trends

8.5

Energy Flux Calculations

Using the fuel flow rates and the energy density of the fuels, an energy flux was
calculated. This energy flux represents the rate of chemical energy added to the combustion
process. This does not represent the amount of energy extracted from the fuel. By
calculating the energy flux of the two fuels, a comparison can be made and conclusions can
be drawn about the efficiency of the two fuels. The following is a sample calculation of the
propane energy flux:
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ρ propane = 1.858 kg
q propane = 48.9 MJ

m3

kg

•

V = 3.5 SLPM
•

•

Q = V ρq
MJ
kg 60 min
L
1m 3
Q = 3.5
•
• 1.858 3 •
• 48.9
kg
1 hr
min 1000 L
m
•

•

Q = 19.08 MJ

hr

This shows that the energy flux for jet fueled by propane is roughly 19 MJ/hr. It is
also important to note that this value is dependent upon the published value of energy density
used for propane. The following is a sample calculation for the kerosene energy flux:

ρ ker osene = 795 kg
q ker osene

m3
= 44.8 MJ
kg

•

V = 12.7 mL
•

min

•

Q = V ρq
•

Q = 12.7

mL
g
1kg 1.858 kg 60 min
MJ
• 0.795
•
•
•
• 44.8
3
min
mL 1000 g
1hr
kg
1m

•

Q = 27.14 MJ

hr

The energy flux for kerosene is a lot higher than that of propane at a rate of nearly 27
MJ/hr. This value is also dependent on the published value of energy density for kerosene.
The ratio of the energy fluxes is ~1.4:1 for kerosene and propane respectively. This shows
that for kerosene, more fuel must be added to the combustion process to sustain resonance,
and it indicates that the propane is a more efficient fuel for the 25 cm valveless pulsejet. This
finding is supported by empirical evidence too. During the operation of the jet on kerosene
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fuel, the experimenter noticed a stinging sensation of his eyes. The stinging sensation is a
result of unburned hydrocarbons. This evidence supports the idea that kerosene is not as
efficient as the propane, because the jet is unable to attain complete combustion of the
reactants.

8.6

Volumetric Flow Rate of the Kerosene Vapor

The volumetric flow rate of the liquid kerosene was measured using a rotameter. It
was also important to the study that an actual volumetric flow rate at the point of injection be
calculated for the kerosene in its vapor state. For this purpose, pressure and temperature of
the kerosene were measured between the preheat and injection stages. Assuming complete
vaporization of the kerosene, the density of the kerosene can be found using the Ideal Gas
Law.
R = 8.314 J

K⋅ mol

T = 293 C
P = 32 Psi
o

~

m ker osene ≈ 170 g

mol

PV = nRT
~

Pm
ρ=
RT

ρ=

220632 N
8.314 J

m

2

⋅170 g

K⋅ mol
ρ = 7.968 kg 3
m

mol 1 kg
•
⋅ 566.15 K 1000 g

By applying conservation of mass, the volumetric flow rate of the kerosene in its high
temperature vapor state can be found.
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•

•

m1 = m 2
•

•

ρ1 V1 = ρ 2 V2
•
• ρ
V2 = V1 1
ρ2
•

V2 = 12.7

mL 795
1L
•
•
min 7.968 1000 mL

•

V2 = 1.27 SLPM
The volumetric flow rate is found to be 1.27 SLPM. This is about half the flow rate
of the gaseous propane. Even though the kerosene is not as energy efficient as propane, it is
able to run at a lower volumetric flow rate. This indicates that for kerosene more thrust can
be extracted from same volume of fuel.

8.7

Pressure Specific Fuel Consumption

Thrust was not able to be measured with the current valveless configuration. The
mass flux of the inlet interferes with that of the exhaust so that any net thrust that may be
produced is too small to be accurately measured. Therefore the thrust specific fuel
consumption, TSFC, of this jet cannot be calculated. In order to evaluate the fuel efficiency
of the jets, another performance parameter must be used to compare the propane and
kerosene fuels. In Paxson’s study, he found a correlation between mean combustion
chamber pressure and thrust for valved pulsejets (Paxson, 2002). For the purposes of the 25
cm valveless pulsejet, it was decided that the mean pressure of the combustion chamber
would be adequate for making such an evaluation. Pressure specific fuel consumption,
PSFC, was devised to replace TSFC. PSFC is calculated by dividing the fuel flow rate by the
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mean pressure in the combustion chamber. The following is the calculation performed for
propane:
•

m propane = 0.860 lbm

hr

•

PSFC =
PSFC =

m
P
0.860 lbm

hr

0.22 Psi

PSFC propane = 3.91

lbm
psi⋅ hr

PSFC was also calculated for kerosene:
•

m ker osene = 1.336 lbm

hr

•

PSFC =
PSFC =

m
P
1.34 lbm

hr
0.22 Psi

PSFC ker osene = 6.07

lbm
psi⋅ hr

With PSFC the efficiency of the propane and kerosene fuels is able to be quantified.
A lower number indicates a more efficient fuel. According to these results propane delivers
more combustion chamber pressure per pound of fuel and is more efficient than kerosene.
This also supports the conclusions drawn from the energy flux calculations.

Incomplete

combustion of the kerosene is the cause of its inefficient performance. Because these jets are
highly dependent upon the fuel injection technique, it is possible to improve the efficiency of
the kerosene. Fuel injection technology for miniature heat engines is in its infancy and there
is much room for improvement. With further research and development, better fuel injection
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methods will be found, which will promote complete combustion of kerosene making it a
more efficient fuel for these jets.
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9.

Unexplained Phenomena

In the process of this investigation there were a few observations made which have
not yet been explained. The author chooses to refer to these observations as unexplained
phenomena.
The first phenomenon noticed was an immediate shutdown of the jet when a propane
torch was brought to the outer surface of the jet. A propane torch proved useful in easing
start up of the jet by decreasing the time taken to warm the combustion chamber. It was
observed that after heating the combustion chamber to a red color the jet would readily start
after removal of the propane torch. Once the jet reached natural aspirating operation, it
would immediately shut down if the propane torch was brought near the outer skin of the
combustion chamber. The author does not have an explanation for this phenomenon, and it
is one which could use some investigation.
The second phenomenon observed was the aiding effect of introducing obstructions
in the inlet. Introducing an obstruction to the inlet enabled resonation of the jet, and after
stable resonation was achieved the obstruction could be removed and the jet would resonate
on its own. At first it was believed that the obstruction changed the cross-sectional area of
the inlet. This is disproved by the fact that as the obstruction is moved around the inlet it will
enable resonance in certain positions and not others. It is believed by the author that this
obstruction disturbs the incoming air flow. In certain positions it aids the mixing of the fuel
being injected. In other positions it can be destructive and hinder mixing. This finding
indicates that inlet design along with injector design can be optimized to promote mixing.
This too is an area open for further investigation.
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The third phenomenon realized was the behavior of the sleeve in the spike inlet.
Compressed air was delivered upstream of the inlet where the sleeve was located. This
compressed air would naturally push the sleeve to the rear of the jet when the jet was not
resonating. Once resonance was established the sleeve would tend to move forward as
expected from the increased pressure in the combustion chamber. It was intuitive that as air
flow is increased to the jet, the drag force from this air flow would increase with velocity
squared. This increase in drag force should push the sleeve further back. Contrary to
intuition, as air flow was increased the sleeve would move forward into the incoming feed
air. This indicated that a high pressure area exists behind the inlet that increases with
incoming air velocity.
The next phenomenon recognized was a blast of cold air coming from the
instrumentation port when it was open while the jet was running naturally aspirated. During
startup while feed air was turned on, a hot blast would be felt during resonance. Once the
feed air was turned off, the air coming out of the instrumentation port would be cold. This
indicates that the jet is not exhausting out the instrumentation port while it is open. The
reason for this is uncertain, but it could provide greater insight into the internal fluid and
wave mechanics of the combustion chamber.
The last phenomenon observed was the inconsistency in the ability to run the jet when
the instrumentation port was connected to the manometer. The jet would run consistently on
propane, with the 5.08 cm exhaust extension, while connected to the manometer. The jet
would not run at shorter lengths when connected to the manometer. This led to the
hypothesis that there may be destructive wave interference when connected to the long
pressure line that leads to the manometer. This can make sense if pressure waves
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propagating up and down the instrumentation port play a role in the operation of the pulsejet.
When running on kerosene with the 5.08 cm extension the jet was temperamental when
connected to the manometer. Sometimes it would run, and sometimes it would not. When
the jet would not run with the manometer attached and fueled by kerosene, the injector
position would be played with until desirable operation was achieved. This proved to be
quite laborsome and time consuming as this process could take hours. This also points to the
idea that mixing is involved. Further investigation into the root cause of this phenomenon
could also lead to a more efficient pulsejet design.
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10.

Conclusions

Pulsejets are simple propulsion devices, and it is this characteristic that makes them
attractive for UAV’s and other propulsion applications. In the last 40 years, interest in these
engines have subsided due to the advancements made in turbojet technology. Now the
technology exists to better understand these machines and further their development. Two
different sizes of pulsejets were studied in this investigation: a 50 cm class valved pulsejet
and a 25 cm class valveless pulsejet. The ultimate goal of this investigation was to ascertain
the possibility of running pulsejets like these on heavy liquid fuel (JP-8 or kerosene). Both
the 50 cm and 25 cm jets ran successfully on kerosene. After achieving operation, data was
acquired and analyzed so that the modifications made and their effects on pulsejet
performance could be understood.

The conclusions obtained from the 50 cm valved pulsejet research are:
•

When analyzing the DPX and Kulite pressure transducers, it was found that an 8-13%
difference exists between the two, with the Kulite being deemed more reliable

•

Kerosene is a practical fuel for 50 cm or larger pulsejet applications

The conclusions obtained from the 25 cm valveless pulsejet are:
•

Pulsejets are highly dependent on the way the fuel is introduced to the combustion
chamber
o They are sensitive to the location of the fuel injector
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o It is desired to achieve a high pressure drop at the injector interface so that the

fuel can be sprayed into the combustion chamber at a higher velocity. This
promotes turbulent flows and mixing.
•

Flares at the exhaust and inlet aid in the operation of pulsejets

•

The 25 cm pulsejet shows more consistent operation as the fuel pressure and
temperature increase.

Conclusions for the tests performed on the spike inlet flow rectifier are as follows:
•

The spike inlet flow rectifier resonates successfully with forced air. This indicates
that natural aspiration operation is possible, although not achieved in this work due to
fuel leaks.

•

The volume displaced by the spike needs to be accounted for when designing
combustors for such inlets.

The following can be concluded about the frequency characteristics of valveless pulsejets:
•

According to the results found with the 25 cm pulsejet, Ordon’s model for predicting
the operational frequency of valveless pulsejets is accurate within 13%.

•

Up to 5 harmonics were observed in data analyzed from the 25 cm pulsejet. It is not
understood what roles these play or their impact on pulsejet performance.

•

The smaller inlets exhibit 3 pronounced harmonics in the sound pressure data. The
larger inlets damp the 3rd harmonic out so that only 2 are noticed in the sound
pressure data.

116
•

Shortening the exhaust has the same effect on the operational frequency of the jet as
increasing the inlet diameter. According the results presented here, shortening the jet
by the same percentage as increasing the diameter, has the same effect on frequency.

The following was observed when studying the effects of fuel flow rate on pulsejet
performance:
•

Plots of mean, maximum, and peak to peak pressures with respect to fuel flow rate
indicate a performance envelope.

•

Jets with more constricted inlets or shorter exhaust lengths demonstrate higher fuel
efficiencies.

•

Sound pressure level increases with a decrease in inlet diameter.

When comparing the 25 cm pulsejet fueled by propane and kerosene, the following
conclusions can be drawn:
•

The temperatures for the inlet and combustion chamber are approximately 12% and
6% higher, respectively, when operating on kerosene compared to propane because
the preheated fuel offers additional free enthalpy.

•

Fuel does not have a noticeable effect on the operational frequency of pulsejets when
the mean combustion chamber pressure is maintained at the same level.

•

Kerosene appears to have an elevated maximum and peak to peak pressure compared
to propane, but experimental error indicates that these values may be equivalent.
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•

According to the energy flux and PSFC calculations, propane is more efficiently
burned in these pulsejets than kerosene because the kerosene vapor is not being
completely consumed in the combustion process.

•

Finding the volumetric flow rate of the kerosene vapor shows that kerosene is more
efficient than propane gallon for gallon.
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11.

Future Work

This study makes the first attempt to run a valveless pulsejet as small as 25 cm in
length on hydrocarbon fuels. The work that has been presented is a break through in pulsejet
technology. Because this investigation is unique and the first of its kind, there is much room
for further progress. Areas that need more development are listed below:
•

The fuel leaks found in the spike inlet flow rectifier need to be sealed and the inlet
needs to be tested again. If fixing the fuel leaks does not allow the inlet to resonate
while naturally aspirated then better fuel injection methods need to be pursued.

•

The 25 lb thrust class pulsejet needs to be operated and tested. Programmable fuel
injectors capable of directly injecting the fuel into the combustion chamber need to be
implemented.

•

The 5 active harmonics found in the pulsejet acoustic cycle need to be investigated,
and their role and impact need to be determined.

•

It needs to be proven as to whether shortening the jet by the same percentage as
increasing the inlet diameter produces the exact same effect on the operational
frequency of the jet.

•

Performance envelopes found in this work need to be tested and pushed to find the
most efficient and optimal pulsejet configuration.

•

The unexplained phenomena outlined in section 9 may provide more insight into
physics that govern pulsejet operation. The most important of these being:
o The effect of obstructions in the inlet on the internal flow of the pulsejet.
o The effects of the instrumentation ports on pulsejet performance.
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•

The effect of adding flares to the inlets and exits of the valveless pulsejets is still not
fully understood and needs to be investigated at a greater depth.

•

U-tubes, reverse inlets, and flow deflectors need to be studied to determine their
effects on performance. The following needs to be observed:
o The amount of increase in thrust.
o The effect on the performance windows.
o Any changes in fuel efficiency.

•

Thrust augmentation needs to be pursued for all types of pulsejets. Thrust
augmentation for non-steady propulsion devices shows great potential for increasing
thrust and efficiency, and it makes pulsejet technology more practical and attractive
for propulsive applications.

•

Finally and most importantly, pulsejet fuel injector technology needs to be developed.
The fuel injection technology for the miniature valveless pulsejets is in its infancy
and there is much room for improvement.
o The internal flow of the combustion chamber needs to be mapped to help

determine optimal fuel injector placement. This can be achieved through CFD
techniques and experimental techniques using a pulsejet made of high
temperature glass so that internal flows can be observed.
o Direct injection of fuels in their liquid state needs to be achieved. This can be

done using diesel fuel injector technology, which offers extremely elevated
injection pressures.
o If preheated fuel vapor is continued to be used, ways to reduce clogging of

fuel injectors need to be researched.
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