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A compact PDE platform has been constructed, which features a pre-detonator with 1 in.
i.d. followed by a 30˚ smooth area change nozzle that expands to a 4 in. i.d. main combustor.
The pre-detonator is equipped with a Shchelkin spiral and runs on propane-oxygen mixtures
ignited by means of a low energy automotive ignition system. Pre-heated liquid fuel is
sprayed into a current of pre-heated air and thoroughly mixed in specially hand built mixing
chambers, before being supplied into the main combustor. The design includes four such
mixing chambers. All gas and fuel supplies are performed using fast acting solenoid valves,
which are controlled using signals from a computer based data acquisition system. The
multiple valve injection and short size of the PDE enable it to be operated at cycle
frequencies as high as 100 Hz. The PDE set up is water cooled allowing long duration testing.
Diagnostics are performed using dynamic pressure transducers and photo-diode based
optical transducers. A variety of liquid fuels, including Jet A and kerosene are expected to be
tested in the near future. Thus a platform is now available for performing structured
detonation studies. The different aspects of the PDE system design are detailed in this paper.
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I.

Introduction

P

ulsed detonation engines can offer better performance compared to other propulsion systems of today due to
the fact that they have the highest theoretical thermal efficiencies of all other combustion engines. From a
practical perspective, PDEs have to be compact and should run on liquid fuels and air. Liquid fuels have many
advantages, such as lower costs and smaller storage volume. As of late, several studies have been performed on
PDEs with JP-10 and other hydrocarbon fuels1, 2. The major issue for a liquid fueled PDE is to initiate a detonation
wave in a liquid fuel and air mixture. Liquid fuels have the necessity of being significantly vaporized before a
substantial reaction can occur1. Therefore, the droplets of the liquid fuel are required to be extremely fine (droplets
diameters <10 µm) in order for a C-J detonation wave to propagate through the fuel-air mixture3. The amount of
vaporization of the fuel is a deciding parameter for obtaining detonation1. This makes it necessary to preheat the fuel
and/or air and to use nozzles to finely atomize the fuel spray.
Liquid fueled PDEs are thus bulkier because of the presence of chambers for the preheating and mixing of fuel
and air, with the preheating done by transferring heat from the main PDE body. Mixing enhancements such as
Shchelkin spirals in the main combustion chamber can lead to loss of thrust. Moreover, fuel-air mixtures, especially
aerosol mixtures of liquid fuels, have longer DDT run up lengths and times. The pre-detonator can shorten this
induction gap by providing the detonation initiation energy to the mixture. In such a design, a detonation wave can
be initiated with low energy ignition and DDT devices in a small volume of highly detonable mixture and then
transmitted to the larger diameter main combustor filled with a vaporized liquid and air mixture to produce engine
thrust unhindered by flow augmentation obstacles. The smaller pre-detonator keeps the requirement of oxygen to a
minimum.
Pre-detonators can play another role when viewed from a practical standpoint. A jet engine at complete rest will
need a prime mover to get the compressor rotating to get the engine started. In a hybrid PDE engine, that uses a
compressor-turbine combination, a pre-detonator can be started from a small container of fuel and oxidizer source
on board. Once the compressor has spun up to operational engine speed, the onboard oxidizer source can be cut off
and the PDE inlet feed line switched to the compressor output.
Propane is chosen as the fuel because a number of studies14,15 have been performed on PDE systems using
propane and oxygen mixtures. In addition, propane is easily available and is cheap. Propane-oxygen mixtures are
very easy to detonate. Very small amounts of propane are sufficient to generate large amounts of energy. Propane is
commercially available in small containers. A PDE that could make use of commercially available propane tanks
(such as those used for hand held brazing and soldering torches) would be a very cost effective design that is easy to
refuel and maintain. Compact hybrid PDE-turbine-generator systems that run off small canisters of propane would
be a commercially viable product.
Most studies involving predetonators with area change consists of two configurations based on the location of
the interface between the different mixture compositions, i.e. the location of the mixture change. In the first one, the
mixture change occurs at the location of the area change, as shown in Fig. 1(a). And in the second, the mixture
change occurs prior to location of the area change, as seen in F 1(b).
For the first predetonator configuration, Schultz et al.4 showed that the detonation wave in a tube of 33 mm i.d.
with a C3H8 + 5O2 mixture failed to transmit into the main combustor with d = 165 mm, filled with a C3H8 + 5(O2 +
βN2) mixture (β ≥ 0.76). To achieve a fuel/air detonation wave in the main combustor, Murray et al.5 increased the

Figure 1(a). The mixture change interface is at the location of the area change.
Figure 1(b). The mixture change interface is prior to the location of the area change.
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Table 1. Diverging nozzle sizing. L is the length
of the nozzle and V is the internal volume.
Angle
Volume
(deg)
(in3)
L (in) L (cm)
V (cm3)
5
17.15
43.55
94.26
1544.64
10
8.51
21.61
46.77
766.41
15
5.60
14.22
30.78
504.35
20
4.12
10.47
22.66
371.29
22
3.71
9.43
20.41
334.48
24
3.37
8.56
18.52
303.53
25
3.22
8.17
17.69
289.81
26
3.08
7.81
16.91
277.08
28
2.82
7.17
15.51
254.16
30
2.60
6.60
14.28
234.07
35
2.14
5.44
11.78
193.00
40
1.79
4.54
9.83
161.05
45
1.50
3.81
8.25
135.14
50
1.26
3.20
6.92
113.39
55
1.05
2.67
5.77
94.63
60
0.87
2.20
4.76
78.02

predetonator length and obtained a minimum predetonator
length relative to the diameter of the main combustor. And
Yatsufusa et al.6 used an overflowing volume of the
fuel/oxygen mixture, which means that the volume of
injected fuel/oxygen is larger than the predetonator
volume. However, these methods both increase the need
for oxygen and decrease the specific impulse of the PDE.
For the second predetonator configuration, Fig. 1(b),
Desbordes et al.7 suggested that the mixture change
interface be moved prior to the location of area change
and a detonation wave propagating into a less sensitive
mixture can result in an overdriven detonation condition,
in which the cell size decreases with a higher degree of
overdrive of the detonation wave. This contributes to a
decrease in the diffraction critical diameter dc and
enhances a successful transmission of the detonation wave
into the larger main combustor. Desbordes et al.8 also
revealed that the critical diameter to cell width correlation
becomes dc = 26λ at overdrive degree D/DCJ approaching
1.3. For most liquid-hydrocarbon fuel/air mixtures, the
cell sizes are close to 40-50 mm9, which is similar to that
of propane/air. If D/DCJ = 1.3, λ/λCJ ≈ 0.1510. Thus dc is
approximately 156-195 mm. This is not a practical
predetonator diameter for a PDE, as the fuel requirements

will be enormous.
A short (~13 in. length) pre-detonator with propane/oxygen mixture is used to initiate the liquid fuel/air mixtures in
the main combustor. Because dc of propane/oxygen mixture is only 8.3 mm11, using a short small diameter
predetonator (> 8.3 mm), along with Shchelkin spirals, one can obtain an over-driven detonation wave with
propane-oxygen mixture. The size of pre-detonator’s i.d. was chosen to be many times bigger than the cell width of
propane-oxygen mixture (25.4 mm/1.7 mm ≈ 15) to ensure that the tube can maintain detonation within it and also
to make it easier to construct and to inspect during maintenance. A number of studies were performed earlier to find
out the effects of Shchelkin spiral on DDT14,15. It was found that BR of between 50 to 55% was optimum for
producing DDT quickly and sustaining C-J or higher conditions. In order for the pre-detonator to be effective in
inducing detonation within the main combustor, the flow at the entrance of the main combustor must be at C-J or in
the overdriven state. This also ensures that if the flow decelerates as it passes through the nozzle, it does not fall
below C-J condition. Therefore, at the exit of the pre-detonator the flow must be in the over-driven state. Also, since
propane-oxygen is highly detonable, a short Shchelkin spiral (6 in.) is though to be sufficient. The pitch of the spiral
also was chosen to be multiples of the cell width of the mixture. In earlier single shot test studies, DDT was
achieved in distances ranging from 5 to 25 cm for 1 in. diameter tube using propane-oxygen mixtures with varying
equivalence ratio (Φ = 1.6 to 0.85)13. Thus, a length of 10 in. was chosen for the pre-detonator.
In this present study, the mixture change interface is moved downstream to inside the main combustor. The main
combustor’s i.d. size was chosen to be 4 in. which satisfies the above minimum diameter condition. To decrease the
need for oxygen, the injection location of liquid fuel/air mixture must be close to the area change. Various liquid
fuels are intended to be studied in this platform, such as Jet-A, JP-10, JP-8, kerosene and octane. One of the
objectives of this study is to examine the optimum interface location of liquid fuel/air mixtures to achieve a compact
multi-cycled liquid fueled PDE. It is also proposed in this design to inject the premixed liquid fuel and air mixture in
a manner so as to create a natural swirling motion that can enhance mixing and detonation without the use of
obstacles in the tube.
The nozzle design was subject to 3 constraints. The area change has to be gradual and smooth, as the abrupt area
change forces the aforementioned dc = 26λ condition for over-driven detonation. The angle of the nozzle cannot be
too high that the detonation wave decouples and the flow decelerates thereby making it unable to induce DDT in the
fuel-air mixture inside the short length of the main combustor. At the same time, if the nozzle angle is too low, it
will result in a very long and voluminous nozzle, which makes the requirement for propane-oxygen larger. This is
evident from Table 1. Thus 30˚ was selected as the optimum angle for the nozzle.
The aim of this study is to build a PDE platform on which to perform various studies including the effects of area
change on detonation, degree of over-drive achievable with different Shchelkin spirals and other obstacles, effect of
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fill level of propane-oxygen in main combustor on DDT, etc. Also, diagnostic techniques, including use of photodiodes for determination of DDT in conjunction with pressure readings, are to be studied. The water cooling will
provide insight into the use of liquid fuel to cool the PDE tube. This PDE is designed to have additional fittings
added to it, such as nozzles to enhance the exhaust flow, turbines to generate shaft work out of the flow, etc.

II.

Experimental Program

The PDE built for this study program consists of four main parts, namely the predetonator, the 30˚ nozzle, the
liquid fuel and air mixing chamber and the main combustor. These and the various other elements are further
described below.
A. The Pre-detonator, Shchelkin Spiral and Gas Injection Block

Figure 2. A schematic of the pre-detonator, showing the gas injector block on the left and the Shchelkin
spiral on the right hand side. The dual spark plug holder is also seen in the figure.
The main component of the pre-detonator consists of a schedule 80 stainless steel tube of 1 in. i.d. and 1.3 in. o.d
and 10 in. in length, as shown in Fig. 2. According to ANSI/ASME B 31.1 standards, schedule 80 1 in. stainless
steel pipes are rated at 2500 psig (171 atm) at 750˚F (380˚C). In addition, the flanges and collars added to the pipe
will lend strength to its structural integrity. Carbon steel flanges (5 in. diameter and 0.74 in. thickness) are welded to
both ends of the tube. The
two flanges hold ¼ in.
water bearing tubes, acting
as inlets and outlets for the
water jacket that envelops
the tube. The ignition plug
holder is welded to the
tube 2.5 in. from the inlet
end.
The carbon steel gas
injection block has four
inlets, one for propane,
two for oxygen and one for
purge air, with the orifices
opening tangential to the
cross section of the tube,
as shown in Fig. 3. Thus,
the gases enter the tube in
a swirl pattern, which
enhances mixing. There is
Figure 3. The gas injector block.
also a pair of transducer
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Figure 4. A schematic of the Shchelkin spiral.

ports, for one optical and one pressure transducer.
The Shchelkin spiral was made by winding 304
stainless steel circular rod of 5/32 in. diameter with a
pitch of 1.6 cm per turn. The length of the spiral is 6
in. It is welded to a 0.5 in. thick 5 in. diameter
circular flange for easy placement and removal. The
BR of the spiral is calculated to be 52.73%. The
spiral is welded to a flange that fits in position in
between the pre-detonator and the nozzle. This makes
it easy to remove and inspect or to replace the spiral.
Other spirals of various wire diameters are also
available for tests. The pre-detonator is designed to
be used as a stand alone detonation tube with or
without the nozzle.

B. The 30˚ Nozzle
The nozzle was made by cutting out a 30˚
conical section into a cylindrical block of
carbon steel. The nozzle has an o.d. of 5 in.
and a length of 6.1 in, as shown in Fig. 5.
Ports for pressure and optical transducers are
placed along the nozzle, so as to be able to
determine the TOF velocities. The two ports
located in the constant area section just
before the area change will tell whether the
flow has reached the required level of overdrive just before the flow expands. The
nozzle allows the flow to transition smoothly
from a 1 in. i.d. tube to the 4 in. i.d. main
combustor. TOF velocity between the port
Figure 5. The 30˚ nozzle showing the ports for pressure and
on the slope of the nozzle and the first port
optical transducers.
inside the main combustor can be used to
identify the condition of the wave fronts
reaching the main combustor. The nozzle does not have integrated water cooling built into it. Instead, ¼ in. copper
tubing will be wrapped around the nozzle exterior, which are flattened and then brazed onto the surface. Water is
pumped through the tubes to ensure adequate cooling.
C. Main Combustor
The main combustor consists of a welded stainless steel tube with 4 in. i.d. and 0.25 in. wall thickness. The tube
has been cut to a length of close to 28 in. Five collars have been welded to it 4.5 in. apart, as seen in Fig. 6. The 1 in.
thick carbon steel collars hold pressure and optical transducer ports and contain orifices for water to circulate

Figure 6. A schematic of the main combustor, nozzle and liquid fuel-air mixture injection collar.
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through them, and also provide
additional strength to the tube.
The combustor tube is covered
with a layer of sheet metal in
between the collars, forming a
water cooling jacket. Water is
pumped in through four tubes
bored into the wall of the main
flange on the left and the water
exits the cooling cavity through
four tubes welded to the last
collar on the right hand side of
the tube.
Liquid fuel is mixed with
air in the liquid fuel mixing
chamber and injected into the
main combustor through four
ports located on the injection
collar on the left hand side. The
Figure 7. A schematic of the liquid fuel-air mixture injection collar
gas inlet ports are cut into the
showing the tangentially placed inlet orifices.
carbon steel collar such that the
flow enters tangential to the cross section of the tube but at 20 degrees to the normal to the surface, as seen in Fig. 7,
giving it a velocity component in the downstream direction. Thus, the fuel-air mixture enters the combustor in a
forward moving helical swirling pattern, thereby enhancing mixing and creating more uniform distribution of
mixture throughout the chamber. Four injection ports allow for the rapid filling of the combustor, making it possible
to run the PDE at high frequencies. There is a pair of transducer ports, one for pressure and one for optical
transducer, located on the liquid fuel injection collar. The main combustor is designed to be usable on its own as a
detonation tube, by capping off the flanged inlet and adding an igniter. The end flange allows additional tube to be
added on to extend the length of the PDE, so as to test fuels with longer DDT lengths.
D. Solenoid Valve Injectors
The gases and the liquid fuel are supplied using solenoid controlled valves. There are two types of solenoid valve
injectors employed in this apparatus. The first is a low pressure fuel injector from Alternate Fuel Systems (2004)
Inc. (AFS) that is used in commercial vehicle engines that use LPG, natural gas and hydrogen for fuel. The Gs series
valves are used in this set up to inject air, oxygen and propane and has been used extensively in previous PDE test
studies15. It has a maximum pressure rating of 6 atm at temperature rating of 120˚C. The electronic driver unit runs
on 12 Vdc power supply and accepts a TTL signal to operate the valves. The valves are said to have reaction times
as low as 2 ms. They have been tested during the aforementioned studies at up to 35 Hz.
The second set of valves used is gasoline injectors from Denso Corporation that are used as OEM equipment in
Lexus vehicles. These valves inject fuel in a fan shape directly into the cylinder during the intake stroke of the
engine, unlike earlier designs where the gasoline is injected into an air stream in a plenum chamber located before
the inlet valves. The new valves are rated for 14 MPa (2000 psi). Since they are located on the engine itself, they are
designed to function in high temperature and pressure environments. The valves spray fuel in a V-shaped fan that is
also inclined at 30˚to the axis of the valve.
The original electronic driver unit is not easily customizable for use with the DAQ because it operates in
conjunction with the car’s onboard computer. Therefore a power transistor based control system that accepts TTL
signals have been built in-house. It requires a power supply of 50 to 60 Vdc and a steady state current of 2 A per
valve. The Denso injectors can atomize liquids to a Sauter’s mean diameter (SMD) of approximately 10 µm at 10
MPa injection pressure.
The Denso valve was tested using pressurized water at room temperature and the SMD of the spray was
measured using a Malvern Insitec Ensemble Particle Concentration and Size (EPCS) meter, which uses laser
diffraction to measure particle size. The focal length of the lens of the EPCS meter is 450 mm and it can detect
particles ranging from 2.25 to 1000 µm in size. The SMD of water injected at 10 MPa injection pressure were found
to be positive with SMD sizes of around 26.17 µm and the results obtained are presented in Fig. 13 and Table 2. JetA fuel tests are to be performed in the near future. Fuels having densities much lower than water and injected at
higher temperatures will produce SMD under 10 µm.
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Figure 8. A schematic of the liquid fuel-air mixing chamber.
The use of electrically operated valves enable the precise timing of injection, along with the ignition, using TTL
signals from the counter output of the DAQ and the whole set up can be remotely controlled and monitored in real
time from the PC. The PDE cycle frequency can also be easily modified as desired. The equivalence ratio of the
mixtures within the pre-detonator or the main combustor can be easily modified by changing the supply pressures to
the valves and by varying the valve open times. Oxygen, propane and other gases are supplied from industrial
cylinders and manually adjusted using regulators.
E. Liquid Fuel Mixing Chamber
The liquid fuel mixing chamber is made from 2 in. diameter 304 stainless steel tubes. Two sections of 6 in.
length
have
been
welded to either side of
a steel plate with 0.25
in. perforations, as
shown in Fig. 8. One
side of the mixer
contains
a
heating
element while the other
side holds the Denso
fuel injector. Cold air is
pumped in through the
flange on the heater side
of the mixer, using an
AFS Gs valve. The
heating element was
hand made by wrapping
coiled Nichrome wire
through 0.5 in. diameter
5.9 in. long ceramic
Figure 9. A schematic of the air heating element inside the liquid fuel-air mixing
tubes, as shown in Fig.
chamber.
9. The length of the
Nichrome
wire
is
chosen such that its total resistance is equal to 29 Ω, which makes it a 500 W heater at 120 VRMS. The ceramic tubes
and coil assembly is enclosed in a ceramic fiber cloth sheath and placed inside the heater chamber. The inside of the
heater chamber is coated with a heat resistant paint to prevent the heater coil wire from coming into contact with
bare metal and shorting out. The heater wire is controlled by means of a variable thermostat, whose sensing element
is positioned on the exterior of the liquid fuel chamber. The heater is powered by means of an auto-transformer
connected to 120 Vac mains, making it possible to modulate the temperature of the coil. The temperature of the air
7
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Figure 10.
system.

A schematic of the fuel pump pressurized by nitrogen, also showing the liquid fuel heating

coming out of the heater should not be high enough to ignite the liquid fuel. The heating coil’s thermostat prevents
the mixing chamber from heating up beyond the set point.
Liquid fuel is pressurized using an apparatus similar to that shown in Fig. 10. A Swagelok 1000 cm3 pressure
vessel is filled with the liquid fuel. High pressure nitrogen is manually regulated and fed into the chamber to
pressurize the fuel to the required setting. All inlets and outlets to the pressure vessel are connected through high
pressure rated pneumatic valves, which are driven by air from low pressure solenoid valves, enabling the supply
lines to be controlled remotely. The pressurized fuel then passes through a coil placed in a vessel of hot water. The
temperature of the liquid fuel is adjusted to the desired set point by regulating the water heater. The water heater
consists of heating elements activated by a variable thermostat, which is powered from an auto-transformer
connected to the 120 Vac mains. The warm fuel is then supplied to the Denso injectors mounted on the mixing
chambers.
The method of operation of the mixing chamber is as follows. Cold air, injected in at pressures of 50 to 80 psig,
will be heated up as it passes through the heating element and flows out into the liquid fuel side of the mixer where
it will encounter the fan shaped fuel spray being injected by the Denso valve, causing them to mix thoroughly and
form a gaseous mixture before being injected into the main combustor. A check valve is mounted on the exit of the
mixing chamber so that flow is not returned into the chamber during the combustion process. Both the Gs series air
valve and the Denso valve are opened simultaneously to prevent liquid fuel from coming into contact with the
heating element.
The main combustor is designed to take four such mixing chambers, allowing the PDE to be filled at high speeds
and making it possible to operate at a high cycle frequency of approximately 100 Hz.
F. Ignition System
The ignition system comprises of a Mallory Hyfire 1A ignition driver and Mallory ProMaster 29440 coil, with
rated spark energy of 135 mJ. The ignition driver is powered by a 12 V automotive lead acid battery. The ignition
driver is triggered by means of a transistor control circuit that accepts TTL signals from the DAQ. Thus, the ignition
timing can be precisely controlled remotely by the user from the DAQ PC. The spark plugs used are Bosch Platinum
tipped automotive spark plugs (6234 model). These spark plugs have a built in resistance of 3.18 kΩ, ensuring that
the spark current is reduced and the resulting electro-magnetic interference (EMI) does not notably corrupt the weak
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transducer signals. Automotive spark plugs suffer considerable damage when used inside PDEs. The most common
signs of damage include attrition of the ground electrode, breakage of the ceramic insulation around the core and
melting of the screw thread. The spark plugs sockets are designed such that only about 6 mm of the ceramic coated
tip and ground electrode extends out into the combustion chamber. This ensures that no large blockage to the flow
exists within the chamber and helps to protect the spark plug from being destroyed. Nevertheless it has been found
in earlier tests using propane-oxygen and hydrogen-oxygen mixtures that the ground electrode erodes away after a
cumulative service life of about 5 to 10 minutes, causing the spark plug to be ineffectual.
In this set up, the ignition plug holder has been designed to hold two spark plugs simultaneously, as can be seen
in Fig. 2. This redundancy was introduced to ensure longevity of operation while using commercially available
products in conditions beyond their design parameters. Since electricity takes the path of least resistance, if one plug
suffers slight damage or if there is some debris blocking the spark gap of one, the other plug will take over, ensuring
that there is no interruption of ignition service. Also, the resistance of any conductor increases with temperature.
Having two plugs will prevent one plug from getting too hot and burning up.

Figure 11. A schematic of the optical transducer using a
photo-diode. The photo-diode amplifier circuit is also
shown in the figure.

G. Control and Diagnostics
The diagnostics and main control of the
test apparatus is performed with the help of a
National Instruments DAQ consisting of a
1042Q chassis that contains a pair of 8 channel
2.5 MS/s S-series PXI-6133 cards. The DAQ
is connected to a remote PC via fiber optic
cable which ensures smooth, EMI free signal
transmission. In addition, there is an NI PXI6624 8 channel counter installed in the DAQ
chassis that provides 8 configurable counters,
enabling up to 8 devices to be precisely timed
using the DAQ. The control and monitoring is
performed on graphical interfaces created with
National Instruments’ LabVIEW on the PC.
The program enables the user to change PDE
frequency, valve and ignition frequency and
timing and signal sampling rates as required.
Thus, up to 16 sensors can be monitored in
real time and up to 8 devices, including the
solenoid valve fuel injectors and ignition
driver can be operated remotely from the PC

through the DAQ.
Dynamic pressure transducers (PCB 111A24 model, 1000 psi maximum, 450 kHz resonant frequency) are used
to monitor the pressures inside the PDE and to calculate TOF velocities. The PTs are encased in water cooling
adapters (064A01 recessed sensor and 064B02 flush sensor models) which help the PTs to withstand the high
temperatures without undue effects on the signal output. During the tests, water is pumped through the PT water
cooling adapters at utility tap pressure. The PT signal is passed through a PCB 483A 12 channel signal conditioner,
which converts the piezo-electric charge developed in the PTs to a voltage proportional to the pressure measured.
In addition to the PTs, photo diodes are also used to monitor the PDE processes. The optical transducers have
been made by hand as shown in Fig. 11. Fused quartz are transparent to light ranging from UV to IR, and soften at a
temperature of 1950˚C. Fused quartz rods of 8 mm diameter are cut to 1.5 in. length and inserted into stainless steel
fittings and secured tightly in place with heat resistant silicon rubber seals. Another quartz rod of 3 mm diameter is
then interfaced with the larger rod and secured in a tube fitting as shown. Hamamatsu photodiodes (part number
1226-18BU), with a 1.1 mm square window sensitive to light between 190 and 1000 nm wavelengths, are placed on
the end of the 3 mm diameter quartz rods. The circuit used to amplify the photodiode signal is also shown in the
same figure. When the flame front passes by the port, a signal is picked up by the photo-diode. This can then be
used to calculate TOF velocities. The ports for the PTs and the optical transducers are located such that they are in
the same plane of cross-section along the axis of the PDE. Thus the pressure signals from a set of PT and optical
transducer can be compared and the difference between the timing of the two signals signifies whether a wave front
is a detonation wave or not. This analysis is based on the ZND model in which the detonation wave is coupled with
a flame front.
9
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Thrust is measured using load cells, which includes the ring type piezo-electric PCB 201B03 (500 lbf) and
201B05 (5000 lbf) models. Their outputs also need to be conditioned through the 483A signal conditioner.
Flow rates for gases, such as air, oxygen, propane, etc. are measured using Flow-Dyne Engineering’s critical
flow nozzles, which can yield flow rates based on the nozzle exit flow pressure alone, provided the supply pressures
and temperatures are known. The static pressures at the exit are measured using Omega pressure transducers
(PX302-200GV, 200 psig full scale and PX302-300GV, 300 psig full scale models).
In addition, various thermocouples are also available. The whole PDE apparatus rests on a linear guide system. A
thrust stand is located at the rear end of the PDE so that the thrust can be measured with the load cell. This thrust
can also be compared with thrust calculated from the end wall pressures in the pre-detonator.

Figure 12.

A schematic of the assembled PDE.

H. Test Program
The PDE can accommodate up to four liquid fuel mixing chambers, in addition to the two valves for oxygen and
one for propane and one for purge air in the pre-detonator. All these numerous valves will enable the PDE chambers
to filled with fuel and oxidizer mixtures very rapidly, thus achieving very high cycle frequencies. It is intended to
test the PDE up to 100 Hz. The water cooling will also allow very long duration testing. However, one factor that
limits the duration of tests is the durability of the sensors. Pressure and optical transducers can get damaged from
prolonged heat and pressure. Therefore, the PDE can only be run for short periods of about 1 to 2 minutes so as to
get a steady run condition, while recording data with dynamic PTs and photo-diodes. Following the short runs, the
PTs and optical transducers can be removed and the ports plugged up and the PDE can be run for extended times
while external processes are monitored, including flow rates, thrust, etc.
The fuels intended for the first batch of tests include Jet A and kerosene fuels. Other fuels such as JP10, JP8 etc.
are in the plans for future studies. One of the first set of tests include the effect of location of the interface between
propane-oxygen mixture and the liquid-fuel or propane-air mixture at the exit of the nozzle on DDT within the main
combustor. This can be achieved by varying the fill times of propane and oxygen within the pre-detonator and
thereby moving the interface.
The level of overdrive of the detonation within the pre-detonator can be studied by replacing the Shchelkin spiral
with spirals or obstacles of various geometries. The effects of varying degrees of overdrive on the detonation wave
undergoing the area change and on DDT within the main combustor can then be studied. The effect of equivalence
ratio on the engine performance is also expected to be studied.
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III.

Conclusion

A compact PDE system with a pre-detonator has been built and is ready for a series of tests. The pre-detonator
has an i.d. of 1 in. and uses mixtures of propane and oxygen. The main combustor consists of a 4 in. i.d. tube. The
pre-detonator is joined to the main combustor through a 30˚ nozzle. The total internal length of the PDE is close to
122 cm. The pre-detonator, the nozzle and the main combustor are water cooled to enable long duration testing. All
gases and the liquid fuel are supplied by means of solenoid valves, which make it simple to precisely time the
operation. Ignition and valve timing are controlled from the DAQ PC by means of TTL signals. The liquid fuel
injectors are high pressure automotive fuel injectors that can produce sprays with particle sizes as small as 10 µm.
The equivalence ratios can be modulated by altering the valve opening times and supply pressures in the feed lines.
The liquid fuel is pre-heated and sprayed into a current pre-heated air within the liquid fuel mixing chamber,
ensuring that the blend is thoroughly mixed and in a gaseous state when introduced into the main combustor.
Furthermore, the premixed condition of the mixture enhances DDT within the main combustor. Ignition is
performed by means of a low energy automotive ignition system using automotive spark plugs located in the predetonator section. The pre-detonator is also equipped with a Shchelkin spiral to achieve an over-driven detonation
state before the flow enters the nozzle. Diagnostics include dynamic pressure transducers and optical transducers,
with which comparative analysis can be performed on the signals to determine flow properties of the PDE operation.
The PDE is mounted on a linear guide and a load cell will be used to measure thrust. The PDE is expected to be run
at speeds of up to 100 Hz, which is made possible by the many fast acting injectors. Jet fuels, kerosene and other
liquid fuels are expected to be tested in this PDE.
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Table 2. Specifications of the test performed using the Malvern Insitec Ensemble Particle
Concentration and Size (EPCS) meter to determine the particle size of water sprayed using the
Denso fuel injector at 10 MPa.

Figure 13. The output of the Malvern Insitec Ensemble Particle Concentration and
Size (EPCS) meter.
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Figure 14. The photograph shows the measurement of particle size of water injected by the Denso
fuel injector at 10 MPa, using the Malvern Insitec EPCS meter.
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