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Pulsed detonation engines produce impulsive thrust through rapid ignition and formation of detonationwaves. An

operational goal is a reduction in time for the formation of detonation waves in conjunctionwith low-vapor-pressure

liquid hydrocarbons. This study focuses on pulsed detonation engine operation enhancements using dual-

detonation-tube, concentric-counterflow heat exchangers to elevate liquid hydrocarbon fuel temperatures up to

supercritical levels. Variation of operating parameters includes fuel type (JP-8, JP-7, JP-10, RP-1, JP-900, and S-8)

and firing frequency. Of interest is the effect on ignition time, deflagration to detonation transition time, detonation

distance, and the percent of ignitions resulting in a detonation (detonation percentage). Except for JP-10, results for

all fuels with increasing fuel injection temperatures indicate decreases in deflagration to detonation transition time

by up to 15%, decreases in detonation distance by up to 30%, increases in the detonation percentage by up to 180%,

and minimal impact on ignition time. JP-10 is difficult to detonate and results are inconsistent. An increase in firing

frequency results in a 5% decrease in deflagration to detonation transition time at high fuel injection temperatures,

but has little effect on ignition time and detonation distance.

Nomenclature

A = Arrhenius constant
Ea = activation energy
Ecrit = critical initiation energy
[fuel] = concentration of fuel
[oxidizer] = concentration of oxidizer
P = detonation tube—closed-end pressure
RR = reaction rate
Ru = universal gas constant
Tmix = fuel/air mixture temperature
� = cell size

I. Introduction

A LTHOUGH the pulsed detonation engine (PDE) has the
potential to provide significant advantages over current aircraft

propulsion systems, it is still in the early stages of development [1].
Several technological barriers need to be overcome before the PDE
can be considered a practical means of providing propulsion to
operational aircraft [2–4]. One is the efficient use of low-vapor-
pressure hydrocarbon fuels, such as JP-8, JP-7, JP-10, JP-900,¶ RP-1,
and S-8.∗∗ The majority of research with pulsed detonation engines

has employed gaseous fuels, such as hydrogen and simple
hydrocarbons [6,7], resulting in a dearth of liquid hydrocarbon data
and a large gap between research and the operational use of pulsed
detonation engines. Also, nearly all U. S. Air Force aircraft and air-
breathing missiles use liquid hydrocarbon fuels, primarily JP-8 and
JP-10 [5]; therefore it is pertinent to develop a method to efficiently
use these fuels.

Four key cycle parameters are adversely affected by using liquid
hydrocarbon fuels in lieu of gaseous fuels. The parameters are
1) ignition time, the time from spark deposition to the creation of a
deflagration wave within the fuel/air mixture, 2) deflagration to
detonation transition (DDT) time, the time to transition the
deflagration wave into a detonation wave, 3) detonation distance, the
length of the detonation tube required for themixture to transition to a
detonation, and 4) detonation percentage [7], the percentage of
ignitions that result in a detonation wave. Both the ignition time and
the DDT time are nearly an order of magnitude larger for complex
liquid hydrocarbon fuels than for hydrogen. For example, ignition
time of a hydrogen/air mixture is on the order of 1ms,whereas that of
a JP-8/air mixture is approximately 7 ms. A reduction in DDT or
ignition time would shorten the PDE cycle time, allowing for higher
frequency operation and higher average thrust. Reduction in
detonation distance allows for a decrease in detonation tube length,
resulting in a decreased engine weight. An increase in detonation
percentage directly improves the efficiency of the PDE, leading to an
increase in specific impulse.

Until this work, the performance of a liquid-hydrocarbon-fueled
PDE with fuel injection temperatures above the flash vaporization
point was unknown. Previous research [8] demonstrated that flash
vaporization of liquid hydrocarbon fuels significantly decreased the
ignition and DDT times, but no work has been reported on the effect
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of operation with fuel injection temperatures beyond the point of
flash vaporization. Additionally, Cheatham andKailasanath [9] have
shown, using numerical simulations, that the vaporization of liquid
JP-10 droplets is necessary for optimumperformance. Card et al. [10]
studied the effect of elevating initial mixture temperature (up to
573K) on theDDTdistance (called flame run-up distance in [10]) for
gaseous hydrocarbon/air mixtures in a 10-cm diam tube. They found
that there was no strong dependency of DDT distance on the initial
mixture temperature in the range tested. The objective of this work
was to examine the effect of heated fuel produced by a dual-
concentric counterflow heat-exchanger system on the ignition time,
DDT time, detonation distance, and detonation percentage. The
variables included fuel type (JP-8, JP-7, JP-10, JP-900, RP-1, and S-
8) and firing frequency.

II. Background and Theory

A. Ignition Time for a Hydrocarbon Fuel/Oxidizer Mixture

For single species chemical reactions, reaction rate is given by the
Arrhenius expression (global reaction theory):

Ignition Time / 1

RR
� 1

A
P�n�fuel��m�oxydizer��je

�
Ea

RuTmix

�
(1)

where n, m, and j are experimentally determined constants [11].
Low-vapor-pressure hydrocarbon fuel/air mixtures are not single
species, but, as shown later, the trend of the ignition time can be
inferred. The reaction rate of a fuel/oxidizer mixture will increase
with increasing mixture temperature and pressure, thus decreasing
the ignition time. For the moderate elevation of fuel temperatures in
this work, only a small rise in the fuel/air mixture temperature
occurred, and, as shown later, ignition time remained relatively
constant.

B. Detonability of a Hydrocarbon Fuel/Oxidizer Mixture

The ability to initiate a detonation in a hydrocarbon fuel is related
to its critical initiation energy, which for a low-vapor-pressure
hydrocarbon/air mixture is around 105 J (a typical spark plug
generates about 0.1 J). The critical initiation energy is related to the
detonation cell size of a propagating detonation wave, shown in
Fig. 1 for several stoichiometric fuel/oxidizer mixtures [12]. A curve
fit shows a cubic relationship between the two (inset of Fig. 1).
Knystautas et al. [13] also found the relationship between detonation
cell size and critical initiation energy to be cubic.

Cell size, and thus critical initiation energy, is affected by the
initial temperature and pressure. As shown in Figs. 2a and 2b for

three light hydrocarbons and oneH2=O2 mixture, cell size decreases
with increased mixture temperature and pressure [14–17]. To
improve detonability, therefore, pressure and temperature should be
increased. Such data do not exist for heavy hydrocarbons, but the
suggestion is that increasing initial mixture temperature and/or
detonation tube closed-end pressure will decrease the cell size and
improve detonability for those fuels also. As will be shown later,
such increases in temperature did result in decreased DDT time and
detonation distance, as well as increased detonation percentage.

III. Experimental Setup and Instrumentation

A. Facilities and PDE Specifics

This research was conducted at the detonation research facility
located in Building 71A, D Bay, Wright–Patterson AFB, Ohio. This
facility was described in detail in other literature [18], and only the
details relevant to this effort are provided. The PDE for this research
consisted of the valve train from a General Motors (GM) automobile
quad four head with two schedule-40 stainless-steel detonation
tubes. Each tube was 52.5 mm in diameter, 1.83 m in length, and
equippedwith a Schelkin-like spiral, 0.91m in length, adjacent to the
closed end of the detonation tube to promote DDT [19]. Each tube
was outfitted with a stainless-steel heat exchanger (described later).
Each spiral was constructed of 3=16 in: stainless-steel rod with a
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spiral pitch of 38.1mm. A schematic of one head cavity with valving
and spark plug is shown in Fig. 3.

Because an automotive cam was used to drive the valve system,
the three phases of the PDE cycle (fill, fire, and purge) were
necessarily equal. The allotted time for each phase varied based on
firing frequency: 33.33 ms for 10 Hz and 16.67 ms for 20 Hz. Firing
frequency was a test parameter, which varied between 10 and 20 Hz.
Depending on the firing frequency, the time required to complete any
one phase could be less than the time allotted for the phase, where the
time required for a phase is defined as the time necessary to complete
all functions of that phase, for example, the necessary function of the
fill phase is to introduce the fuel/air mixture to the detonation tubes.
During thefill phase the intake valves introduce premixed fuel and air
equal to the volume of the detonation tube (fill fraction of one at
ambient pressure and fuel/air mixture temperature). For all tests the
fill air was initially heated to 394 K before mixing with the fuel. For
the fire phase an automotive ignition system provided 115 mJ spark
pulses throughmodified spark plugs. The fire phase consists of spark
delay, ignition, DDT, and blow down; the latter three totaling
approximately 11 ms for the configuration tested. Figure 4 is a
schematic of a typical fire phase, broken down into the critical
segments. Detonation occurrence was confirmed using ion probes to
measure wave speed, similar to the methods used by Card et al. [10]
and Ciccarelli et al. [20]. Any combustion waves propagating at
speedswithin 10%of the upper Chapman–Jouguet point (assumed to
be 1800 m=s) [21] were considered detonation waves. During the
purge phase the exhaust valves introduced unheated air equal to half
the volume of the detonation tube (purge fraction of 0.5 at ambient
pressure and fuel/air mixture temperature). The purge air cooled the
detonation tube and removed a portion of the exhaust gases from the
detonation tube to prevent autoignition during the following fill
phase.

B. Supercritical Fuel Heating System

The flow path and instrumentation are shown in schematic form in
Fig. 5. The liquid fuel required for this testing was contained in two
hydraulic bladder accumulators, pressurized by nitrogen bottles. The
fuel pressure was maintained above critical pressure for the duration
of the test to prevent phase change. The supercritical fuel heating
system (SFHS) consisted of a nitrogen purge system (described

later), two stainless-steel heat exchangers, fuel filter assembly (not
shown in Fig. 5), fuel injection nozzles, instrumentation, and
associated tubing and fittings necessary to connect the critical
components ([22] contains details on fuel injection nozzles). The fuel
entered the test stand through a pneumatically operated ball valve
and split into two fuel lines, one for each heat exchanger. At the exit
of the heat exchangers, the lines were teed together and run through a
fuel filter. After the filter, fuel was fed to the fill air manifold and
injected into the airstream via the fuel injection nozzles. The fuel
filter removed small amounts of coking formed due to endothermic
cracking of the fuel [23]. Lines carrying heated fuel were insulated
with fiberglass to prevent heat loss. A nitrogen purge system cleared
supercritical fuel from the heat exchangers at the end of a test [7]
(Fig. 5) via a remotely activated pneumatic valve.

To compensate for the decrease in fuel density during heating in
the supercritical regime [24,25], the charge pressure of the
accumulators was increased to maintain a constant fuel mass flow
rate. To allow for variations in accumulator charge pressure during
testing, a pneumatic dome loader was installed for nitrogen pressure
regulation (for details, see [5]). Pressures at the exit of the heat
exchangers varied from 37 to 68 atm, with lower pressures at lower
fuel injection temperatures and higher pressures at higher fuel
injection temperatures to compensate for the density variation.

To minimize carbon deposition in the SFHS, the JP-8 was
deoxygenated through a nitrogen sparging process. The sparging
process involved bubbling a volume of nitrogen through the JP-8 to
displace oxygen from the fuel. The volume of nitrogen necessary to
reduce the oxygen concentration to acceptable levelswas determined
experimentally in previous work [22].

C. Spark Delay

Pressure fluctuations are created as fill and purge valves open and
close. With compression and expansion waves in the head end of the
tube, a spark delay can cause spark deposition during a beneficial
pressure peak. Figure 6 shows the pressure-time history during an
unsparked fire phase (no combustion) at 15 Hz with a mixture
temperature of 394K and spark delays from 2 to 10ms. It can be seen
that 6, 8, or 10 ms spark delays would initiate combustion during a
compression wave, while a zero ms spark delay would do so during
an expansion wave. However, because ignition time is also affected
by the pressure history during the formation of a deflagration wave,
selection of a 10 ms spark delay is not necessarily optimal. A 4 ms
spark delay was chosen to minimize the overall time to detonation.
Other spark delays (6, 8, and 10) showed inconsequential
improvement in DDT time and ignition time; additionally, the 0 and
2 ms spark delays failed to produce detonations [26].

It was also beneficial to compare global reaction theory estimates
with the ignition times for a series of spark delays (2, 4, 6, 8, and
10 ms) with fuel injected at 422 K. The global reaction theory
approximation, shown in Eq. (1), for normalized ignition time as a
function of average head pressure is shown in Fig. 7. Also,
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Fig. 3 Schematic of one head cavity with valving, spark plug, and
dynamic pressure transducer.
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experimentally determined normalized ignition times as a function
head pressure for a JP-8/air mixture are displayed in Fig. 7. The
ignition times for the global reaction theory were normalized by the
ignition time corresponding to ambient pressure of the fuel/air
mixture. Ignition times for the experiment were normalized by the
6 ms case for which the average pressure was nearly ambient (within
0.5%). The low temperature experimental results compare well with
global reaction theory, falling within the experimental uncertainty.

D. Heat Exchangers

Two identical concentric-tube heat exchangers were fabricated
from 316-stainless-steel schedule-40 tubes, with a length of 0.91 m,
tube inner diameters of 52.5 and 63.5 mm, respectively, allowing for
a 1.22-mm annular space. A photograph of one heat exchanger with
the associated instrumentation ports is shown in Fig. 8.

E. Instrumentation

To gather temperature data, J-type thermocouples were placed in
the center of the flowpath at the inlet and outlet of each heat
exchanger, and a T-type thermocouple was placed at the inlet to the
fill air manifold. Heat-exchanger external wall temperatures were
measured with J-type thermocouples mounted externally with

compression clamps. A pressure transducer situated at the closed end
of the detonation tubes measured the pressure used to determine the
ignition time.

F. Data Reduction

All combustion data were gathered on a dedicated computer
employing a LabVIEW program, and analyzed using a C++ program.
The program segmented the data into separate firing cycles using the
spark trace. Each spark trace denoted a new firing cycle. Each firing
cycle was then analyzed for ignition time information. The head-
pressure trace data were passed through a fourth-order, 401-point,
Savitzky–Golay, digital, finite-impulse, response filter to reduce the
high-frequency noise. The head-pressure trace is shown before and
after the filter was applied, Fig. 9. Linear regression was then used to
determine the slope of the pressure curve. The ignition time was
taken as the time where an average pressure rise of 5000 psi=s was
detected.

After the ignition time was determined, the probe times were
calculated. The probe times were the time that the combustion wave
crosses each of the ion probes. Wavespeeds were calculated by
dividing the difference in distance between two ion probes by the
difference in the corresponding probe times. Once a wavespeed
above the Chapman–Jouguet (CJ) limit was found, linear
interpolation between the wavespeed above the CJ wavespeed and
thewavespeed at the location before it (below theCJwavespeed)was
performed to determine the time and location where a wavespeed
matched that of the CJwavespeed. The time and location foundwere
the DDT time and the detonation distance, respectively.

G. Experimental Uncertainties

The total experimental uncertainty was determined by combining
the bias and precision uncertainties using the root sum squaremethod
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[27,28]. The bias uncertainties were constant for all data points of the
same variable, while the precision uncertainties varied by data point.
Therefore, the total experimental uncertainty varies by data point and
is included with the data. Total bias uncertainties are displayed in
Table 1 [7].

IV. Results and Discussion

For varying fuel injection temperatures, ignition time, deflagration
to detonation transition time, detonation distance, and detonation
percentage were measured. Each data point represents the mean
value of 40 to 60 ignitions, using data averaged from two tubes. The
effect of fuel injection temperature on the performance of the PDE is
shown with variation of fuel type and firing frequency. All testing
was performed with an equivalence ratio of 1.1, which has been
shown by Tucker [22] to produce the minimum ignition and DDT
times for JP-8.

A. Fuel Study

Figure 10 shows ignition time for all six fuels. Little variation
occurred among the fuels, though JP-8 has a slightly higher ignition
time in the range of 586 to 755 K. The probable cause of this higher
time was adverse effects of thermal degradation (oxidative coking).
S-8 produced the smallest ignition times for almost the entire
temperature range. JP-7, JP-900, and RP-1 times displayed little
difference in slope or magnitude, which was expected due the
similarity of the fuels. With the exception of JP-8, ignition times for
all fuels were independent of fuel injection temperature in the
temperature range examined, as mentioned in the earlier discussion
of global reaction theory.

Attempts at detonation of a JP-10/air mixture were erratic and data
were inconsistent, rendering the results unusable; therefore, the DDT
time and detonation distance results for JP-10 have been omitted. The
DDT times for the other five fuels are displayed in Fig. 11. In Fig. 11,

little variation in DDT time is seen among the fuels. The small
differences between any two fuels are within the experimental
uncertainty for the entire temperature range. DDT times for all five
fuels decrease with increasing fuel injection temperature. The fuels
display a nearly linear decrease in DDT time of approximately 15%
over the temperature range. The DDT time decreases despite the two
competing effects of increasing fuel/air mixture temperature and
decreasing density that causes a decrease in pressure. The first effect
tends to increase reaction rate and lower DDT time [cf., Eq. (1)],
whereas the second reduces detonability (refer to Sec. II.B) and tends
to increase DDT time. The net effect is a decrease in DDT time, but
probably not as much as would occur without the reduced
detonability effect.

The variation of detonation distance with fuel injection
temperature for all fuels except JP-10 is shown in Fig. 12. As
expected, the detonation distance of all five fuels decreases with
increasing fuel injection temperature. The detonation distance
decrease is probably less than would occur absent the competing
effects of density decrease and reaction rate increase discussed
above. In Fig. 12, only below approximately 650 K does the
detonation distance of the five fuels differ in magnitude and slope.
Below 650 K, JP-8 has the smallest detonation distances, followed
closely by JP-900, while JP-7 is highest at 1.14 m. RP-1 and S-8
perform similarly, both with detonation distance between JP-7 and

Table 1 Summary of bias uncertainties for

experimental results

Experimental result Bias uncertainty

Wavespeed �55:12 m=s
Ignition time �0:292 ms
DDT time �0:0568 ms
Detonation distance �0:0568 m
Fuel injection temperature �3:6 K
Fuel/air mixture temperature �2:5 K
Equivalence ratio �0:0247
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JP-900. It was also noted that above roughly 675 K, detonations
occur near the downstream end of the spiral for allfive fuels shown. It
was assumed that the difference in detonation distance of the five
fuels would be negligible, similar to the DDT time trend. This
stratification of detonation distances is possibly due to variation in
laminar flame speeds between the fuels, although laminar flame
speeds were not measured and data for all five fuels at these
conditions are not available in literature. Card et al. [10] found that
fuel/air mixtures with higher laminar flame speeds resulted in shorter
detonation distances.

Detonation percentage is defined as the percentage of ignitions
that result in a combustion wavespeed of 1800 m=s or greater. In
Fig. 13, all fuels demonstrate a strong trend of increasing detonation
percentage with increasing fuel injection temperature. The
percentages displayed in Fig. 13 are dependent on the PDE
configuration, but the trends demonstrate an increase in detonability
with increasing fuel injection temperature. This increase is a result of
a more homogenous mixture at higher fuel/air mixture temperatures
but moderated by the same competing effects mentioned earlier
(density decrease vs reaction rate increase). The effect of fuel
injection temperature is more apparent in the detonation percentage
as compared to the DDT time and detonation distance, most likely
because detonation percentage is more dependent on the fuel/air
mixing. Doungthip et al. [29] found that the injection of supercritical
JP-8 resulted in greatly enhanced mixing compared to that of
subcritical JP-8. The fuels can be divided into three categories based
on Fig. 13. The first group, JP-7 and S-8, demonstrate the largest
increases in detonations as fuel injection temperature increases,
achieving nearly 100% detonations at 755K. JP-8, JP-900, and RP-1
make up the second category, achieving detonation percentages
between 65 and 75% at a fuel injection temperature of 755 K. The
final category includes only JP-10. Although JP-10 slightly increases
detonation percentage with increased fuel injection temperature, the
magnitude of the detonation percentage remains low, 14–38%,
leading to a large uncertainty in DDT time and detonation distance.
The small detonability increase with increased JP-10/air mixture
temperature is consistent with the findings of Ciccarelli and Card
[20], which showed that the JP-10 detonation cell size was very
insensitive to initial temperature.

B. Firing Frequency

The motivation to decrease ignition time and DDT time is to
decrease the fire phase time, thus allowing a higher cycle frequency
and higher average thrust. The relationship between firing frequency
and thrust has been shown by Fan et al. [30]. To examine the effect of
the firing frequency on PDE performance parameters, two
frequencies, 15 and 20 Hz, were examined. Frequencies much

above 20Hz, for example, 25Hz, would allow only 13ms for the fire
phase, too short for 15 ms required for the detonation of a JP-8/air
mixture. Also, at frequenciesmuch below15Hz, for example, 10Hz,
insufficient waste heat was generated for the heat transfer system to
elevate fuel injection temperatures above 644 K.

Figure 14 shows ignition andDDT times for a PDE operating at 15
and 20 Hz. Within experimental uncertainty, the ignition times are
nearly equal for the entire temperature range. DDT time for the 20Hz
case is slightly less than the 15 Hz case for the entire temperature
range. This 20Hz decrease inDDT time is a result of higher pressures
within the detonation tube that occur at higher frequencies, as shown
by Tucker [22]. The total time to detonation, sum of spark delay
(same for both), ignition time, and DDT time, is thus slightly less for
the 20 Hz case.

Figure 15 shows detonation distance for two firing frequencies.
The differences between the detonation distances are within the
measurement uncertainty for the entire temperature range. From ion
probe data (not shown) detonations occur at the downstream end of
the internal spiral for both frequencies. DDT often occurs at the end
of a tripping device, such as a spiral, due to the abrupt absence of such
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obstacle, as shown by Lee et al. [31]. In summary, increasing the
firing frequencywas found to have little effect on cycle performance.

C. Fuel Heating Value

Using the waste heat from PDE detonation tubes to preheat fuel to
supercritical temperatures is important not only for detonation
initiation. By regeneratively heating the fuel, the effective fuel
heating value is increased, which corresponds directly to an
improvement in specific fuel consumption (SFC). The significance
of this effect is evaluated in Fig. 16, which is a plot of the percent of
improvement in fuel heating value (over that of fuel at ambient
temperatures) as a function of fuel injection temperature. Preheating
the fuel to the supercritical temperatures results in a 2–3%
improvement in fuel heating value, which directly corresponds to an
SFC improvement of 2–3%. The percent of improvement in heating
value was calculated using the heat of vaporization and heat capacity
from the CRC Handbook of Aviation Fuel Properties [32]. The
highly linear property data were extrapolated to the temperature
limits shown in Fig. 15. This effective improvement in fuel heating
value and thus fuel efficiency can be applied to conventional gas
turbine engines using regenerative fuel cooling as well.

V. Conclusions

This research marked the first analysis of the effect of increasing
fuel injection temperature, up to 755 K, on key pulsed-detonation-
engine performance parameters, including ignition time, DDT time,
detonation distance, and detonation percentage. Six fuels were
examined, JP-8, JP-7, JP-10, JP-900, RP-1, and S-8. Ignition time
was found to be virtually independent of fuel injection temperature
for all fuels, except JP-8. JP-10 was found to detonate inconsistently,
compared to the other fuels. The DDT time of the other five fuels
demonstrated a nearly identical linear decrease of 15% over the
temperature range tested. The detonation distance for all fuels, other
than JP-10, linearly decreased down to a limit of spiral length with
increasing fuel injection temperature. The detonation percentage for
all fuels increased considerably with increasing fuel injection
temperature, with JP-7 and S-8 producing the most consistent
detonations. Based on this performance criterion, JP-8, JP-7, JP-900,
RP-1, and S-8 can all be used to fuel a PDEwith this configuration at
elevated fuel injection temperatures; however, the configuration
could be varied to aid in JP-10 detonation transition.

Increasing firing frequency from 15 to 20 Hzwas found to slightly
reduce the total time to detonation for a PDE. DDT time decreases
with higher firing frequency, due to the higher pressure in the
detonation tube, while ignition time and detonation distance are
relatively independent of firing frequency.
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