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The validity and accuracy of performance measurements for pulse detonation engines depend on the ability to
accurately measure thrust and fuel massow rates during system operation. Experimental tests have revealed that
when fuel mass ow rates are calculated by conventional mass metering methods, incorrect values of the aggregate
fuel mass in the combustor will often be calculated due to inaccurate assumptions regarding the spatial fuel
distribution. The dif culty in predicting the actual fuel distribution affects the ability to achieve reliable detonations
for successful operation and introduces inaccuracies directly into the performance calculations. Tunable diode laser
and absorption spectroscopy techniques have been applied to provide time-resolved fuel mass fraction
measurements and improve the delity of the specic impulse calculations. Results show that strated fuel
distributions that begin near stoichiometric at the forward end of the combustor and gradually become fuel lean near
the combustor exit produce substantially higher spect impulse values than axially uniform fuel distributions with
the same amount of aggregate fuel due to the ability to reliably detonate while operating at an overall lean condition.
Axially uniform fuel distributions at the same average equivalence ratio demonstrated lower detonability and
accordingly had lower thrust and specic impulse values.

amount of renewed interest over the past 10 years due to their
potential for increased performance values on a relatively low-cost
engine architecture. These engines operate by repeatedly producing
) detonation waves that propagate through fuel/air mixtures and
Subscripts produce intermittent high chamber pressures which result in discrete
impulses. The time-averaged result is a quasi-steady thrust. The

Nomenclature a = air
c = local sonic velocity f = fuel
= = thrust force ifuel = initiator fuel
lsy = fuel-based spect impulse pfuel = pnmary fuel
m = mass ow rate 02 = initiator auxiliary oxygen
p = pressure
T = temperature )
u = axial velocity I. Introduction
Xde‘ f giitglnggsig(;/ﬁlocny ULSE detonation engines (PDESs) have received a considerable

detonation cell size
equivalence ratio
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concept of using detonations as a means for propulsion was initiallyoperation and using quasi-steady thrust measurements, degjty
proposed by Hoffmann [1] and later investigated by Nichols et al. [2] speci ¢ impulse calculations can be made. The measured fuel
and is based on the simple concept of using a thrust tube, with onalistributions may also be provided to researchers performing
closed head-end and an open aft-end in which detonation waves areomputational studies of a particular PDE geometry, thereby
produced in a repetitive manner. A fuel/air mixture is injected at the allowing more direct and accurate computational-to-experimental
beginning of each cycle, ignited, and the resultingagdeation wave comparisons of the results.
quickly transitions into a detonation wave. After the detonation wave
exits the combustor, a series of rarefaction waves travel from the exit .
of the combustor to the head wall, relieving the high pressure and Il.  Experimental Setup
removing the hot combustion products from the combustor. The A cutaway view of the experimental setup is shown in Fig. 1, and
event produces a sigrmiant pressure rise at the head wall of the only depicts two of the four inlet arms of the combustor. The PDE
combustor and ultimately thrust by the exiting momentum The was based upon a continuous aw path through the engine and is
entire sequence needs to occur as quickly and often as possible tsometimes referred to aswalveless design because no valve exists
produce a nearly constant thrust and is often limited by the purge andor air delivery to the combustor. The primary aiw to the engine
re lling portion of the engine cycle. was controlled upstream of a hydrogen-fueled vitiator through a
Numerous agencies and institutionsqBare investigating these  metering choke supplied with an associated total pressure and total
systems both numerically and experimentally with the goal of temperature. A vitiator was used to simulate the expected combustor
determining their practical performance potential. Various conceptsinlet conditions representative of supersonght at Mach 2.1 and
and applications have been proposed and explored, but littlean altitude of 9.0 km. The vitiator delivered between 0.33lakgks
experimental data exist on systems operating at expedgéd of heated air at a temperature of 425 K to the engine inlet venturi for
conditions, frequencies, and fuel distributions representative ofmost of the conditions reported. Makeup oxygen was added to the
practical fuel injection strategies. PDE systems often fall into one of vitiator products to return the molar oxygen content of the resulting
two architectures, those which use valves to control both the fuel andair owto 21%. The nominal total pressure to the engine inlet venturi
air mass injection into a combustion chamber and those which onlywas 760 kPa for an air massw rate 0f0:33 kg=s at 450 K and
valve the fuel delivery. Aninherent problem with both designs is that increased up to 2.38 MPa for thekg=s air mass ow rate due to the
the fuel injection must be modulated and controlled throughout the xed venturi throat diameter of 16.6 mm (0.655 in). The total
detonation cycle, either through individual fuel injectors or separate pressure at the engine inlet venturi was sigitly high to isolate the
valves for premixed reactants and purge air. Regardless of theupstream ow from the periodic increases in backpressure
approach, achieving a consistent and uniform fuel distribution alongdownstream of the venturi.
the combustor axis is a challenge with these systems due to the highly Fuel injection was controlled by high-speed Valvetech 15060-2
transient conditions of the cycle. solenoid valves located on each of the four distribution arms. The
Nearly all of the numerical and experimental test programs to datefour distribution arms were connected to a manifold region at the
that have investigated the performance of various PDE architecturegsorward end of the combustor which produced acwaing region
have assumed that the amount of fuel injected into the engine wasiround an initiator unit. The oxygen-enriched initiator was used to
done so under a nearly uniform spatial pecso that the aggregate initiate a detonation in the main combustor by transmitting a strong
fuel mass loading used in determining performance was a relativelydetonation from the initiator exit to the main combustion through a
straightforward calculation based on valve og, open duration,  diffraction process. The initiator operated on an ethylene/oxygen/
supply pressure, etc. Through the use of optical transmissionnitrogen mixture at an equivalence ratio of 1.2 and had an internal
techniques, experimental measurements of the resulting fuelolume 0f259 cn? with a varying cross section previously found to
distributions [8,9] have often shown this to be an invalid assumption perform well over a wide range of conditions and fuels [8]. The
and that the resulting temporal/spatial fuel distributions were highly initiator had an overall length of 250 cm and an exit diameter of
nonuniform. The implications of this characteristic can be a 4.45 cm. Fuel injection into the initiator was controlled by a single
signi cant shift in the resulting sped impulse performance  ValveTech 15060-2 solenoid valve and the oxygen injection by six
calculations due to the use of incorrect aggregate fuel mass fractioParker-Hannen 009-0449-900 solenoid valves. A continuous air
values. purge of approximately.03 kg-swas directed through check valves
Previous studies_[8,9] at the Naval Postgraduate School (NPS)and into the initiator at nominal conditions to prevent the preignition
have evaluated ethylene/air, propane/air, and JP10/air mixtureof the refresh reactants. Ignition of the resulting mixture was
requirements and detonation properties in a PDE with a continuousaccomplished with a MSD 6A ignition system. The combustor
air ow. Ethylene was chosen for most of the fuel distribution studies consisted of a conical transition section downstream of the initiator
due to the availability of a spectroscopic fuel measurement systemexit that increased the initial diameter from 0.0635 m to thed
developed at Stanford [10] which uses absorption spectroscopy0.1016 movera 0.1 mlength and provided a more gradual diffraction
tunable diode laser sources, arigbr optics to transmit across the and transmission process from the initiator unit to the main
combustor axis at sped locations. By integrating and averaging combustor. The main combustor had an exiting internal diameter of
the calculated time-dependent mass fractions over each second @.1016 m and a nominal length of 0.585 m for most of the testing, but
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Fig. 2 Test cell view of PDE and associated hardware.
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at1.62um laser
was increasedto 1.24 mfor a limited number of the later experiments.
Timing of the fuel injection events and ignition sequence was
controlled through the use of a BNC 500 pulse generator which
enabled a series of Crydom 6203 solid state relays to control the fuel

valves and ignition system. lll.  PDE Cycle and Operation

The PDE was mounted on a low-friction linear rail on top of a Th ional cvele of the NPS pulse d " ineissh
multicomponent thrust stand, and thrust was determined by, |neoperationalcycleofthe puise detonation engine Is shown

displacement measurements using a Novatechnic TRS 75 lineal" Fi9: fl.r;l'he cycle beginsbwith ailowicr;g thro:gh t[t;e _engirr:e and q
voltage division transducer and can be seen in Fig. 2. The vitiated ai?Ur9ing the previous combustion products (4a). During the secon

and the supply gases to the engine were deliveredefylines. stage, fuel is injected into the aiow and carried towards the main
Calibration popf);h% linear displacement transducer was performedCombustor while aportionis directed through the initiator (4b). Stage

after all the gas delivery lines were pressurized to their nominal &€ represents the end of the primary fuel injection event, and the

pressure settings. The calibration curve was generated by botﬁnjection of the initiator reactants. The initiator mixture of ethylene,
forward and baci(ward measurements and did not show anyoxygen,and nitrogen is at an equivalence ratio of 1.2 and is loaded
noticeable hysteresis over much of the calibration, except near thdnto Fhe Initiator e.“.]d m|xgd before |gn|t|on_(4d).. Stage 4e ShOWS. the
zero load condition where a9:3 N uctuation appeared. This ignition of the initiator mixture and the formation of a detonation

condition was believed to be due to friction in the linear rail at near- WaVe- The detonation wave then progresses through the mixture and
zero loads and was minimized by applying a preload to the successfully diffracts into the mixture in the main combustor (4f).

combustor mounting brackets. High-frequency pressure wave traceS'29€_49 shows the detonation wave exiting the main combustor
atlocations P1R6, shown in Fig. 1, were obtained through the use of While the combustion products continue to expand upstream of the
Kistler 6031B1 transducers with 5010 charge angp and all initiator exit plang. Finally, after the detonation wave exits the main
supply gases were monitored by Omega PX-5500 Ioressurecombustor, a series of rarefactlor! waves reduces the pressure inside
transducers. All pressure transducer output signals were witdin a0 "€ combustor and the combustion products are purged from the
VDC output level and acquired by two National Instruments PxI- €ngine (4h).
1000 instrumentation racks with associated low-speed 16-bit
(6031E) and high-speed 12-bit (6115) data acquisition cards
con gured for 5 VDC input. The low-speed pressure and IV. Results
thermocouple data were acquired at 1 kHz and the high-speed The engine was operated at 40 Hz using ethylene as a fuel over an
pressure transducer data and optical transmission measuremenggjuivalence ratio range of 867. Detonations were observed for all
were acquired simultaneously at 1 MHz per channel. equivalence ratios above 0.95 and were primarily dependent on the
Diode laser sensors are well-suited for monitoring in the harshlocal equivalence ratio near the initiator exit plane. When fuel-lean
PDE environment because of their nonintrusive nature, robustnessconditions existed near the initiator exit, an increase in the number of
and compactness. Among all the labased diagnostic methods, failed detonation cycles occurred due to the decreased reactivity [6]
techniques based on direct absorption appear to be speciallyflean hydrocarbon/air mixtures and their relatively large detonation
attractive because of the relative simplicity of implementation and cell sizes. These conditions sigeantly inhibited the successful
data interpretation. A sensor based on the absorption spectrum of thanitiation, diffraction, and propagation of a detonation wave. They
Q-branch ofC,H, over the6145-6151 cm?! (1:62 m) spectral were minimized and/or eliminated by distributing near-stoichio-
region was developed for this work as detailed in [10]. The metric conditions at the head-end of the combustor where the
temperature dependence of the shape of this Q-branch absorptiodetonation is initiated and then have the detonation propagate into
feature has been also studied [9]. Therefore the spectral informatiommuch leaner conditions near the aft-end. The nonuniform axial fuel
scanned by this sensor enables simultaneous measurerfighi,of  distributions were inherently a stragi fuel injection prole due to
fuel concentration and temperature. the transient nature of the fuel injectors and unsteawly eld
Figure 3 provides a schematic of the experimental arrangement foeffects. Fuel mass fraction results from normal operation of the
the C,H, fuel measurements. On the pitch side of the sensor, assystem are shown in Figs. 5a and 5b. Figure 5a depicts the temporal
shownin Fig. 3, the laser source was coupled intmea, and the ber fuel mass fraction for ethylene measured 5 cm aft of the initiator exit
held in a specially machined mount. The mount was rigidly attached over eight cycles at a operational frequency of 40 Hz. The time scale
to the engine via threaded bolts. On the detection side, an integratingor one of the cycles is expanded in Fig. 5b and clearly shows that the
sphere and an InGaAs detector were mounted on an L-shapedemporal fuel distribution was highly nonuniform. Propagation of the
bracket, and the bracket also rigidly attached to the engine. Thisbulk ow through the combustor path then resulted in a nonuniform
optical engineering of the sensor has proved to be easy to alignaxial fuel distribution. The mixture initially delivered to the
robust during shipment and repeated experiments, and resistant toombustor was lean and then proceeded to become rich at the end of
noises caused by beamsteering, emission, and mechanical vibratiorthe fuel injection event. Evidence of the detonation arrival at the
Thel:62 mdiode laser was current modulated at 5 kHz during the measurement location can be seen at the end of each fueling cycle by
experiments to register the Q-branch absorption. The transmitteche large spike in mass fraction and was due to beam steering and
laser beam was monitored by the InGaAs detector, then converted temission from the detonation wave. The temporal trace of the fuel
C,H, concentration. mass fraction may be approximately mapped to a corresponding

Fig. 3 Experimental arrangement forC,H , fuel measurements.
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Fig. 4 Valveless PDE cycle.

spatial distribution, as shown in Fig. 6, because the reactants wereubtracting a stream thrust of approximately 24 N from the gross
owing past the sensor at a determined velocity. The amount of fuelthrust reported. Because thew eld just downstream of the inlet
residing in the combustor per cycle was then calculated by assumingrenturi where the stream thrust was calculated varies in time due to
that the distribution was frozen the moment the detonation wavethe forward compression of the incoming air by each combustion
arrived at the fuel sensor. By calculating the bk velocity within event, further analysis would be required before this value could be
the combustor, the axial fuel distributions were estimated andapplied quantitatively. Therefore the gross thrust reported in Fig. 7 is
integrated over the combustor volume to obtain the aggregateincluded in the spect impulse calculation for comparison to other
amount of fuel. Two average equivalence ratios are shown in Fig. 6,systems. The fuel mass used in the speichpulse calculations was
one at an average equivalence ratio of 1.28 and one at an averagalso corrected for the use of the initiator for the current engine
equivalence ratio of 0.88. Additionally, each equivalence ratio hascon guration. The truéfuel” mass used in the fuel-based speci
two curves, one representing a uniform spatial distribution of fuel impulse calculation is composed of the mass of the fuel in the main
and the other a nonuniform distribution. Although the curves for each combustor as well as the initiator. Additionally, the amount of
average equivalence ratio case are substantially different, the samauxiliary oxygen used in the initiator must be accounted for and
aggregate amount of fuel resided within the combustor for eachtreated as fuel because it must be carried along on such a propulsion
equivalence ratio case. The uniform spatial fuel distributions system. The resulting fuel-based speé¢mpulse equation is
depicted in Fig. 6 were generated by allowing the fuel injection event
for each cycle to reach a steady-state condition before turning off the | i F 1)
fuel injectors, thus allowing the transient portion of fuel injection omeg Mptuel  Migel Moz @
pro leto ow out of the combustor. The nonuniform spatial pes
are two of the common test conditions that the engine normally  Equation (1) reveals the advantages of operating a system without
operated at to prevent excessive olerg of the reactants. Under  the need for auxiliary oxygen in the system. The fuel-based speci
practical engine operation, fuel not used for combustion within the impulse for the system will likely only increase as the amount of
engine would resultin a performance penalty due to alarge portion ofauxiliary oxygen is reduced or eliminated. Although pure fuel/air
the injected fuel not being used for thrust production. PDE systems exist, they are often limited to frequencies below 30 Hz
The fuel distributions for each test condition were integrated over and possess substantial total pressure losses duringitigeand
the combustor volume and then used for calculating the speci  blowdown portions of the cycle due to the presence of turbulence
impulse of the engine for each test. Corresponding thrustenhancing devices for dagration-to-detonation transition (DDT)
measurements for each condition were also required to calculatgurposes. Performance losses due to drag-producing obstacles
the resulting spect impulse values. Figure 7 displays the vitiated air typically range from 1885% for most fuel/air PDE systems which
temperature and gross thrust deoduring a test where the operating use wall spirals and tabs_[11]. Alternate detonation initiation
frequency of the engine was stepped from 10 to 40 Hz for strategies continue to be evaluated which may reduce the amount of
demonstration purposes only. The vitiated air was directed into theturbulence devices required and possibly even eliminate them all
engine ow path at 6 s and the engine was engaged at 12.5 s. Thetogether.
various'step$ depicted on the thrust prte correspond to operating The fuel-based spea impulse performance results for the
frequencies of 10, 20, 30, and 40 Hz during a ramped frequencycon gurations and conditions evaluated are shown in Fig. 8 along
experiment. Although the gross thrust term is more convenient towith a semi-empirical performance model from Caltech [11,12]
modelers, the net thrust for the test conditions could be calculated bybased upon analytical and ballistic impulse measurements for simple
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Fig. 5 Fuel mass fraction vs cycle time at 5 cm after initiator exit.

Fig. 6 Fuel mass fraction vs combustor location.

Fig. 7 Typical engine parameters vs time for a 1810 Hz stepped
frequency run.

combustors operating over one cycle. The model is for static
conditions and likely represents a near maximum performance
reference for PDEs. Because the model was produced from single-
cycle tests, it is presented for a convenient reference and should be
viewed accordingly. The results show a trend that follows the model
and clearly reveal the performance penalty of the initiator. The NPS
585 con guration was substantially shorter than the NPS 1240
con guration which had a larger main combustor volume due to the
increased main combustor length. The result was an initiator volume
ratio (IVR) of 1.5% (vs 4.4% for the NPS 585 cauration) which
substantially reduced the performance penalty of the initiator
reactants due to the increased volume of the main combustor. The
IVR is de ned as the volume of the initiator divided by the total
combustor volume. The solid symbols in Hig. 8 were generated with
fuel mass fraction prdes similar to those depicted in F[§. 6 for the
spatially nonuniform conditions.

Spatially-uniform fuel Il fractions were also performed for the
NPS 585 conguration and are represented as open squares fh Fig. 8.
The amount of fu€lspilled’ out the combustor exit to generate the
uniform pro les was not considered in the speciimpulse
calculations. It can be seen that the effect of the nonunifdrm
pro le resulted in a ben¢only for lean average equivalence ratios.
This was believed to be due to the fact that if any of the oxygen in the

Fig. 8 Fuel-based spect impulse vs equivalence ratio for NPS PDE
con gurations.
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combustor was not used during combustion for the rich conditions, characteristics and the resulting fuel-based spedmpulse
there was an overall loss of energy conversion that would haveperformance values. This is true for valved or continuoow
occurred for a uniform distribution of the same amount of fuel. The devices which use transient fuel injection or premixed fueling
lean combustor comgurations bend from the operational aspect strategies. A large operational behexists for a stratied axial fuel
that it is easier to initiate stoichiometric or slightly fuel-rich distribution when a near-stoichiometric mixture exists near the
conditions than fuel-lean conditions due to the representative cellinitiation end of a combustor to promote rapid ignition/DDT and a
size and associated sensitivity of the mixt{irg [13]. This allowed for leaner mixture is present near the combustor exit. Once a detonation
easier initiation and/or transmission of a detonation wave into theis established, the detonation wave can more easily propagate into the
main combustor increasing the likelihood of a good detonation cycle less reactive mixture. The common existence of such distributions
and high representative thrust levels. Therefore, the nonuniformfor transient fuel injection events generates the need to accurately
axial fuel distributions would be advantageous for an operational determine the time-varying fuel concentration within a PDE
engine by promoting high detonability while allowing the engine to combustor and is extremely important for producing hidblity
operate at overall fuel-lean conditions to maximize spgeanipulse. performance values. The results reveal a performance penalty for
The results would approximate the betseof partial Il scenarios overall fuel-rich conditions with a straéid fuel distribution and a
[[L4], which have been shown to be a method to increase the speci bene t for overall fuel-lean conditions when compared to uniform
impulse, but at a penalty of lowering overall thrust levels. fuel distribution mixtures with the same aggregate fuel mass fraction.
The possible errors due to incorrectly calculating the fuel massThe increase in fuel-based spexiimpulse for overall lean
fraction are shown in Fif 9. Only the NPS 585 cguration data for conditions with a stratied axial fuel mass fraction is similar to the
the nonuniform Il conditions are shown in Fid] 9 to stress the bene ts of partial Il scenarios but allows for higher thrust levels to
importance of properly characterizing the fuel distribution within a be produced due to the use of more combustor volume for
combustor. It can be clearly seen that if a uniform axial fuel combustion and not simply gas dynamic tamping. The application of
distribution was assumed for a sped fuel-injector setting, based an optical fuel measurement system has proven to be an invaluable
on valve ori ce, open duration, and supply pressures, the resultingtool for the accurate prding of the spatial fuel mass fraction
fuel-based spect impulse values would be substantially lower due variation within a PDE combustor over the fuel injection portion of
to a higher calculated aggregate fuel mass fraction than was actuallyhe engine cycle. The characterization of actual fuel distributions in a
within the combustor during those tests. Because the thrust forcemulticycle PDE test therefore allows a more appropriate comparison
measured during the testis held constant for both calculationf, Eq. (1pf experimental-to-computational results by allowing the modelers
results in a reduction of the fuel-based spe@inpulse value dueto  to input the exact experimental fuel ples into simulations of
the increased amount of fuel included in the denominator. The hardware congurations.
magnitude of the error approaches 35% for the fuel-lean conditions
and decreases slightly as the mixture equivalence ratios increase due
to the reduced iruence of the initiator reactants in the calculation. Acknowledgments
The absolute uncertainties in the thrust force were determined to  This research was supported by thec@fof Naval Research with
be 55N and the maximum uncertainties in the fuel mass Gabriel Roy as program manager. The authors would also like to
measurement were reported as 3% over the equivalence ratio rang®ank Jose Sinibaldi at the Naval Postgraduate School and Ma Lin
evaluated resulting in a maximum absolute uncertaintyl@0 son from Stanford for their contributions to this effort.
the fuel-based spea impulse calculations over the equivalence
range evaluated. As thrust levels increase and optical transmission
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