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ABSTRACT. An analytical and experimental investigation was conducted
to determine the operating characteristics of an intermittent-combustion
device emploving gaseous detonative combustion. Gaseous propane and
air were used as propellants in the experimental investigation.

Results indicated that the intermittent-detonation device was capable
of operating on at least two ‘“‘resonant’’ spark-energization frequencies.
For the device used in the investigation these frequencies were approxi-
mately 25 and 50 cps. Reaction thrust, noise output, and actual combus-
tion frequency were noticeably greater at the resonant conditions than at
other operating points.

Reloading the tube with fresh charge nccupied most of the cycle time,
which limits the operating frequency of ihe device. The device does not

appear promising as a thrust producing mechanism because of its low

operating frequencies.
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NOMENCLATURE

Area, ft?
Speed of sound, ft/sec
a/ag, dimensionless form of a
Constant, {t/lb
Constant, ft/lb
Instantancous thrust, 1b
Frequency of spark energization, cps
\verage thrust, Ib
Specific impulse, Ib thrust/lb fuel/sec
Length, ft
Mach number, '/a
Molecular weight
2
y-1
Static pressure, 1b/ft?

( + U, Riemann variables

——( - U, Riemann variables
y-1

Gas constant, ft-1b/1b-°R
s
Cly -1
Specific entropy, Btu/lb °R

, dimensionless form of s

Absolute static temperature, °R
Time, sec

Slope of P Riemann variable

Slope of Q Riemann variable

Flow velocity relative to duct, ft/sec
u/ag, dimensionless form of u
Average velocity with reference to duct, ft/sec
Shock velocity relative to duct, ft/sec
v/ag, dimensionless form of v

Weight flow of fluid, 1b/sec

Distance, ft
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a Injection angle, degrees
¥ Ratio of specific heats, ¢,/c,
0 Air-fuel ratio, (Ib-air/sec)/(Ib-fuel/sec)
¢ x/Lg, dimensionless form of x
p Density, Ib/ft®
t agt/Lg, dimensionless form of ¢
SUBSCRIPTS
0 Initial conditions, reference to atmosphere
1 Conditions in unburned gas
2 Conditions in burned gas behind detonation wave
3 Conditions in burned gas behind trailing rarefaction wave
2c  Conditions in burned gas relative to tube
a Air
av  Average
¢ Cycle
d Detonation
ex [Exhaust
[ Fuel

vi

Conditions at injection plane

Mixture
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INTRODUCTION

Under certain conditions of pressure, volume, and composition of various combustible gas
mixtures in tubes, a flame front will propagate through the mixture at speeds ranging from 3,000 to
12,000 ft/sec upon ignition of the mixture. This front is called a detonation wave and the propa-
gating speed is the detonation velocity. Much experimental and theoretical work has been devoted
to the study of detonation waves, mainly in shock tubes in which the wave is in a transient state.
Until recently, however, little work had been done from the viewpoint of utilizing the energy asso-
ciated with these supersonic combustion waves. The relatively high pressures associated with
detonative combustion could conceivably be used in a reaction propulsion device.

Detonative combustion can be applied to a reaction engine in three ways.

1. Accelerate a combustible gas at high total temperature and pressure to the local detona-
tion velocity (3,000-12,000 ft/sec) and then cause it to ignite, thus establishing a standing
(steady-state) detonation wave.

2. Stabilize a detonation wave near the exit scction of a convergent—divergent nozzle (rocket
motor), so that advantage may be taken of very-high-energy fuels using normal combustion-chamber
materials and normal cooling techniques.

3. Operate intermittently in the manner of a pulse jet, but utilize the supersonic combustion
properties of the detonation wave.

This investigation is concerned with the performance characteristics of an intermittent-
detonation device using propanc—air mixtures. Idealized relationships among the physical param-
eters of the detonation device, the air—fuel ratio, the air flow rate, and the frequency of spark
energization have been derived from basic fluid-flow equations, and experiments have been per-
formed to verify these equations,

The intermittent-detonation device was operated with propane—air mixtures in preliminary
runs at the University of Nebraska in February, 1959. kxperimental results reported here were
obtained at the U. S. Naval Ordnance Test Station,

LITERATURE REVIEW

In the latter part of the nincteenth century, the IFrench physicists Berthelot and Vieille (Ref.
1) and Mallard and LeChatelier (Ref. 2) found that in a combustible mixture under certain condi-
tions, combustion waves developed that possessed propagation velocities considerably greater
than the velocity of sound at ordinary temperatures and pressures. Chapman (Ref. 3), Jonguet
(Ref. 4), and Dixon (Ref. 5) independently advanced the explanation that the steady-state detona-
tion that is commonly observed in experiments has a fluid flow immediately behind the detonation
wave with a Mach number exactly equal to one relative to the wave. Such a detonation wave is
called a Chapman-Jouguet detonation. Von Neumann (Ref. 6), Doring (Ref. 7), and Zeldovitch
(Ref. 8) independently analyzed the problem of the internal conditions in the detonation wave.
The detonation wave was considered to be composed of a normal shock followed by a deflagration.
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The deflagration was thought to be initiated by a temperature increase across the shock wave.
Recent photographic studies by Greifer et al (Ref. 9) tend to confirm this explanation, The Von
Neumann (Ref. 6) model of a detonation wave is based on the assumption that viscous dissipation,
heat conduction, and diffusion effects may be neglected, in first approximation, in the description
of wave structure. Hirshfelder and Curtiss (Ref. 10) have investigated the internal conditions of a
detonation wave with simplifying assumptions about the chemical kinetics, but including the ef-
fects of viscosity, diffusion, and thermal conductivity.

Experiments by Turin and Huebler (Ref. 11) and Shckelkin (Ref. 12) tend to support the the-
ory that both wave phenomena and turbulence account for the transition and that it is controlled
by one or the other or both, depending on the physical characteristics of the combustion tube.
Morrison (Ref. 13) has shown that the Mach number of detonaticn is an important parameter in det-
onation phenomena.

The first reported work on intermittent detonation was done by Hoffmann (Ref. 14) in 1940,
He operated an intermittent-detonation device successfully with acetylene—oxygen mixtures by
using water vapor to prohibit premature burning, and with liquid fuels, namely benzine—oxygen
mixtures. Hoffmann measured thrust for various operating conditions, and found that the distance
from the fuel injector to the spark source and the length of the diffuser beyond the spark source
were important factors,

The next work was reported by Nicholls, Wilkinson, and Morrison (Ref. 15) in 1955, They
operated an intermittent-detonation device with hydrogen—air mixtures. For a constant fuel—-air
ratio and a given air flow rate it was found that the thrust increased to a maximum and then de-
creased with increasing frequency of detonation. The measured specific impulse was in good
agreement with that predicted by their simplified wave analysis in which experimental values of
the detonation velocity for hydrogen—air mixtures were used.

THEORY

The physical characteristics of the intermittent-detonation device are such that it may be
compared readily with the classical experimental apparatus used for the observation of gaseous
detonation waves. The classical tube is of circular cross section with much greater length than
diameter and with one end closed. An ignition source is located near the closed end, The tube is
filled with a gaseous combustible mixture, the mixture is ignited, and measurements and observa-
tions are made as the deflagration accelerates to a detonation and proceeds to the open end of the
tube. A more thorough discussion of the transition from deflagration to detonation is given in Ap-
pendix A, Only one detonation is produced in the classical apparatus, and the tube must be re-
charged with unburned mixture after each firing. The intermittent-detonation device differs in that
the closed end is replaced with a manifold system so that the combustion mixture is continually
discharged into the tube. In addition, the spark ignition source is energized at a constant frequen-
cy rather than by the single pulse that is given to it in the classical detonation tube,

The specific impulse, /,p, for an air-breathing reaction—propulsion device is defined as the
thrust that would be obtained from an equivalent device that has a fuel-weight flow rate of unity,
It is defined as

wf

where F,, is the average thrust in pounds, and wy is the fuel-weight flow rate in Ib/sec.
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Considering the tube as a system and neglecting frictional losses, the only force acting
on the tube is that due to the pressure unbalance on the closed end of the tube (p3 ~ p;). When a
detonation wave is formed at the closed end of a tube, it is followed by a rarefaction wave that
slightly reduces the high pressure immediately behind the detonation wave and also brings the gas
behind the detonation wave to rest. The maximum instantaneous thrust, F, is given by

F=(py =p)d = Apl(EE - l)
P
where p; is the pressure in the unburned mixture, p; is the pressure behind the trailing rarefaction
wave, and A is the cross-sectional exhaust area of the tube. Morrison (Ref. 13) has shown that
the pressure ratio p3/py is given by "

i -1 -
P _ (1 +y1 ’3)(1 ) Yi_uzc)zwg/m D n
I 1+ y 2

where 1y is the Mach number of detonation, My is the Mlach number of the bumed gases with

respect to the tube, y is the ratio of specific heats, and the subscripts 1 and 2 refer to conditions
in the unburned and bumed gas, respectively.

For an intermittently operating device py decreases during the exhaust time, ¢,,, until atmos-
pheric pressure is reached. Therefore, the thrust also decrcases in this time interval. The aver-
age thrust for the cycle is given by

Fao = (foeFde) 1, (2)
where ¢, is the time for one cycle. It includes
tgy the time for the detonation wave to travel the tube length I
tes the time for the tube to exhaust to atmospheric pressure
tms the time to introduce a fresh mixture charge.

An expression for the pressure on the closed end of the tube as a function of time must be deter-
mined before the average thrust given by Eq. 2 can be evaluated.

WAVE-MECHANISM ANALYSIS

The flow of burned gas from the detonation tube and the decay of pressure of the bumed gas
are phenomena complicated by the interaction of expansion, compression, and shock waves that
propagate up and down the tube. The flow rate and pressure of the burned gas depend directly on
the wave phenomena. The only analytical method of determining accurately this wave interaction
is the method of characteristics. The wave diagram resulting from this graphical method represents
the propagation of waves in space and time. Only specific problems can be solved by this method;
no general solution of the problem of unsteady flow in ducts is known.

An analysis has been made of the wave phenomena occurring in the discharge of the detona-
tion tube for a specific casc. This analysis was made with the following simplifying assumptions
that were necessary for the solution of the problem.

1. Flow is isentropic.

2. The Chapman-Jouguet detonation condition is established immediately at the closed end
of the tube.

3. The detonation wave and trailing rarefaction wave travel as two waves separated by a
negligible distance.

4. The detonation wave increases the pressure of the gas within the tube. The temperature
of the burned gas then corresponds to that indicated by the isentropic boundary conditions.
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S. A shift in the center of mass of the burned gas does not occur as the detonation wave
proceeds to the open end of the tube.

6. The fresh mixture charge begins to flow into the closed end of the tube when atmospheric
pressure is reached at the closed end.

7. The interface between the fresh charge and the burned gas is a discontinuity that moves
at constant velocity determined by continuity considerations. Interface velocity can be altered
only by shock—interface interactions.

8. There are no valving or frictional losses.

The most prubable deviation from actual conditions will result from the assumption of isen-
tropic temperature, which is a direct result of the original isentropic-flow assumption.

The wave diagram resulting from the method of characteristics solution is shown in Fig. 1.
The computed values from which this diagram was drawn are tabulated in Table 1, together with
the specific conditions for which the problem was solved. An explanation of the computing pro-
cedure is given in Appendix B. Reference 16 was used as the main source for computational pro-
cedure.

EXPLANATION OF WAVE DIAGRAM

The wave diagram (Fig. 1), is a dimensionless time—distance plot. The slope of the waves
is an indication of their relative velocity. The flow phenomena may be explained as a number of
discrete steps; the wave diagram begins with step 3.

L. Ignition of the combustible mixture results in a detonation wave and trailing rarefaction
wave that propagate to the open end of the tube and increase the pressure of the gas within the
tube,

2. The detonation wave reaches the open end of the tube and a shock of lesser strength is
transmitted into the surrounding atmosphere, The burned gas within the tube is quiescent because
of the action of the trailing rarefaction wave.

3. A centered expansion fan races back into the tube and accelerates the gas to a finite
velocity. The exit velocity remains constant and sonic between points 09,

4. The reflected expansion waves, points 1-9 and 10-17, cannot be reflected back into the
tube because of the sonic flow condition at the exit. Therefore, they simply move out of the end
of the tube.

5. Flow at the exit remains sonic until the pressure is reduced to a point where subsonic
flow can occur, and waves can be reflected back into the tube. This condition occurs between
points 17 and 24. Therefore, when the reflected third wave of the expansion fan, points 18-24,
reaches the open end of the tube, it is reflected as a compression wave.

6. The reflected third and fourth compression waves, points 18—24 and 25-31, merge to
form a shock wave that moves toward the closed end of the tube.

7. The arrival and reflection of the original expansion fan at the closed end of the tube re-
duces the closed-end pressure until, at a point slightly above point 39, the pressure is atmos-
pheric. At this point the charge of fresh mixture begins to flow into the tube ata constant velocity.

8. Crossing of the interface by the expansion waves at points 46 and 55 would probably re-
sult in transmitted waves into the fresh mixture. These have been neglected in this analysis,
Because of their weakness, their probable effect on the fresh mixture would be negligible. Instead,
the expansion waves are reflected from the interface and propagate toward the open end of the tube.
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9. The weak shock propagating into the tube crosses the interface, and the weaker trans-
mitted shock is reflected from the closed end of the tube and again crosses the interface. The
result of these two crossings is, in each case, an expansion fan that accelerates the interface.
However, these accelerations are in opposite directions and result in no appreciable change in
the interface velocity.

10. A very weak shock is transmitted from the second shock—interface interaction and prop-
agates toward the open end of the tube. When the shock arrives at the open end of the tube a
centered expansion fan is originated that travels back into the tube.

The wave diagram was discontinued at this point because the wave interactions are now so
weak that no appreciable effect results.

The movement of the interface drives the burned gas from the tube, and there is no inflow of
atmospheric air into the open end of the tube, The pressure history at the closed end of the tube
(Fig. 2) has been drawn from the pressure-ratio values obtained in the wave-diagram computations.
The general shape of the pressure-decay curve will remain the same for various air-fuel ratios
and air flow rates; however, the specific values of the time and pressure ratios will change. Thus,
no general analytical expression is available for the determination of the pressure decay within
the detonation tube. For the conditions of Fig. 1, the exhaust time is about 13.5 milliseconds.

The solution discussed above yields an exhaust time that is too long, because a low value
was used for the speed of sound in the burned gas (based on an isentropic value obtained from the
pressure ratio). The characteristics solution yields information about the nature of the expansion,
compression, and shock waves to be expected within the duct, but does not give an accurate anal-
ysis of the magnitude of the physical quantities involved.

The simplified wave solution proposed in Ref. 15 assumed that the pressure in the burned
gas was reduced to atmospheric by one returning rarefaction wave traveling at the sound velocity
of the bumed gas. This startling simplification is shown reasonable by the characteristics solu-
tion. Perhaps the strongest argument is that theoretical results compare surprisingly well with
experimental results. The equations, arranged to include the air—fuel ratio, 6, can be expressed

as
t 1+ W2 -1
Fuo =<*4p, [( n ')(1 e .|/2C)272/‘72'”-1 (3)
L 1+ 4] 2 J
and
L lexAPlol(l + )’11/%)(1 R y )272/(72-1)_1 @
sp ~ . H2e
tcua 1+ Y2 2

Computations for Eq. 3 and 4 are tabulated in Table 2;

plots of the equations are shown with

experimental results in Fig. 28 and 29,

DETONATION-TUBE LOADING

Because of the semicontinuous operation of the intermittent-detonation device, the possibil-
ity exists that, above certain frequencies, the detonation wave may overrun the burned products of
the previous cycle. This collision would result in a mild rarefaction wave reflected upstream and
a shock wave transmitted downstream into the burned products, with a consequent loss of thrust.
This has been reported in Ref, 15 for hydrogen—air mixtures. Therefore, for maximum specific im-
pulse to be obtained from ideal mechanical operation of the detonation tube, the cycle should be
repeated only when the tube has been completely refilled with unburned mixture. If the cycle is
repeated at some time after the tube is completely refilled, a lower specific impulse will be real-
ized because of the loss of fuel to the atmosphere,
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The rate at which the unburned mixture fills the tube is controlled primarily by the air flow
rate for a tube of constant cross section and length. Assuming incompressible flow, the flow velo-
city in the tube may be determined using

W = PnAVn
where wy, is the total mass flow rate, p, is the mixture density, 4 is the tube exhaust area, and
Vi is the mixture flow velocity, With
W = W, + Wf and 0= wa/wy
v wg(l +1/6)
" pad
The density of the mixture, p,,, must be determined from a calculation of the volume percentage of
fuel involved. A plot of mixture flow velocity versus air~fuel ratio for constant air-flow rates is
shown in Fig. 3. The time required for the mixture to fill the tube completely is given by
‘m = L O/VM (6)
where Lo is the length of the tube in feet.

(5)

INJECTION VELOCITY

The injection velocity of the unburned mixture into the detonation tube may be calculated as-
suming incompressible flow.
(V) g = (W) g + (W),
where w is the weight flow of fluid, V; is the injection velocity, and the subscripts m, a, and f
refer to mixture, air, and fuel, respectively. Using

Wy = Wg + Wy and w = pA;V;

where p is the density and 4; is the injection flow area, the mixture injection velocity is

V,,”' - (wz/pAi)a + (wz/pA,')/ (7)

Wy + w,

The assumption that Chapman-Jouguet detonation is established immediately at the closed
end of the tube may only be approximated in the actual case. The detonation wave will be formed
almost immediately after spark energization if the burning initiated by the spark is turbulent rather
than laminar. Turbulent burning is induced by a reverse-flow fuel injector that directs the fuel
flow diagonally rearward against the air flow. The vector relationships are

A

a
(wl?)o \ ("V/)m

|

+> 7

L—-
7 (wV;),

Since the momentum of the mixture, which is in the x direction, is not affected by the y-momentum
component of the fuel momentum

(W) = (wh) g+ WV))f cos &

where & is the angle of fuel impingement, measured counterclockwise from the direction of unburned
mixture flow, Equation 7 becomes
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®
(w?/p4,)4 + (w?/pA); cos &

mi =~

We + we
Substituting 0 = 1,/wy and setting the constants

1 cos U
C=— and =
Aaipa A!l’P!

) B + €02
"mi =W,
a1 +6)

A plot of Eq. 8 is shown in Fig. 4. Assuming an injection temperature of 100°F, a specific heat
ratio of 1.4, an air-fuel ratio of 15.6 (stoichiometric), and an air flow rate of 0,0500 Ib/sec, we
find that the maximum Mach number of injection is 0.317. The maximum permissible Mach number
at which flow may still be considered incompressible is about 0.3 (Ref. 17), so that the original
assumption of incompressible flow is reasonably valid.

(8)

FREQUENCY OF SPARK ENERGIZATION

The frequency of spark energization, assuming that a detonation wave will be formed with
every spark discharge, is given by

f=1/t, (9)
where
le =tg +lex +1n

The detonation-wave travel time may be expressed as

lg= IIQ,'Vd = I.o,/.”lal

where }; is the velocity of the detonation wave with respect to the tube, !} is the Mach number
of detonation, and a; is the speed of sound in the unburned gas.

The time for the tube to exhaust to atmospheric pressure is not known in general terms; an
approximation based on Ref. 15 is used.

tex = l.o/aq

where aq is the specd of sound in the burned gas. The speed of sound in the burned gas is deter-
mined from the temperature of the burned gas, which is given by the relation

h_mnl (1 +~y"‘-112)2 (10)

‘o o
T muM\1lay,
where m is the molecular weight. For this case the molccular-weight ratio will be considered

unity.
The time required for the unburned mixture to fill the tube, ¢, is given by Kq. 6.

It is readily seen that the detonation travel time, ¢y, and the exhaust time, t,, depend on
the Mach number of detonation, M, which is dependent on the air—fuel ratio, 6. The loading time,
t,,, depends on both the air~fuel ratio and the air flow rate, with the air flow rate being the pre-
dominant factor. A plot of Eq. 9 is shown in Fig. 5. This is, of course, a highly idealized equa-
tion,

The frequency of operation of the intermittent-detonation device may be estimated with an
error of less than 6% by neglecting the detonation and exhaust times in Eq. 9. An approximation
of this type would be useful if detonation velocity data were not available for the proposed air~
fuel combination,
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THEORETICAL CALCULATIONS

Calculations were made for a propane—air mixture with the following physical characteristics
for the detonation device:

Agi =0.279 in? o = 135 degrees
Agi = 0.010 in? y1 = L4

pa = 0.0765 Ib/ft® ys = 115
ps=0.1114 1b/ft® my = my

Calculated values for the constants B and C in kq. 8 are
B = =100,654 and C=6,713

The Mach number of detonation, V|, for propanc—air mixtures was taken from calculations
made by Fisen, Gross, and Rivlin (Ref. 18) on an automatic digital computer. \ plot of Mach
number of detonation versus air—fuel ratio! is shown in Fig. 6.

EXPERIMENTAL EQUIPMENT

The experimental apparatus permitted the operating parameters—the air and fuel flow rates
and the frequency of spark energization—to be independently varied (Fig. 7). Thrust was meas-
ured by a reaction balance. \ir and fuel flow rates were measured with Fischer and Porter
variable-area flowrators. Spark-energization frequency was recorded on a Honeywell Model 906 \
Visicorder Oscillograph.

INTERMITTENT-DETONATION DEVICE

The intermittent-detonation device consists of three assemblies: the air manifold, the fuel
injector, and the detonation tube. The air manifold (Fig. 8) consists of an inner and outer shell,
both turned from mild steel. The outer manifold is fed by two air lines while the inner manifold
has eight inlet ports whereby air is introduced into the detonation tube coaxially. The double-
shell manifold design evolved from the single-shell design of a preliminary test device.

The fuel injector (Fig. 9) has three parts: a pintle, a sealing nut, and a reverse-flow diffuser.
\ll parts were machined from brass. The pintle is a hollow tube that passes through the outer air-
manifold shell and screws into the inner air-manifold headplate. The sealing nut screws into the
outer air-manifold headplate and contains an O-ring that scats on the pintle to prevent air from
passing back along the tube. The flat-face reverse-flow diffuser screws into the inner end of the
pintle and directs the fuel flow rearward against the air flow at an angle of 45 degrees. The fuel
injector used on the preliminary test device was a short length of 1/8-inch pipe. The fuel was in-
jected coaxially with the air strea.n and mixing of the two streams was found to depend on the
air—fuel ratin. The flat-face reverse-flow injector was substituted to retain the closed-end tube
effect of the classical detonation apparatus while introducing the required mixture turbulence,
since both are necessary for rapid transition from deflagration to dctonation. In the air manifold
and fuel injector assembly, shown in Fig. 10, the flat face of the reverse-flow injector almost
closes the end of the detonation tube to provide the closed-end tube effect.

The detonation tube is made from 1 1/4-inch OD by l-inch ID seamless steel tubing, 6 feet in
length. One end is threaded externally to permit attachment to the air manifold. The ignition elec-
trodes are provided by a standard 18-mm aircraft spark plug that screws into a threaded riser welded
to the tube wall approximately 15 tube diameters downstream from the mixing plane.

I The extrapolation is based on a personal communication with Dr, R. A, Gross.
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SPARK ENERGY SOURCE

\ thyratron pulsing circuit was built that controlled the spark frequency satisfactorily; how-
ever, the spark was of insufficient energy to ignite the moving propane—air mixture. An automo-
bile distributor wastried as a means of pulsing the induction coil primary. A standard 6-volt auto-
mobile coil provided ignition that resulted in spasmodic tube operation, and a more powerful in-
duction coil of the scientific instrument type with spring-loaded breaker points did not lend itself
to imposed frequency operation.

Use of an oil-filled Delco-Remy automobile induction coil resulted in satisfactory tube opera-
tion. The high-tension induction-coil primary is connected through a modified automobile distribu-
tor to a 12-volt d.c. power supply. The distributor is modified by increasing the capacitance
across the breaker points from 0.18 to 8 millifarad to prevent point arcing caused by the high cur-
rent drain of the coil. The distributor is direct-diiven by a 1/5-horsepower, 27-volt d.c. motor-
gear-train combination. The motor speed is controlled by varying the voltage with a 150-watt
rheostat. The spark frequency can be varied from 1 to 60 cps. The distributor assembly is shown
in Fig. 11,

THRUST MEASUREMENT

It was intended originally to measure the thrust output of the intermittent-detonation device
by mounting the device in a specially designed test stand. The device was mounted on a plate
that was attached to a firm base by two thin flexure plates. An electromechanical transducer was
mounted so that one side of the transducer was connected to the movable upper plate while the
outer side was attached to the firm base. Although this test stand proved quite sensitive, it had
undesirable resonant-vibration characteristics and could not be used.

The device was then suspended as a pendulum with the manifold end connected directly to an
clectromechanical transducer. This thrust measuring apparatus also had undesirable resonant-
vibration characteristics and was abandoned. The high-intensity spark caused the galvanometer
in the oscillograph to jump, and no satisfactory solution to this problem was found.

A reaction balance (Fig. 12) was built that consisted of a movable mount restrained by an ex-
pansion spring. A device of this type had been used by Hoffman (Ref. 14). The mount consists of
a cart on 4 ball-bearing rollers that move on the rails of an inverted 8-inch steel channel-section,
4 feet in length. The tops of the tails were milled and surface ground to provide a smooth surface.
An 18-coil expansion spring, fabricated from 0.053-inch-diameter music wire, and the air hose
leading to the cart provided the restraint for the system. After calibration with a dead-weight sys-
tem, the thrust of the intermittent-detonation device was measured by noting the deflection of the
cart along the channel on a scale attached to the inverted channel-section. This thrust-measuring
system proved entirely satisfactory. Since it was completely mechanical, the high-intensity spark
discharge had no effect. The one drawback to the system was that it measured onlv the average
thrust; variation of thrust within each cycle could not be obtained. With the detonation tube in
operation the cart was absolutely steady at frequencies above 15 cps. At frequencies below 15
cps a slight reciprocating motion was noted, and average readings were taken. Reproducibility
was very good.

FLOW MEASUREMENT

Air was discharged from a Leroi compressor into a 200-cubic-foot storage tank, filtered by a
replaceable cartridge filter, and passed through a Grove dome regulator that provided a constant-
pressure flow output. The air temperature was measured by a dial thermometer, and the air flow
by a factory-calibrated flowrator, The manufacturer states an accuracy of 1% of maximum flow for
a calibrated meter. pstream and downstream air pressures were read on Bourdon-tube pressure
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gages. Air flow was controlled by a 3/4-inch globe valve placed on the downstream side of the
flowrator. The air line between the control valve and the detonation-device manifold was l-inch
flexible air hose.

Propane was supplied from a 25-gallon (100 pounds) commercial propane cylinder placed in a
hot water bath with the water temperature regulated to maintain a propane bottle pressure of at
least 100 psi (Fig. 13). Propane was passed through a Grove dome regulator which provided a
constant-pressure-flow output independent of flow rate. The temperature of the propane was
measured by a dial thermometer and the flow by a flowrator. Upstream and downstream pressures
were read on Bourdon-tube pressure gages. Propane flow was controlled by a 3/8-inch needle
valve placed on the downstream side of the flowrator. The propane flow was carried to the
detonation-device injector through a 1/4-inch high-pressure hose.

Dome pressure for the Grove regulators was supplied from a high-pressure nitrogen bottle.

Air and propane flow measurement and control apparatus along with other control instrumenta-
tion was grouped on a control panel, shown in Fig. 14.

EXPERIMENTAL PROCEDURE

GENERAL OBSERVATIONS

Preliminary runs at the University of Nebraska in February, 1959 showed that the detonation
device was sensitive to certain physical parameters. The distance between the fuel-injection
plane and the spark source determined whether the tube ‘could be operated smoothly at various air
flow rates. With the spark source near the injection plane the tube performed satisfactorily for
low air flow rates. As the spark source was moved farther away from the injection plane the tube
could be operated at high air flow rates, but did not work well at the lower air-flow rates.

The distance the spark electrodes projected into the detonation tube had a very decided effect
on tube operation—a difference of a few hundredths of an inch determined whether the tube oper-
ated smoothly or spasmodically.

It was noted also that the detonation tube did not fire the same number of times per second
that the ignition-coil primary was energized. It was shown that the spark plug was firing each
time the coil primary was energized; therefore, it was concluded that the relationship between
spark-electrode discharge and detonation-wave formation was a function of the wave interaction
occurring within the tube. Since instrumentation for determining the formation of the detonation
wave in the tube was not immediately available, it was decided to plot the data as a function of
energization frequency and not of the actual firing rate of the detonation tube.

The above were general observations; no measurements were made to determine the exact
effect of varying the parameters of the detonation device. The spark source was located 15 inches
downstream from the fuel-injection plane. The projection of the spark electrodes into the tube was
determined by operating the detonation device with the spark electrodes in various positions. The
spark electrodes were fixed in that position which seemed to give smooth tube operation over the
range of air-fuel ratios studied.

A plot of the power input to the ignition coil is shown in Fig. 15, along with the power output
per spark discharge computed on the basis of a coil efficiency of 100%. The power input to the
ignition coil primary was obtained by placing a Weston electrodynamometer wattmeter in the pri-
mary circuit. As the frequency of spark-coil energization increases, the power input to the coil
primary decreases because of the shortened time interval the current has to build up against the
inductive resistance of the primary winding. Lewis and Von Elbe (Ref. 19) indicate that the mini-
mum ignition energy for stoichiometric propane—air mixtures at atmospheric pressure is about 0.26
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millijoule. Figure 15 shows a power output of 0.65 joule at a spark-energization frequency of 60
cps. Thus, any difficulty in firing the propane—air mixture is the result of the physical placement
of the spark electrodes with respect to the tube, and not the result of insufficient spark ignition
energy.

An attempt was made to photogtaph the exhaust of the detonation tube with a 16-millimeter
motion-picture camera using Eastman Tri-X film at a speed of 1,000 frames per second. The test
was conducted at night so that the exhaust flame would be visible. The light from the flame was
of sufficient intensity to record an image on the film on only one frame for each tube firing, and
resolution of this frame was poor because of the*high frame speed.

A test was made with an aluminum alloy detonation tube with a l-inch OD and a length of 54
inches. The spark electrodes were located 15 inches from the fuel-injection plane. At an air flow
rate of 0.0500 lb/sec and a frequency of spark energization at, or near, the upper resonant point,
which is discussed under the heading Test Results, the aluminum alloy detonation tube failed
structurally at a point about 8 inches from the exhaust end. It is believed that at or near this lo-
cation the detonation wave is formed (see Appendix A). This failure occurred after about 2 min-
utes of operation at this frequency. Subsequent tests with the seamless steel detonation tube used
in this investigation resulted in the steel tube bending from its own weight at the same approx-
imate point at which failure occurred in the aluminum alloy tube. The steel tube was 72 inches in
length. It should be noted that the calculated theoretical temperature immediately behind the det-
onation wave is in the order of 6300°R (Table 2). Heat transfer to the detonation-tube walls is
increased because of the cyclic operation of the device. In the specific instances mentioned
above, it was sufficient to cause complete or partial failure of the detonation tube.

TEST PROCEDURE

A test was started by adjusting the air flow rate to the desired value, adjusting the spark fre-
quency by limiting the voltage input to the distributor drive motor with a rheostat, and admitting
propane into the detonation tube. When the desired flow and frequency conditions had become
stabilized, a record of flowrator readings, temperatures, and pressures was taken, The reaction-
balance deflection was noted and a short length of oscillograph paper run off to record the spark-
energization frequency. The thrust was measured for two series of tests: the air flow rate and
spark frequency were fixed and the propane flow rate was varied to give different air—fuel ratios;
and the air flow rate and air—fuel ratios were fixed and the spark frequency was varied.

Static calibration of the thrust measuring apparatus was made before and after each run, The
calibration for a particular air flow rate was made with the air flow passing through the detonation
tube. Therefore, all thrust values determined were net thrusts. An electric fan was always used
to cool the ignition coil and also during the calibration. No difficulty was experienced in repeat-
ing calibration points.

TEST RESULTS

After the physical parameters of the detonation device were fixed, the effects of air—fuel
ratio, air flow rate, and spark-energization frequency’on tube operation were determined. The
thrust produced by the discharge of the burned gas from the detonation tube yields the most infor-
mation about tube operation. The thrust is a function of the pressure increase across the detona-
tion wave and the frequency at which the tube fires. Therefore, data were taken for plots of thrust
versus air-fuel ratio for various air flow rates and frequencies and for plots of thrust versus fre-
quency for various air flow rates and air—fuel ratios. Plots of fuel specific impulse versus air
flow rates indicated the amount of thrust produced per pound of fuel burned. Figures 16-27 are
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plots of the test results. A line representing stoichiometric propane—air mixture has been drawn
on each plot.

EFFECT OF AIR-FUEL RATIO ON THRUST

Figures 16-18 indicate the effect of air~fuel ratio on the thrust produced by the detonation
tube for constant air flow rate and constant frequency of spark energization.

Figure 16 indicates the thrust variation for an air flow rate of 0.0400 Ib/sec. The thrust in-
creases with frequency until about 40 cps is reached; above 40 cps the thrust is reduced. The
peak thrust occurs for all frequencies investigated at fuel-rich, air~fuel ratio of about 12.5.

Figure 17 is a plot of thrust versus air-fuel ratio for an air flow rate of 0.0500 Ib/sec. The
thrust increases with frequency until about 55 cps is reached; at 60 cps the thrust is reduced.
Runs made at 8.5, 12, 20, 25, and 60 cps exhibit similar behavior with respect to thrust variation
with air—fuel ratio. Runs at 33.5 and 40 cps exhibit a different behavior pattern from these, while
the maximum-thrust run at 55 cps exhibits a third behavior pattern. The peak thrust occurs at an
air—fuel ratio of about 12.5 for the runs made at 25, 33.5, 40, and 60 cps; at an air—fuel ratio of
about 14 for the low frequency run, 8.5 cps; and at about 11.5 for the runs made at 12 and 20 cps.
The maximum-thrust peak occurs at an air—fuel ratio of about 13.5 at 55 cps. All thrust peaks
occur with fuel-rich mixtures.

Figure 18 shows the variation of thrust for an air flow rate of 0.0576 lb/sec. This was the
maximum air flow rate investigated because of the flow capacity of the air flowrator, The thrust
incezases with frequency until about 55 cps is reached; at 39 cps the thrust has dropped considerably.
Runs at 21 and 27 cps show that the peak thrust occurs at an air—fuel ratio of about 12; the low
frequency run at 10 cps exhibits a constant thrust for a large range of air—fuel ratios, The 35- and
45-cps runs exhibit a marked reduction of thrust at an air—fuel ratio of about 11.5. The 55- and .
59-cps runs exhibit similar behavior with the reduction of thrust being more pronounced in the 55
cps run, The maximum-thrust run at 55 cps exhibits a peak at an air—fuel ratio of about 13 and the
run at 59 cps shows a peak at about 14.8. All thrust peaks occur with fuel-rich mixtures. .

Morrison (Ref. 13), includes spark-schlieren photographs in his report which show that “‘clean”
detonation fronts occur for hydrocarbon—oxygen mixtures which are slightly fuel rich. As the
mixture becomes fuel lean the detonation front becomes an ‘‘interacting, nonhomogeneous region
of shocks and combustion,"

A review of the thrust variation with air—fuel ratio for constant air flow rate and constant
frequency indicates the following:

1. The thrust increases to a maximum and then decreases as the frequency is increased for
all air flow rates investigated.

2. The thrust increases with increasing air flow rate.

3. All thrust peaks occur with fuel-rich mixtures and with air—fuel ratios between 11 and 14
with the exception of the 10- and 59-cps runs at an air flow rate of 0.0576 lb/sec where the peak
occurred at an air—fuel ratio of about 15.

4. Below 30 cps, the thrust increase to, and decrease from, the maximum is gradual. Be-
tween 30 cps and the maximum-thrust frequency the increase is more abrupt as the mixture be-
comes increasingly fuel rich, and the decrease is very abrupt especially for the 0.0500- and 0.0576-
Ib/sec air flow rates. For frequencies above the maximum-thrust frequency the thrust increases as
the mixture becomes increasingly fuel rich and then, after the peak has been reached, decreases
very gradually. .

12
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5. The maximum net thrust measured in the investigation was about 2.26 pounds; this
occurred at an air flow rate of 0.0576 Ib/sec, an air~fuel ratio of about 13, and a frequency
of about 55 cps.

EFFECT OF SPARK-ENERGIZATION FREQUENCY ON THRUST

Figures 19-21 indicate the effect of spark-energization frequency on the thrust produced by
the detonation device for constant air flow rates and constant air~fuel ratios.

Figure 19 shows that the thrust apparently reaches a peak at two frequencies at an air flow
rate of 0.0400 1b/sec. For all air—fuel ratios plotted, the thrust increases with frequency until,
at about 45 cps, the thrust remains essentially unchanged as the frequency is increased. The rate
at which the thrust increnses appears to decrease at about 25 cps and then reaches a well defined
maximum at about 40 cps, with the exception of the very fuel-rich mixture of 9.79, which reaches
a peak at about 45 cps. The maximum-thrust peak occurs for an air—fuel ratio of about 12.6 and a
frequency of about 40 cps. The improved performance of the detonation device at the upper reso-
nant frequency was very noticeable from the acoustic output of the tube. As the spark frequency
was increased slightly, the frequency of tube operation increased very noticeably.

Figure 20 is a plot of thrust versus spark frequency for an air flow rate of 0.0500 1b/sec. The
double thrust peak is again prominent for this air flow rate. The first peak appears to occur at
about 25 cps and the second, larger, peak occurs at about 48 cps (the acoustic output indicated
the general shape of the curve as shown) for an air—fuel ratio of about 17 (slightly fuel lean) with
the peak for the other air-fuel ratios occurring at about 55 cps. The peak for the maximum-thrust
run occurred for a fuel-rich air—fuel ratio of about 12.95.

Figure 21 is a plot of thrust versus spark frequency for an air flow rate of 0.0576 Ih/sec.
Again the thrust peaks are the predominant factor. The peak at the lower frequency is consider-
ably damped when compared with the peak at the lower frequency for the air flow rates previously
examined; the peak at the upper frequency is very distinct for all air-fuel ratios plotted. The
abrupt decrease in thrust was very noticeable from the acoustic output of the tube. Firing be-

came spasmodic for frequencies above 55 cps.
o

A review of the thrust variation with the frequency of spark energization for constant air flow
rates and constant air—fuel ratios indicates the following:

1. The thrust increases with the frequency, reaching a maximum value at frequencies between
39 and 55, depending on air flow rate.

2. Two thrust peaks appear on the thrust versus frequency plots. The first, at a frequency of
about 25 cps, is not as dominant ‘as the upper peak, which occurs at frequencies between 39 and
55 cps.

3. As the air flow rate increases the upper thrust peak occurs at higher frequencies while the
lower peak appears to remain at about 25 cps.

EFFECT OF AIR-FUEL RATIO ON FUEL SPECIFIC IMPULSE

Figures 22-24 indicate the effect of air—fuel ratio on the fuel specific impulse for constant
air flow rate and constant frequency.

Figure 22 is a plot of fuel specific impulse versus air~fuel ratio for an air flow rate of
0.0400 Ib/sec. Examination shows that the specific impulse increases with spark frequency,
reaching a maximum at about 40 cps and then decreasing as the frequency is increased. The
curves appear to reach maxima at air—fuel ratios between 14.5 and 16 for all frequencies except
the 60-cps run, which reaches a maximum at an air—fuel ratio of about 13
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Figures 16 and 22 show that the specific impulse, when compared with the thrust, reaches a
maximum at air—{uel ratios at, or near, the stoichiometric ratio. Although the thrust produced at
near-stoichiometric air—fuel ratios is less than that produced for fuel-rich mixtures, the amount
of fuel consumed is also less. The effect of burning less fuel is more dominant than the smaller
thrust output, resulting in a greater specific impulse.

Figure 23 is a plot of fuel specific impulse versus air—fuel ratio for an air flow rate of 0.0500
Ib/sec. The same results appear as were described for Fig. 22 with the exception of the maximum
specific impulse occurring at about 55 cps and the maximum specific impulse for the 60-cps run
occurring at about stoichiometric rather than at a fuel-rich condition.

Figure 24 is a plot of fuel specific impulse versus air-fuel ratio for an air flow rate of 0.0576
Ib/sec. Again, the specific impulse increases with frequency to a maximum and then decreases
as the frequency is increased. The maximum specific impulse for each constant frequency run
appears to occur at, or near, the stoichiometric ratio. As exhibited also by Fig, 23, the specific
impulse appears to decrease rapidly for air—fuel ratios more fuel rich than about 12 for frequen-
cies between 30 and 50 cps. For other air—fuel ratios the decrease is not so abrupt.

A review of the fuel specific impulse variation with air—fuel ratio for constant air flow rate
and constant frequency indicates the following.

1. The specific impulse increases with frequency, reaching a maximum and then decreasing
with an increase in frequency.

2. The specific impulse increases with air flow rate.

3. For runs at constant frequency, the specific impulse attains a maximum value at or near
the stoichiometric air-fuel ratio.

4. The maximum specific impulse computed for the investigation was about 560 lb-sec/Ib,
which occurred for an air flow rate of 0.0576 1b/sec, an air-fuel ratio of about 14.7, and a fre-
quency of 55 cps.

EFFECT OF SPARK-ENERGIZATION FREQUENCY ON FUEL SPECIFIC IMPULSE

Figures 25-27 indicate the effect of spark-energization frequency on the fuel specific impulse
for constant air flow rates and constant frequencies. Results are similar to the results of°thrust
versus spark frequency shown in Fig. 19-21 except that the maximum specific impulse values oc-
cur at, or near, the stoichiometric air—fuel ratio and the maximum thrust values occur at fuel-rich
air-fuel ratios.

EXPERIMENTAL AND THEORETICAL CORRELATION

A comparison of the theoretical and maximum experimental thrust is shown in Fig. 28. The
theoretical thrust equation, Eq. 3, is

t 1+ M3 =1 \272/(rg7D)
T | aasy (L) -]
L 1+ 1y, 2 :

Values are calculated for air flow rates of 0.0400, 0.0500, and 0.0600 lb/sec. Aside from the ob-
vious difference in thrust levels, the theoretical plots show little thrust variation with air—fuel
ratio whereas the experimental curves show a definite dependency on air~fuel ratio.

Equation 3 was plotted with the cycle time, ¢, determined by Eq. 9, which is plotted in
Iig. 5. The cycle time, ¢, is composed of three elements, two of which may be considerably in
error, The time for the detonation wave to travel to the end of the tube, tg, is very small, being
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of the order of 0.00094 second. The Mach number of detonation, My, from which t; is calculated,
must be considered as being a satisfactory value for this parameter. The values obtained by the
computer program, Ref. 18, agree with experimental data available in the literature, Therefore, the
detonation wave travel time, ty, will be considered satisfactory for the purpose of determining the
cycle time.

As stated previously, the exhaust time, ¢,,, is not readily determinable in an analytical form,
being entirely dependent on the wave interaction phenomena occurring within the detonation tube.
For the purpose of plotting Fq. 3, the exhaust time was defined as the time required for a single
rarefaction wave, traveling at the sound velocity of the burnt gas, to move from the open to the
closed end of the detonation tube. This probably yields an exhaust time less than the actual value.
As shown in the wave diagram, Fig. 1, and discussed in the explanation of the wave diagram, a
centered expansion fan occurs within the tube when the detonation wave reaches the end of the
tube. Atmospheric pressure within the tube is not achieved until some later time. Therefore, the
assumption of a single wave accomplishing the same results as a fan of waves should result in an
exhaust time less than the actual value. Since, in Eq. 3, the exhaust time appears in both the
numerator and denominator, the effect of choosing an incorrect exhaust time is reduced. The effect
of choosing an exhaust time less than the actual value is to decrease the magnitudeof the theo-
retical thrust. Yet, it is seen from Fig. 28 that the theoretical thrust vaiues are greater than the
actual thrust values for each air flow rate investigated.

The time required for the tube to fill with unburned mixture, ¢,,, appears in the denominator of
F.q. 3 and is by far the largest of the three elements composing the cycle time. The unburned-
mixture flow velocity, based on continuity considerations, is given by Eq. 5, and is plotted in
Fig. 3. From this plot the average order of magnitude of the loading time is about 0.045 second.,
This value is about 25 times the exhaust time and about 50 times the detonation wave travel time.
The effect of choosing a loading time that is long when compared with the actual value is to de-
crease the magnitude of the theoretical thrust. It is therefore concluded that the actual loading
time for the intermittent-detonation tube is longer than that calculated for plotting of Eq. 3. Figure
5 is a plot of the theoretical operating frequency of the detonation tube based on the assumptions
discussed above for the elements of the cycle time. One must conclude that the actual operating
frequencies of the detonation tube are lower than those shown in Fig. 5. It is noted that these
operating frequencies are lower than the spark-energization frequencies shown in Fig. 28. It was
observed in the experimental runs that the actual operating frequency was always much lower than
the spark-energization frequency. This was determined from the audio output of the tube and no
comparative values were recorded.

A further observation may be made with regard to Fig. 28. The theoretical equations assume
that optimum wave interaction oceurs for all operating conditions under which the tibe may be run,
The experimental results, however, indicate that a particular combination of air flow rate, spark-
energization frequency, and air—fuel ratio results in optimum or peak performance. Thus the theo-
retical analysis indicates little change with varying operating parameters, while the experimental
results show a decided dependency on particular operating conditions. In this respect it is inter-
esting to note that the difference between the theoretical thrust and the maximum experimental
thrust, for each air flow rate shown in Fig. 28, is about 0.80 pound.

Another factor that must be considered, when comparing the theory with the experimental re-
sults, is the boundary conditions imposed on the exhaust of the burned gas from the detonation
tube. In the present investigation, the discharge from the detonation tube was from a constant-area
tube, thus limiting the exhaust velocity to that of the sound velocity in the burned gas. A properly
shaped expansion section attached to the end of the tube would allow the exhaust gas to become
supersonic, thereby increasing the thrust produced by the tube. The wave diagram, Fig. 1, shows
that a centered expansion fan reduces the pressure within the tube. However, this fan extends
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outside the tube also and reduces the exhaust gas pressure to that of the atmosphere. For a
constant-area tube this expansion occurs outside the tube. If the reduction to atmospheric pres-
sure at the open end of the tube can occur in an expansion section, the result will be an increase
in the thrust produced by the tube. For pressure ratios encountered in the dctonation tube this
expansion will result in supersonic flow in the expansion section.

A comparison of the theoretical and experimental specific impulse is shown in Fig. 29. The
theoretical specific impulse equation, Eq. 4, is

by AP O(L + 1 yg ~1 279/(yg1)
R 1- Mac -1
te W, 1l +y; 2

Since the fuel specific impulse is given by

lep

R

wy
the arguments that were applied to kiq. 3 may also be applied to Eq. 4. The amount of fuel, wy,
used to determine the fuel specific impulse is the same for both the theoretical and experimental
calculations. It is noted, however, that the slopes of the theoretical and experimental data plots,
Fig. 29, are approximately the same for air—fuel ratios between 10 and 15. Some variation with
air—fuel ratio does occur, however, for the experimental specific impulse.

lep

A comparison of the results of this investigation and those of Hoffman (Ref. 14) and Nicholls
(Ref. 15) indicate similarities in many respects. Both of the previous investigators reported the
effect of the distance between the fuel-injection plane and the spark source on detonation-tube
operation. Vicholls reported that the thrust increased with frequency to a maximum and then de-
creased with increasing frequency; that the thrust increased with air flow rate; and that best tube
operation occurred with fuel-rich mixtures. A comparison of Fig. 29 with a similar plot of their
results for hydrogen—air mixtures indicates that the slopes of the theoretical and experimental
specific impulse plots are approximately the same. In both cases the specific impulse increases
as the mixture becomes fuel lean; however, in contrast with the results of this investigation, they
obtained greater specific impulse values for lower air flow rates.

Hoffman reported that detonation-tube firing occurred at a frequency lower than the spark-
energization frequency. Nicholls did not apparently find this to be true.

The maximum specific impulse and maximum thrust as functions of air—fuel ratio and air flow
rate are shown in Fig. 30. The maximum specific impulse occurs at slightly fuel-lean mixtures for
the lower air flow rates and at slightly fuel-rich mixtures for the higher air flow rates. In contrast,
the maximum thrust occurs at fuel-rich mixtures for all air flow rates investigated. As the air flow
rate is increased the maximum thrust occurs at slightly less fuel-rich mixtures. It should be noted
that the maximum specific impulse and maximum thrust for each air flow rate occur at the same
spark frequency.

The limits, in terms of air—propane ratio, at which the detonation device would fire were de-
termined (Fig. 31). Each point plotted represents a number of different frequencies. For each air-
fuel ratio, the limits of detonability for all frequencies investigated were about the same.

CONCLUSIONS

The following conclusions were drawn from the theoretical and experimental investigations of
an intermittent-detonation device with physical parameters described herein operating‘with propane—
air mixtures at air flow rates between 0.0400 and 0.0576 lb/sec. '
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L.\ method of characteristics solution of the wave-interaction phenomena occurring during
the discharge of burned gas from the detonation tube, if based on isentropic-flow conditions, does
not yield results that are meaningful for exact physical quantities, but shows the general trend of
the wave phenomena occurring within the tube.

2, \ theoretical determination of the operating frequency of the detonation device, based on
idealized assumptions, results in frequencies that are high when compared with experimental results.

3. Fxpressions for the thrust and fuel specific impulse, based on the assumptions of Ref. 15,
give results that arc greater than the experimental results,

1 The position of the spark source with respect to the fuel-injection plane is important for
satisfactory tube operation and determines the air flow rates at which the tube may be operated
satisfactorily.

5. The distance that the spark electrodes project into the detonation tube has a decided effect
on the smooth operation of the detonation device.

6. The thrust and fuel specific impulse of the detonation device incrense with frequency to a
maximum and then decrease as the frequency is increased.

7. The thrust and fuel specific impulse increase with air flow rate.

8. The frequency of spark energization at which maximum thrust and fuel specific impulse oc- |
cur increases as the air flow rate is increased.

9. Two thrust peaks appear on the thrust versus frequency plots. The lower frequency peak
is not as abrupt or dominant as the higher frequency peak. The device appears capable of operat-
ing at one or more resonant frequencies.

10. Maximum thrust for constant frequency operation occurs for fuel-rich mixtures for all air
flow rates investigated.

I, Maximum fuel specific impulse for constant frequency operation occurs at or very near to
the stoichiometric air-fuel ratio.

12. The intermittent-detonation device, using gaseous detonative combustion, does not appear
promising as a thrust producing mechanism for propulsion. An intermittent thrust producer requires
rapid cyclic operation (of the order of 1,000 cps) to be competitive with steady-flow devices. The
reloading of a long tube with gaseous mixture between cycles limits the gaseous intermittent-
detonation device to low cycling rates.

RECOMMENDATIONS

The investigation of intermittent-detonative combustion should be continued to determine the
conditions under which resonant operation occurs. The effects of varying the physical character-
istics of the detonation device should be determined quantitatively.

An analytical and experimental investigation of the effects of exhaust diffusers of various
geometrical shapes should be considered.

17




NAVWEPS REPORT 7655

Appendix A
TRANSITION FROM DEFLAGRATION TO DETONATION

The mechanism whereby a deflagration wave (combustion wave) accelerates and undergoes a
transition to a detonation wave in a closed tube with a multifold increase in velocity, pressure,
and temperature has been the subject of experimental and theoretical activity for many years,
Until recently, not even a qualitative explanation could be made of this transition process. In the
last few years, however, progress has been made in this respect and a reasonably substantial
explanation can now be given of this phenomenon.

For the device described herein, the following phenomenological description of the transition
from deflagration to detonation may be given.

L. The combustible mixture is ignited by an electric spark at the closed end of the tube and
a flame, proceeding from the closed end of the tube, sends out a preflame shock that heats and
compresses the unburned gas. The original strength of this shock is dependent on the amount of
+ clectrical energy released in the spark discharge. The flame accelerates as it overruns the shock-
treated mixture so that stronger compression waves are sent out. The continual overrunning of the
flame into the shock-treated mixture is of importance only in the initial stages of the transition
process.

2, [f the combustible mixture were laminar at ignition, a laminar flame would result. Tube-
wall friction would gradually cause the flow to become turbulent and this, in turn, would cause
the laminar flame to become turbulent. The turbulent flame, because of its wrink|gd and folded
structure, sends out intermittent pressure pulses which cause the propagating flame to accelerate
still further. Pressure pulses are sent out by the turbulent flame in two directions: toward the un-
burned mixture, and toward the closed end of the tube. The pressure pulse sent toward the closed
end of the tube is reflected and reinforces the preflame shock, thereby increasing the flame propa-
gation speed. The effect of reflected waves on the acceleration of the flame is much more appre-
ciable than the acceleration caused by the overrunning of the shock-treated mixture.

The preflame shock is reinforced by the above mechanism until it becomes strong enough to
cause the mixture between flame and shock to ignite spontaneously locally, further strengthening
the shock so that successive ignitions occur spontaneously closer and closer to the shock. When
autoignition occurs at the shock front, the shock is highly accelerated, and the detonation wave
is formed.

3. In the case of the device described in this report the mixture is turbulent upon ignition so
that a highly turbulent flame is established immediately. The acceleration of the flame is there-
fore very rapid because of the early production of intermittent pressure pulses by the turbulent
flame.
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Appendix B
METHOD OF CHARACTERISTICS—UNSTEADY FLOW

The fundamental, nonlinear, partial-differential equations that describe the flow of compres-
sible fluids are too complicated to be solved directly. Generally, these equations are reduced to
a manageable form by omitting terms that are of small magnitude for the problem under investiga-
tion, The method of characteristics is a graphical and numerical method of solving the partial-
differential equations that describe the flow of a compressible fluid. For the problem treated in
this report the flow is unsteady, i.c., the flow propertics depend not only on distance but also on
time. .

FFor unsteady flow in a constant-area duct a flow problem is completely solved once the state
of the gas and its flow velocity are known at all times and at all points in the duct. Particularly
convenient parameters are the flow velocity relative to the duct, the local speed of sound, and the
specific entropy. The procedure is greatly simplified by the use of dimensionless quantities in-
volving the above stated parameters. \ reference state, indicated by the subscript zero, is se-
lected. The following dimensionless quantities are therefore defined:

a u $

N A -

ap ug =Cp(}"-l)
(10=l, S°=So=0

where a is the local speed of sound, ag is the speed of sound in reference state, u is the flow
velocity relative to the duct, s is the specific entropy, and sq is the specific entropy of the refer
ence state. For the problem under consideration the entropy of all particles is the same and con-
stant, since isentropic flow was assumed.

The independent variables of the problem are the distance and time coordinates, x and ¢,
respectively. These are made dimensionless by selecting a reference length L. Thus

¢=

X apt

, T = ——
Lo ,40
The detailed mathematical derivation of the characteristics relations is considered to be out-
side the scope of this appendix. The characteristics relations are obtained by writing the equa-
tions of continuity, momentum, and entropy, and including the equation of state of the fluid under
consideration. After rearrangement and substitution, three types of characteristics curves are ob-
tained, defined by the equation
d¢ _ & d¢
—=U+0, =2=U-0, ==
r dr dr
Curves of the direction U + (I are referred to as P-waves, and curves of U = (i as (-waves. The
curves of direction U are the paths of fluid elements, The plot showing the propagation of char-
acteristics in the §~plane is called a wave diagram.

For isentropic flow the problem reduces to one with two dependent variables only, The values
of P and () remain constant along their respective characteristics. The magnitudes of P and ( are
given by
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S

2 2
P=—0+U and OQ=—-(@U-V
y-1 y=1

The assumption of isentropic flow permits the computation of P, (), (, and U by numerical tech-
niques, based on the known boundary conditions of the problem, rather than a graphical technique,
which would be necessary if nonisentropic flow has been considered.

The effect of any disturbance of local flow conditions can be felt at other points only after
the P- and (-waves that pass through the origin of the disturbance arrive there. The characteris-
tics are thus signals which carry information about local flow disturbances to other parts of the
duct. [f the flow is steady, i.c., does not depend on time, then the P- and (-waves become two
families of parallel curves. As a result of flow disturbances, the characteristics will no longer
remain parallel but will either diverge or converge.

Yave diagram procedures are usually applied only within regions that are bounded either by
the ends of the duct or by discontinuities. The ends of a duct can only be reached by either P-
waves or (Jawaves, depending on whether the right or the left end of the duct is considered. For
the wave diagram shown in Fig. 1, the closed end of the duct is reached only by (-waves and the
open end of the duct only by P-waves.

The boundary condition at the closed end of the duct is given by the fact that the flow veloc-

ity there must be zero. When the fresh mixture charge begins to flow into the duct the boundary
condition is given by the velocity of the interface, for points above point 39 in Fig. 1.

The boundary condition at the open end of the duct depends on whether the outflow is sub-
sonic, sonic, or supersonic. For subsonic outflow, with the gas in the external region at rest, the
pressures at the exit and in the external region are equal, For sonic exit velocities the exit pres-
sure may be larger than the external pressure. This boundary condition is represented by

l exit = “exit

Since supersonic outflow is not present in the problem under consideration, it will not be discussed
here.

The pressure ratio for a particular wave diagram point is given by
P =((l (11)2?' ’(V-”e-y(s-sl)

in terms of the dimensionless variables defined preﬁously. FFor isentropic flow this reduces to
p/pr = (L @2/
To illustrate the computational procedure, two examples from Fig. 1 and Table 1 will be given.

The computation of conditions at point 21 in Fig. 1 is as follows: point 21 lies on the P-wave
which includes points 18-20. Since points on this wave, in isentropic flow, have the same charac-
teristics values, point 21 has the same P value as points 18-20. This value, from Table 1, is
14.22, The value of @ at point 21 is the same as that of () at points 6 and 14, This value is"13.41,
From the relations for P and ()

¢

P=—- QA+
y=-1

2
N=-—-0U-U
y-~1

the values of U and ( for point 21 are 0.405 and 1.035, respectively. With the slopes of the char-

acteristics from point 21 known, it is now possible to proceed to point 22.
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The computation of conditions at point 25, which is at the closed end of the tube, is as fol-
lows: The flow velocity at the closed end of the tube must be zero, except at the interface be-
tween the fresh mixture and burned gas where the velocity is given by the interface velocity. For
point 25 the pressure at the closed end of the tube is greater than atmospheric, indicating that
the fresh mixture has not yet begun to flow into the tube. Therefore, the flow velocity is zero.
The value of Q) at point 25 is 13.93, being the same as that at points 4, 12, and 19. Since U is
zero, the value of P is equal to that of () at point 25. With P, 0, and U known, the value of (1 is
easily determined. The pressure ratio at point 25 is given by

p/py = (@161)27/(7'1)

The magnitude of (1) is one from the original conditions of the problem. The value of the ratio of
specific heats is 1.15, also obtained from the original conditions. The pressure ratio value is,
therefore,

P',Pl = (6)15'3 =(1.043) 159 1.905
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— (3) (2) () (0)

ol
-~

< Lo

NOTE: The numbers in this figure indicate the subscript notation: 0, initial conditions; 1,
conditions in unburned gas; 2, conditions in buned gas behind detonation wave; and 3, conditions
in burned gas behind trailing rarefaction wave,

TABLE 1. DaTA SueeT For METHOD OF C HARACTERISTICS,
NONSTEADY FL.OK

Assumed conditions are air flow rate, 0.0500 |b/sec; 0 = 15.6, stoichiometric; M} = 5.6
(Fig. 6); pg = py = 1 atmosphere; Ty = T) = 560%R; ag = a) = 1,150 ft/sec; and yg = y; = 1.4,

Y2 =Yy3 = 115, Calculated conditions are p3/p) = 8 (Eq. 1), Lo = 6 feet, ag/Lg =192,

Pine | P | 0 | U | O | v+Q] v=0 | ppg]| ¥
| { z b !

1 15.3 153 | 0 L L6 L6 | -lie |8 |
2 15.3 1476 | 0.7 1125 | 1395 | -0.855 | ... | ...
3 5.3 14.22 | 0.54 L10S | 1645 | <0565 | ... | ...
4 5.3 13.93 | 0.685 1.095 | 1780 | -0.410 | .| o
5 15.3 13.68 | 0.8 1.085 | 1.895 | -0.275 | ... | ...
6 15.3 13.41 0.945 L075 | 2,020  ~0.130 | ... | ...
7 15.3 13.24 1.03 1.07 210 | =003 | |
8 15.3 13.188 | 1.056 1068 | 2124 | -0.012 ’ ...............
9 15.3 13.135 | 1.065 1.065 | 213 0 I 262 |
10 1476 | 1476 | o L10S | 1105 | <1105 | 462 | ..
| w36 | 1422 | 097 1.085 | 1.355 | 0815 | | o
12 14.76 13.93 0.415 LOTS | 1.490 | -0.660 | ...

13 | 1476 13.68 0.54 1,065 1.065 =052 | |
14 14,76 13.41 0.675 1054 | 1729 0379 | ... | ...
5 1476 | 13.24 0.7 1.05 | 1.8 029 |
16 14,76 13.188 | 0.786 | 1045 | 1831 | -0.259 | ... | ...
17 14.76 12.72 1.03 1.03 2,06 0 1573 | .o
18 14.22 14.22 0.147 1.065 | 1.065 | ~1.065 | 262 | ...
19 14,22 13.93 | 0.27 1052 | 1199 | -0.905 | .|
20 14.22 13.68 | 027 1045 | 1315 | -0.775 | o |
2] 14.22 13.41 0.405 1.035 | 1.44 0630 | o | o
22 14.22 13.24 | 0.490 1028 | 1518 | -0.538 | ... | ...
23 14,22 13.188 | 0.516 1026 | 1.542 | =0.510 | o |
24 14.22 12.48 | 0.87 1.00 1.87 -0.13 .00 | ...
25 13.93 13.93 | 0 1.043 | 1.043 | ~-1.043 | 1.905 | ..
% 13.93 13.68 | 0.125 1.035 | 1160 | -0.910 | ... | ..
27 13.93 13.41 0.2 1023 | 1.283 | -0.763 | .|
28 13.93 13.24 | 0.345 1017 | 1362 | =0.672 | |
29 13.93 13.188 | 0.371 1015 | 138 | ~-0.644 | .| .
30 13.93 12.48 | 0725 | 0.99 LIS | =0.265 | o |
31 13.93 1277 | 0.580 1.00 1.58 | -0.42 .00 | ...
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TABLE 1. (ConTD.)

Point P 0 U a v+@ | u=Q | p/po| W

32 13.68 13.68 0 1.022 1,022 -1,022 1,396 | ...
33 13.68 13.41 0.135 1.015 1.150 -0.880 | ..l e

34 13.68 13.24 0.22 1.008 1.228 -0.788 | i | e
35 13.68 13.188 0.246 1.005 1,251 «0,759 | |
36 13.68 12.48 0.60 0.98 1.58 «0,38 | e | e
37 13.68 12.77 0.455 0.99 1.445 «0,535 | e | e
38 13.68 13.02 0.33 1.00 1.33 -0.67 1.00 | ...
39 13.41 13.41 0 1,005 1.005 -1.005 1.079 ‘ ........
40 13.4] 13.24 0.085 0.998 1.083 «0.913 | | e
41 13.41 13.188 0.1 0.996 1.107 -0.885 | ... [ e
42 13.41 12.48 0.465 0.97 1.435 0,505 | e | e
43 13.41 12.77 0.32 0.98 1.30 “0.66 | e e
44 13.41 13.02 0.195 0.99 1.185 -0.795 . |
45 13.4] 13.29 0.06 1.00 1.06 =0.94 1.00 I ........
46 13.463 13.24 0.113 1.00 1.113 -0.887 1,00 |
47 13.463 13.188 0.1375 0.998 1.136 =086 | e | e
48 13.437 12.48 0.4783 0,97 | | e | e | e
49 13.437 12.797 0.333 0983 | e I L e -0.582
50 13.463 12.48 0.491 0.97 1461 | s | e | e
51 13.463 12.78 0.341 0,995 1.336 -0.654 | ... | ~0.569
52 13.463 13.02 0.221 0.993 1.214 =0.772 | e | e
53 13.463 13.29 0.087 1.00 1.087 =0.913 | | e

54 13.463 13,237 0.113 1.00 1.113 -0.887 1.00 | ...
55 13.413 13,188 0.113 0.998 1111 -0.885 | e | e
56 13.413 12.48 0.467 0.97 1.437 =0.503 | e |
57 13.413 12.78 0.317 0.98 1.297 -0.663 | .. -0.538
58 13.413 13.02 0.197 0.99 1.187 -0.793 | ... I
59 13.413 13.29 0.061 1.00 1.061 =0.939 | e
60 13.413 13,237 0.088 0.999 1.087 <0911 L] e
61 13.413 13.287 0.063 1.00 1.063 -0.937 1,00 l ........
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FIG. 1. Wave Diagram, Isentropic Discharge of Detonation Tube.
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FIG. 3. Theoretical Mixture Flow Velocity Versus Air—Fuel Ratio for Various Air Flow Rates,
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FIG. 5. Theoretical Detonation Frequencies for Various Air Flow Rates.
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FIG, 6, Chapman-Jouguet Detonation Mach Number as a Function of
Air=Fuel Ratio for Propane—Air Mixtures.

/ \e
E AIR FILTER

EURGE ThMK

o— THERMOMETER

‘ ROVE REGULATOR | PRESSURE GAGE

AIR COMPRESSOR

O0SCILLOGRAPH

PREHEATER
TANK

L]
DETOMATION TURE

FIG. 7. Flow Diagram.




NAVWEPS REPORT 7655

FIG. 8. Air Manifold.

FIG. 9. Fuel Injector.

29



NAYWEPS REPORT 7655

*A|quassy 10103(u] pue pjojiuey 31y 0l *O1d

MOTd ¥IV ——st—
MOd 13NS ~—.t—

—— )

o
.q.q.\..___...-__._...\ e hn fffffff//. -A/Jr....ﬂrjrff? .____...____..-.1-_._..-___. —_
... 7 ffffff#fﬁ;ﬂf ....,..?..u v_____. .\._ S,
.f#f;rffffr el .u u.
..smn &\

-.._ X E—

NN\, ...................r

s

&.uw.ﬂw

e e e S e

2 2 \

A

IenL ,..... 2 WA

WO [ s /.
L K .,........?...,..........,...n....y.

_...._._r......__r._.__._

.__...._....r_......_.,.u_.. _..“___,._____.\.__“__\\

| T

%
A

BNIg-0

RO NN

~ I

e

A

B HOLAIMNI 1304

4t

OdIMTR HIY EINN

ASHAE LA TR LE |

R L

QN

OHGINYR HIY HILNOD

30




NAVYWEPS REPORT 7655

FIG. 11. Variable-Speed Spark Device.

FIG 12. Thrust-Measurement Apparatus.
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FIG. 15. Ignition-Coil Power Input and Output Versus Frequency of Ignition-Coil Energization.
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FIG. 18, Net Thrust Versus Air=Fuel Ratio for Air Flow Rate of 0.0576 1b/sec
at Various Frequencies,
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FIG. 19, Net Thrust Versus Spark-Energization Frequency for Air Flow Rate of 0.0400 1b/sec
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FIG. 20, Net Thrust Versus Spark-Energization Frequency for Air Flow Rate
of 00500 1b/sec at Various Air—Fuel Ratios.
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FIG. 22, Fuel Specific Impulse Versus Air—Fuel Ratio for Air Flow Rate
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FIG. 23. Fuel Specific Impulse Versus Air—Fuel Ratio for Air Flow Rate
of 0.0500 Ib/sec at Various Frequencies,

40




NAYWEPS REPORT 7655

FUEL SPECIFIC IMPULSE, LB-FORCE-SEC/LB-MASS

600

300

400

300

200

100

] 1 | 1

SYMDOL FREQ,CPS
o=« 0.0
o= = 2.0
Oan am 27.0
¢ e 35.0
LY
o — 53,0
0 o 59.0

”‘r.—-—o\
- N\
el \
4’
o Y
' —
]
|
STOICHIOMETRIC |
]
1
[}
|
1 L 1 [
10 I2 14 6

AIR-FUEL RATIO

FIG. 24, Fuel Specific Impulse Versus Air—Fuel Ratio for Air Flow Rate
of 0,0576 1b/sec at Various Frequencies.
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FIG. 26. Fuel Specific Impulse Versus Spark-Energization Frequency for Air Flow Rate
of 0.0500 1b/sec at Various Air—Fuel Ratios.
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FIG. 27. Fuel Specific Impulse Versus Spark-Energization Frequency for Air Flow Rate
of 0.0576 1b/sec at Various Air—Fuel Ratios.
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