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The pulsed detonation engine (PDE) concept is systematically analyzed with respect to design varia-
tions, and the potential performance is measured from computational fluid dynamics simulations. Vari-
ations in configuration geometry are examined first through single-pulse computations. These show that
the presence of a nozzle can greatly affect the performance of the PDE by increasing thrust delivery
during the ignition phase. It is further shown that it is not necessary to fill the entire tube with a fuel-
air mixture and that significant gains in specific impulse can be obtained by appropriate fueling strategies.
Multicycle computations are performed next and the effect of cycling parameters is studied. It is shown
that the cycling frequency can be significantly increased by selecting the pressure parameters and the
extent of refueling. We also show that multicycle performance can be very different from the single-pulse
estimates, and that it is not possible to optimize separately the ignition phase from the injection phase.
Finally, the question of open-end initiation is examined and a comparison between quasi-one-dimensional

and two-dimensional computations is performed.

Nomenclature
F = force (thrust)
m = mass flow
p = pressure
S = surface
u = velocity
Vv = volume
a, B = inverse time scales (pulse shape)
M = inverse length scale (nozzle shape)
Nu = relative thrust efficiency
p = mass density
Subscripts
a(P,) = ambient (external pressure)
c(P.) = chamber (critical chamber pressure)
r(P,) = reservoir (fuel reservoir pressure)
w, e, i = walls, exit plane, inlet plane, respectively

I. Introduction

ULSED detonation engines (PDE) are currently the focus

of increasing interest and the subject of several analytical
and experimental investigations.! PDEs belong to a general
class of unsteady flow devices with high-performance poten-
tial.” However, their analysis is made difficult by the nonsteady
dynamics, and the design rules previously applied to steady
flow conditions may not be applicable for this new class of
engines. For example, one important difference between un-
steady and steady engines concerns the matching of ambient
conditions. The rocket nozzle performance is optimized when
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the pressure at the exit plane is the same as the ambient pres-
sure, but this simple criterion is not applicable in the unsteady
case because the pressure field at the exit plane is not steady,
thus making the problem of nozzle optimization more difficult.
This is where performance losses may occur. At the end of the
blowdown phase of the cycle, both static and dynamic pres-
sures at the exit are low. There may be a time within the cycle
where the thrust is dominated by the first term in the right-
hand side (RHS) of Eq. (4), and be negative, i.e., p. < p.. One
of the challenges in PDE design is also to minimize the losses
during this part of the cycle.

The operation of the unsteady engine must also be optimized
with respect to the cycling frequency. Clearly, it is not only
desirable to produce high peak and average values of the pres-
sure but also to repeat the cycles as fast as possible. The cy-
cling will be faster if the tube is short and if rapid expansion
takes place at the tube exit. A nozzle may affect the time re-
quired for the pressure in the tube to drop to a specific value,
at which time a fresh mixture can be injected. It is therefore
necessary to systematically investigate the effects of a nozzle
on a PDE performance, as well as various fueling and ignition
strategies. This paper presents a preliminary work in that di-
rection by analyzing single pulses as well as multicycle op-
eration.

In all previous calculations of PDE performance’ " there
has been a number of assumptions made to simplify the task,
and most of these assumptions are being repeated here. For
example, a common simplification is the suppression of the
chemical reactions during the injection phase. This is done to
avoid immediate burning of the fresh mixture as it comes in
contact with the hot products from the previous cycle. This
premature ignition can be alleviated by the introduction of a
buffer gas, and by ignoring this buffering we allow for faster
cycling and higher performance. Eventually, one must deal
with the evaluation of the required thickness of the buffer, its
efficiency, and the associated cycling penalties. This will re-
quire multidimensional Navier-Stokes calculations (the inter-
faces would be subject to Rayleigh-Taylor instabilities), and
would depend on the exactinjector location and geometry. One
should also investigate its effectiveness at preventing ignition
from hot spots on the chamber walls.
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Instantaneous valve action is another common assumption;
real valves open and close within a finite time, and this should
also be considered as a penalty in cycling frequency. The mix-
ing between fuel and oxidizer is another issue that has not yet
been examined in detail. Its correct evaluation is difficult and
depends strongly on the injector geometries, turbulence levels,
and multidimensional effects. By injecting premixed gases in
the chamber, the problem is simplified, and the cycling fre-
quency of this ideal case is increased compared with a real
engine.

Finally, another important simplification consists of model-
ing the detonation initiation by having a sufficiently large en-
ergy deposition. This is one of the most fundamental difficul-
ties in PDE operation. Means of providing this initiation
energy must be devised and they are an important factor in
estimating the overall engine performance. If on the other hand
one relies on the natural deflagration to detonation transition
(DDT), the energy requirement is much lower, but the process
itself presents problems; notably, it is not exactly reproducible
and it requires additional time (another cycling penalty) and
distance (a possible weight penalty). Although there has been
recent progress toward a full understanding of DDT,"* accurate
and predictive modeling of the process is a very difficult task.
Although most of these neglected processes can be computed
and included in the analysis, it is an expensive proposition,
and for limited computing resources, the best strategy would
be to include them once the more elementary processes are
completely understood. It is clear that with all these approxi-
mations we can only achieve an ideal operating regime and
reasonably estimate its performance accuracy. Therefore, nu-
merical optimization is best used to provide a theoretical upper
limit to the PDE performance and insights into the best designs
and engine configurations.

There are also several levels of complexity for which the
performance of a PDE can be investigated. Some studies are
done for a single-cycle only PDE,> *'*" and others are done
in quasi-one-dimensional PDE.>® '° The calculations can also
be performed for static conditions® or flight conditions. In the
latter case, optimization with respect to ambient conditions and
inlet design adds to the complexity. In Ref. 5, a number of test
cases were computed, and it was concluded that the perfor-
mance was strongly dependent on the inlet area and suffered
from high wave drag at high Mach numbers. Pegg et al."”
found it possible to design an inlet/isolator and plenum cham-
bers for a realistic PDE engine configuration, such that inlet
unstart is prevented. The isolator uses boundary-layer bleeding
for shock stabilization, a technique also used in ramjet engine
design. There seems to be two schools of thoughton the ignitor
location. Eidelman et al.> ® claimed that the best performance
was obtained for open-end ignition, i.e., when the detonation
wave travels upstream to impact on the thrust surface at the
closed end of the tube; whereas the one-dimensional calcula-
tions performed in Ref. 9 showed an equivalent performance
between closed- and open-end ignition.

There are some results that are of general interest and are
without controversy. The most important of these is the per-
formance scaling law with respect to chamber volume and cy-
cle frequency, verified by Eidelman et al.> Computations have
been performed for a number of configurations, fuels, and
flight conditions. For this reason, the computed performance
results can show some significant variations: Computed fre-
quencies range from 200 to nearly 1 kHz, and the specific
impulses from 3200 to 6500 s. Nevertheless, compared to the
data for typical turbojets, it is believed that the PDE perfor-
mance is encouraging from the point of view of thrust, thrust
control, simplicity of the device, and specific fuel consump-
tion. On the experimental side the situation is not quite as
good, but this is only an indication of the difficulty associated
with the manufacturing of the engine itself as well as on how
far from reality the simulations still are. Early PDE experi-
ments were able to demonstrate repeated detonations at 20

Hz.'® Later experiments were able to cycle at 100 Hz, and this
appears to be the current limit of the hardware designs.'”'®
There is no doubt, however, that the situation will improve in
the near future. In the meantime, performance analysis can still
provide important information on the nature of the optimizing
parameters, until the time that calculations with more detailed
physical models are performed.

Because the nonsteady dynamics complicate the perfor-
mance analysis, it is quite necessary to perform systematic
parametric studies, develop additional scaling laws, and de-
velop a performance database for generic PDE configurations
to obtain a better understanding of the engine characteristics
for overall engine design and vehicle integration. This paper
is a first attempt in this direction and also includes some an-
alytical considerations.

II. Analytical Considerations

The PDE operation is based on periodic, unsteady flows and
the performance analysis must be conducted appropriately. If
one considers a simple control volume that contains the det-
onation tube, the evolution of the system is governed by the
Euler (or Navier-Stokes) equations integrated over the entire
control volume. An equation for the conservation of momen-
tum can be written as

f(%pu) dV+§dS(pI+ pu ® u)=0 (1)

Here p, u, and p represent the density, velocity vector, and
pressure (for the sake of simplicity source terms are not in-
cluded). The integrations proceed over the entire control vol-
ume V and along its closed surface. If the system evolution is
periodic in time and if one integrates over one period, the first
term cancels out, because (for constant geometry)

0
J’ <_ Puv> dr = V[(P")mm - (Pu)z] =0 (2)
Az at

Denoting the period-averaged quantities by brackets, we
have a relation between the average pressure forces on the
walls w and the average dynamic pressure at the exhaust e and
inlet i boundaries:

f (pw) dS,, + (p)-Si + {pau-Si=(p)-S. + {p.u-S.
“ 3)

Again, to simplify matters, it is assumed here that there is
no velocity component normal to the solid walls. If there is,
the dynamic pressure at the wall (pu.) should also be ac-
counted for. We can now write the following expression for
the average engine thrust, using the fact that the integral over
all thrust wall surfaces is also related to the exit and inlet areas,
[dS,.=S8.— S:

(F) = f Kpw) — {p21dS ={p. — p.-S.

Except for the averaging symbol, this relation is identical to
the one obtained for steady flows. However, the instantaneous
thrust will be different from the corresponding instantaneous
quantities of the RHS of Eq. (4). This is quite obvious from
the nature of the PDE operation itself. For example, if an ex-
plosion is initiated at the closed end of a tube, there is a force
instantaneously applied to the structure, whereas the flow at
the exit would be unaffected for some time, until the pressure
waves reach the open end of the tube. Because we may also
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need to look at interactions between several tubes, it is appro-
priate to keep track of the true instantaneous forces present in
the engine. Using computational fluid dynamics (CFD) tech-
niques, this can be easily done by integrating the pressure (and
wall stresses if one computes Navier-Stokes solutions) along
the entire surface of the engine. Both internal and external
surfaces can be considered separately and all force components
can be measured to evaluate the moments.

For the static case, i.e., zero ambient velocity, the last term
on the RHS of Eq. (4) disappears. It is also interesting to point
out that when a nozzle is added to the PDE, the exit pressure
drops well below the dynamic pressure. In that case, the RHS
of Eq. (4) is dominated by the {p,u>)S, term, which can also
be written as {(mi.u,), where ni, is the total, instantaneous mass
flow in kg/s. If the performance of the PDE is compared with
that of a steady rocket engine with the same average mass flow
(m.) and the same average exit velocity (u.), the thrust ratio is

(M u.)
up ) (5)
Notice that a performance gain is achieved by using an un-
steady propulsion device for which there is a strong correlation
between the mass flow and the velocity at the exit plane. Such
is the case of strong blast waves. Without going through the
exact expression of blast-wave profiles, let us assume that both
density and velocity fields take an approximate exponential
variation

ar

_ Br
Pe = pr1€

U, = U e

where p; and u; are the variables at the start of the cycle, i.e.,

postshock values. When both decay time scales o« ' and B’

are small compared to the cycle period At, the initial values

can be related to the averages over a cycle period as follows:

prusS. = (m Yo + BAL, U, = <’4e>BAt (6)

The cycle-average of the dynamic pressure at the exit plane
yields the following performance gain:

_otB
=TT BAr >> 1 (7)

Therefore, any unsteady propulsion device with such a strong
correlation would produce a higher thrust than a steady engine
with similar average values of mass flow and exit velocity. In
a steady engine the exit velocity is directly proportional to the
sound velocity in the stagnation chamber. In the limit of a large
pressure jump at the detonation front, both particle velocity
and speed of sound are proportional to the detonation velocity
and, therefore, to each other, and to the speed of sound at the
end wall of the tube. In that case there is a strong similarity
with the steady rocket engine; if the thermal properties of ma-
terials impose a limit on the speed of sound in the chamber
(as in steady rockets), there is a corresponding limit on the
detonation velocity and, therefore, on the exit velocity. In-
creased performance can then only come from the correlation
effect. We emphasize that a high value of the correlation
(p.u2)S. between the mass flow and the velocity at the exit
does not create high performance per se, but is rather the char-
acteristic of higher performance. If there is no nozzle present,
then the dynamic pressure at the exit plane does not necessarily
dominate the static pressure and the (p, term must also be
accounted for.

III. Single-Pulse Optimization

A. Nozzle Shape

We considered five different nozzle shapes (Fig. 1). The tube
itself is a cylinder of internal radius R, = 2 cm, and the constant

0.0 5.0 10.0 16.0

Fig. 1 Schematics of tube and nozzle shapes being studied:
Shape 1 (n = —3), shape 2 (n = —1), shape 3 (n = 0), shape 4 (y
= 1), and shape 5 (q = 3). The reference shape is the straight
nozzle, with R, = 5.5 cm and R, = 2 cm.

area section is 10 cm long. The nozzle section is 5 cm long,
and the exit radius for the base configuration is R, = 5.5 cm.
For one of the nozzle shapes R, is a parameter of the study.
The shapes are described by an exponential law (y ~ ") and,
therefore, can be characterized by a unique parameter m. For
mn < 0 (n > 0) the nozzle shape has a negative (positive) cur-
vature, whereas a straight shape is obtained in the limit n —
0. The exact formula for the shapes in the nozzle region (from
x; to x.) is given by

o N
y=yit+t O = ¥) (8)
vt — e

In the calculations it is generally assumed that the tube and
nozzle are initially filled with a stoichiometric hydrogen-air
mixture at 1 atm and at a temperature of 350 K, whereas the
regions to the right and above the tube are filled with stagnant
air at identical conditions (this corresponds to a static test).
The tube itself was modeled by a 150 X 20 grid (number of
finite volume cells), and the region to the right by an extra 50
cells of gradually increasing spacing. The top section is mod-
eled by a second grid. Quasi-one-dimensional calculations use
the same spatial accuracy in the axial direction. This resolution
(1-mm spacing) is sufficient for qualitative answers, although
the detonation wave profile in the tube is slightly degraded at
the front, resulting in a peak pressure that is 85% of the
Chapman-Jouguet (CJ) pressure. A more accurate profile can
be obtained by increasing the resolution, say, by a factor of 2
or 3, or by using a higher-order scheme than the second-order
total variation diminishing (TVD) method used here. Tests
with a fourth-order piecewise parabolic method (PPM) show
clear improvements, but the computations are significantly
more costly (Fig. 2). All computations were performed with
the version 2.0 of the MOZART code." Initiation of the det-
onation is assured by raising the region closest to the left wall
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Fig. 2 Detonation wave profiles inside a PDE tube for given resolution. Results from second-order TVD and fourth-order PPM schemes

are shown for comparison.
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Fig. 3 Instantaneous thrust profiles for shapes 1, 3, and 5 (single
pulse).

and of size Ax = 4 mm to a high pressure (50 atm) and tem-
perature (2500 K). The energy spent in initiating the detonation
is therefore the energy spent in compressing the initial, am-
bient mixture in the tube to these conditions. In the present
model the initiation process is a virtual, instantaneous piston
operating on a small volume fraction of the tube.

During the calculations, performed for a single pulse in a
two-dimensional-axisymmetric configuration, the integrated
wall pressure, i.e., the total thrust of the engine, is monitored.
The results are shown in Fig. 3 for nozzle shapes 1, 3, and 5.
The high peak value at startup is because of the energy dep-
osition near the left wall. This is an artifice of the initiation
method, and should not entirely be considered as part of the
thrust, unless we have an accurate and realistic model of the
ignition. We can estimate the total impulse caused by this ig-
nition mechanism by running a case without chemical reac-
tions and, therefore, without initiating the detonation. This
value can then be used to correct the thrust figures. The sec-
ond, broader peak centered around 0.09 ms corresponds to the
detonation wave traveling in the diverging section. The thrust
decreases after the detonation wave, with its peak pressure,
exits the tube. After 0.20 ms, the thrust takes on negative val-
ues, which indicates that the average pressure inside the tube
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Fig. 4 Integrated impulses as function of time, for shapes 1, 3,
and 5. Bottom curves for nonreacting cases indicate the extent of
thrust obtained from the energy deposited for the initiation of the
detonation.

becomes less than the ambient pressure. This is generally the
case in the nozzle section. During this part of the blowdown
cycle the flow is reversed and the tube is filled with gas from
the exhaust region. When the overexpansion is sufficiently
large, a shock is formed and moves to the left. A small dis-
continuity in thrust can be seen for the case of shape 1, at
around 0.215 ms, when this weak shock hits the wall at the
closed end of the tube.

The total impulse, i.e., force integrated over time, is shown
in Fig. 4. Peak impulse is reached when the instantaneous
thrust becomes negative. In the same figure, the impulse from
the initiation process, estimated by simply computing the flow
without chemical reactions, is also shown. The contribution
from the initiation process ranges from 17 to 27% of the peak
impulse. This obviously affects thrust measurements, and im-
pulse and specific impulse figures should be corrected. One
might argue that chemical reactions within the initiation region
should also be included, but as mentioned earlier, the actual
initiation energy is used only in the pressurization of the crit-
ical volume to the required conditions (50 atm, 2500 K).
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Ideally, it would be desirable to repeat the cycle immediately
after reaching peak impulse. This is not possible because the
cycling time depends on the time it takes to refill the tube with
fresh mixture. This in turn depends on, among other things,
the pressure in the tube. It is therefore necessary to monitor
the pressure at the left wall, where the valves are assumed to
be located. In Fig. 5, the pressure histories at this location are
shown for all five shapes. The backpropagating shock impacts
for shapes 1-3 are clearly visible. Because of these shocks it
appears that shapes with m > 0 can lead to slightly higher
cycling rates. One of the key factors seems to be the presence/
absence of a sharp corner at the nozzle entrance, which induces
overexpansion and a backpropagating shock. In an attempt to
estimate the impulse for a multicycle process, it is assumed
that the refill process can start when the pressure at the left
wall reaches a critical value P, here set at 1 atm. It must be
pointed out from Figs. 4 and 5 that, although the cycling rate
is higher for shape 3 compared to shape 1, the impulse at the
time of reinjection is larger for shape 1, which seems to in-
dicate that nozzle shapes with negative curvature (m < 0) are
more efficient at thrust production.

10 T 7 T T

o—= shape 1

* — -® shape 3
v— ~¥ shape 4
+— - + shape 5§

P (atm)

0.10 0.20 0.30 0.40 0.50

time (ms)
Fig.5 Time histories of the pressure at the closed end of the tube
for all shapes. A first reflected shock is created for shapes with a

sharp corner (q = 0). Refueling can occur only after the tube
pressure drops below a critical value P_, set here at 1 atm.
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Fig. 6 Time histories of the pressure at the tube closed end, for
various cases of exit radius (straight nozzle only).
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Fig.7 Time at which refueling can occur, determined by the time

at which the pressure at the injection port (closed end) reaches 1
atm, vs the area ratio (straight nozzle).

B. Nozzle Area

In this section the area of the nozzle exit is systematically
varied, whereas the tube area is held constant. This is done for
shape 3 only and the exit radius is varied from 2.2 to 7 cm,
giving a range for the area ratio Aex/Awne of 1.21-12.25. The
pressure histories at the left wall for different exit radii are
shown in Fig. 6 for exit radii up to 4.5 cm. For large values
of R, the profiles are essentially identical, and for clarity they
are not shown.

The times at which refueling can proceed (here, when the
pressure at the wall reaches 1 atm) as a function of area ratio
are shown in Fig. 7. It is clear that the shortest times were
obtained for larger area ratios. The use of larger rates of ex-
pansion also implies that the net force component in the axial
direction (thrust) will be larger. This is demonstrated in Fig.
8a, where the total impulses, measured at peak value and at
the time when refueling can occur, are plotted as functions of
the area ratio. The corresponding (fuel) specific impulse is
shown in Fig. 8b, and for both figures the impulse is corrected
by subtracting the contribution of the ignition procedure. The
behavior of the specific impulse is quite notable. By increasing
the angle of divergence of the nozzle the thrust increases, but
so does the volume of the nozzle section (faster than the nozzle
area) and the total fuel mass contained in that section. This
initially lowers the specific impulse. However, if the effective-
ness of the nozzle at delivering thrust increases beyond the
simple rule of cross-sectional area increase, the specific im-
pulse may rise again. The exact mechanism for the increase in
I, at higher area ratios is not yet clear.

C. Fuel Distribution

The detonation wave front near the axis of the nozzle may
not effectively contribute to thrust on the nozzle walls unless
the pressure waves can reach it. Therefore, it is not necessarily
advantageous to have fuel distributed over the entire nozzle
volume. Instead one may want to keep the fuel close to the
walls. This would guarantee a detonation wave near the wall,
with its high peak pressure, while minimizing the total amount
of fuel being used. To investigate this effect we compute the
performance of the tube with only a fuel layer near the wall
and compare two strategies for the location and extent of this
layer:

1) The constant area section of the tube is completely filled
with a fuel-air mixture, whereas the layer of fuel is in the
nozzle section only.

2) The fuel layer is in both the constant area section and the
nozzle section.
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The variation in fuel-air mixture for both of these cases was
done by initializing the tube with the mixture in a specified
number of computational cells close to the surface of the tube.
This is only an approximation to a constant thickness layer
because the configuration is mesh dependent. The results for
both cases are shown in Fig. 9 as function of the total amount
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Fig. 8 a) Total and b) specific impulses (single pulse) as functions
of area ratio. Impulse measured at refueling time (P. = 1 atm)
and corrected for the ignition energy.
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Fig. 9 Specific impulse for the two fuel-layer strategies, as a
function of fuel-layer thickness.

of fuel mass present in the engine at startup. By injecting a
layer of fuel in the nozzle section only, we can also achieve a
10% increase in cycling rate (at least based on single-pulse
calculations). This is because of the backpropagating shock
delay, which increases the pressure on the left wall and in-
creases the time required for it to drop below the fill pressure
(Fig. 3). Figure 9 shows the specific impulse (again, corrected
for the contribution because of the initiation procedure). The
measured total impulse is slowly decreasing as the total
amount of fuel present in the tube is being reduced. However,
from Fig. 9 we see that it is possible to increase the specific
impulse by at least 50%. This corresponds to a thin layer of
fuel, and because the calculations do not resolve the induction
length, it remains to be seen if a detonation can propagate
under these conditions. Typically, one requires a minimum film
height of the order of several detonation cell widths, but it is
always possible to rescale the engine to guarantee this minimal
thickness.

IV. Multicycle Optimization

A. Injection Pressure

For this study we use the quasi-one-dimensional version of
the code, and consider nozzle shape no. 3 (straight nozzle),
with the reference exit radius of 5.5 cm. Refueling occurs
when the chamber pressure at the closed end of the tube drops
below a critical value P.. The injection then proceeds using a
reservoir pressure P,, and using the whole surface of the tube
cross section for injection. The injection is sonic if the chamber
pressure is sufficiently low, i.e., less than the pressure at sonic
conditions. If the chamber pressure is too high, injection pro-
ceeds through an expansion to lower than sonic conditions,
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Fig. 10 Cycling frequency obtained from quasi-one-dimensional
multicycle computations (straight nozzle, reference nozzle expan-
sion), as function of the ratio of injection pressure over chamber
pressure at the time of injection. In Fig. 10b all pressures (P,, P,
and P,) are scaled by the same amount: a) cycling frequency vs
pressure ratio and b) universal curve of cycling frequency.



CAMBIER AND TEGNER 495

and with less than maximum mass flow. The remaining param-
eter is the ambient pressure P, at the exit of the engine. We
then measure the cycling frequency that can be attained for
these idealized conditions. The results are shown in Fig. 10a
for three cases of ratios of critical chamber pressure to ambient
pressure P./P,. It would seem a priori that when the reservoir
pressure is very close to the chamber pressure at the injector
location the mass flow is reduced and the refill delay would
be large. This can be verified in Fig. 10a, particularly for the
lower curve. However, this also depends on the strength of the
rarefaction wave in the tube at the time of injection, which
depends on the ratio P./P,. It is clear that when the chamber
pressure is much higher than the ambient pressure the peak
cycling frequency increases significantly and is less sensitive
to the injection pressure. When all three pressure parameters
are simultaneously scaled by the same factor, one should re-
cover identical results. This is verified in Fig. 10b, where we
compare the cycling frequency for the case P./P, = 2, when
the ambient pressure is 1 and 0.5 atm. The small difference
(less than 1%) is consistent with measurement errors. It could
also be partially explained by a small deviation from a linear
scaling law, because of chemical recombination. When all
three pressure parameters were scaled by the same factor, it
was verified that thrust and mass flow scaled proportionally,
while the specific impulse remained constant.

For air-breathing configurations at takeoff there is no pres-
surization available, except by mechanical means. The small
pressure ratio required, however, allows the use of low-pres-
sure turbopumps. If this option is not desirable, referring to
Fig. 10a shows that even when both pressure ratios are unity
the theoretical cycling frequency is still reasonably large.

B. Recharge Timing

The average thrust can be derived in a multicycle compu-
tation from the slope of the total impulse delivered to the en-
gine, as a function of time. This impulse in turn can be ob-
tained as the integral over all wall surfaces, i.e., the left-hand
side (LHS) of Eq. (4), or from the difference between the exit
and inlet conditions, i.e., RHS of Eq. (4). Both are shown in
Fig. 11 for the reference case of a straight nozzle with R, =
5.5 cm. The ambient pressure is atmospheric, the reservoir
pressure is 5 atm, and the tube is refilled for P. = 2 atm. The
average thrust is approximately 500 N, and the values from
both types of measurement are in excellent agreement. This
provides an essential check on the accuracy of our measure-
ments. It must also be pointed out that to achieve this quality
of agreement one must be careful to evaluate the impulses at
each time step. If the forces were measured with a given sam-
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Fig. 11 Multicycle quasi-one-dimensional results, showing the
measured total impulse as a function of time. The slopes for the
two measurement methods are also indicated and give identical
values of the cycle-average force.
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Fig. 12 Total mass of fuel and burned fuel as a function of time.
Slopes are indicated and give mass flow rates.

pling rate, e.g., every five iterations, one would observe dif-
ferences between the two measurements, depending on that
sampling rate. For closed-end ignition the integration of wall
pressure would give higher accuracy. This is perfectly under-
standable because at the exit plane one must measure a very
narrow profile of total pressure as the detonation crosses the
plane. If the sampling rate is low, the peak values may be
completely missed. For the same reason, in open-end ignition
configurations, the exit plane measurement would be more ac-
curate at low sampling rates. In all subsequent performance
results the agreement between the two measurement methods
has been checked and is always found to be excellent.

We can also keep track of the fuel injected by monitoring
the flow at the exit plane rather than the injection port. This
allows us to also monitor the fraction of fuel that is burned,
i.e., combustion efficiency. From all species we sum up the
fractions made of the hydrogen element. The burned fuel is
composed of all species except the unburnt fraction, which is
pure H.. Both masses are plotted as function of time in Fig.
12. The slopes give the fuel mass flows, which are used in
turn to determine the average specific impulse. In the present
case the fuel /,is 3540 s. However, the burned fraction is only
82%. This is a surprisingly low efficiency, but it turns out that
it is not due to combustion losses, as explained next.

The second parameter that determines the cycling rate is the
time at which the injection phase stops and ignition occurs.
This is determined in our simulations by the location of the
interface between the fresh mixture and the exhaust gases. This
is equivalent to setting up a chemical sensor at a specific lo-
cation to determine the best time to ignite the mixture. Up to
this point the results were obtained by selecting a sensor lo-
cation approximately 1 cm before the exit plane. Conceivably,
there may be some fuel leakage past the nozzle exit plane
before the detonation reaches that position, and this would
lower the efficiency. Therefore, we made a series of calcula-
tions where the sensor location (and therefore the time allowed
for the injection phase of the engine cycle) is systematically
varied. The results are shown in Fig. 13 as a function of the
sensor position. We remind the reader that the calculations are
for the straight reference nozzle, which starts at 10 cm and the
exit plane is at 15 cm.

The fuel losses are dramatically reduced when the fresh
charge is allowed to enter only the start of the nozzle before
ignition. The cycling frequency also increases, which is ex-
pected because the time spent in refueling is lower. However,
the rate of increase is lower when the sensor approaches the
start of the nozzle. This may be a result of flow characteristics,
notably the presence of a shock in the nozzle. Downstream of
the shock the velocity decreases and it takes a longer time to
fill this section of the nozzle. This may also explain the be-
havior of the thrust curve, which shows a maximum at some
position within the nozzle. The specific impulse consistently
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Fig. 13 Variation of performance parameters with respect to second timing parameter, the position of fresh charge sensor. Start of nozzle
is at 10 cm, end of nozzle is at 15 cm. Efficiency is ratio of burned fuel to total fuel charge.

increases as the extent of refueling is diminished. However,
most of the increase occurs before the sensor moves up to
about 12 cm. Ideally, one would therefore want to fill the en-
gine up to the location of the quasisteady shock in the ex-
panding nozzle. Of course, the location of this nozzle shock
and, therefore, the optimal timing for ignition, depends on the
flow characteristics and will be different for various flight con-
ditions.

C. Open-End Ignition

To conclude the multicycle studies in a quasi-one-dimen-
sional case, we examined one case where the detonation was
initiated near the end of the constant area section of the tube.
The same energy deposition (50 atm, 2500 K) was used. The
performance was then measured and the results were obtained
with a sufficiently large number of cycles to achieve good
accuracy. The open-end ignition gave us nearly the same
amount of average thrust; 489 N compared to 509 N, but the
specific impulse was lower at 3500 s, compared with 3975 s
for the closed-end ignition. In addition, the cycling frequency
was also much lower; 1970 Hz, compared with about 2500
Hz. It would appear for this configuration, i.e., no coupled
inlet, that open-end ignition gives a lower performance. We
must be careful however not to generalize, because there may
be configurations for which open-end ignition gives a higher
performance. Nevertheless, this result confirms that obtained
in Ref. 9 for a single pulse only.

D. Nozzle Area Revisited

We also performed calculations for several values of the
nozzle expansion ratio for the straight nozzle. The specific im-
pulse is plotted as a function of the expansion ratio in Fig. 14.
Two cases of reservoir conditions were studied; P, =5 and 2.2
atm. In both cases, the chamber pressure at injection time was
2 atm, while P, = 1 atm. The injection was stopped when the
fresh charge was detected at x, = 13.8 cm. Surprisingly, we
see the performance decrease as the area ratio increases. This
seems to contradict the earlier results based on single-pulse
calculations (Fig. 7). To investigate this result we compared
the thrust and impulse histories for two cases of nozzle exit
radii (for case P, = 2.2 atm). Both cases are shown in Fig. 15
and indicate that the impulse per cycle is larger for an in-
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Fig. 14 Specific impulse vs nozzle area ratio for two cases of
reservoir pressure. Refueling is stopped when fresh charge is de-
tected 1.2 cm from the exit.

creased nozzle area, as previously shown in section IIIB. How-
ever, the cycle-averaged performance, i.e., the impulse per unit
time, is lower when the nozzle area increases because the cycle
frequency is lower. The cycling frequency drops with A./A,
faster than the thrust per cycle can increase; 1647 Hz for R, =
6.5 cm, and 1978 Hz for R, = 4.5. The corresponding impulses
given per cycle can be read from Fig. 15b to be 0.18 and 0.16
N s. This gives us a ratio of average thrust of 94% and, there-
fore, a decrease in thrust and I,

The other change from single-pulse calculations concerns
the density profiles within the tube at ignition time. The mix-
ture injection from the closed-end results in a density decrease
along the axial distance. Thus, the detonation wave will have
a lower peak value at the entrance to the nozzle. This is in
marked contrast to the single-pulse calculations, which as-
sumed constant values before ignition.

Constant profiles in the tube can be obtained if one waits
long enough for the flow to settle in the tube before injection,
and if the injection proceeds in a very specific way. Another
method would be to provide another valve at the outlet, which
can be used to confine the fresh mixture and pressurize the
tube. In both cases one would recover the results from the
single pulse study. However, if the objective is to cycle rapidly
to provide high average thrust, the fresh charge must be intro-
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duced before the flow becomes quiescent, with as high pres-
sure ratios as possible.

E. Two-Dimensional Calculations

We performed some multicycle computations in two-dimen-
sional cases and compared one case with the quasi-one-di-
mensional computations. The performance results for that case
(reference nozzle, sensor at 14 cm) are shown in Fig. 16, and
should be compared with the corresponding quasi-one-dimen-
sional results of Fig. 11. Quasi-one-dimensional computations
require appropriate boundary conditions on the right side of
the nozzle exit plane. Throughout this paper, an infinite res-
ervoir at constant pressure was assumed and a characteristic
boundary condition was used. The problem is that the condi-
tions immediately to the right of the nozzle exit are not con-
stant. Examination of the flow dynamics showed that the noz-
zle shock formation inside the nozzle was much faster in

quasi-one-dimensional than in two-dimensional cases, because
the two-dimensional calculations correctly reproduced the low-
ering of the pressure to the right of the exit plane during the
blowdown phase. Without this early shock formation the pres-
sure in the nozzle remains low and negative thrust is produced.
This is most easily seen by looking at the impulse curve mea-
sured at the exit plane, which clearly shows a dip for the two-
dimensional case (Fig. 14), while it remains approximately
constant in the quasi-one-dimensional case (Fig. 12a).

It was also noticed that it takes more cycles in a two-di-
mensional case to achieve the true periodic state. This was
observed from measuring the slopes of the impulse curve. The
slope estimates, i.e., average thrust, were different if only the
first three cycles were used, compared to using the last four
cycles. In quasi-one-dimensional cases the periodic state is ob-
tained almost immediately. Again, this can be explained in
terms of boundary effects.

V. Concluding Remarks

The parametrization of PDE performance is a difficult task,
principally because it requires special analytical tools, the
number of parameters can be relatively large, and they may be
coupled to each other. Therefore, identifying the correct ana-
lytical methods, additional scaling laws, and parameter cou-
pling can provide some guidance toward PDE optimization.
Although the results presented here are limited in scope, there
are a number of important conclusions that we can draw.

1) There can be a significant difference between results
based on single-cycle and multicycle computations, and one
must exercise caution in their interpretations. There is also a
difference between quasi-one-dimensional and multidimen-
sional results, principally because of boundary effects.

2) The common assumptions made for initiation (energy
deposition) contribute a nonnegligible fraction of the thrust,
and one should eventually devise a method to isolate this con-
tribution during multicycle computations. Similarly, the fuel
and oxidizer injection can contribute to the thrust for some
conditions (P, >> P,).

3) Based on single-cycle results, nozzles can increase the
thrust delivered during one cycle. The bell-shaped nozzles ap-
pear to give a higher performance than shapes with positive
curvature. However, nozzles also affect the flow dynamics and,
therefore, the timing of the various phases of the engine cycle.

4) There is the potential for a considerable increase in per-
formance by distributing the combustible mixture near the
thrust walls only.

5) The cycling rate can be increased by appropriately se-
lecting the pressure at injection time, and with a moderate
pressurization of the fuel and oxidizer reservoirs. There is per-
fect scaling with respect to the three fundamental pressure pa-
rameters: 1) reservoir, 2) chamber and 3) ambient pressures.

6) There is a complex dependence of the performance on
the flow dynamics, and some indication that the shock position
within a nozzle is another performance parameter. It is dis-
advantageous to attempt to fuel the tube past this shock posi-
tion.

7) When high cycling rate is desired and, therefore, when
the mixture is injected before the flow in the tube completely
settles, the nozzle may not provide a performance advantage.

It would appear that very high performance could be
achieved by combining some of these results. Constant area
tubes offer higher performance at low-flight speeds (high P,),
when high thrust (and high cycling rate) is desirable. However,
for high-altitude cruise or space propulsion the situation may
be different. The fuel injection may be configured such that
the flow conditions before ignition are near constant (similar
to the single-pulse assumptions), and the nozzle can play an
important role.

One of the most interesting result concerns the effect of a
fuel layer near the wall. With this type of fuel distribution, it
would also seem very advantageous to inject from the side
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walls, i.e., side loading, rather than from the tube front wall
(front loading). It may then be possible to obtain another jump
in cycling performance, although this remains to be verified
by a complete series of multicycle two-dimensional calcula-
tions. The fuel-layer configuration is potentially very effective
because it essentially is an unsteady ejector. The potential ben-
efits of this particular configuration were first mentioned in
Ref. 20, and are derived from the strong coupling with a flow-
ing secondary airstream (the bypass stream). As the detonation
wave propagates through the fuel-oxidizer layer, it will gen-
erate an oblique (or bow) shock in the bypass air, followed by
a contact surface, which acts as a virtual piston. This periodic
action will result in the acceleration of slugs of air in the by-
pass stream, as long as the detonation wave propagates faster
than the secondary airstream. Because this unsteady ejector
configuration relies on pressure wave rather than viscous cou-
pling, there is less dissipation and higher potential efficiency.
It may also be considered for extending the air-breathing PDE
flight envelope beyond Mach 3.

The question of nozzle optimization is not completely re-
solved, and this is an example of the difficulties associated
with optimization of this type of engine, when a large number
of parameters are coupled. The differences between the single-
and multipulse results arise from a logical chain of events: As
the blowdown phase affects the flow in the tube at the time of
injection, the fresh mixture profiles are affected in turn. The
detonation wave and thrust history of the next ignition phase
are then dependent on the flow characteristics during the entire
cycle and, therefore, on the nozzle shape and expansion ratio,
but also on the characteristics of injection, such as pressure
and mass flow, injector location, etc. A nozzle with variable
geometry would provide a way to optimize the performance
throughout the flight regime, but it would also add to the en-
gine complexity and weight. It would also be desirable to min-
imize the drag created by the low-pressure regions in the noz-
zle, during the blowdown phase. Ideally, the nozzle area ratio
should change within the cycle itself and adapt itself to the
local conditions. Clearly, there is no possibility to design a
mechanical nozzle capable of adaption on the time scales of
the PDE engine cycle. However, we do not discount fluid in-
teractions. This, and the potential performance increase from
a pulsed ejector configuration, lead us to believe that the fluid
interactions with an ambient or secondary stream should be
the main focus of future work.
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