A MODEL FOR THE PERFORMANCE OF
AIR-BREATHING PULSE DETONATION
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An analytical model for predicting the performance of a single-tube air-breathing
pulse detonation engine has been developed. The model is based on control volume
methods and elementary gas dynamics. The pulse detonation engine considered consists
of a steady supersonic inlet, a large plenum, and a straight detonation tube (no exit
nozzle). The filling process is studied in detail through numerical simulations, due to its
influence on the initial conditions for detonation initiation. Control volume analysis and
gas dynamics are used to model the coupled flow between the plenum and the detonation
tube. It is shown that the average pressure in the plenum is lower than the stagnation
pressure downstream of the inlet due to the unsteadiness of the flow, and that the flow
in the plenum oscillates due to valve opening and closing. Moreover, the filling process

generates a moving flow into which the detonation has to initiate and propagate.

Our

existing single-cycle impulse model is extended to include the effect of filling velocity

on detonation tube impulse.

Based on this, the engine thrust is calculated using an

open-system control volume analysis. It is found to be the sum of the contributions of
detonation tube impulse, ram momentum, and ram pressure. Performance calculations
are carried out for pulse detonation engines operating with stoichiometric hydrogen-air
and JP10-air and compared to the performance of the ideal ramjet.

Nomenclature
effective inlet capture area
plenum cross-sectional area
valve and detonation tube cross-sectional
area
speed of sound
specific heat at constant pressure
internal energy
fuel-air mass ratio
thrust
Earth’s gravitational acceleration
stagnation enthalpy per unit mass
detonation tube impulse
fuel-based specific impulse
detonation tube fuel-based specific im-
pulse
detonation tube length
mass flow rate
incoming mass flow rate
outgoing mass flow rate
average fuel mass flow rate
mass flow rate through side surfaces of
control volume
Mach number
filling Mach number
Mach number of the shock wave generated
at valve opening in the burned gases
static pressure
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initial pressure ratio across valve in nu-
merical simulations of filling process
stagnation pressure

heat release per unit mass

perfect gas constant

time

time taken by the detonation to reach the
open end of the tube in the static case
=L/Ucy

valve close time

filling time

valve open time

purging time

static temperature

stagnation temperature

flow velocity

detonation wave velocity

filling velocity

detonation tube volume

plenum volume

altitude

non-dimensional parameter correspond-
ing to time taken by first reflected char-
acteristic to reach thrust surface
non-dimensional parameter correspond-
ing to pressure decay period

ratio of specific heats

mass of fluid in control volume

engine control volume



m  purging coefficient
p  density
Y. engine control surface
T  cycle time
Subscripts
0 freestream
2 state downstream of inlet
3 state behind Taylor wave during detona-

tion process
C  acoustic cavity (or plenum)
CJ Chapman-Jouguet
[ state of detonation products at the end of
blowdown process
state of reactants before detonation initi-
ation at the end of filling process
dt  detonation tube
V' valve plane
state at valve plane when choked during
filling process
model value during open part of cycle

.

Averages

X temporal average of X over a cycle

Introduction

Pulse detonation engines (PDEs) are propulsion sys-
tems based on the intermittent use of detonative com-
bustion. Because of the intrinsically unsteady nature
of the flow field associated with the detonation pro-
cess, it is difficult to evaluate the relative performance
of air-breathing PDEs with respect to conventional
steady-flow propulsion systems.

PDE performance analysis has followed several dif-
ferent approaches. Researchers started by measur-
ing!® and modeling®6® the static performance of
single-cycle detonation tubes. In parallel, researchers
have also investigated experimentally the static multi-
cycle performance of single®? and multiple'® detona-
tion tubes.

In contrast to the numerous studies carried out on
the static performance of a PDE, very few efforts
have focused on estimating the performance of an air-
breathing PDE. The difficulties associated with cou-
pling the inlet flow with the unsteady flow in the det-
onation tubes, and the lack of common understanding
about the influence of nozzles on static PDE perfor-
mance,'! are some of the difficult obstacles to such
modeling. Wu et al.'?> have presented what is so far
the most comprehensive system performance analysis
for an air-breathing hydrogen-fueled PDE, based on a
modular approach including supersonic inlet dynam-
ics and detonation in single and multiple tubes. Ma
et al.’™® recently extended this work to the thrust
chamber dynamics of multiple-tube PDEs and ob-
tained specific impulses as high as 3800 s with a single

converging-diverging exit nozzle. However, it is not
clear how the interaction and coupling of the modules
were treated in these models.

Other propulsion performance estimates for PDEs
have been based on thermodynamic cycle analysis sim-
ilar to those used in conventional steady propulsion
systems, following the detonation thermodynamic cy-
cle' or a surrogate constant volume combustion cy-
cle.’® Other models based on gas dynamics have been
proposed.'® Harris et al.'” showed that the model pro-
posed by Talley and Coy'6 offers a good approximation
of the time-averaged PDE performance, whereas the
Heiser and Pratt analysis'* was shown to be overly
optimistic in its prediction of PDE performance.

Because of the inherent unsteadiness associated with
the detonation process and the pulsed operation of the
PDE, the most successful performance models® 716 so
far have been based on unsteady gas dynamics. We
propose that PDEs have to be analyzed in an unsteady
fashion, using open-system control volume analysis.
Our goal is to develop a simple predictive model that
can be used for engine performance evaluation at vari-
ous operating conditions. We present a fully unsteady
one-dimensional control volume analysis of a PDE,
taking into account the kinetic energy terms, which are
critical for high-speed propulsion systems. We focus on
the modeling of a single-tube PDE, which includes an
acoustic cavity that is large enough to minimize pres-
sure transients associated with pulsed operation. We
investigate in detail the flow field inside the engine,
including the dynamics of the detonation tube, the
acoustic cavity, and the inlet response. We perform an
unsteady control volume analysis of the PDE. The con-
servation equations for mass, momentum, and energy
are integrated over a cycle, and performance parame-
ters are derived as a function of flight and operating
conditions. Finally, the performance of a single-tube
air-breathing PDE is compared with that of a conven-
tional propulsion system, the ideal ramjet.

General considerations

Conventional steady inlets are attractive for PDE
applications because their performance characteristics
are well understood. They can be used in an un-
steady air-breathing engine such as a PDE as long
as the flow downstream of the inlet is quasi-steady.
There are two ways to achieve quasi-steady state at
the inlet. The first one is to design an inlet manifold
large enough to dampen pressure transients and bleed
excess air between detonation cycles. This approach
requires an increased engine total volume and may not
be practical. The second way is to use multiple det-
onation tubes operating out of phase so that the flow
upstream of the detonation tubes is decoupled from
the unsteady flow inside the tubes, and approaches
quasi-steady state. The first approach is used in our
modeling of the single-tube PDE.
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The air-breathing PDE we consider in this paper
consists of an inlet, a large acoustic cavity (or plenum),
a valve, which is assumed to open and close instanta-
neously, and a detonation tube with fuel injectors. A
schematic of a single-tube PDE with a steady inlet is
illustrated in Fig. 1. The inlet, operating in a steady
mode, is separated from the detonation tube by an
isolator (a grid or screen similar to what is used in
ramjets) and a large acoustic cavity, whose role is to
protect the inlet from downstream flow perturbations
due to combustion or valve motion. The detonation
tube is assumed to be straight. As there is no wide
agreement on the influence of nozzles on PDE per-
formance, the effect of exit nozzles on detonation tube
performance will not be considered in this initial study.

isolator valve
shock wave \
My>1 —==5 T
—— : -
—‘—\_/
inlet diffuser acoustic cavity detonation tube

Fig. 1 Schematic representation of a single-tube
pulse detonation engine.

Detonation tube dynamics

Before calculating the performance of a PDE, it is
instructive to study the dynamics of the detonation
tube during one cycle. A cycle has three main com-
ponents: detonation and blowdown of burned gases,
purging of the expanded burned products, and refill-
ing of the tube with fresh reactants. Experiments have
shown that purging the burned gases (usually with air)
was a necessary precaution to avoid pre-ignition of the
fresh mixture before the detonation is initiated. Fig. 2
illustrates the complete cycle for a given detonation
tube, which is described in more detail in the follow-
ing sub-sections. Fuel is injected in the low-speed flow
upstream of the valve plane and is assumed to mix
instantaneously with the flowing air. Total pressure
losses associated with fuel-air mixing are neglected in
our idealized model. The cycle time is the sum of the
valve close time and the open time, the latter being
the sum of the fill time and the purging time:

T = telose + topen = telose + tfill + tpurge (1)

Although the unsteady flow in the detonation tube
is complex and involves many wave interactions, the
main physical processes occurring during a cycle are
fairly obvious from previous studies.

Detonation/blowdown process

Detonation is assumed to be instantaneously di-
rectly initiated in the initial mixture at the closed end
of the tube. The specific detonation tube dynamics

Taylor wave detonation front

| products FUCJ
closed valve

a) b)

products-air interface
non-simple region

detonation front open end

|x) reactants

first reflected characteristic
decaying shock d)

| burned products

c)
shock wave

air/products interface products/air interface

shock wave air/products interface

N

air &= |~ products reactants i— air = products |}
open valve reactants/air interface

e) f)
air/products interface reactants/air interface

S

reactants i air -—’ | reactants
<
reactants/air interface closed valve
9 h)

Fig. 2 PDE cycle schematic for a detonation tube.
a) The detonation is initiated at the closed end of
the tube. b) The detonation propagates towards
the open end. c¢) The detonation diffracts outside
as a decaying shock and a reflected expansion wave
propagates to the closed end, starting the blow-
down process. d) At the end of the blowdown
process, the tube contains burned products at rest.
e) The purging/filling process is triggered by the
opening of the valve, sending a shock wave in the
burned gases, followed by the air/products contact
surface. f) A slug of air is injected before the re-
actants for purging. g) The purging air is pushed
out of the tube by the reactants. h) The reactants
eventually fill the tube completely and the valve is
closed.

during the detonation process were studied in detail
by Wintenberger et al.” in the static case. It was
shown that, as the detonation exits the tube, a re-
flected expansion wave propagates back towards the
closed valve for hydrocarbon-air and lean and slightly
rich hydrogen-air mixtures. After interacting with the
Taylor wave, this reflected expansion decreases the
pressure at the closed end of the tube and accelerates
the fluid towards the open end. The pressure inside
the tube typically decreases below the ambient pres-
sure® at the end of the blowdown process before going
back up to ambient pressure after about 20tc ;. This
suggests that the time during which the valve is closed
for a given tube in an air-breathing PDE has to be at
least 10t¢y for maximized impulse per cycle.

In an air-breathing configuration, the flow in the
detonation tube has a slightly different behavior be-
cause of the interaction of the detonation and fill-
ing processes. The valve is assumed to close instan-
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taneously prior to the beginning of the detonation
process. The valve closing sends an expansion wave
through the tube to decelerate the flow created by
the filling process. This expansion wave decreases the
pressure and density inside the tube, which will de-
crease the detonation pressure, decreasing the thrust.
If the detonation is assumed to be initiated as soon as
the valve closes, it will overtake the expansion wave
within the tube and propagate into the uniform flow
produced by the filling process. The thrust for this sit-
uation will be different from the case of a detonation
propagating into a stationary mixture but can be cal-
culated if we assume ideal valve closing and detonation
initiation.

Purging/filling process

At the end of the detonation/blowdown process, the
valve at the upstream end of the tube, which was
closed during the detonation/blowdown process, opens
instantaneously. The opening of the valve triggers the
expansion of the high-pressure air into the detonation
tube containing burned gases at ambient pressure and
elevated temperature. A shock wave is generated and
propagates into the detonation tube, followed by the
contact surface between fresh air and burned products.
Fuel is typically not injected in the initial part of the
filling process because purging the burned gases with
air is required in order to avoid pre-ignition of the fresh
mixture. An unsteady expansion wave propagates up-
stream of the valve inside the acoustic cavity and sets
up a steady expansion of the cavity air into the deto-
nation tube. The filling process is characterized by a
combination of unsteady and steady expansions.

The gas dynamics of the flow are complex and in-
volve multiple wave interactions, but in the interest
of simplicity, we will attempt to characterize the fill-
ing process with a few key quantities. In order to
do so, this problem was simulated numerically using
Amrita.'® The simulations employed the non-reactive
Euler equations in a two-dimensional domain with
cylindrical symmetry, using a Kappa-MUSCL-HLLE
solver. The configuration tested, shown in Fig. 3, con-
sists of a large cavity connected by a smooth area
change to a straight tube open to a half-space. The
simulation was started with high-pressure air in the
cavity at conditions given by Pc/Py = Pr, Te /Ty =
Pg’_l)/ 7 separated from burned gases in the tube at
pressure Py and elevated temperature Ty = 7.697y,
representative of the temperature of the burned gases
at the end of the blowdown process. The air outside
the detonation tube is at pressure Py and tempera-
ture Tp. The problem has two contact surfaces, the
inlet air-burned gas interface at the valve end, and the
burned gas-outside air interface at the tube exit. Nu-
merical Schlieren images of the filling process are given
in Fig. 3.

When the shock wave reaches the open end of the

Fig. 3 Numerical Schlieren images of the filling
process. Pr =8, Ty/Ty = 7.69, v = 1.4.

detonation tube, it diffracts outwards, eventually be-
coming a decaying spherical shock, but also generates a
reflected shock, due to the lower density of the burned
products in the detonation tube than the outside air
(soft-hard interaction). The reflected shock propa-
gates upstream, interacting with the expansion waves
that propagate back into the tube from the corners.
The weakened shock then interacts with the inlet air-
burned gas contact surface, generating a transmitted
shock and a reflected expansion wave propagating to-
wards the open end of the tube. When the flow behind
the inlet air-burned gas contact surface is supersonic
(for high values of Pg), the transmitted shock can be
steady or also be convected by the flow towards the
open end.

Although this problem is essentially multi-
dimensional, the simulation results show that for
pressure ratios low enough (Pr < 5), the flow in-
side the tube is essentially one-dimensional, except
within one tube diameter of the tube exit, just
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after the exhaust of the incident shock, when the
multi-dimensional corner expansion waves propagate
back into the tube. These waves quickly catch up
and merge with the reflected shock. The subsequent
reflected shock-contact discontinuity interaction ap-
pears one-dimensional. The same behavior is observed
at higher pressure ratios, although two-dimensional
waves generated by the starting process closely follow
the inlet air-burned gas contact surface (Fig. 3).

Plenum/detonation tube coupling

The acoustic cavity (or plenum) is connected on one
side to the steady inlet and on the other side to the un-
steady valve at the front of the detonation tube. The
conditions in the plenum and the flow in the detona-
tion tube are coupled. The unsteady flow generated by
the valve opening during the filling process depends
on the conditions in the plenum and in the tube at
the end of the detonation process but, in turn, affects
the flow in the plenum. It is, therefore, critical to be
able to model accurately the average conditions in the
plenum.

Fig. 4 Control volume Vo considered for analysis
of flow in the plenum.

We assume that the cycle time is much larger than
the characteristic acoustic transit time in the plenum
so that the properties in the cavity can be modeled as
spatially uniform. Assuming that the flow through the
inlet diffuser is choked, the incoming mass flow rate in
the plenum 1y, (t) is constant and equal to 7hy. The
outgoing mass flow rate is defined as the flow rate at
the valve plane iy (t) when the valve is open. We are
seeking the average conditions in the plenum, which
determine the average filling conditions. In order to do
S0, we average over a cycle the mass, momentum, and
energy conservation equations for the control volume
Ve defined on Fig. 4. Although there is unsteady mass,
momentum and energy variation during a cycle, there
can be no accumulation in the plenum over a cycle
during periodic operation. This yields

Ty (t) = 1o (2)

mv(t)uv(t) = AgPtQ—AVpV(t)—i—(Av—Ag)Pc(t) (3)
tivy (D hey (1) = 1iohy (4)

Based on our numerical simulations of the filling
process, we model the properties at the valve plane
as piecewise constant functions of time. The velocity
uy (t) and mass flow rate ry (t) are equal to zero when
the valve is closed and take on values uy, and ¢, when
the valve is open, as illustrated in Fig. 5. Assuming

that the volume of the plenum is much larger than the
volume of the detonation tube, the pressure inside the
plenum can be approximated as constant. The pres-
sure at the valve plane is equal to the average pressure
in the cavity P when the valve is closed and takes a
value PJ when the valve is open (Fig. 5). Rewriting
the averaged energy equation in terms of the temper-
ature, we obtain T}, = Ty2. The average conditions in
the plenum can be determined with the additional con-
sideration of the flow in the detonation tube when the
valve is open. In our present geometry, in which the
valve plane corresponds to a geometrical throat, two
different cases must be distinguished: either the flow
at the valve plane is subsonic or it is sonic (choked).

Pyt

rT‘v tclose open

>t

Fig. 5 Modeling of pressure and flow velocity at
the valve plane during a cycle.

Subsonic flow at the valve plane

The unsteady expansion wave generated at valve
opening propagates upstream in the plenum and sets
up a steady expansion through the area change be-
fore decaying, becoming very weak for large area ra-
tios. Assuming a large area ratio between the plenum
and the valve, we ignore the weak unsteady expan-
sion propagating in the plenum in our calculations.
We model the flow during the filling process in the
subsonic case by a steady expansion through the area
contraction between the plenum and the detonation
tube, and a shock wave propagating in the tube fol-
lowed by the burned gases/fresh air contact surface, as
shown in Fig. 6. We neglect the influence of the start-
ing transient by assuming that the time necessary to
start the steady flow is much smaller than the time
necessary to fill the detonation tube. The interaction
of the shock wave with the open end and any subse-
quent reflected waves are ignored. These assumptions
are discussed with respect to the results of numerical
simulations in the next section.

Since the expansion wave is steady, the total tem-
perature is constant across it and we can estimate
the average temperature in the plenum: Tg ~ T)c =
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Fig. 6 Flow configuration used to model the filling
process in the case of subsonic flow at the valve
plane.

Tyv = T}2. Hence the average temperature inside the
plenum is equal to the total temperature downstream
of the inlet.

The conditions at the valve plane are determined
from the average plenum conditions as a function of
the velocity uy , using the isentropic flow relationships
through a steady expansion wave.

1

— Mous, moRTc uf,?
Po =Py — —Y 4 = 0(1 v

-1
A2 AQ’U,(‘)/ B QOP%) .
02 ﬁ
1 (1 - “V_)
2CpTe
(5)

The velocity at the valve plane is determined by
matching the flow in the plenum with the downstream
conditions in the detonation tube. The pressure ra-
tio across the valve at opening determines the shock
wave Mach number and the velocity at the valve
plane, which is also the velocity of the contact surface.
Matching conditions at the interface yields'®

2 2
- P 1+’Yb’jfl(MS_1)
0

2
2(v=1) (¢ 2
1 8 ()" s - /]

b
Yp—1

(6)
The velocity at the valve plane is equal to the post-
shock velocity in the burned gases

ug, 2 1
v _ Mg — — 7
cf ’Yb+1< s Ms) @)

We solve for Mg by equating Egs. 5 and 6 and replac-
ing uy by the expression of Eq. 7 in Eq. 5. Once Mg is
known, all the other variables of the system are calcu-
lated using the relationships across the shock and the
expansion wave.

Choked flow at the valve plane

When the pressure ratio across the valve exceeds a
critical value (given by Po/Py = ((y + 1)/2)%), the
velocity at the valve plane, which is also the throat
in our case, becomes sonic and the flow is choked.

The flow inside the plenum is then independent of the
downstream conditions and it can be decoupled from
the flow in the detonation tube, making the system
easier to solve. The flow configuration is shown in
Fig. 7. The velocity at the valve plane is equal to the
speed of sound u{, = c*. Using the relationships for
choked flow at the valve plane, it is possible to directly
estimate the average plenum pressure from Eq. 3:

v+1—(77“)”71] 0

The properties at the valve plane are given by the stan-
dard isentropic relations and the sonic condition.

m()C*

Po =Py —
C t2 'YA

2

~ unsteady

expansion
—_—A
© O > & —>O®

| contact shock

| L (k) surface  wave

-

steady

expansion

Fig. 7 Flow configuration used to model the fill-
ing process in the case of choked flow at the valve
plane.

The flow in the detonation tube is calculated from
a pressure-velocity diagram by matching conditions
across the interface and solving for the shock wave
Mach number!?

S 2 2
& — L+ ’Yb’z/‘:l (MS B 1) (9)
Po +1 -1 ¢ 7T
V- 2 s - 1)
Discussion

The coupling of the flow in the plenum with the flow
in the detonation tube results in average conditions in
the plenum that are different from the stagnation con-
ditions downstream of the inlet. Although the average
stagnation temperature in the plenum is equal to the
stagnation temperature downstream of the inlet, the
average plenum pressure is lower than the inlet stag-
nation pressure due to the unsteadiness of the flow in
the plenum. The entropy increase associated with the
unsteady waves due to valve opening and closing re-
sults in losses compared to the ideal steady flow case,
for which total pressure is conserved. The ratio of
the average plenum pressure to the stagnation pres-
sure downstream of the inlet is shown as a function of
the flight Mach number in Fig. 8. Values are given only
for My > 1 because we made the assumption of choked
flow in the diffuser and constant inflow in the plenum.
In the case considered in Fig. 8, P¢ is only 2.6% lower
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than P,s in the worst case. However, this value can
become significant (greater than 10%) if the ratio of
the plenum area to the inlet capture area As/Ag is
decreased.

0.99

0.98

PP,

0.97

0.96

0.95

-
N
w
o

M

0

Fig. 8 Ratio of the average pressure in the plenum
to the total pressure downstream of the inlet as a
function of the flight Mach number. P, = 0.265 bar,
To = 223 K, Ao = 0.004 m?, A, = 0.04 m?, Ay = 0.006
m2.

In our calculations, we assumed fixed valve area Ay
and valve close time; other parameters such as valve
open time and detonation tube length are then deter-
mined by the periodicity of the system. This means
that the open time was set as a free parameter deter-
mined by the average mass flow rate at the valve plane
from the mass conservation equation: 71y = topenmy .
This makes sense only if 7h{, > 1. There is a critical
value of the flight Mach number at which 7, is ex-
ceeded by 1, corresponding to an infinite open time.
This critical value depends on the ratio of the valve
area to the inlet capture area, and increases with de-
creasing Ay /Ag. For realistic values of this parameter,
this behavior is observed at subsonic flight conditions,
at which the inlet flow would be strongly affected by
the unsteady flow in the plenum, making our model in-
appropriate. In practice, when my{, approaches 7, the
system will adjust itself to these conditions by sending
pressure waves upstream in order to modify the inlet
flow and to decrease the inlet mass flow rate, keeping
the open time finite.

Comparison with numerical simulations

The predictions of our modeling for the filling pro-
cess were compared with the results of the numerical
simulations with Amrita'® described previously. An
average velocity uy and pressure Py at the valve plane
were calculated from the two-dimensional simulations
by spatially and temporally averaging these quantities
along the valve plane. An average filling velocity Uy

was calculated as the average velocity of the inlet air-
burned gases contact surface between the valve plane
and the tube exit. Fig. 9 shows these quantities as a
function of the initial pressure ratio Pr for both model
and simulations.

77777 u,, - model

] u, - Amrita

2.5 U, - model
A U, - Amrita A

fill

ulc,

Fig. 9 Comparison of model predictions and nu-
merical simulations with Amrita'® for the velocity
at the valve plane and the average filling velocity.
Ty /To =7.69, v = 1.4.

According to our one-dimensional model, the flow
at the valve plane is expected to become choked above
a critical value of the pressure ratio equal to 3.19 in
the case considered. For pressure ratios below this
value, uy = Uyyy. For higher values of Pg, the flow is
choked at the valve plane and an unsteady expansion
accelerates the flow to supersonic downstream of the
valve plane, so that uy # Uyy;. The velocity at the
valve plane is predicted by the speed of sound at the
throat ¢*, while the filling velocity is predicted by the
velocity of the flow behind the shock wave. The two
curves in Fig. 9 correspond to these two cases.

The model predictions for Uy;; are in reasonable
agreement with the results of the numerical simula-
tions, with a maximum deviation of 11%, respectively.
The model predictions for uy are systematically higher
than the numerical results by up to 40% near choking.
The discrepancies in the velocity at the valve plane can
be attributed to the influence of the starting transient,
which is ignored by our model but is characterized by a
lower flow velocity than in the steady expansion case,
and to the effect of two-dimensional waves generated
at valve opening, which strongly affect the flow at the
valve plane. The influence of the reflected waves gen-
erated at the open end was investigated by conducting
simulations with an infinitely long tube but the differ-
ence observed was minimal.

The values of the flow properties at the end of the
filling process are critical to the calculation of the deto-
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nation tube impulse. The model assumes that the flow
in the detonation tube is uniform and moving at a ve-
locity Uyy; and at a pressure equal to the post-shock
pressure. In order to test the validity of this approx-
imation, we plotted the pressure and velocity profile
along the centerline from our numerical simulations in
Fig. 10. The pressure profile indicates that the flow
inside the detonation tube is relatively uniform in the
first half of the tube but quite non-uniform in the sec-
ond half, where it includes a quasi-steady left-facing
shock followed by a steady expansion near the open
end. The spatially averaged model pressure at the end
of the filling process is between 5.8% and 22.7% higher
than the average pressure in the tube from the numer-
ical simulations for values of Pr between 2 and 10.
These numbers are helpful to understand the influence
of our approximations on the accuracy of our predic-
tions and their potential consequence on performance
parameters.

detonation
tube

10.0 T . ,

open

plenum half-space

P/P,

0 50 100 150 200 250 300

Axial distance

Fig. 10 Pressure profile along the centerline from
the numerical simulations with Amrita.’® The
valve is located at an axial distance of 100 and
the detonation tube exit is located at 200. The
dashed line shows the value of the model predic-
tion. Pr =8, Ty/To = 7.69, v = 1.4.

Flow in the plenum

The unsteady pressure waves generated by valve
closing and opening strongly affect the overall flow in
the plenum, which, in turn, influences the flow through
the inlet diffuser. Since conventional steady inlets may
be sensitive to downstream pressure fluctuations, it is
critical to be able to model the unsteady flow in the
plenum.

We assume that the cycle time is much larger than
the characteristic acoustic time in the plenum, so that
the properties in the plenum can be modeled as spa-
tially uniform. We assume that the incoming flow is
choked at the diffuser. The flow downstream of the
inlet diffuser has a low Mach number, so that the flow

velocity in the cavity is small and we can neglect the
kinetic energy term when calculating the total energy
and the total enthalpy. We model the flow into the
detonation tube with a steady expansion so that the
total enthalpy is conserved between the cavity and the
valve plane. In order to model the unsteady flow in
the plenum, we solve the unsteady mass and energy
equations for the control volume V¢ (Fig. 4).

Ve = say i (1) (10)
Vorpe(t) SE = e — firg + (3 — iy (0)] Te (1)

(11)

This system of equations has to be solved separately
for the closed part of the cycle [0, t.ose] and for the
open part of the cycle [tejose, 7]. Assuming small vari-
ations in the properties inside the plenum and because
the flow in the detonation tube during the open part
of the cycle is generated by a steady expansion, we
approximate 1y (t) as constant during the open part
of the cycle, as in the previous section. For sufficiently
large supersonic flight Mach numbers, the flow at the
valve plane during the filling process is choked, and
this approximation is justified. We are seeking the
limit cycle solution to this system of equations, which
corresponds to periodic behavior.

The density varies linearly around its average value
pc- The limit cycle solution for the temperature has to
obey the averaged energy equation, which states that
the average temperature during the open part of the
cycle is equal to Tys. The solution for the tempera-
ture evolution was obtained numerically and is shown
in Fig. 11. The numerical solution quickly converges
towards the limit cycle. After 10 cycles, the average
value of the temperature in the plenum during a cycle
was found to be within 0.35% of T. This means that
our averaged conservation equations for the plenum
are consistent with the unsteady analysis of the flow
in the plenum. The characteristic acoustic time in this
case was estimated as Vcl/ ® Je¢ and verified to be much
lower than t.se.

The amplitude of the fluctuations in density and
temperature in the cavity can be determined analyti-
cally:

% . mOtclose

pc 2Vepe
The amplitude of fluctuations in density, tempera-
ture, and pressure for the case shown in Fig. 11 are
15.2%, 6.1%, and 22.1%, respectively. The amplitude
of the fluctuations are all controlled by the same non-
dimensional parameter rmoteose/(Vepe), which repre-
sents the ratio of the amount of mass added to the
system during the closed part of the cycle to the aver-
age mass in the plenum. The amplitude of oscillations
is reduced for a lower mass flow rate (corresponding
to a lower flight Mach number), a lower close time,

(12)
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Fig. 11 Evolution of temperature in the plenum.
Ag =0.004 m?, A; = 0.04 m?, Ay = 0.006 m?, Vo = 0.02
m?, 1y = 0.9915 kg/s, Pc = 1.885 bar, Tc = 401.4 K,
telose = 0.01 s, topen = 0.007865 s.

a higher plenum volume, or a higher average plenum
density.

The pressure oscillations in the cavity induce an un-
steady behavior of the flow in the inlet diffuser. This
behavior has been previously studied in the context of
longitudinal pressure fluctuations generated by com-
bustion instabilities in ramjets. The effect of pressure
oscillations on the inlet may be regarded as an equiv-
alent loss of pressure margin that might result in inlet
unstart. Higher frequency oscillations tend to stabilize
the diffuser shock.?°22 The frequency of oscillations
in the cavity is given by 1/7, which means that re-
ducing the cycle time is going to benefit inlet stability.
For a given inlet configuration and flight condition,
the amplitude of the pressure oscillations in the cav-
ity decreases with decreasing close time and increasing
plenum volume. This analysis gives some general ideas
about the unsteady response of the inlet diffuser.

Control volume analysis

The performance of an air-breathing PDE is deter-
mined by performing an unsteady open-system control
volume analysis. The control volume ) considered,
displayed in Fig. 12, is stationary with respect to the
engine. The engine is attached to the vehicle through
a structural support. The control surface ¥ passes
through the engine valve plane, encompasses the det-
onation tube, and extends far upstream of the inlet
plane. The side surfaces are parallel to the freestream
velocity. We consider the equations for mass, energy,
and momentum for this control volume.

Mass conservation

Writing the general unsteady conservation equation
for mass in the control volume 2, bounded by the sur-

Fig. 12 Control volume considered for analysis of
single-tube PDE.

face X:

am . .

e + 1y (t) — pouoAy + ms =0 (13)
Since there is no average mass storage inside the en-
gine, we can integrate over a cycle the mass conser-
vation equation between the inlet plane and the valve
plane:

/T mv(t)dt = Tmo (14)
0

This result can be used when integrating the mass
conservation equation for the control volume §2 over
a cycle. With the assumption of no mass storage in
the engine through a cycle during steady flight, we can
calculate the mass flow of air through the side surfaces
of Q:

ms = poto(Ay — Ao) (15)

Momentum conservation

The forces on the control volume consist of the
pressure forces and the reaction to the thrust carried
through the structural support. If we assume that
the sides of the control volume are sufficiently distant
from the engine, then the flow crosses the side con-
trol surface with an essentially undisturbed velocity
component in the flight direction. Applying the mo-
mentum equation in the flight direction, and using the
result of Eq. 15, we obtain an expression for the in-
stantaneous thrust:23

F(f) :mv(t)uV(t) — Mmoug + Av(Pv(t) — PO)
+ dV (16)
at Jo 7
The last term represents the unsteady variation of mo-
mentum inside the control volume.

Energy conservation

The general unsteady conservation equation for en-
ergy in the control volume 2 is, in the absence of body
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forces or heat release in the control volume (heat is re-
leased only in the detonation tube, which is outside
our control volume ):

% ; ple+u?/2)dV 41y (t)hey (t) —hghyg = 0 (17)
after using the result of Eq. 15. Integrating over a
cycle, the first term vanishes because there is no av-
erage energy storage in the control volume. Using
Eq. 14, the energy equation results in: hf, = hyo.
It states that the stagnation enthalpy of the flow has
to be conserved between the freestream and the valve
plane during the open part of the cycle. This is satis-
fied by our model, since the stagnation enthalpy of the
plenum is equal to the freestream stagnation enthalpy,
and the flow into the detonation tube during the open
part is generated by a steady expansion, which con-
serves stagnation enthalpy. The energy release in the
detonation is implicitly considered in the calculation
of the detonation tube impulse.

Thrust calculation

The average thrust is calculated by averaging Eq. 16
over a complete cycle. The unsteady term can be
integrated and corresponds to the variation in total
momentum in the control volume during a cycle, which
vanishes during steady flight, since the total momen-
tum in the control volume has a periodic behavior.
During the closed part of the cycle (from 0 to tcose),
the contribution of the momentum at the valve plane
vanishes since the valve is closed. The pressure con-
tribution corresponds to the conventional detonation
tube impulse [I; generated by the detonation and
blowdown processes

telose
/ Ay (Py(t) — Po)dt = I, (18)
0

The momentum and pressure contributions of the det-
onation tube during the open part of the cycle (from
telose 10 T) are calculated using the model estimates
for velocity and pressure at the valve plane during the
open part of the cycle. Using Eq. 14, the pressure and
momentum contribution for the open part of the cycle
is:

/ (i O 0+ A (PE) = )=

T’I?.’L()’UJ(‘)/ —+ Av(P‘(jv — P())topen

Using Eqgs. 18 and 19, the average thrust can be ex-
pressed as follows

Enl 1 tO en
F = ;Idt + mo(ui’, - UO) + %AV(P‘(} - PO) (20)
The average thrust of an air-breathing PDE is deter-

mined by the contributions of detonation tube impulse,
ram momentum, and ram pressure in the engine.

Influence of the purging time

The purging time has a strong influence on the
overall engine thrust since the thrust is inversely pro-
portional to the cycle time, and, by definition, 7 =
tetose + tpurge + Lri.  Since topen is determined in
our model by the condition for periodicity, increasing
tpurge means decreasing tr;; and decreasing the mass
of detonable gas in the detonation tube.

For a fixed open time, the purging time relates the
incoming mass flow rate to the mixture mass detonated
in the chamber. We assume that the detonation tube
has a volume equal to the volume of the slug of com-
bustible gas injected®. Assuming ideal fuel-air mixing
at constant pressure and temperature, the mass bal-
ance in the detonation tube shows that:

o 1+f TTho
V<1+7T) pi 2D

where ™ = tpyrge/trin is defined as the purge coeffi-
cient. It is critical to make the distinction between
the air mass flow rate rhy and the average detonated
mixture mass flow rate p;V/7. The average fuel mass
flow rate is given by:

VS

A TEiE 22

The fuel-based specific impulse is calculated with re-
spect to the fuel mass flow rate as

F
Ispr = —
mgg
14w Ay (P — P,
= Isppat + —— u?/*uo+w
fg my,

(23)

The fuel-based specific impulse is the sum of three
terms representing the contributions of the detonation
process, the ram momentum, and the ram pressure in
the engine. The first term is always positive. The
second term is negative because of the flow losses as-
sociated with decelerating the flow through the inlet
and re-accelerating it unsteadily during the filling pro-
cess. The third term is positive because the air injected
during the filling process is at higher pressure than
the outside air. However, the sum of the last two
terms is negative and corresponds to a drag term due
to flow losses and unsteadiness. The specific impulse
decreases linearly with increasing purge coefficient.

Detonation tube impulse
The static impulse of a PDE is due to the detonation
process (first term on right-hand side of Eq. 23) and
has been measured'® for single-cycle operation and

2This means the length of the detonation tube is being varied
with the operating conditions in this model.
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several models have been proposed.? %7 However, in
practice, the flow downstream of the detonation wave
in a moving engine is not going to be at rest because of
the filling process. This is captured in multi-cycle ex-
periments® 19 but the values obtained for the impulse
are still well predicted by the single-cycle estimates’
because the filling occurs at low subsonic velocity in
these tests. During supersonic flight, the large pressure
ratio across the valve will generate high filling veloci-
ties during the filling process, which can significantly
alter the flow field and the detonation/blowdown pro-
cess. We need to include this effect in our model.
In an idealized case, we assume that the detonation
wave is initiated immediately after valve closing. The
detonation wave catches up with the expansion wave
generated by the valve closing and the situation before
the wave exits the tube corresponds to a detonation
wave propagating in a flow moving in the same direc-
tion at the filling velocity.

The detonation wave is followed by an expansion
wave, referred to as the Taylor wave, which brings
the products back to rest near the closed end of the
tube. In the moving flow case, the energy release
across the wave is identical to the no flow case and
the CJ pressure, temperature, density, and speed of
sound are unchanged. However, the wave is now mov-
ing at a velocity Uc.s + Uyyy with respect to the tube.
The properties upstream of the Taylor wave, near the
closed end, are modified compared to the no flow case
because the flow behind the detonation wave has to
undergo a stronger expansion. Using the method of
characteristics as described in Wintenberger et al.,”
we can obtain the speed of sound and the pressure
behind the Taylor wave:

+1 -1
c3 = %2 ccg — %2 (Ucs+Uprr) (24)
2’yb
-1
Py = Poy (C—?’) ’ (25)
ccy

The pressure behind the Taylor wave decreases as the
filling velocity increases due to the additional expan-
sion required to bring the flow to rest at the wall. The
Taylor wave also occupies a larger region of the tube
behind the detonation in the moving flow case.

The detonation tube impulse is calculated as the
integral of the pressure trace at the valve plane (or
thrust wall):

telose
Iy = / Ay (P3(t) — Po)dt (26)
0

Using dimensional analysis, we idealize the pressure
trace at the thrust wall and model the pressure trace
integral in a similar fashion as described in Winten-
berger et al.” The pressure history is modeled by a
constant pressure region followed by a decay due to

gas expansion out of the tube. The detonation tube
impulse can then be expressed as:

T L L
P3(t)—Py)dt = AP3s | ——— + (a+ 3)—
/t(,pm( 3()—F) *\Ucs + Ut (a+5) c3
(27)
where AP; = P3 — Py, a is a non-dimensional pa-

rameter corresponding to the time taken by the first
reflected characteristic at the open end to reach the
thrust wall, and (3 is a non-dimensional parameter cor-
responding to the pressure decay period.” The first
part of the term in square brackets in Eq. 27 is equal
to the time taken by the detonation wave to propagate
to the open end. As in the no flow case, it is possible
to derive a similarity solution for the reflection of the
first characteristic at the open end and to analytically
calculate . The reader is referred to Wintenberger
et al.” for the details of the derivation in the no flow
case. For the moving flow case, the value of « is:

cs
="
Ucj+Uprin

+1

2<'Yb_1<03_UCJ+ 2 ))2&‘” 1
T+ 1 ccy Y —1

(28)

The value of 3 was assumed to be independent of the
filling velocity and the same value as in Wintenberger
et al.” was used: 8 = 0.53.

In order to validate the model for the thrust wall
pressure integration (Eq. 27), the flow was simulated
numerically using Amrita.!® The simulation solved the
non-reactive Euler equations using a Kappa-MUSCL-
HLLE solver in the two-dimensional (cylindrical sym-
metry) computational domain consisting of a straight
tube of length L closed at the left end and open to
a half-space at the right end. The moving flow was
represented by an idealized inviscid straight pressure-
matched jet profile at constant velocity Uy;; as shown
on Fig. 13. The modified Taylor wave similarity so-
lution was used as an initial condition, assuming the
detonation has just reached the open end of the tube
when the simulation is started. This solution was cal-
culated using a one-y model for detonations®* for a
non-dimensional energy release q/RT; = 40 across the
detonation and v = 1.2 for reactants and products.
The corresponding CJ parameters are Moy = 5.6 and
Pcj/P; = 17.5, values representative of stoichiometric
hydrocarbon-air mixtures. The initial refilling pres-
sure P; ahead of the detonation wave was taken to be
equal to the pressure P, outside the detonation tube.
The configuration adopted for the moving flow is a very
elementary representation of the flow at the end of the
filling process, which will, in reality, include vortices
associated with the unsteady flow and the unstable
jet shear layers. However, the analysis of the numer-
ical simulations showed that the flow in the tube is
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one-dimensional except for within one to two tube di-
ameters from the open end and mainly dictated by the
gas dynamic processes at the tube exit plane. Since the
exit flow is choked for most of the process, the influence
of our simplified jet profile on the thrust wall pressure
integration is minimal. Fig. 14 shows the comparison
of the non-dimensionalized thrust wall pressure inte-
gral as a function of the filling Mach number with the
predictions of our model. The numerical pressure in-
tegration was carried out for a time equal to 20tc .
As the filling Mach number increases, the flow expan-
sion through the Taylor wave is more severe and the
plateau pressure behind the Taylor wave P3 decreases.
Even though Pj is lower, the blowdown process is ac-
celerated due to the presence of the initial moving
flow. The overall result is that the detonation tube
impulse decreases with increasing filling Mach num-
ber, as shown in Fig. 14, mainly due to the stronger
expansion through the Taylor wave as Mp;; increases.
The model agrees reasonably well with the results of
the numerical simulations. It generally overpredicts
the results of the numerical simulations by as much as
25% at higher filling Mach numbers. The agreement
is better at lower Mach numbers (within 11% error for
My <2 and 4% for My < 1).

/)

Fig. 13 Numerical Schlieren image of the initial
configuration for the numerical simulations of the
detonation process with moving flow. The Taylor
wave is visible behind the detonation front at the
tube exit.

Performance calculations

Performance calculations are carried out for a single-
tube air-breathing PDE at sea level for hydrogen and
JP10 fuels.

Model input parameters

The input parameters for the performance model
described in Eq. 23 consist of the engine geometry, the
freestream pressure and temperature, the flight Mach
number, the specific heat ratio of air, the fuel type and
stoichiometry, the valve close time, and the purging
time.

The total pressure loss across the inlet during super-
sonic flight is modeled using the military specification
MIL-E-5008B,2° which specifies the total pressure ra-
tio across the inlet as a function of the flight Mach

5_
B model
+ nu Amrita
4,
e f
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Fig. 14 Non-dimensional detonation tube impulse
as a function of the filling Mach number. Com-
parison of model predictions based on Eq. 27 and
results of numerical simulations with Amrita.'®

number, for My > 1:

Po _y_ 0.075(Mo — 1)"° (29)
Py
The calculations of the initial conditions for the deto-
nation require solving Eqgs. 5 and 6 or 8 and 9, which
require the knowledge of the specific heat ratio 7y, and
the speed of sound ¢y in the burned gases at the end of
the blowdown. ~, and the CJ parameters are obtained
by carrying out detonation equilibrium computations
using realistic thermochemistry.?5 The speed of sound
cy is calculated assuming that the flow is isentropically
expanded from the CJ pressure to atmospheric pres-
sure. This entire process needs to be iterated since
the CJ parameters are obtained from P; and T;, which
are determined from Mg, which is itself a function of
v and cy. The solution was found by iteration until
the prescribed values of v, and ¢y matched the values
obtained at the end of the equilibrium computations.
We estimate performance for an idealized configu-
ration with the detonation tube completely filled with
reactants before detonation initiation. Since the filling
conditions, in particular the filling velocity and the fill
time, vary with flight conditions, the length and vol-
ume of the detonation tube are also varied (Eq. 21).

Conditions inside the engine

The calculation of performance parameters first re-
quires solving for the conditions inside the engine, in
particular those in the plenum and the filling con-
ditions in the detonation tube, including the filling
velocity, which determines the cycle frequency. Fig. 15
shows the filling velocity and the velocity at the
valve plane for a PDE operating with stoichiometric
hydrogen-air flying at an altitude of 10,000 m. In this
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particular case, the flow at the valve plane is predicted
to remain subsonic up to a flight Mach number of 1.36,
above which it becomes choked. For My > 1.36, Uy
exceeds uy because of the additional unsteady expan-
sion generated at the valve plane. The filling velocity
increases with increasing flight Mach number because
of the increased stagnation pressure in the plenum,
which generates a stronger shock wave at valve open-
ing.

1500
L U
L uy
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0 |
E |
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Fig. 15 Filling velocity and velocity at the

valve plane as a function of flight Mach number
for single-tube PDE operating with stoichiomet-
ric hydrogen-air. Z = 10,000 m, Ay = 0.004 m?,
Az = 0.04 m?, Ay = 0.006 m?, tciose = 0.005 s.

Fig. 16 shows the pressure non-dimensionalized with
the freestream stagnation pressure at various locations
inside the engine. The inlet stagnation pressure de-
creases with increasing flight Mach number relative to
the freestream stagnation pressure due to the stagna-
tion pressure losses across a supersonic inlet (Eq. 29).
The average plenum pressure is slightly lower than
Pi5 (see Fig. 8). The pressure at the valve plane
is equal to the filling pressure until the valve plane
becomes choked. At higher values of My, the ad-
ditional unsteady expansion lowers even further the
filling pressure compared to the freestream total pres-
sure. An important point is that, even though the
average plenum pressure strongly increases with flight
Mach number, the ratio of the filling pressure to the
freestream total pressure decreases sharply, due to the
substantial values obtained for the filling velocity (see
Fig. 15).

PDE performance parameters
Variation with flight Mach number

Performance parameters are calculated for an

air-breathing PDE operating with stoichiometric

hydrogen-air and JP10-air. The specific impulse is
shown in Fig. 17 as a function of the flight Mach num-
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Fig. 16 Inlet stagnation pressure, plenum pres-
sure, pressure at the valve plane, and filling pres-
sure non-dimensionalized with freestream total
pressure as a function of flight Mach number. Sto-
ichiometric hydrogen-air, Z = 10,000 m, Ao = 0.004
m?, A; = 0.04 m?, Ay = 0.006 m?.

ber for conditions at 10,000 m altitude. The results
shown in Fig. 17 represent the maximum values pre-
dicted by the model for a given engine geometry (no
purging). We restrict ourselves to performance calcu-
lations for supersonic flight because of the assumptions
made in the derivation of the model. A data point from
the static multi-cycle experiments of Schauer et al.”
is given as a reference point for hydrogen in the static
case. A data point for a ballistic pendulum experi-
ment2” for stoichiometric JP10-air at 100 kPa and 330
K is given as a reference for the static case. Single-
cycle static impulse predictions” are also shown for
conditions corresponding to an altitude of 10,000 m
for both hydrogen and JP10. Even though the present
model assumptions do not apply for subsonic flight,
the reference values for the static case (My = 0) ap-
parently lie on or close to a linear extrapolation of the
results obtained for supersonic flight. Our single-tube
PDE generates thrust up to a flight Mach number of
4.2 for hydrogen and 4 for JP10.

The specific impulse decreases almost linearly with
increasing flight Mach number from a value at My = 1
of about 3530 s for hydrogen and 1370 s for JP10.
The detonation tube impulse decreases with increas-
ing flight Mach number due to the increasing filling
velocity (see Fig. 15), as observed previously (Fig. 14).
For choked flow at the valve plane, the ram momentum
term decreases linearly with Mj. If we neglect the out-
side pressure Py, the ram pressure term is proportional
to v/Tio, and, therefore, increases with My. However,
as pointed out before, the sum of these two terms is
negative and corresponds to a drag term increasing
with increasing flight Mach number, caused by the

13 or 16



5000
E _ -
i , ———— PDE-H,
4000 .7 ———— ramjet-H,
— - / PDE - JP10
K2 - ————— ramjet - JP10
23000; [ ] Wu etaI.-Hz
= 3 / u Schaueretal.-H ,
g. i / O impulse model-H ,
= B / A4 CIT- JP10
£ 2000 // A impulse model - JP10
o iy , [, .
g v, -
(%)) Loy e
1000} , e
e
L
L
0 AIIRERN IRUR RN SRR AN NIRRT s | I |
0 1 2 3 4 5
M,
Fig. 17 Specific impulse of a single-tube air-

breathing PDE compared to the ramjet operat-
ing with stoichiometric hydrogen-air and JP10-air.
Z = 10,000 m, Ay = 0.004 m?, A, = 0.04 m?,
Ay = 0.006 m?, 7 = 0. Data from multi-cycle nu-
merical simulations'® by Wu et al. for My, = 2.1
at 9,300 m altitude are shown. Experimental data
from Schauer et al.'® and Caltech?” and impulse
model predictions” are also given as a reference for
the static case.

stagnation pressure loss through the inlet (Eq. 29).

Fig. 17 also shows a data point from the numer-
ical simulations by Wu et al.,'?> who calculated the
performance of an air-breathing PDE with a straight
detonation tube flying at My = 2.1 at an altitude of
9.3 km and operating with stoichiometric hydrogen-
air. The model prediction at the same conditions, 2286
s, is within 1.8% of their baseline case (2328 s'?).

Variation with altitude

Calculations show that the specific impulse de-
creases with decreasing altitude. For example, the spe-
cific impulse at sea level is systematically lower than
that at 10,000 m by 150-300 s. It is possible to show us-
ing scaling arguments that the different components of
the engine specific impulse are all independent of pres-
sure, but vary with outside temperature. Increasing
Ty results in a stronger shock wave at valve opening,
and, therefore, in a higher filling velocity, which re-
sults in a decrease in detonation tube specific impulse.
The decrease in Igppg; is the main contribution to the
decrease in engine specific impulse with decreasing al-
titude.

Variation with purge coefficient

As shown earlier (Eq. 23), the effect of purging is to
decrease the specific impulse of the PDE. Increasing
the purge coefficient results in an increase of the drag
term in the specific impulse equation and, therefore,
in a decrease of the overall specific impulse. At given

flight conditions, the specific impulse decreases lin-
early with increasing purge coefficient. Fig. 18 shows
that the reduction in performance due to an increase
in purge coefficient increases with flight Mach num-
ber, because of the increasing size of the drag term
at higher flight Mach numbers. The purge coefficient
is found to have a substantial effect on the thrust-
producing range of an air-breathing PDE. Fig. 18
shows that the maximum flight Mach number for a
hydrogen-fueled PDE at an altitude of 10,000 m de-
creases from 4.2 at m = 0 to 3.8 at # = 0.5 and 3.5 at
T =1.
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Fig. 18 Specific impulse of a single-tube PDE
operating with stoichiometric hydrogen-air as a
function of flight Mach number varying the purge
coefficient. Z = 10,000 m, Ay = 0.004 m?, A, = 0.04
m?, Ay = 0.006 m>.

Issues associated with JP10

Recalculating the conditions inside the engine for
JP10, it is found that the temperature of the flow at
the valve plane exceeds the auto-ignition temperature
of JP10-air (518 K?8) above My = 3. This means that
if the fuel injection system is located at the valve plane,
pre-ignition of the JP10-air mixture is expected above
Mach 3 before the detonation can be initiated, result-
ing in a significant decrease in detonation tube impulse
due to potential expulsion of unburned reactants out
of the detonation tube® and reduction in thrust sur-
face as part of the combustion process will take place
while the valve is open. The filling temperature T;
remains below the auto-ignition temperature of JP10
across the entire range of flight Mach numbers.

Another issue with the use of liquid hydrocarbon
fuels is related to potential condensation of the fuel
in the detonation tube due to the low filling temper-
ature. For the case considered here with JP10, the
filling temperature remains under 300 K as long as
My < 2.3. The fuel injected will vaporize completely
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as long as its vapor pressure is high enough at the tem-
perature considered. It is possible that not all the fuel
corresponding to stoichiometric quantity will be able
to vaporize, and the engine may have to be run at a
leaner composition depending on the flight conditions
considered.

Comparison with conventional propulsion systems

The performance of a single-tube air-breathing PDE
is compared with that of the ideal ramjet for flight con-
ditions corresponding to 10,000 m altitude in Fig. 17.
Performance was calculated for both engines for hydro-
gen and JP10, assuming they operate at stoichiometry.
The ideal ramjet performance was calculated following
the ideal Brayton cycle, taking into account the stag-
nation pressure loss across the inlet (taken equal to
that undergone by the PDE), realistic thermochem-
istry,2% and assuming thermodynamic equilibrium at
every point in the nozzle. According to our perfor-
mance predictions, the single-tube air-breathing PDE
in the present configuration (straight detonation tube)
has a higher specific impulse than the ideal ramjet for
My < 1.35 for both hydrogen and JP10 fuels.

The results of our performance calculations show
that PDEs in the simple configuration considered
(straight detonation tube) are not competitive with
conventional steady propulsion systems at high super-
sonic flight Mach numbers, because of the increased
total pressure loss across the inlet and the decreas-
ing detonation tube impulse associated with the very
high filling velocities and correspondingly low pressure
and density in the detonation tube prior to detonation
initiation. Adding a choked converging-diverging exit
nozzle has been proposed by several researchers'!:12 as
a means to increase the chamber pressure and decrease
the effective filling velocity of the detonation tube.
The strong sensitivity of the detonation tube impulse
to the filling velocity suggests a potential for improving
performance, provided that the filling velocity can be
decreased without excessive internal flow losses. The
numerical simulations of Wu et al.!? support this idea,
showing an increase in specific impulse of up to 45%
with the addition of a converging-diverging nozzle.

Uncertainty analysis

Since our performance model is based on many sim-
plifying assumptions, we need to estimate the effect of
the uncertainty on the performance parameters. Un-
fortunately, due to the complexity and the unsteadi-
ness of the flow in a pulse detonation engine, which
involves moving parts and chemical kinetics, there is
no existing standard to which our model can be com-
pared. It is difficult to estimate the influence of our
assumptions unless a numerical simulation of the en-
tire system is conducted. At present, only Wu et al.?
and Ma et al.'3 have published such computations and
although our work agrees with their results at a single

condition, this is far from conclusive validation of our
approach.

We know from our numerical simulations of the fill-
ing process the uncertainty of the model predictions of
some of the parameters. We carried out best case and
worst case scenario calculations to estimate the model
uncertainty for a stoichiometric hydrogen-air PDE fly-
ing at 10,000 m with no purging. The result of these
calculations is given in Fig. 19. The region of uncer-
tainty is the grey shaded area around the predicted
specific impulse curve. As expected, the uncertainty
margin is quite large and increases with increasing
flight Mach number, due to the growing uncertainty on
the detonation tube impulse. The uncertainty on the
specific impulse at My = 1 is +9.9% and at My = 2,
it is -36.5%/+12.7%. Since the predicted detonation
tube impulse overpredicts the numerical values, the
magnitude of the uncertainty in the worst case sce-
nario is larger than that in the best case scenario.
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Fig. 19 Uncertainty associated with the cal-
culation of specific impulse for a stoichiometric
hydrogen-air PDE. The uncertainty region is the
shaded area. Z = 10,000 m, A9 = 0.004 m?, A, = 0.04
m?, Ay =0.006 m?, 7 = 0.

Conclusions

We have developed a simple model for predicting
the performance of a single-tube air-breathing pulse
detonation engine based on gas dynamics and control
volume methods. The model offers the possibility to
evaluate in a simple way the performance of a single-
tube PDE consisting of a steady supersonic inlet, a
large plenum, and a straight detonation tube. Nu-
merical simulations showed that the filling process is
characterized by a shock wave generated at valve open-
ing and propagating in the detonation tube and a
combination of unsteady and steady expansions be-
tween the plenum and the detonation tube. The flow
in the plenum is coupled to the flow in the detonation
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tube. Due to the unsteadiness of the flow, the average
pressure in the plenum is lower than the stagnation
pressure downstream of the inlet. The flow in the
plenum oscillates due to the opening and closing of the
valve during a cycle. An unsteady open-system con-
trol volume analysis was applied to the engine. Mass,
momentum and energy equations were averaged over a
cycle with no storage terms (steady flight conditions).
The thrust of the engine is found to be the sum of
three terms representing the detonation tube impulse,
the ram momentum, and the ram pressure. Our single-
cycle impulse model” was modified to take into account
the effect of detonation propagation into a moving flow
generated by the filling process. The detonation tube
impulse is found to decrease sharply with increasing
filling velocity. Performance calculations were carried
out for a PDE operating with hydrogen-air and JP10-
air at 10,000 m altitude. The engine specific impulse is
found to decrease quasi-linearly with increasing flight
Mach number, and single-tube PDEs are found to gen-
erate thrust up to a flight Mach number of about
4. Comparison with conventional propulsion systems
showed that the single-tube PDE in the configuration
studied (straight detonation tube) operating with sto-
ichiometric hydrogen- or JP10-air has a higher specific
impulse than the ramjet below a flight Mach number
of 1.35.
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