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THE PERFORMANCE OF STEADY
DETONATION ENGINES

E. Wintenberger and J.E. Shepherd
Graduate Aeronautical Laboratories,
California Institute of Technology, Pasadena, CA 91125

Propulsion systems driven by steady normal detonations are studied. The practical
difficulties associated with stabilizing a detonation wave are highlighted. The requirement
on the freestream total enthalpy is considered in parallel with effects such as condensation
or auto-ignition of the fuel-air mixture and limitations associated with fuel sensitivity
to detonation. A criterion for detonation stabilization is formulated and applied to an
analytical treatment of a detonation ramjet and a detonation turbojet, which are the
respective analogs of the ramjet and the turbojet using detonative combustion. The
performance of these engines is evaluated and compared to the ideal ramjet and turbojet
models for hydrogen and JP10. A limitation is placed on the maximum total temperature
allowed in the combustor, based on material considerations. The results show that steady
detonation engines have a small thrust-producing range, due to the requirements for
detonation stabilization. Their performance is always lower than that of the conventional

ramjet and turbojet because of the total pressure loss across the detonation.

Nomenclature
c speed of sound
Cp specific heat at constant pressure
d detonation tube diameter
f fuel-air mass ratio
F thrust
hy total enthalpy per unit mass
L detonation chamber length
m air mass flow rate in engine
M Mach number
P static pressure
P, total pressure
q non-dimensional heat release parameter
for detonation wave

Q heat release per unit mass of fuel

R gas constant

T static temperature

T. fuel or oxidizer condensation temperature

Tign auto-ignition temperature of fuel-air mix-
ture

Tonax maximum temperature at combustor out-
let

T; total temperature

TSFC thrust specific fuel consumption

u flow velocity

Ucy Chapman-Jouguet detonation velocity

w channel width

Xo, oxygen mole fraction

A reaction zone length

y ratio of specific heats

A cell width

Mo overall efficiency

Copyright (© 2003 by California Institute of Technology. Pub-
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Inc. with permission.

Mp propulsive efficiency
mn thermal efficiency
10} equivalence ratio
Te compression ratio
Tign ignition time
Subscripts
0 freestream
2 state downstream of inlet
4 state upstream of detonation wave
5 combustor outlet
8 state downstream of turbine
9 nozzle exit

Chapman-Jouguet

Introduction

The recent interest in pulse detonation engines has
focused the attention of researchers on applying det-
onations to propulsion. Pulse detonation engines use
unsteady detonations to generate thrust. However, in
order to gain a better understanding of detonation ap-
plications to propulsion, it is instructive to consider
propulsion devices using steady detonation waves.

The idea of using steady detonation waves for
propulsion applications is not new and started in the
1950s when Dunlap et al.! studied the feasibility of
a reaction engine employing a continuous detonation
process at the combustion chamber. Early studies™?
showed that no thrust was produced below a minimum
flight Mach number and that the subsonic burning
ramjet always has better performance, although the
differences are minor at some flight regimes. These
analyses assumed that the flow is slowed down or accel-
erated to the Chapman-Jouguet (CJ) conditions just
upstream of the detonation; hence, the configurations
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studied included a nozzle upstream of the combustor.
Dabora® considered a hypersonic, detonation-driven
ramjet consisting of an inlet, a wedge onto which a
normal or oblique detonation wave can be stabilized,
and an expanding nozzle. Dabora showed that the
performance of normal or oblique detonation-driven
ramjets was lower (by at least a factor of 2) than that
of the ramjet. Rubins and Bauer? experimentally stud-
ied combustion behind a normal shock generated by
oblique shocks induced by wedges. They described
the phenomenon observed as shock-induced combus-
tion rather than detonation because the normal shock
wave was not directly affected by the combustion. Ap-
plying these ideas to a hydrogen-fueled high-altitude
scramjet concept, they calculated fuel-based specific
impulses of 1000-1200 s. However, all the previous
studies were conducted without placing a limit on the
stagnation temperature at the combustor outlet, which
creates a more realistic upper bound on the perfor-
mance of any propulsion system.

The idea of using steady detonations as the main
combustion mode in an engine is attractive because
of the rapid energy release occurring in detonations.
Since detonations are characterized by higher temper-
atures and pressures than deflagrations, steady deto-
nation engines may offer performance gains over usual
air-breathing engines at high flight Mach numbers.
They also offer other advantages in terms of simplic-
ity (for the detonation ramjet), higher pressure rise in
the combustor which facilitates the exhaust of burned
gases, and shortened combustion chamber due to a
smaller reaction zone. In this paper, we looked only at
normal detonation waves, although other research ef-
forts have studied oblique detonation wave engines.? 6
We first consider the issues associated with detonation
wave stabilization and propose some criteria for the
generation of stabilized normal detonations. Limita-
tions associated with fuel sensitivity to detonation are
presented. Then, we apply our solution to an analyti-
cal treatment of a detonation ramjet and a detonation
turbojet, where detonative combustion replaces the
usual deflagrative subsonic combustion. We show that
detonation waves can be stabilized only for a limited
range of initial conditions. Unlike previous studies,
we place a limitation on the maximum temperature
in the combustor due to material considerations. Per-
formance figures of merit of steady detonation engines
are derived using an ideal model and the results are
compared with the analogs that use the standard de-
flagrative combustion mode.

Stabilized normal detonations

A propulsive device using a steady detonation wave
is constrained by the consideration that the wave be
stabilized within the combustor. Propagating detona-
tion waves in hydrocarbon fuel-air mixtures typically
move at a Mach number on the order of 5, which

requires that the flow Mach number upstream of a
combustor with a stabilized, steady detonation be at
least this value. It is, therefore, clear why experimen-
tally stabilizing a detonation wave may be difficult.

The first reported works on stabilized detonation
waves were those of Nicholls and Dabora” and Gross
and Chinitz.® Nicholls proposed some criteria for
the establishment of standing detonation waves based
on hydrodynamic considerations, the second explo-
sion limit and ignition delay time considerations. The
key result is that the freestream total temperature
has to be high enough so that CJ detonations can
be established. Gross and Chinitz® studied stabi-
lized detonation waves using a normal shock generated
by the intersection of two oblique shocks created by
wedges in a Mach reflection configuration. Although
the phenomena obtained in the experiments of Nicholls
and Dabora’ and Gross and Chinitz® were originally
described as standing detonations, the influence of
the combustion on the shock wave was very limited
and these phenomena are better described as shock-
induced combustion.* Propagating detonations are
characterized by a strong coupling between the shock
and the reaction zone, and by a cellular instability,
which were not observed in these experiments.

The primary difficulty in creating standing detona-
tion waves is to obtain a mixture with a total enthalpy
that is high enough to stabilize the detonation with-
out igniting the mixture upstream of the shock. On
the other hand, if the total enthalpy of the flow is too
low, the low post-shock temperature will result in a
wider induction zone and a decoupling of the shock and
the reaction zone. Shepherd® estimated the necessary
total enthalpy by considering the stagnation states up-
stream of a CJ detonation. A minimum total enthalpy
of 2 MJ/kg is required for hydrogen-air mixtures.

Detonation stabilization condition

We propose to study analytically the problem of
generating a stabilized normal detonation wave using
a flow isentropically expanded from a reservoir at a to-
tal temperature Tyy. This situation is analogous to the
experimental setup of Nicholls et al.'% A schematic of
the problem considered is shown in Fig. 1. Air is ac-
celerated to a supersonic velocity from a reservoir of
total temperature Ty through a converging-diverging
nozzle. Fuel is injected at some location downstream
of the nozzle throat. We assume that fuel and air
mix homogeneously in an instantaneous fashion with-
out total pressure loss. In order to stabilize a normal
detonation, the flow has to be accelerated to a velocity
greater than or equal to the CJ velocity through the
converging-diverging nozzle. For flow velocities higher
than Ugy, overdriven detonations are possible but, as
discussed later, the requirements for a minimum total
pressure loss across the detonation in an engine make
them undesirable. Hence, we will consider only CJ
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detonation waves. In practice, the situation described
above, with a detonation wave stabilized in a nozzle,
might be unstable to flow perturbations and the wave
might tend to move upstream or downstream.

0 *  fuel injection 4 CJ
T ' M,=Mg,
t0 —_—
reservoir  converging-diverging normal
nozzle detonation

Fig. 1 Standing detonation generated by the isen-
tropic expansion of an airflow from a reservoir of
total temperature T;9, with fuel injection down-
stream of the nozzle throat.

Assuming steady, adiabatic and inviscid flow of an
ideal gas, the detonation stabilization condition can
be written as My = Mgy, where station 4 corresponds
to the location just upstream of the detonation wave.
The detonations are modeled as hydrodynamic discon-
tinuities, using a one-y model.}* This simple model
does not include any considerations of the detonation
wave structure. The influence of chemical kinetics and
the reaction zone structure have to be considered in
order to get a more realistic idea of the flow. How-
ever, the one-y model is a useful approximation for
studying the thermodynamic aspects of performance.
The equation My, = M¢cy can be solved analytically
for the temperature upstream of the detonation wave
Ty. Two solutions are obtained, only one of which is
acceptable since M¢; has to be greater than 1. The
solution of this equation is

v—1 1
T, =2 Tyu|——q-— 1 1
=2t (e Vil Ea) )
where ¢ is a non-dimensional heat release parameter
defined by ¢ = fQ/(CpTia). Once T is calculated,
the properties downstream of the detonation wave can
be computed using the one-y model.

General limitations

Detonations cannot be stabilized for arbitrary val-
ues of the governing parameters. In particular, there
are restrictions on the allowable values of Ty. Since
the flow is accelerated through the nozzle up to a Mach
number of about 5, the static temperature drop can be-
come significant and condensation of some components
of the mixture can occur in the nozzle. Hence, T has
to stay above a limiting temperature 7T, correspond-
ing to fuel or oxidizer condensation. Condensation is

actually determined by the value of the gas-phase fuel
or oxidizer partial pressure relative to its correspond-
ing liquid-phase vapor pressure, which depends only
on temperature. In order to simplify the problem, we
assume the fuel or oxidizer condenses below a conden-
sation temperature 7T, constant throughout the range
of pressures encountered in the nozzle. This condition
imposes a restriction on the total enthalpy of the reser-
voir. This condition is much more stringent for liquid
fuels such as Jet A or JP10 which condense below 450
K than for hydrogen, for which the oxygen in the air
will condense first at 90 K.

Another issue is the location of fuel injection. The
flow at the nozzle throat is hot and the fuel-air mix-
ture must be prevented from pre-igniting before the
conditions for the stabilized detonation are encoun-
tered.* It is better to locate the fuel injection system
further downstream from the throat where the flow is
cooler. However, in practice, there is a compromise
with the length necessary for supersonic mixing of the
fuel and air. The influence of the upstream conditions
can be studied by considering the simple criterion that
Ty < Tign, assuming the auto-ignition temperature of
the fuel-air mixture is independent of pressure in the
range considered.

The temperature upstream of the detonation wave
T4 has to be above the condensation temperature T,
and below the fuel-air mixture auto-ignition temper-
ature Tjgn: T, < Ty < Tign. This condition can be
solved using Eq. 1, yielding a criterion for the upstream
total temperature

f(Te) <Tho < f(Tign) (2)
where f(T) is defined by

41 2 -1fQ
HT) = =T+ c;<1+

N
y+1fQ
(3)
We applied this criterion to hydrogen-air mixtures, for
which T,=90 K and T;4,=793 K.12 It is then possible
to determine the values of the reservoir total temper-
ature for which a stabilized detonation is obtained, as
a function of the fuel-air mass ratio (or, equivalently,
the total heat release per unit time). Fig. 2 shows the
allowable domain. Below the lower curve, Ty is too
low and condensation of the oxygen occurs inside the
nozzle; above the upper curve, T} is too large and the
fuel and the air will start combusting ahead of the det-
onation. Comparisons with data obtained by Nicholls
et al.'% in their hydrogen-air open jet experiments re-
sulted in good agreement for cases where they observed
stabilized detonations or pre-ignition of the mixture.
The restrictions on the allowable domain for liquid
hydrocarbon fuels are more severe since fuel conden-
sation occurs at much higher temperatures, and the
auto-ignition temperature is lower than that of hydro-
gen. For example, JP10 has a boiling point'? of 455 K
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Fig. 2 Allowable domain for the generation of a
stabilized detonation in hydrogen-air as a function
of the reservoir total temperature Tip and the fuel-
air mass ratio f. @Q=120.9 MJ/kg for hydrogen.

and an auto-ignition temperature'® of 518 K. There-
fore, a much smaller region exists where stabilized
detonations can be established using liquid hydrocar-
bon fuels. However, detonations can be obtained with
liquid hydrocarbon fuels at temperatures below their
boiling point as long as the vapor pressure of the fuel
at the temperature considered is high enough. For ex-
ample, for a stoichiometric mixture of JP-10 and air at
atmospheric pressure, the temperature has to be above
330 K for complete vaporization of the injected fuel.'*
Detonations in low vapor pressure liquid fuel aerosols
are possible, but harder to establish because aerosols
have much higher ignition energies and larger reaction
zones than vapor phase mixtures. Hence, condensa-
tion (even partial) of the fuel can be very penalizing
for the practical establishment of a stabilized detona-
tion wave. For liquid hydrocarbon fuels, the threshold
based on the boiling point will be used as a conserva-
tive zero-order criterion.

Detonation-related limitations

Up to now, we have modeled detonations as hy-
drodynamic discontinuities. The simplest model that
includes chemical kinetics consists of a shock wave fol-
lowed by a reaction zone referred to as the ZND model.
In this model, the leading shock front is followed by
an induction zone, through which the thermodynamic
variables remain relatively constant while free radi-
cals, such as OH, are produced. Significant energy
release occurs at the end of the induction zone and
corresponds to a rapid rise in temperature and a de-
crease in pressure accompanied by the formation of
the major products. The length scale associated with
the induction zone is called the reaction zone length
A. Another length scale associated with detonations

is the cell width A. The cell width is a characteristic
length scale corresponding to the intrinsic instability
and the structure of propagating detonation waves.
Attempts to correlate the cell width with the reaction
zone length showed that A is between 10 and 50 times
A for stoichiometric mixtures and between 2 and 100
times A for off-stoichiometric mixtures.'®

Simulations of steady, one-dimensional detonations
were performed with a code developed by Shepherd'®
based on a standard gas-phase chemical kinetics pack-
age.'® The code solves the one-dimensional, steady
reactive Euler equations of the ZND model. The chem-
ical reaction model of Konnov'” and standard thermo-
chemistry were used to calculate reaction zone lengths
for hydrogen-air at various initial conditions. Valida-
tion of this mechanism against shock tube induction
time data is given in Schultz and Shepherd.'® The re-
action zone length was calculated as the distance from
the leading shock to the point of maximum tempera-
ture gradient. For hydrogen-air mixtures, the scaling
relationship A = 50A gave the best agreement with
experimental cell size data.!?2!

Cell widths were also estimated for JP10-air mix-
tures, since JP10 is a fuel of interest to propulsion
applications because of its high energy density. The
reaction zone lengths for JP10-air mixtures were esti-
mated from the ignition time correlation of Davidson
et al.,?? who carried out shock tube measurements of
JP10 ignition. The correlation they obtained is

Tign = 3.06 - 10713 p—0:56 X(Sj ¢0.29 52150/ RT (4)

The ignition time was multiplied by the post-shock ve-
locity, which was calculated?? for a non-reactive shock
with realistic thermodynamic properties, to obtain
the reaction zone length. The relationship A = 10A
gave good agreement with the JP10 cell width data of
Austin and Shepherd'# and is used to predict JP10-air
cell widths.

Limitations on detonation chamber dimensions

The characteristic detonation length scales, the re-
action zone length and the cell width, impose con-
straints on the geometry and size of the combustor.
The usual rule of thumb for propagating detonations is
that the channel width has to be greater than the deto-
nation cell width for the detonation to propagate. The
limit for detonation propagation in cylindrical tubes of
diameter d is usually taken to be determined by the
criterion A ~ wd?**?> and for two-dimensional planar
channels of width w by A = w.?® The problem of det-
onability limits for propagating detonations does not
have a single definitive answer and, at present, there
are no data at all for stabilized detonations. For the
purposes of the present study, we adopt the criterion
A = d as the detonability limit for a stabilized detona-
tion wave in a given channel of dimension d.

It has been claimed™ %26 that using detonations
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in ramjet-like engines would enable reductions in the
length of the combustor. In practice, the CJ state has
to be achieved inside the combustor for maximum ef-
ficiency and to isolate the detonation from potential
perturbations in the flow downstream of the combus-
tor. If the combustor is too short, the combustion
process inside the combustor is incomplete and part of
the energy released by the combustion is lost to the
surroundings. The detonation can also become unsta-
ble if flow perturbations penetrate the subsonic region
between the detonation front and the CJ plane. Hence,
the location of the CJ surface is critical for the design
of the detonation chamber. Experiments?” using dif-
ferent techniques resulted in measurements of 6A—17A
and 1.5\ — 5\ for the distance between the detonation
front and the CJ surface. Other studies?®2° reported
measurements of 3\ — 7\ and 0.2\ — 0.6A. Although
there is a wide range of values for the sonic surface,
it apparently lies within 5\ of the front for propagat-
ing detonation waves and no measurements have been
made for stabilized waves. For the purposes of the
present study, we propose to use a criterion for the
minimum length of the detonation chamber L > 5.

In configurations close to the detonability limits, it
may not be necessary to have A < d if viscous effects
can be used to stabilize the flow. The detonation ve-
locity can be substantially lower than the CJ velocity
(as low as 50% of Ugs) for detonation propagation in
small-diameter tubes or at low pressures.?%3! These
situations may significantly extend the regime of oper-
ation of a steady detonation engine. The idea of being
able to stabilize a detonation wave at a velocity lower
than Ugy is attractive, since it reduces the require-
ments on the total temperature of the flow. However,
propagating detonations at near-limit conditions gen-
erally have an unstable behavior,?® characterized by
a strong oscillation of the detonation velocity, which
makes them totally inadequate for detonation stabi-
lization. The possibility of stabilized detonations with
velocities substantially less than the CJ value is highly
speculative and will not be considered any further. In
the present study, we adopt the requirement v > Uc
for stabilizing a detonation in a combustor.

Application to hydrogen-air and JP10-air stabilized
detonations

The previous criteria impose some severe restric-
tions on the dimensions of the detonation chamber of
a steady detonation engine. Table 1 lists the mini-
mum requirements for the diameter and length of a
detonation chamber at various initial conditions. The
minimum temperature chosen for JP10 was 350 K
based on vapor pressure considerations.'* The min-
imum dimensions vary by several orders of magnitude
with equivalence ratio and initial pressure. Typical
air-breathing engines run at an equivalence ratio sub-
stantially less than one in order to limit the maximum

temperature in the combustor due to material consid-
erations. The same approach with a steady detonation
engine leads to impractical minimum dimensions when
the equivalence ratio is decreased to 0.5. The claim
that using steady detonations in propulsion devices
might allow a reduction of the combustor length is
not justified, as the detonation chamber length has to
be at least five times the minimum chamber diameter.
Finally, the difficulties associated with the use of lig-
uid fuels, which are insensitive to detonation and have
large cell sizes, are highlighted in Table 1.

Fuel | To(K) | Py(atm) | ¢ | d(mm) | L(mm)
Hs 300 0.1 1 84.9 424.5
H, 300 1 1 8.9 44.5
H, 300 10 1 11.2 56
H, 300 0.1 0.5 | 214.5 1072.5
Ho 300 1 0.5 | 271.5 1357.5
Hs 300 10 0.5 289 1445
H, 500 0.1 1 98.1 490.5
H, 500 1 1 10.4 52
H 500 10 1 13.1 65.5
Ho 500 0.1 0.5 213 1065
Hs 500 1 0.5 | 215.2 1076
Hs 500 10 0.5 | 2479 1239.5
JP10 350 0.1 1 369.4 1847
JP10 350 1 1 55.2 276
JP10 350 10 1 9.2 46
JP10 350 0.1 0.5 8185 40925
JP10 350 1 0.5 2100 10500
JP10 350 10 0.5 | 561.5 2807.5
JP10 500 0.1 1 165.8 829
JP10 500 1 1 25.5 127.5
JP10 500 10 1 4.3 215
JP10 500 0.1 0.5 | 1557.5 | 7787.5
JP10 500 1 0.5 | 384.8 1924
JP10 500 10 0.5 | 100.8 504
Table 1 Minimum detonation chamber length

and diameter for a range of initial conditions for
hydrogen- and JP10-air.

Detonation ramjet

A detonation ramjet, or dramjet, is a steady propul-
sive device using the same principle as a ramjet, except
that the combustion takes place in the combustor in
the form of a steady detonation wave instead of a
bluff-body stabilized flame. First, we will briefly de-
scribe the ideal ramjet since it has many components
in common with the dramjet, and this will be used as
a performance standard. Second, we will discuss the
portions of the dramjet model which are different from
the ramjet. Third, the performance of both engines
will be compared. Finally, limitations are considered
due to detonation stabilization requirements, ignition
limits, and fuel and oxidizer properties.
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Ramjet

A standard ramjet consists of an inlet diffuser
through which the air flow is decelerated to a low
subsonic Mach number and mixed with the fuel, a
combustor where the mixture is burned, and an exit
nozzle through which the hot products are expelled
due to the pressure rise in the diffuser.3? The simplest
performance model of an ideal ramjet is derived as-
suming steady, inviscid, and adiabatic flow of an ideal
gas. Products and reactants are assumed to have the
same heat capacity and . The compression and ex-
pansion processes are assumed to be isentropic and the
combustion process takes place at constant pressure
and very low Mach number. The flow through the
exit nozzle is assumed to be isentropically expanded
to ambient pressure and the fuel-air mass ratio f < 1.
These assumptions are, of course, not realistic due to
the presence of irreversible processes such as shocks,
mixing, wall friction, and heat transfer. This model
also does not take into account the dissociation of the
combustion products. It is possible to make the model
much more realistic but for the present purposes, these
idealizations are adequate since we are primarily inter-
ested in performance comparisons rather than absolute
performance. The performance characteristics of an
ideal ramjet are derived assuming a maximum temper-
ature T,,,, at the combustor outlet due to material
limitations.?? This maximum temperature implies a
limitation on the total temperature at the combustor
outlet Ti5 since it is the temperature of a stationary
material element in the flow.

Detonation ramjet

A detonation ramjet has to accommodate a station-
ary detonation wave in the combustor. The flow must
be accelerated or slowed down to a velocity higher than
or equal to the CJ detonation velocity. For flow ve-
locities higher than Uc, overdriven detonation waves
could be stabilized. However, overdriven waves are
not desirable in order to avoid excessive total pressure
loss across the detonation. We consider only CJ det-
onation waves. A dramjet has to include a general
converging-diverging nozzle between the inlet diffuser
and the combustor inlet in order to bring the flow to
the CJ velocity. It will be shown later that a con-
verging inlet section is actually more appropriate. A
schematic of a dramjet is given in Fig. 3.

In our performance analysis of the dramjet, we make
the same assumptions as for the ramjet, except for the
combustion process. Instead, the stabilization condi-
tion for the detonation wave (Eq. 1) and the one-y
model for the detonation are used. The detonation
wave is assumed to be stable with respect to flow
perturbations. All these assumptions are used to de-
rive simple performance estimates of an ideal dramjet,
which can be used as the detonative combustion analog
of the ideal ramjet. We apply a limitation on the to-

detonation wave

0 2 4 5 9

N e L

inlet converging-diverging combustor
nozzle

exit nozzle

A P

P(x)
P Nk P
T _/ux T

Fig. 3 Schematic representation of a detonation
ramjet (or dramjet). The pressure and tempera-
ture profiles through the engine are shown.

tal temperature at the combustor outlet similar to the
ramjet case. The flow evolves isentropically through
the inlet and the converging-diverging nozzle. Hence,
TtO = Ttg = Tt4 and PtO = Ptg = Pt4. The detonation
stabilization condition is that the flow at station 4 has
a Mach number My = M¢ .

The fuel-air ratio f is determined by the maxi-
mum temperature condition. The flow properties at
the combustor outlet are dictated by the CJ condi-
tions. The flow through the exit nozzle is considered
isentropic and the exit velocity ug can be calculated as-
suming the flow at the nozzle exit is pressure-matched

y—

2 T, ( v+1 ) o
_ -0 . t
y+1T, \ 1+ ﬁ(% — )
(5)
where T is given by Eq. 1. The values of the vari-

ous performance parameters can be deduced from the
value of ug.

Performance comparison

The specific thrust, thrust specific fuel consumption
(T'SFC), and efficiencies of the dramjet were calcu-
lated for a set of initial conditions corresponding to
flight at 10,000 m altitude using a fuel of heat release
per unit mass Q=45 MJ/kg (typical of hydrocarbon
fuels) and a maximum allowable temperature in the
combustor 7;,,,=2500 K. These parameters are com-
pared to their ramjet analogs in Figs. 4, 5, and 7. The
TSFC numbers given in Fig. 5 are obtained using the
one-y model and the assumptions discussed before and
are therefore very optimistic figures.

The ramjet performance at subsonic flight Mach
numbers is poor due to the small amount of ram com-
pression at low Mach numbers. As the flight Mach
number increases, the overall efficiency of the ramjet
increases (Fig. 7) due to the higher theoretical ram
compression. However, the specific thrust decreases
for Mach numbers higher than 3 because of the lower
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amount of fuel injected due to the limitation on the to-
tal temperature at the combustor outlet. The dramjet
does not produce any thrust below a flight Mach num-
ber of about 5 for the initial conditions considered due
to the stabilization condition for a detonation wave.
The freestream Mach number is almost always higher
than the CJ Mach number when the detonation wave
is stabilized (except for My < 5.1). This means that
the supersonic flow between stations 2 and 4 has to
undergo a deceleration through the inlet and only a
converging section is required, unlike the situation de-
picted in Fig. 3. The pressure and temperature would
then increase continuously from station 0 to station 4.

1000
900
800

ramjet
dramjet

—~ 700
600
500
400
300
200
100

0 \\\l\\\\l\\\\l\\\\l\\\\“l\\\\l\\\\l\\\\l

0 1 2 3 4 5 6 7 8
M

Specific thrust (m/s

0

Fig. 4 Specific thrust of ramjet and dramjet.
To=223 K, P,=0.261 atm, Q=45 MJ /kg, T)0.=2500
K. The limits for effective detonation stabilization
are shown for hydrogen and JP10.

The specific thrust for the dramjet (Fig. 4) shows
a maximum near My = 5.5. The performance of
the dramjet then decreases with increasing M, due
to the maximum temperature limitation in the com-
bustor. As My approaches its upper limit, the amount
of fuel injected decreases and the CJ Mach number
approaches 1. The combustion process becomes, in
theory, closer to a constant-pressure heat addition as
in the case of the ramjet, which explains why the two
curves match at high Mach numbers. However, as
the amount of fuel is reduced, the CJ Mach number
will decrease and, therefore, the reaction zone length
will strongly increase until it exceeds the physical di-
mension of the combustor, and incomplete reaction is
obtained in the combustor. Below a minimum fuel-air
ratio, the mixture will not be lammable and combus-
tion will not be obtained. For this reason, the actual
maximum flight Mach number will be lower than the
ideal value.

As the flight Mach number decreases, the perfor-
mance of the dramjet drops sharply. This can be

O.5j
0.4f
2 03[
g 1
EL) I
o 021
[ -
01f _
3 ramijet
e dramjet
o] U I NN BN NI N R S
0 1 2 3 4 5 6 7 8
MO
Fig. 5 Thrust specific fuel consumption of ram-

jet and dramjet. T,=223 K, P,=0.261 atm, ) =45
MJ/kg, Tmax=2500 K.

explained by the very substantial total pressure loss
across a detonation wave. The total pressure ratio
across a CJ detonation was computed as a function of
the CJ Mach number and is shown in Fig. 6. The total
pressure ratio decreases rapidly as M¢ increases. CJ
detonation waves have very high total pressure losses;
for example, the total pressure loss across a detonation
wave with Mgoy = 4 is 88%, and the total pressure
loss across a wave with Mc; = 5 is greater than 94%.
Total pressure losses are penalizing for air-breathing
engines because the exit velocity ug and the thrust
F' decrease with decreasing total pressure P;5. The
dramjet performance is strongly penalized compared
to the ideal ramjet, for which there is negligible total
pressure loss across the combustor.

©c 9 o o ©
o N o o e

°
~

Total pressure ratio

©c o ©
e N W
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Fig. 6 Total pressure ratio across a Chapman-
Jouguet detonation wave. y=1.4.
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As seen in Fig. 5, the thrust specific fuel consump-
tion increases sharply for both engines as the flight
Mach number decreases due to the decreasing specific
thrust while the fuel consumption rate remains finite.
At higher Mach numbers, the T'SF'C remains finite as
both the fuel-air mass ratio and the specific thrust de-
crease, and the process approaches constant-pressure
combustion. The thermal efficiency of the ramjet and
the dramjet increases as M increases. The freestream
total pressure increases with M, and adding heat at
higher total pressure is thermally more efficient since
the exit velocity ug is higher. The overall efficiency
follows a similar behavior, showing that both engines
are more efficient at higher flight speeds. A more re-
alistic approach would take into account irreversible
processes such as inlet losses. These losses would, in
general, increase with increasing Mach number, mak-
ing for a more rapid decrease in performance at high
Mach numbers for both ramjet and dramjet. However,
our goal here is to compare ideal models whose charac-
teristics can be used as performance goals of realistic
engines.

0.9
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0.7
0.6
0.5
0.4
0.3

Efficiency

0.2
0.1

AN RARRNRARRERERNE RARESE REREE LENNE RRRRE RRRRN RRRRE|
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1 2 3 4 5 6 7 8
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o
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Fig. 7 Thermal, propulsive, and overall efficiencies
of ramjet and dramjet. Tp=223 K, Py=0.261 atm,
Q=45 MJ/kg, Trn.-=2500 K. The dramjet curves
are the ones extending only from My=5 to 7.

Dramjet limitations

Effects such as fuel condensation, mixture pre-
ignition, and reaction zone thickness have to be consid-
ered when looking at the dramjet performance curves.

As Mj gets close to the lower limit of the dramjet
thrust-producing range, such effects as fuel or oxidizer
condensation are going to take place as described in
the previous section on standing normal detonation
waves. The static temperature at the nozzle outlet
is, in general, higher than the freestream temperature,
but it is lower for My < 5.1. Although this is not
an issue for a fuel such as hydrogen, it is definitely

a problem for liquid hydrocarbon fuels which have a
boiling point above 450 K. Near the upper limit of the
thrust-producing range of My, the static temperature
Ty becomes very high because of the strong flow de-
celeration from a high freestream Mach number to a
low Mcy due to low fuel input. Pre-ignition of the
fuel-air mixture is then expected for My > 6. For hy-
drogen, 5 < My < 6 is necessary for steady detonation
generation. For a representative liquid hydrocarbon
fuel such as JP10, 5.45 < My < 5.55 is necessary for
detonation stabilization. These limits are shown in
Fig. 4 for mixtures with hydrogen and JP10. If, in-
stead of using the condensation temperature criterion
for JP10, we consider vapor pressure requirements so
that the amount of fuel injected is totally vaporized,
then 5.25 < My < 5.55 is required for effective det-
onation stabilization. The difficulties associated with
generating steady detonations using liquid hydrocar-
bon fuels are readily apparent.

Both the ramjet and dramjet have been modeled so
far without considering any total pressure loss other
than across the detonation wave. There are obviously
total pressure losses across the inlet during supersonic
flight, but both engines would suffer a similar decrease
in performance. However, the performance of a realis-
tic dramjet is handicapped compared to the ramjet due
to the mixing requirements ahead of the combustion
chamber. In a ramjet, mixing and combustion occur
at M < 1 where losses are minimal. In a dramjet,
mixing has to take place at supersonic speeds. Super-
sonic mixing is associated with total pressure losses
which penalize the performance. Supersonic mixing
studies! have predicted total pressure losses on the or-
der of 10 — 40% that could result in thrust losses®? of
30 — 50%. This effect could have a significant impact
on the dramjet performance compared to the ramjet.

The limitations associated with detonation reac-
tion zone structure impose further constraints on the
performance of the dramjet. The corresponding cell
widths for the mixtures can be estimated!®:2? at the
flight conditions considered. The initial conditions up-
stream of the detonation were given by Ty and Pj.
Fig. 8 displays the cell width estimates as a function of
the flight Mach number. The mixtures are all very lean
and the fuel-air mass ratio decreases with increasing
My because of the maximum combustor outlet tem-
perature condition. The pressure P, and temperature
Ty increase very rapidly with increasing My. The cell
width is sensitive to the changes in pressure and tem-
perature and decreases by many orders of magnitude
with increasing Mach number. For conventional appli-
cations, the corresponding cell width A probably has to
be below 1 m which requires that My > 5.6 for both
fuels. The range of applicability of hydrogen-fueled
dramjets is now reduced to 5.6 < My < 6. For a
JP10-fueled dramjet, there is no practical range of ap-
plicability due to the lower auto-ignition temperature

8 oF 11

AMERICAN INSTITUTE OF AERONAUTICS AND ASTRONAUTICS PAPER 2003-0714



of the fuel. This illustrates clearly the strong influence
of the fuel properties and the characteristic detonation
length scales on the use of detonations in steady-flow
engines.

10°

hydrogen
JP10

ot g
4.5 5 55 6 6.5 7 7.5 8

0

Fig. 8 Cell width )\ versus flight Mach number M,
for a dramjet operating with hydrogen and JP10.
To=223 K, Py=0.261 atm, 7},,-=2500 K.

Detonation turbojet

The turbojet engine includes an additional compres-
sor, characterized by a compression ratio m., and a
turbine driving the compressor. The turbine blades are
highly sensitive to high temperatures, and a limitation
is usually placed on the temperature at the combustor
outlet due to material considerations. The ideal tur-
bojet is analyzed in the same fashion as the ramjet,
with the addition of the power balance between the
compressor and the turbine:

(1 + f)i(his — his) = m(ha — ha2) - (6)

Assuming f < 1 and that the specific heat capacity
of the products is the same as that of the reactants,
the equation simplifies to Tigs = Ty5 + Tiq — Tio. After
its passage through the turbine, the flow is expanded
through an exit nozzle into the atmosphere.

The detonation turbojet, or turbodet, has the same
components as the turbojet engine, except that it re-
quires an additional nozzle between the compressor
and the combustor in order to accelerate the flow to the
CJ velocity, as depicted in Fig. 9. Unlike the ramjet,
the turbodet must have a converging-diverging nozzle
since the flow exiting the compressor has a subsonic
Mach number and must be accelerated to a supersonic
velocity. The sonic flow exiting the combustor has to
be decelerated before entering the turbine in order to
minimize losses associated with shock waves.

The specific thrust, thrust specific fuel consumption,
and efficiencies of the turbojet and turbodet engines

detonation wave

0 2 3 4 5 8 9
D=
inlet compressor  converging- exit nozzle

diverging nozzle

combustor turbine

Fig. 9 Schematic of a detonation turbojet, in-
cluding the variation of pressure and temperature
across the engine.

are plotted on Figs. 10, 11, and 12, respectively. The
turbojet engine shows a high specific thrust at low
Mach numbers due to the work supplied by the com-
pressor. Its specific thrust then decreases due to the
limitation on the turbine inlet temperature. Even
at very low Mach numbers, the temperature at the
combustor inlet is already high due to the work in-
put by the compressor. On the other hand, as can
be seen in Fig. 10, the turbodet engine shows rela-
tively poor performance compared to the turbojet. It
does not produce thrust below a Mach number of 1.75
for the case considered here (the value of the limit-
ing Mach number depends on the compression ratio
at fixed flight conditions) due to the detonation wave
stabilization conditions. The drastic total pressure
loss across the steady detonation causes the specific
thrust to fall off at lower flight Mach numbers while the
maximum temperature condition causes its decrease at
higher flight Mach numbers. The limits correspond-
ing to condensation and pre-ignition conditions are
pointed out on Fig. 10 for hydrogen and JP10. Hy-
drogen can be used for 1.75 < My < 2.6, and JP10 for
2.2 < My < 2.3 using the condensation temperature
criterion, or 2 < My < 2.3 using vapor pressure consid-
erations. The T'SF'C of the turbojet, Fig. 11, is about
0.9 kg/N.hr and does not vary much with M. The
TSFC of the turbodet is higher at all Mach numbers
and peaks at low values of the thrust-producing range
because the specific thrust vanishes. The thermal ef-
ficiency of the turbojet, on Fig. 12, increases with the
flight Mach number due to the higher efficiency of heat
addition at higher stagnation conditions but already
has a high value at zero Mach number due to the com-
pression work. The thermal and overall efficiencies of
the turbodet increase with M, but have a lower value
than those of the turbojet.

Cell width estimates corresponding to the flight con-
ditions are very large due to the low fuel input of a
temperature-limited turbodet engine. The scaled cell
widths are less than 1 m only for My > 2.8 for both fu-
els. However, the static temperature upstream of the
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Fig. 10 Specific thrust of turbojet and turbodet
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MJ/kg, Tra.=1700 K. The limits for effective det-
onation stabilization are shown for hydrogen and
JP10.
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Fig. 11 Thrust specific fuel consumption of tur-

bojet and turbodet engines. w.=30, Tp=223 K,
P,=0.261 atm, Q=45 MJ/kg, T..=1700 K.

detonation T} is already higher than the auto-ignition
temperature of the mixture for this case for both hy-
drogen and JP10. Consequently, there is no useful
range of Mach numbers for practical applications of
the turbodet engine.

Conclusions

The performance of steady detonation engines was
estimated and compared with the ideal ramjet and tur-
bojet models. A normal detonation wave ramjet does
not appear as an attractive alternative to the conven-
tional ramjet. The performance of the dramjet suffers

=

Efficiency
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Fig. 12 Thermal, propulsive, and overall effi-
ciencies of turbojet and turbodet engines. 7.=30,
To=223 K, P,=0.261 atm, Q=45 MJ /kg, T..=1700
K. The turbodet curves are the ones extending only
from Mp=1.75 to 3.1.

from two problems: the stabilization of the detona-
tion wave, which reduces the thrust-producing range
(between Mp=5 and 7 for flight conditions at 10,000
m) and the drastic total pressure loss across a nor-
mal detonation wave. Moreover, the use of stabilized
detonations imposes an additional set of constraints
related to condensation and pre-ignition phenomena
and to the characteristic length scales of the problem.
All these considerations strongly reduce the useful op-
erating range of a dramjet, which is 5.6 < My < 6
for a hydrogen-fueled dramjet. Liquid hydrocarbon
fuels such as JP10 have an even smaller range of ap-
plication due to their lower auto-ignition temperature.
The detonation turbojet suffers from the same draw-
backs and generates thrust only for 1.75 < My < 3.1
for a compression ratio of 30. Moreover, if the vari-
ous limitations associated with detonations are taken
into account, it turns out that there is no Mach num-
ber for which a steady detonation can effectively be
stabilized in a reasonable-size combustor without pre-
ignition. This result may vary with the value of =,
but it shows that the presence of a compressor and
a turbine in the turbodet does not contribute to any
performance gain over the dramjet.

In order to calculate the performance of steady det-
onation engines from their thermodynamic cycle, it is
necessary to correctly treat the kinetic energy of the
flow. A correct cycle analysis for high-speed propul-
sion systems has to use correct total pressure and
energy balance statements based on an open-system
control volume approach that includes the kinetic en-
ergy terms. This requirement translates, in practice,
into the detonation stabilization condition and the
non-zero (sonic) flow velocity just downstream of the
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detonation. It is not possible to evaluate these specific
cycles on a purely static thermodynamic basis. Unlike
the ramjet or turbojet cases, the dramjet and turbodet
performance depends directly on the specific details of
the engine.

The strong penalty created by the continuous pres-
ence of the detonation in the flow path and the prob-
lems associated with practical detonation stabilization
are difficult obstacles to the feasiblity of steady detona-
tion engines. The implications of our analysis are that
using a detonation wave in a steady engine is not prac-
tical, but this clearly does not apply to the unsteady
case. In fact, it suggests that unsteady detonation
wave engines, such as the pulse detonation engine, are
the only useful way to apply detonations to propulsion.
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