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Quasi-steady and two-dimensional unsteady formulations of the problem on the op-
eration cycle of a pulse detonation engine are derived. A formula for the specific
impulse is obtained, and the thrust performance of the engine is calculated. It is
found that the thrust performance of this engine for flight Mach numbers M € [0; 3.6]
and compression ratios pz/p1 € [1;80] are always higher than those of the ramjet and
one-spool turbojet. As the compression ratio increases, the advantage of the pulse

detonation engine becomes less noticeable.
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INTRODUCTION

A pulse detonation engine (PDE) is a promising
tool for motion in the air atmosphere with flight Mach
numbers M = 0-3. Various schemes of such engines
have been proposed [1-6]. In the simplest version, the
PDE cousists of the following units: inlet, which perma-
nently takes in air and compresses it from the ambient
atmospheric pressure p; to a certain stagnation value pa;
receiver, in which the air entering from the inlet is in a
stagnant state with the pressure pp; valve-based distri-
bution system, which allows the air from the receiver to
enter detonation chambers in a certain time sequence;
set of detonation chambers, which is a system of identi-
cal cylindrical tubes with supersonic nozzles at the exit;
fuel tank and a system for fuel injection into detonation
chambers in accordance with a program correlated with
air injection; system for detonation initiation.

In all detonation chambers, the same sequence
of processes is cyclically repeated: filling of the
chamber by compressed air with addition of fuel and
formation of an explosive fuel-air mixture; detonation
explosion of this mixture with the input valve closed,
which is accompanied by a drastic increase in pressure;
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exhaustion of explosion products through the nozzle,
which produces a reactive pulse. The phase shift of the
processes in different detonation chambers allows for
smaller oscillations of thrust and noise effects. Com-
pression of air in the inlet is performed owing to dy-
namic pressure and/or a compressor. With some spec-
ifications, the PDE considered corresponds to schemes
described in [4-6]. A preliminary analysis of PDE oper-
ation was performed in [7]. The present paper described
the results of analytical and numerical investigations of
the PDE thrust performance with two formulations of
the problem of the PDE operation cycle.

FORMULATION OF THE PROBLEM

To determine the PDE thrust performance, we con-
sider two mathematical models of the operation cycle
under the following assumptions. Air and combustion
products are assumed to be ideal gases with constant
specific heats and a constant ratio of specific heats
¥ = ¢p/c,. Compression of air in the inlet and its
motion in detonation chambers, as well as exhaustion
(motion) of explosion products are isentropic processes
without friction and heat exchange with the walls. The
efficiency of the compressor (if present in the inlet) is
100%; the compressor is set into motion by an indepen-
dent engine, which does not produce its own thrust and
consumes the same fuel with a 100% efficiency. The
explosion of the fuel-air mixture is simulated by an in-
stantaneous release of energy ) per unit mass of air in
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the initial part of the chamber of length L < L, where
L is the total length of the detonation chamber.

Quasi-Steady Model (Model 1). We consider a
quasi-steady formulation of the problem with a dimen-
sionless parameter £ = Lo/L = 1. The air is isentrop-
ically compressed in the inlet from the initial pressure
p1, density p;, and velocity of sound c; to stagnation
parameters ps, pg, and cy:

b2 _ P2 _ 1/y

3 _ _1-1/v
) ) -5 =T . (1)
h ~1 cf
It was additionally assumed that the flow in the
chamber and in the nozzle is one-dimensional and is di-
vided into three stages. At the initial stage, t = 0, after
instantaneous energy release with the thermal effect Q
per unit mass of the mixture, the pressure in the deto-
nation chamber also becomes instantaneously identical
and takes the value p3 corresponding to conservation of
entropy of explosion products and total internal energy
of the gases in the chamber:
ps _ Q

p3 = pz, pz—cg—1+7(’Y 1)C%~ @)
At stage I (0 < t < t1), there occurs quasi-steady
exhaustion of gases through the nozzle with a velocity
of sound c(t), density p(t), and pressure in the chamber
p(t) gradually decreasing from p3 to pa. During exhaus-
tion, the variation of the gas mass in the chamber m in

time satisfies the ordinary differential equation

(Z—n: = SCL-d% = —Bp(t)c(t) Smin-
Here, S. is the cross-sectional area of the detonation
chamber, Spin is the throat area, and
B (L)Oﬁ(vﬂ)/(w—l).
y+1
Integrating this equation, we find the explicit depen-
dence for the sought functions at stage I:
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Here p4(t) is the pressure at the nozzle exit and ¢; is
the duration of stage L.

Then, exhaustion passes to the steady stage II
(t1 < t < t1 + t2) where the remaining products are
displaced from the chamber by the next portion of air
and the fuel-air mixture at a constant pressure pp and
a constant velocity of gases inside the chamber u. < c.:

p(t) =p2,  p(t) = palpa/pa)'”, 4)
v =1 /pay0501-1/)
t—t) <ty = — .
0 < ! 2 2(1 (pz)

The throat area Sp;, and the nozzle-exit area S, are
chosen such that the pressure py at the nozzle exit at
stage II is equal to the ambient atmospheric pressure p;
and the inequality u. < c. is satisfied:

Smin _ ("2)1/7 Ue /ﬂ(v—nm,

Se cs/ Ba
Si [(7~1)7r‘“”]1/2
Swin 2(ri-1/r - 1)

In accordance with the law of conservation of mo-
mentum, the current impulse I at each time ¢ is

I(t) = Salpa(t)ud(t) + pa(t) — p1] — Gua.

Here G = piui Sy is the mass flow rate of air, u; is
the gas velocity at the entrance, and S; is the cross-
sectional area of the engine entrance. Then, the impulse
I, averaged over the period t = t; + t is found from
the relation

1 I
I = ?/I(t)dt, g=1 (5)

Substituting dependences (1)-(4) into Eq. (5) and
integrating the latter, we find the PDE thrust perfor-
mance from the following system of algebraic equations:
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Here M = u/c is the Mach number, N is the compressor
power, v is the number of cycles of chamber operation,
J is the mean specific impulse, and F/S.p; is the dimen-
sionless thrust normalized to the unit cross-sectional
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TABLE 1
Dimensionless Specific Impulse and Thrust of Ideal Jet-Propulsion Engines
/o1 | pasmn M, v, Hu J/ey for My <« 1 J/ecq for My = My F/Scp1 (PDE)
PDE Turbojet | PDE Scramjet M «1 M; =My

2 19.2 | 1.05 | 42 (40) | 3.87 (3.68) 2.80 2.82 1.76 1.24 (0.74) 0.905
3 26 | 1.36 | 43 (43.5) | 4.20 (4.03) 3.46 2.84 2.10 1.85 (1.17) 1.25
4 32.2 | 1.56 | 43.6 (44) | 4.44 (4.29) 3.83 2.88 2.27 2.43 (1.56) 1.58
6 43.8 1.83 | 44.4 (46) | 4.75 (4.61) 4.29 2.92 2.46 3.54 (2.33) 2.18
10 64.4 2.16 46 (48) 5.11 (4.98) 4.77 2.95 2.61 5.72 (3.80) 3.30
20 109 | 2.60 | 48 (52) | 5.55 (5.48) 5.32 2.95 2.72 10.66 (7.33) 5.66
40 186 | 3.06 | 50 (55) | 5.97 (6.03) 5.81 2.91 2.75 19.5 (14.1) 9.50
80 320 | 3.54 | 52 (59) | 6.38 (6.67) 6.27 2.84 2.73 35.9 (27.6) 16.0

Note. The numbers in brackets refer to calculations by model 2.

area of the detonation chamber. The subscripts refer to
parameters of ambient air (1), parameters of the stag-
nant air in the receiver (2), parameters in the cham-
ber at the beginning of stage I (3), flow parameters at
the nozzle exit (4), and parameters in the chamber at
stage II (c).

Two-Dimensional Unsteady Model (Model
2). To verify the assumptions in model 1, the prob-
lem on thrust performance of an ideal PDE was formu-
lated and solved numerically in a two-dimensional un-
steady formulation. We considered a detonation cham-
ber, which was a cylindrical tube of length L and ra-
dius 7, with a supersonic nozzle at the exit (the nozzle-
throat radius was rnyin). The ambient medium was air
with a pressure p; and temperature 7. At the initial
time t = 0, the whole tube (or part of its 0 < z < Lg)
was filled by a fuel-air mixture with a pressure p, and
temperature T5. The valve at the tube entrance (z = 0)
was closed. There occurred an instantaneous explosion
of the mixture with a thermal effect @ per unit mass of
the mixture and subsequent exhaustion of gases through
the nozzle. At the time ¢t = t;, when the pressure at the
left end of the tube became equal to the pressure in the
receiver p,, the valve was opened, and the remaining
explosion products were displaced from the chamber by
the next portion of air and the fuel-air mixture. At the
time t = t; +t,, the interface between the fresh mixture
and explosion products reached the coordinate r = L,
the valve was closed, and another instantaneous explo-
sion of the mixture occurred in the cylindrical tube (or
in its part 0 < £ < Lg). The cycle was repeated again
and again. We had to determine the dynamics of the
exhaustion process and the PDE reactive impulse dur-
ing the period At = ¢; + t2. The behavior of the gas

in the chamber was described by unsteady equations of
gas dynamics

(lm‘)t + (p’U,T‘)I + (pvr)r - Ov
(pur)s + [(pu® + p)r]s + (puvr), =0,
(por)e + (puvr)z + [(pv* + p)r]r = p,

(Er)e + [(E + p)urle + [(E + por]r =0,

where p is the density, p is the pressure, u and v are
the components of the velocity vector, E = ple + (u? +
v2)/2], and e = p/(y — 1)p. The behavior of the gas
outside the chamber was calculated in a limited region
whose volume was approximately 10® of the chamber
volume. On the outer side boundary of the computa-
tional domain, i.e., for 1 = R (R = 10-157.), the gas
parameters were assumed to be equal to the parame-
ters of the undisturbed atmosphere. All variables were
normalized to the initial parameters with an appropri-
ate dimensionality: p1, p1, L, v/p1/p1, and L/\/p1/p1.
The formulated problem on PDE operation is charac-
terized by seven dimensionless criteria of similarity

m=p2/p1, 0=To/T1, &= Lo/L,

a=Q/d3,

determined from the initial stagnation parameters,
characteristics of the fuel-air mixture, and chamber ge-
ometry. To have a correct comparison between the so-
lution of the unsteady problem and the quasi-steady
approximation, the numerical values of the first six cri-
teria were the same as those in calculations by model 1.
The value of the parameter 7./L = 1/12 was fixed.

d= Tmin/rm TC/L
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Fig. 1. Dimensionless specific impulse of the PDE
(solid curves) and ramjet (dashed curves) versus the
compression ratio: @ = 1 (1), 1.6875 (2), and
2 MJ/kg (3).

CALCULATION RESULTS

Model 1. In the calculations, we assumed that
v = 1.4, ¢; = 300 m/sec, Q/c} = 18.75, and u, =
¢1/3. The compression ratio m was defined and varied.
The flight Mach number varied from zero to M, = My,
corresponding to compression of air to the pressure p;
in an ideal inlet of a ramjet without the compressor.
Some results of calculations by formulas (6) are listed in
Table 1. It follows from the analysis of the dependences
of the specific impulse J/c; of the PDE (M; = My)
on the compression ratio = for fixed values of energy @
(Fig. 1) that the values of J/c; vary nonmonotonically
with increasing 7. In the interval 10 < 7 < 20, the
specific impulse of the PDE reaches a maximum. The
resultant PDE thrust performance is compared to the
ramjet parameters (8]

Jfer = May/1+ (v - DQ/c}/m1=1/7 My,
which were calculated under similar assumptions and
for the same values of 7. It was assumed that combus-
tion in the ramjet occurs without total pressure losses.
The calculations for M; € [0;3.6] and 7 € [1;80] showed
that the PDE thrust performance is always better than
that of the ramjet and one-spool turbojet. In terms of
specific inpulse, the ideal PDE is inferior only to an
ideal bypass turbojet with a high bypass ratio; never-
theless, the PDE exceeds the latter in terms of head
thrust (see the last column in Table 1). At the same
time, the PDE advantages become less pronounced with
increasing compression ratio.

Model 2. In solving numerically the two-
dimensional unsteady problem, we obtained the distri-
butions of gas-dynamic parameters in the chamber at
different times ¢, and the time evolution of the pressure
p(t) at the tube entrance (z = 0), mass flux

G(t) = /puds,
5

and momentum flux

I(t) = / (p+ o — pr)ds
S

in the nozzle-exit section.

Some results are presented in Table 1. Typical de-
pendences of pressure over three periods of oscillations
P = p/p, at the detonation-chamber entrance on the di-
mensionless time T = ty/p1/p1/L are plotted in Fig. 2b,
and the dynamics of the instantaneous specific impulse
Ji(t) = I(t)/G(t) and the mean specific impulse

t ¢

J(t) = / I(t)dt/ / G(t)dt
0 0

in the nozzle-exit section of the PDE is shown in Fig. 3.
After the first “nonstandard” oscillation with a period
At;, the solution of the two-dimensional unsteady prob-
lem reaches a periodic regime with a constant period
At < At; and specific impulse J < J;. The solution
of the problem for the first period corresponds to the
single-cycle mode in a motionless ambient medium with
the pressure p; and temperature 77 [9, 10]. Note, un-
steadiness of the process of PDE operation leads to sig-
nificant differences in instantaneous and mean thrust
characteristics of the PDE during each period of oscil-
lations. According to the calculated data from Fig. 3,
the instantaneous specific impulse J;(t) changes by a
factor of 2.6 during one period, whereas the mean spe-
cific impulse J(t) changes only by 30%. Calculations
by model 2 (see Table 1) predict a decrease in specific
impulse (per unit mass of the fuel-air mixture) by no
more than 5%, as compared to model 1, due to unsteadi-
ness and flow nonuniformity. Apparently, thesc losses
can be reduced by nozzle optimization. The decrease in
thrust is more significant: its reaches 40%. It is caused
by the decrease in pressure, density, and hence, mass
of the gases that fill the chamber in each cycle with
an unchanged frequency of explosions. The decrease in
the mean pressure in the filled chamber is confirmed by
a comparison of the dependences p(t) (see Fig. 2) ob-
tained in two different formulations of the problem with
identical initial data.

The calculations of PDE operation showed that the
PDE specific impulse increases (Fig. 4) and the thrust
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Fig. 2. Dimensionless pressure at the entrance to the detonation chamber versus dimensionless time:
7 =10, £ = 1, § = 0.46; the calculations were performed by model 1 (a) and model 2 (b).
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Fig. 3. Instantaneous specific impulse (a) and mean specific impulse (b) in the nozzle-exit section
versus dimensionless time (7 = 10, £ = 1, and J = 0.46).

and frequency of cycles decrease as the degree of fill-
ing of the chamber by the fuel-air mixture decreases
(the parameter ¢ decreases), similar to the single-cycle
regime [9]. For £ € (1/4,1/3), = € (4,40), and
M, < 1, the specific impulse averaged over the pe-
riod was J ~ 3000 m/sec, which corresponds to the
specific flow rate of the hydrocarbon fuel (propane) ap-
proximately equal to 0.12 (kg/h)/N. Note, if there is no
nozzle (Smin = Se), the unsteady calculation performed
for the compression ratio 7 = 10 predicts a decrease in
the specific impulse J/c; (dashed curve in Fig. 4) by
18%. This means that the non-contoured detonation

chamber in the form of a cylindrical tube is not opti-
mal from the viewpoint of obtaining the highest specific
impulse of the PDE.

CONCLUSIONS

By means of calculations by two models, it is es-
tablished that the thrust performance of an idealized
PDE with M € [0;3.6] and pa/p; € [1;80] is always
better than that of an idealized ramjet and one-spool
turbojet. The use of non-contoured detonation cham-
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Fig. 4. Dimensionless specific impulse of the PDE
versus the degree of filling of the chamber by the
fuel-air mixture with # = 10: the points refer to
model 1; the solid and dashed curves refer to model 2
with 6 = 0.46 and § = 1, respectively.

bers in the PDE decreases the specific impulse. A com-
parison of results calculated by models 1 and 2 allows
us to state that the algebraic formulas of the quasi-
steady model offer an accurate estimate (within 5%) of
the PDE specific impulse. Therefore, for engineering
calculations of the thrust performance of an ideal PDE,
one can use Egs. (6), thus, avoiding time-consuming
two-dimensional unsteady calculations. Application of
model 2 is reasonable at the final stage of the analy-
sis of PDE operation efficiency for refining PDE thrust
characteristics in the vicinity of the region of optimal
parameters.
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