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Abstract

One-dimensional analyses of pulse detonation en-
gine (PDE) have been performed by numerous workers
without considering injection phase. 1-D codes have
fundamental defects in considering transport processes
(viscosity, heat conductivity and diffusion) and injec-
tion phase. In studying PDE, a key issue would be
how to generate a CJ/quasi-CJ detonation in a short
distance. Therefore, investigation of injection and ig-
nition has become unavoidable.

In the present analysis, the performance of straight
single Model PDEs having various tube lengths is stud-
ied; for combustion phase, exhausting phase and in-
jection phase, using two-dimensional unsteady calcula-
tions, where we used a MacCormack-TVD numerical
scheme to solve Navier-Stokes equations.

Introduction

A detonation phenomenon is the interaction between
front-running shock wave and subsequent coupled com-
bustion, generating a high pressure and temperature
which is basically uncontrollable in comparison with
conventional flames. The direction of research has
mostly been prevention of or protection from hazard.

Since several years ago, however, there has occurred
a trend to control detonation propagation, and to uti-
lize its high power and high-density energy in positive
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directions like pulse detonation engine (PDE)[I]; Eidel-
man et al. reignited the study of PDE. Pulse detona-
tion engine research has widely spread out recently, be-
cause it is considered as a good candidate for aerospace
propulsion system of next generation[Q].

In the present work, a 2-dimensional cycle analysis
of PDE containing an Ar-diluted stoichiometric oxy-
hydrogen mixture is performed. To achieve a "high-
frequency-running” engine, we pay attention specifi-
cally to the exhausting and injection process during
the 2nd cycle, where the burnt gas generated in the
1st cycle still remains within the detonation tube. A
2nd-order MacCormack-TVD scheme is used to solve
Navier-Stokes equations where a simplified two-step
chemical reaction model(®! is introduced.

Physical Model and Numerical Method

The governing equations are two-dimensional
Navier-Stokes ones, containing the mass conservation
equations for two progress variables « (induction
reaction) and (3 (exothermic reaction).
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In the modified Korobeinikov-Levin chemical model,
the rate constants are adjusted to agree, regarding its
chemical induction time and temperature profile, with
Oran’s elementary reaction model™ as much as possi-
ble. The two progress variables o and (3 are explicitly
given in the following:

a (induction reaction)

do
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0 (exothermic reaction)
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The present Model PDE is a straight 2-D detonation
channel with its upstream end closed, having ports to
inject an oxyhydrogen mixture (2Hy + Oz + 7Ar),
while the downstream end is open for exhausting a
burnt gas. Our PDE runs under the ground condition
at Pepy=1.0atm. Since calculation domain is only in-
side PDE, the influence of environment comes into play
only through the pressure at tube end for subsonic flow
conditions. The PDE wall is assumed adiabatic and
non-catalytic, as shown in Fig.l. The computations
are performed for 4 different PDE lengths as listed in
Tablel.

(a >0)

E/(it I njection port Head\End
<4mmm Calculation Wy \‘ T
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Fig. 1: Calculation domain of Model PDE

Resolution/Mesh Convergence

It is known in numerical analysis of detonation that
the physical properties obtained from calculation are

92

Table 1: Model PDE configuration

| Case | PDE width [mm] | PDE length (L [mm)) |

a 30.0 100.0
b 30.0 200.0
c 30.0 300.0
d 30.0 400.0

highly dependent on the grid resolution and numerical
scheme. The resolution is upgraded as much as pos-
sible, by testing 3 different grids. The effect of grid
resolution on cell size is shown in Table2 at the ini-
tial pressure 0.5atm and temperature 298.15K, which
yielded the experimental cell size A=0.49cm according
to Strehlowl(®. As seen in Table2, the cell size does
not change when the mesh size gets less than 100um.
Furthermore, in comparison with the experimental cell
size A=0.49cm, both Grid2 and Grid3 give A=0.6cm
(1.22xexperimental \), reasonably close to the exper-
imental cell size. Thus, we can conclude that Gridl’s
resolution is not enough while Grid2 and Grid3 are re-
liable, giving mesh convergence. Based upon these re-
sults, the present analyses are carried out using Grid2
where the mesh size is 100pm. The grid number is
(Lx10)x300 (Ax=Ay=100pm). It has turned out that
the present grid number is sufficient for PDE cycle
analysis, but not for the detailed behaviors of boundary
layer.

Table 2: Effect of resolution on calculated cell size

Mesh size | Cell size | Ratio between calcu-
[um] [cm)] lated and experimental
cell sizes
gridl 150.0 0.75 1.53
grid2 100.0 0.6 1.22
grid3 67.0 0.6 1.22

Results and Discussion

Numerical Analysis of 1st Cycle
Combustion Process

In this analysis, the 1st cycle starts after an oxyhy-
drogen mixture is filled up in the 2-D channel of 30mm
width and various lengths L under the initial pressure
Po=1.00atm and temperature To=298.15K.

Ignition in 1st cycle has already been performed by
assuming a CJ detonation obtained from 1-D analy-
sis. In order to generate a 2-dimensional detonation,
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the initial 1-D detonation starting from the closed up-
stream end is disturbed by placing inhomogeneities
near wall, which act like a Shchelkin wire. The 1-D
CJ detonation is perturbed into a 2-D detonation in
a short "DDT distance”, propagating toward down-
stream end. Thereafter, the 2-D detonation front
leaves the channel, followed by burnt gas exhaust from
channel; at the instant when the head-end pressure
Pp=Peny(=1.0atm), the fresh mixture starts flowing
from the injection ports into the 2nd cycle. The prop-
agation velocity of detonation front is shown in Fig.2,
where the calculated velocity during 100mm traveling
(Case(a)) during 1st cycle is found close to the CJ
value. In addition, there is essentially no difference
among 4 Cases under consideration. The pressure dis-
tribution snapshot (Case(a)) and distribution of pres-
sure and temperature (Case(a)) along PDE center axis,
at the instant when detonation front has reached PDE
exit (56.2usec after ignition), are shown in Fig.3 and
Fig.4. Fig.5 shows the change of pressure distribution
along PDE (Case(a)) center axis during evolution of
combustion process after ignition.
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Fig. 2: Temporal variation of detonation velocity
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Fig. 3: Pressure contour (Case(a)) at instant when det-

onation front has reached exit
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Fig. 5: Combustion evolution along PDE (Case(a))

center axis after ignition

Exhaust of Combustion Products

The boundary condition utilized at open end is de-
rived from the method of characteristics. This ensures
no constraints imposed on the flow quantities when the
outflow is supersonic, whereas it enforces the required
constraints when the flow becomes subsonic.

The history of pressure and temperature at the cen-
ter of intake port and head-end, until immediately be-
fore the fresh oxyhydrogen intake ports are opened up,
is shown in Fig.6 and Fig.7. At this valve opening
time, the head-end pressure is equal to the environ-
ment pressure (P,=P.,,=1.0atm). By the time when
fuel injection starts from intake ports, the pressure at
intake ports has become 0.98atm while the tempera-
ture is kept at 1270K. Since the detonation velocity is
very close to CJ velocity U=1591m/sec, the time for
the detonation to leave the length 100mm (Case(a))
is t=b56.2usec; at t<56.2usec, therefore, the detona-
tion front is still barely inside the channel. Fig.6 in-
dicates that the pressure history can be divided into
two distinct stages, as pointed out by Kailasanath[!

b
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(1) arrival of shock immediately after ignition and
(2) a plateau at t>17usec. The plateau pressure Py,
/P¢;=0.38, i.e. P,=5.27atm (P.;=13.86atm) lasts for
a long time 17usec<t<171usec, followed by (3) the re-
laxation 171pusec<t<367usec down to a low pressure
Pr/Peny=1. This plateau pressure is the primary part
to generate thrust. Fig.8 gives the history of Mach
number at the center of exit plane. With regard to
the flow at exit plane, its Mach number is kept always
at 1.0 from the start of exhaust until 259.1 usec later,
indicating that the exit flow is choked. Thereafter, the
flow at exit plane decreases down to subsonic.
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Fig. 6: Evolution of pressure and temperature at center

of intake port (Case(a))
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Fig. 7: Evolution of pressure and temperature at head-
end (Case(a))

The pressure distribution snapshot (Case(a)) and
the distribution of pressure and temperature (Case(a))
along PDE center axis, at the instant immediately be-
fore the fresh oxyhydrogen intake ports are opened up
(367.1usec after ignition, and Pp=P¢n,=1.0atm), are
shown in Fig.9 and Fig.10. Fig.11 shows the change
of pressure distribution along center axis, at several
times during the pressure relaxation process in PDE
(Case(a)); the time is now counted from the start of
exhaust. Fig.11 indicates that the burnt gas from the

4
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Fig. 8: Evolution of Mach number at center of exit

(Case(a))

1st cycle exhausts quickly from open the end, where
the pressure decrease in PDE is influenced by the en-
vironmental pressure.

Pressure[atm] ‘
0.8

Fig. 9: Pressure contour (Case(a)) immediately before

fresh oxyhydrogen intake ports are opened up.

Next, the specific impulse is estimated from the
history of head-end pressure P; minus environmental
pressure P, (=1.0atm), as follows:

[Impulse per unit length during 1 cycle]

I . .
r [Filled fuel mass per unit length |

o Sy (B = Pen)dyd o
foW foL pogdydx

~—

where pg denotes the filled fuel density, and te,, the
time elapsed until Pp=P.,, is realized.

The specific impulse I, for 4 Cases acquired from
Formula (2) is shown in Table3. Although a slightly in-
creasing tendency of specific impulse is seen for longer
tubes, we can derive a general conclusion that I, is
irrelevant to PDE length as long as DDT distance is
assumed zero.

The temporal behavior of impulse (Case(a)) per unit
depth is shown in Fig.12; the asymptotic limit of im-
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Fig. 11:

(Case(a)) center axis.

Pressure relaxation process along PDE

pulse (Case(a)) is set to 3.16 [N-sec/m] to define the
one-cycle time ten,. Note here that the impulse per
unit depth is proportional to PDE length (L), as shown
in Fig.13.

Next, we try to compare the results of numerical
analysis, using a figure on impulse per unit area, first
proposed by Kailasanath on the basis of 1-D numeri-
cal analysis, as is shown in Fig.14. The impulse ob-
tained by Kailasanath 1-D analysis is proportional to
the product of toy defined by L(PDE length)/Dc
and the pressure difference P,-P¢p,, where Dey is the
CJ velocity. Interestingly, our results of 2-dimensional
analysis also come onto the same straight line.

Table 3: Specific impulse I, for 4 Cases

Case a b C d
6576 | 6651 | 6702 | 6747

Isp[sec]
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Fig. 12: Evolution of impulse per unit depth (Case(a))
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Fig. 13: Impulse compared among 4 Model PDEs
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Fig. 14: Impulse curve of Kailasanath 1-D analysis

compared with our 2-D results
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Numerical Analysis of 2nd Cycle
Injection

Immediately after the head-end pressure Pj has de-
creased down to the environmental pressure Pey,, a
fresh oxyhydrogen mixture is injected into PDE, that
still contains a high-temperature burnt gas, by opening
the intake ports.

Size effect of intake port is tested, by locating the
port specifically at the center of PDE head-end, where
the open ratio=intake port width/PDE width=1.0-
0.17 with the port connected to a reservoir tank of
P,=10.0atm and T,=298.15K; the inflow Mach num-
ber is set to 1.0. The pressure and temperature around
intake port is P;=1.00atm and T;=1212K. The relation
between calculated fuel injection time and open ratio is
shown in Fig.15; when the open ratio becomes smaller,
the fuel injection time sharply increases, indicating the
existence of proper value.

136000
—
Ty
‘T £ 4000
o=
25
85 2000

£

1

S

04 06
Port open ratio

0.8

Fig. 15: Relation between calculated injection time and

port open ratio
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Fig. 16: Relation between calculated injection time and

reservoir pressure

Next, the effect of reservoir pressure is tested for a
Model PDE (Case(a)) as shown in Fig.1. Normalized

-6-

fuel injection time (injection time/injection time for re-
servior pressure 10atm) for different reservoir pressures
in Case(a) is compared, where the reservoir pressure P,
is changed between 10 to 4atm. Fig.16 shows that the
calculated fuel injection time is a decreasing function of
the reservoir pressure, as is easily expected; the differ-
ence is only 25% for the pressure change P,=10-4atm.
We performed an analysis to find out dependence of
injection angle on fuel injection time; no influence is
seen to fuel injection time. In conclusion, the fuel in-
jection time depends on (1) intake port width and (2)
reservoir pressure P.,.

Henceforth, the fuel injection time is studied for 4
Cases of Model PDE connected to the P,=10.0atm
reservoir tank at T,=298.15K (fuel injection is right-
angled to wall), where the performance of 4 Model
PDEs are also calculated. The inflow Mach number
is kept at 1.0. The § distribution in PDE (Case(a))
at 61.4, 96.3, and 153.8 usec after start of injection is
shown in Fig.17. By injecting an oxyhydrogen mixture
from intake ports during the 2nd cycle, the expansion
and diffusion of fuel are observed. The distribution of
3 along PDE (Case(a)) center axis after the start of
fuel injection is shown in Fig.18; § is about 1.0 (un-
burnt mixture) nearly everywhere in PDE behind the
contact surface. The features of fuel injection can be
understood from Fig.17 and Fig.18.

Exit Head-End

.

61.4 1 sec after start of injection

96.3 i sec after start of injection

153.8 1 sec after start of injection

|
B 00

1.0

20

Fig. 17: (3 distribution in PDE (Case(a)) after start of

fuel injction
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Table 4: Time for each process in one cycle for 4 Model
PDEs (Cases(a)~(d))

it is again irrelevant to PDE length; a fixed thrust
density is essentially obtained. In general, as men-
tioned above, the performance of Model PDE has
no dependence on PDE length, but depends on (1)
the initial conditions, (2) intake ports width and (3)
reservoir pressure P;.

E Combustion B Exhausting O Inj ection‘

100%

80%

60%

40%

NN

20%

0%
a b c d

The time required for combustion, exhaust, fuel in-
jection, and cycle completion for Cases(a) through (d)
is shown in Table4. The ratio between each process
and complete cycle is also shown as % in Table4. As
another representation of Table4, a bar graph on per-
centage of each process is given in Fig.19, whereas the
time to complete PDE one cycle is given in Fig.20:
Note that none of the times required for all process in
one cycle (combustion, exhaust and fuel injection) de-
pend PDE length. Moreover, the one cycle time can
be estimated, if the PDE length and reservoir pressure
P, are both given; it is closely proportional to PDE
length.

The thrust density of each Model PDE
(Cases(a)~(d)) is given in Fig.21, showing that

a b
O [ Tsee] [I%I| [sec] [(%] o
Combustion | 5.62x10-5 | 10.8 | 1.20x10~% | 11.0 |Fig. 19: Percentage of each process for 4 Model PDEs
Exhausting | 3.31x10~% | 59.7 | 6.27x10~* | 57.4 |(Cases(a)~(d))
Injection | 1.54x107% | 29.5 | 3.46x10~* | 31.6
1 Cycle 5.21x107* | 100 | 1.09x1073 | 100
. d I T T T T )l(
Case [ sec | ‘[%] [ sec | ‘[%} ._.2'0_— ]
Combustion | 1.84x107* | 11.1 | 2.47x107* | 11.1 g [ - ]
Exhausting | 9.51x107* | 57.5 | 1.29x107% | 58.0 o A 1
Injection | 5.19x10~4 | 31.4 | 6.88x10~4 | 30.9 £ 1o : gﬁ‘a ]
1 Cycle 1.65x1073 | 100 | 2.22x1073 | 100 a ) B Caseg(C) |
I X Case(d) |
OO I 1 1 I 1 I 1
0 100 200 300 400

PDE Length [mm]

Fig. 20: Time needed for one cycle of Model PDEs
(Cases(a)~(d))

Conclusions

In this study, a 2-dimensional analysis of PDE
two-cycle operation is performed for 4 different PDE
lengths, where we pay attention specifically to the be-
haviors of (1) burnt gase exhaust and (2) oxyhydrogen
injection during the 2nd cycle.
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21: Thrust density of 4 Model PDEs
(Cases(a)~(d))

During the 1st cycle, the detonation propagation
and subsequent slow pressure relaxation process
inside PDE are simulated under the ground con-
dition. It is examined that the flow at PDE
exit plane becomes choked during exhaust process
where the process behaves as 1-dimensional flow.

The impulse per unit depth increases in propor-
tion to PDE length L. The impulse from our 2-
dimensional analysis gives a nice fitting with a
straight line given by Kailasanath 1-D analysis.

During the 2nd cycle, the injection of oxyhydrogen
mixture from intake ports generates expansion and
diffusion of fuel.

When the open ratio (intake port width/ PDE
width) becomes smaller, it is found out that the
fuel injection time increases sharply. Change of in-
jection angle has not influenced the fuel injection
time at all. Thus, the fuel injection time is de-
pendent only on the reservoir pressure and intake
port width.

The time ratios among elementary processes (com-
bustion, exhaust and fuel injection) are irrelevant
to PDE length. Moreover, the one cycle comple-
tion time can be estimated, if the PDE length and
reservoir pressure are both given; the cycle time is
closely proportional to PDE length.

The thrust density which is the most important
performance of PDE is nearly independent of PDE
length.
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