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Premixed Flame €= Diffusion Flame
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o B A N # (detonation, deflagration)
o MBLEIEFIIEIZERITESINTIRREETHY.
ZDHZERBEEIMERET D,
o L N % (Non-premixed flame)
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Detonation vs. Deflagration
FrHE—ar & BEDFEEKK

Unburned Burned
Ul s U2 =—>
pl, T1, P1 p2, T2, P2

Stationary 1-Dimensional Premixed Combustion Wave

U1/C1  5-10: Mach number 0.0001-0.003

U2/Ul1  0.4-0.7 (deceleration) 4-6 (acceleration)
P2/P1  13-55 (compression) 0.98 (slight expansion)
T2/T1  8-21 (heat addition) 4-16 (heat addition)

02/pl  1.7-2.6 0.06-0.25
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ZND 1-D Wave Structure:

The classical C-J theory by Zel’dovich, Neumann, and Doring:
strictly one-dimensional and steady relative to the detonation front

Shock wave

NN\
NN\

Reaction zone

TeTperatu re
Shock
Wave
Reaction
Zone | Induction
Zone
-4




Hugoniot Curve & Rayleigh Line

Chapman (1899), Jouguet (1905) 0
Mass conservation

(D)P1u=pu

Momentum conservation
(QP1+P1uy= P+pu

Energy conservation
(), Ty +u /2+q= ¢, T+u?/2

>

e
P
X1
EI'

— . — Rayleight line
Hugoniot curve

q=Q
@, @ =>» Rayleigh Line \ .
@, 2. 3 = Hugoniot Curve \ q=0 (shock Hugoniot)

> v

o A:FHAE (RIAIREE
+ B:von Neumann Spike (%K)
BEFREZATIIRNIGIEIETREGY ., REARISHIEE D,

¢ CJ:Chapman-Jouguet Condition
ThR—LaV XCHRETRIET D,



o etonation eflagration
Hugoniot Curve QRS I

Uil/Cl1 5-10 0.0001-0.003
U2/Ul 0.4-0.7 4-6
. (deceleration) (acceleration)
P+ 5 \ Deflagration _
P2/P1 13-55 0.98 (slight
(compression) expansion)
T2/T1 8-21 4-16
(heat addition) (heat addition)
p2/pl 1.7-2.6 0.06-0.25
Deflagration
- =Q '
g=0 (shock Hugoniot)
>
v

o A:FEAE (RIAIREE
* B:von Neumann Spike (&2 %)
BEFEZATIIRNIGIEETRHREZY ., BREARIGHIEE D,

¢ CJ:Chapman-Jouguet Condition
ThR—L a3V XCHREETIRIET D,
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Smoked foil : 2H,+0,+70%Ar
(R.A.Strehlow, 1968)
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Smoked foil : 2H,+0,+70%Ar (R.A.Strehlow, 1968)
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Cellular Structure of Detonation

Cell Length a




Numerical Method for 2-D

2-Dimensional Compressible Euler equations

(?Q+(5’E+§F=S 0

ot ox dy ou

P P/ 2 2 Q=P
e=—+p0Z+—(u +v

)/_1 ’OQ 2( ) e

02 |

E=

ou
P+ pu’
ovu
(e+Pu

| puZ

F=

oV

ouy
P+pv’
(e+P)v

| pvZ |

, S=

0

2 o o o

Scheme: Yee’s Non-MUSCL Type Second-Order TVD Upwind Scheme

Time-integration: Point Implicit Method

Chemical Reaction Model: Arrhenius Type one-step reaction

w =-pKZ exp(- Ea/T)

Chemical Parameter

Exothermicity:

Specific heat ratio:

Activation energy:

vy =1.2
Q =50
Ea=27




Initial Condition for 2D Channel

:E 1.0 mass fraction >0
=
%) [
2 130
§ ol pressure -
é temperature
\ 110
0

O 2 4 6 8 10
Distance from shock front

Steady profile of 1-D detonation
(Q=50, y=1.2, Ea=27)

pressure, temperature



Numerical Method for 2-D

M _|E | oF [

ot |ox | oy

e=i+pQZ+§

y—1

(u2 +v2)

2-Dimensional Compressible Euler equations

o, ou o) 0

ou P+ pu’ ouy 0
Q=(pv{E=| pwu [|F=[{P+pv |, S=|0
e (e+Pu (e+P)v 0

07 | puz | pvZ Y

Scheme: Yee’s Non-MUSCL Type Second-Order TVD Upwind Scheme

Time-integration: Point Implicit Method

Chemical Reaction Model: Arrhenius Type one-step reaction

w =-pKZ exp(- Ea/T)

Chemical Parameter

Specific heatratio: vy =1.2
Exothermicity: Q =50

Activation energy: Ea =27 13



Cellular Structure of 2-D Channel

WI/L1/2
200

0

Smoked Foil Image of Simulation (Q 50, Ea=27,y=1.2)

R. A. Strehlow (1961
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DETONATION ENGINES



Detonation Engines

* Higher energy release rate, higher
thermodynamic efficiency, and easier scaling.

* Pulse Detonation Engine (PDE):
— Wide operating conditions (flight Mach# = 0-5).
— Repetitive and intermittent thrust
Fast purging and refilling are required.

* Rotating Detonation Engine (RDE)/Continuous
Detonation Wave Engine (CDWE):

— Simple configuration and higher thrust due to
continuous injection.

— Wide operating conditions without limitation of
injection velocity.



Cycle of Pulse Detonation Engine

[A cycle of the operation of a pulse-detonation combustor (PDC)J

.1 Detonable
|| mixture

(a) Supply and mix of
fuel and oxidizer

purging

P

/

B

Igniter

Hot
Fdige burned
gas gas
(d) Exhaust and
——

e

(b) Ignition

|
I

*  Detonation

=

(c) Burning in

detonation mode




Background : Fundamental and application studies of PDE, and
evolution to very high frequency PDE operation

Pulse detonation engine (PDE) - simplified PDE 2 Ppa
specific impulse 4200sec (air-breathing jet engine (H,-air) ) . /
190sec (rocket engine (H,-0,)) BT e

Endo et al., JPP, 2004, Cooper et al., JPP, 2002,

Wintenberger et al., JPP, 2003 |
Specific impulse increases if partial fill fraction increases. static burned gas rarefaction wave fresh
Sato et al., JPP 2006, Cooper et al., JPP, 2004 detonation wave r,r‘\'ixture
Kasahara et al., AIAA Journal, 2008 Simplified PDE pressure and temperatUrféﬁEfc')’ries
If the ambient pressure is sufficiently low, burned gas in PDE tube can be accelerated
by a convergent-divergent nozzle.
Morris, JPP, 2005, Cooper and Shepherd, JPP, 2008
The first PDRE sliding test is demonstrated by pulse detonation
rocket Todoroki.
Kasahara et al., JPP, 2009-1
The first manned PDE flight test was conducted by AFRL-ISSI.
Hoke et al., Japanese Shock wave Sym., Jan 2008.
Specific impulse of 305 sec was achieved using
multi-cycle partial-fill effect
Kasahara et al., JPP, 2009-2
Most recent interests are flight demonstration by rocket system,
very high frequency operation, real application as RCS.

ISSI-AFRL



Rotating Detonation Engine (RDE)/
Continuous Detonation Wave Engine (CDWE)
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Kailasanath et al. (2011)
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Japanese detonation engine researches:

University of Tsukuba, Dr. Kasahara
PDE, PDRE, PDTE, RDE, Experiment, Fundamental Study
Keio University, Dr. Matsuo PDRE
Fundamental Detonation Study, CFD
JAXA (Japan Aerospace Exploration Agency), Dr. Funaki, Dr. Kojima feasibility
PDE, PDRE, PDTE, Feasibility Study study
Hiroshima University, Dr. Endo
PDE, PDTE, Experiment, System, Theory
Saitama University, Dr. Ooyagi
PDE, PDTE, Experiment, System
Kyusyu Institute of Technology, Dr. Tsuboi
PDE, RDE, CFD, System, Nozzle, Fundamental Study RDE
Aoyama Gakuin University, Dr. Hayashi
PDE, RDE, CFD, System, Nozzle
Hokkaido university, Dr. Wakita
PDE, Experiment, Initiator
Yokohama National University, Dr. Ishii
PDE, Experiment, Initiator, Fundamental Study
Tokyo Metropolitan University, Dr. Sakurai
PDE, Experiment, Fuel-Oxidizer Mixing

PDTE

element and
fundamental study



