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What is Detonation?

There are two types of flames (combustion waves):
Premixed Flame <€==» Diffusion Flame

Premixed Flame (Deflagration and Detonation)
» Reactants are perfectly mixed before the chemical reaction.

Diffusion Flame (Non-premixed flame)
» Reactants diffuse into each other during the chemical reaction.

Detonation propagates into the premixed gas with a leading shock
wave, because its propagating speed is supersonic.

Detonation, one of combustion wave in premixed gas.
« Detonation propagates in the premixed combustible gas mixture.
« Propagation velocity of Detonation is 2-3 km/s.
e Cellular pattern is observed after the propagation of detonation waves.

Pressure / MPa Exothermic Induction
0.0 mmm - 0.2 i Reaction region region
Max. pressure / MPa p.T | '« -

0.5 ] 1.4

Incident shock T Shock

Mach Stem

Two-dimensional Channel 1D Steady Detonation |
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Cellular Structure of Detonation

| Cell Length |

™

Cell Width

M : Mach Stem T : Trace of triple point
| : Incident Shock RF : Reaction Front
TW : Transverse Wave S : Slip Line

Detonation Wave in 2-D channel has transverse waves perpendicularly
propagating to the leading shock wave.

- 13-




Detonation Engines: PDE and RDE

- Advantage: 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):
« Simple configuration and higher thrust due to continuous injection.

« Wide operating conditions without limitation of injection
velocity.

- 14 -




Cycle of Pulse Detonation Engine (PDE)

Purging stage
(chamber is at ambient condition)

|| Po
@ Purging starts

@ Filling stage

1.

Fuel
Air Po

@ Exhaust Stage (Thrust)
@ Ignition/Initiation stage

— W E—r—

@ Detonation Wave reaches the exit @ Detonation Wave Propagation

(Compression+ Heat Addition)
- [ |

PDE Cycle

Detonation can generate high pressurized gas

\

AN

Thrust
wall

pressurized gas ps

pi. T,

___/4 -
- / X:wx\
~
~

_ ,»°7 CJ Plane .
detonation wave ___,! Rayleigh flow Shock 7

(ZND structure) “<_chemical induced region ’

-~

static burned gas gas

-~ -
~ -
el
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Rotating Detonation Engine (RDE)

Exhaust

Application of detonation’s high pressure and
speed to rocket engines is being considered

e.g.) Rotating Detonation Engine (RDE)

natio

Advantage

« High theoretical thermal efficiency
e Simple structure
e Continuous thrust with single ignition

Problems

e Geometric and thermodynamic constraints
on stable detonation propagation

e High heat load

RDE and PDE flight demonstration in outer space
By JAXA-ISAS's Sounding Rocket Experiments
(27t July 2021, 5:30 launched from Uchinoura Space Center)

RDE and PDE flight demonstration was successful for the first time in the world

« By S-520-31 Sounding Rocket Experiment Team
v Nagoya University (Prof. Kasahara’s group)
v' Keio University
v JAXA/ISAS
v Muroran Institute of Technology
v' Meiji Electric Industries Co. Ltd.
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JAXA-ISAS Sounding Rocket S-520-31

Detonation
Engine
System

\ 1st Stage (DES)

Solid
Rocket
Motor

Detonation Engine System (DES) schematics and Picture

) 1810
120 238 554 355 165 243
o o I o
o] b L (o))
s L— s
|
/ 1
/ Avionics
Unit: mm

Note: Dimensions are approximate values.
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Experimental sequence of 500 N RDE with Side Jet PDE

(Detonation Engine System, DES)
1. Sounding rocket “S520” launched RDE and PDE demonstrator to space (120%. 170km).
2. RDE and PDE experiments were conducted.
3. Data storage came back with re-entry capsule.

«T+270: PDE experiment 2

T+240: PDE experiment 1 ¥V Side iet
Side jet \% ,%‘ ide ]
y¥£ + T+300: PDE experiment 3
# Side jet
RDE and PDE ’Z\ T+120: RDE experiment 1
demonstrator , runupto6s

)
\/ " y§

+66: i
T+66: Stage separation T+402: recovery capsule

deployed

ELy T $-520-31 launched by JAXA/ISAS

Launching movie (27t July 2021, 5:30am)
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Road Map of RDE Flight Demonstration Program

FY2014 | FY2015 | FY206 | FY2017 | FY2018 | FY2019 |FY2020| FY2021 | FY2022 | FY2023 | FY2024
" Liquid propellant Observation rocket
system EM Liquid propellant
development Flight Demonstration

I_Jev_elopment of
FM flight Operation "‘;;;‘1:;"5@5“
FM test
FM desigh, Liquid propellant and tanks
manufacturing and Element Development
Ground test
(methane, oxygen)
EM test 202488 11H
Rocket RDE sled test BBM Vacuum Ny RN - -
Combustion Test dﬁif¢%.@§ *’l’ % 'fﬁ 2 71:_ RDE (2 ct %)

research

S combuston st A4y bEEE (S-520-34)

500N Class
RDE development

Side jet PDE development

Visualization Research and Basic Research

Research on High Performance RCS and Lander Engines

>

L. EBET bAR—2 30T 0D VICETEIYAXHE
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Objective of this research

* Need to clarify the characteristics of propagation modes for practical use
— Detailed characteristics and transition processes of propagation modes
have not yet been clarified.

* RDEs are expected to become even larger for practical use
— |t is necessary to clarify how the propagation mode changes
as the combustor becomes larger.

To investigate the characteristics of propagation modes,
and the relationships between combustor scale and
propagation mode

39/40
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Numerical Setup

« Governing equations

* Numerical methods

« Computational domains

« Boundary, initial conditions
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Governing equations

» 3D compressible Euler equation

» Conservation law of 9 species(H,, O,, H, O, OH, H,0, HO,, H,0,, N,)
0Q OE 9F 0G

A
at + ¢ + an + aq
p pU pV pw 0
pu pul +&xp puV +1mxp puW +¢yp 0
Q—l pv E_1 pvU +&,p F_1 pvV +nyp a_1 pvW + {yp §_1 0
JPw™ JlewU+&Ep|" JpwV +ngp|" " JlpwW +pf’™ ]| 0
¢ (e +p)U (e +p)V (e +pW 0
pi piU piV oW Wi _
p : density [kg/m3]
. . : x directi losi
» Equation of state of an ideal gas (thermally perfect) ; ;dif,iﬁt:gﬁ Z;‘;iig m:}
w : z direction velocity [m/s]
e :total energy [J/m?]
= ‘R:T p : pressure [Pa]
p z Pifti w; : formation reaction rate [kg/(m3s)]
t R; : gas constant [J/(kgK)]
T :temperature [K]

Numerical methods

* Discretization method for convection term e Courant number

AUSMDV (3 ordered by MUSCL) 0.3

L , , * Chemical reaction model
* Time integration method for fluid

3 steps 3 order TVD Runge-Kutta method 9 species 20 steps detalled model
by Hong et al. (2011)*

* Hong et al. Combustion and flame. 2011.

* Time integration method for source term

Point Implicit method (w/ 5 inner iterations)
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Unit : mm
Computational domains o displayed every 5 points
Side view
40 ! 20

* Target : Annular RDEs

Outer wall Inner wall
diameter diameter Propagation mode
[mm] [mm]

Single wave (S-20/10)

20 10 _
Multi-wave (M-20/10)
Single wave (S-30/20)

30 20

Multi-wave (M-30/20)

+  Calculation Grid
Grid points : 105 % (1005 or 1505) X 698 pts.
Grid size  : 31-63 um

Boundary, initial conditions

* Injector condition
Total pressure, temperature : 1.0 MPa, 298 K
Jet composition : 2H,-0,-3.76N, premixed gas

24 x 2 injectors

+ Boundary condition 7 o
« Wall: slip wall LI 8 Unit : mm
« Outflow at subsonic : constant pressure (10 kPa) 45’/'F'\*452
supersonic : extrapolation 1.5 20 1(,;;

injection‘ configuration
» Two kinds of initial conditions

Single wave mode : s ‘
— Fully developed 1 wave result beg Fully developed High pressure
. . ) 20 1 wave result r=/ region
in cylindrical combustor | in cylinder il
: 10 D & i
Multi-wave mode : o Pressure [MPa] 15 5 :
0 1

— High pressure region

- 24 -




Results and Discussion

1. 20 mm Annular combustor 2. 30 mm Annular combustor

o Pressure [MPa] 15

I Pressure distribution for 20 mm annular combustor

Bottom view

» Single wave mode : only one detonation wave appeared

* Multi-wave mode : two detonation waves appeared

. Side view )
Outlet Single wave mode . Multi-wave mode

Inlet S-20/10 M-20/10 M-20/10

-25-




Propagation

modes for 20 mm annular combustor

Single wave

S-20/10

multi-wave

M-20/10

DC] =2012 m/s

Propagation velocity at

outer wall Dout/Dey
Dot [M/s] H
S-20/10 1587 0.78
-16.89
M-20/10 1320 0.65

o Pressure [MPa] 15

2.BEET FR—2a IO VITEITARRME
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I Previous research for combustor geometry of RDE

Thermal choking
Advantage of Diverging Combustor: Simple structure ~ Throat (M =1) (M=1)

The heat occurs quickly and accelerates flow i
" Nozzle

to the sound speed in short distance. M> 1 !
v Cmnk Combustion

(detonation)
Acceleration

*Nakata et al., “Supersonic Exhaust from a Rotating Detonation by combustion and nozzle
Engine with Throatless Diverging Channel”, AIAA Journal, 2022.

Supersonic exhaust with throatless diverging channel *

Experiment of 70 mm combustor
with bottom diameter of 20 mm and diverging angle of 5°

» The measured pressure and the exhaust plume
indicated the supersonic exhaust.

» The estimated Mach number was 1.4 -1.7.

RDE with diverging channel*

49

I Numerical analyses of diverging RDE (0°-5°)*
*Sada et al., AIAA SciTech 2024 Forum, 2024.

-1 0 1 2 3 4 5 6
Diverging angle, deg

1.5
» Supersonic exhaust with diverging angle (1° - 5°) 14 |
» Under the constant supply pressure (1.0 MPa), 13: s & 2
> Increase Cr . ‘*12- C’
» Decrease c* No monptomc increase S -
_ in thrust 11 }
with larger angle 0
1 . ,
200 Fog 45101 g/s  102/s 103 gls 104 /s 1800 1
_, 150 - Fpwan 1600 | %______§_______,_______ftth_f_!_&-!@_s__m!?_:
? 2 [ 1
2100 € 1400 2 3 3 ]
,'E L B Fp,bottom o L § |
50 | 1200 | 1
ol [~ Fm 1000 bt
1 2 3 4 5

Diverging angle, deg
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I Objective

*Nakata et al., AIAA Journal, 2022.

A throatless diverging RDE* was proposed by Nakata et al. (Nagoya Univ.).

Also, from Numerical analyses with different diverging angles, c* decreased as Cg increased
under the same supply pressure, and the thrust did not show a monotonic increase.

.
Objective of this research

To consider the geometry of Diverging RDE to improve the performance

» RDE with straight section and 5° diverging section was considered.
The length of straight section was varied with constant total length of 70 mm.

» Inviscid numerical analyses were performed for the H,/air premixed gas as propellant.

Straight
section

20 mm 70 mm 51

Numerical setup

» Numerical methods
» Computational domain

» Boundary conditions
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Numerical methods (in-house code)

» Governing equations
> 3D compressible Euler equation

> Conservation law of 9 species
(H,, O,, H, O, OH, H,0, HO,, H,0,, N,)

> |deal gas law (thermally perfect)

v

Discretization method for convection term
AUSMDYV (3rd ordered by MUSCL)

v

Time integration
3-stages 3rd order TVD Runge-Kutta method

» Chemical reaction model
Detailed reaction model by Hong et al. *
(20 elementary reactions, 2011)

*Z. Hong et al., Combustion and Flame, 2011.

» Time integration for source term

Point Implicit method

(w/ one fifth timestep of fluid)

» Computational environment
Tohoku University Cyberscience Center

subsystem AOBA
» Courant number
0.3
Computational domain and grids
Unit : mm

» RDE with diverging channel
Total length L : 70 mm
Bottom diameter d, : 20 mm
Diverging angle a : 5°
Various straight channel length (0 - 70 mm)

» Computational grids
Combustor
» Annular: 97 x 1001 x 908
» Cartesian: 311 X 311 x 908
External region
» Annular: (90-100) X 1001 x 73

Every 5 points (annular)
Every 15 points (annular, cartesian)

THHHHH
S HE

T L

s

| Il

HHt H
A HHHH T
HAET

-

HA AR

Total grid points : About 183 million

70 mm

Grid size (bottom) : 25-67 ym Combustor

-29-
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I Combustor geometry , - . 2
o ]
b= 1 L e g
» Study of a shape that provides an expansion ratio 0mm (5)
while maintaining rapid combustion. 10 mm g
» The length of straight section L was varied i e L
with constant total length of 70 mm, bottom diameter of 20 mm. 10 mm
20 mm &
Straight channel length  Angle Exit diameter Al A N
Ly [mm] a [deq] de [mm] (exit / bottom) 20 mm
0 5 32.2 2.60 20 mm
10 30.5 2.33 .
20 . 28.7 2.07 30 mm
30 27.0 1.82 50 mm a
50 23.5 1.38 1 _. ..
70 0 20.0 1.00 50 mm
Area ratio -. N _ .
decreases with L 70 mm (0°) 55
I Boundary conditions
Unit : mm
- === . T T ]| I
/Q a=0"or5° {
¢1.2 .
\é Slip-wall Outflow
| \
Slip-wall 70
Injectors

Injectors (24 < 2)

» Total pressure: 1.0 MPa

» Total temperature: 298.15 K

» Mixture: 2H,-O,-3.76N, premixed

-30-

Outflow
» Supersonic: Extrapolation
» Subsonic: Constant pressure (10 kPa)

56




Results and Discussion

» Flow structure and acceleration

I High pressure and H,(fuel) distribution 03 Main combustion region

T
Pressure (= 0.75 MPa) and mole fraction of H, (= 0.25) 0 mm
g 0.2 | 10 mm 1
5 G 20, 30, 50, 70 mm
g <01 | '
[
=
O ]

o T 20 40 60
13mm  z[mm]

With increasing in straight channel length,
» Large high-pressure region

» Less unburned mixture

— Straight channel parts promote
combustion effectively.

70 mm 70

0 7
Unit: mm 20 mm 0 Pressure [MPa] » Similar profile in more than 20 mm
' 0[N 3.0 » Main combustion region: z < 13 mm 58

From 1D axial profile of H,,
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Average during 1-lap propagation

Heat release i
= 30 ~ 30, 50, 70 mm 1
Heat release rate (HRR): g ) 20 mm
G==) wlh?,[/(m?:s)] S5 % 10 mm ’
¢ I~ 0 mm
Cross-sectional averaged value in the graph i 10
w : Formation reaction rate 0
Ahg ;: Standard enthalpy of formation 0.3
s 02 10 mm i
» H, profile is similar with larger than 20 mm *8 20, 30, 50, 70 mm
» Heat release is consistent with 30 mm or more © 01 L | =S
— 20 mm has slightly inferior combustion §
in the detonation region oL, e
0O 10 20 30 40 50 60 70
Z [mm]
Spatiotemporal averaged profile 59
. Average during 1-lap propagation
Heat release and Flow acceleration R B B S
% 30 ~ 30, 50, 70 mm 1
» Choke at the exit in straight RDE (70 mm) £ 0 20 mm
» Choke by heat release and supersonic exhaust 3 10 mm
in diverging RDE (0 mm) o
c 10
T
0 ! ! =
2-5 T T T T T T T T T T T T
5 20 ¢ 1
el 0 mm
Choke by heat release  Acceleration in diverging section g 1.5
c L
<
Acceleration to speed of sound near the exit 8 1.0 -
10 pemrr——r— = 0.5 70 mm -
70 mm OE e LIS
10 ‘,' :' 2 OO L 1 L 1 L 1 L 1 L 1 L 1 L
0 70 O 10 20 30 40 50 60 70
z[mm]

. . \ Mach number (Axial)
Distribution of Mach number 0 w7 2.0 Spatiotemporal averaged profile 60
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I Heat release and Flow acceleration ,
30 (¥ .
» Choke at diverging section |

(10 mm: main combustion region) 20

» Large acceleration under conditions

where combustion proceeds in the straight section 10

HRR [kJ/(mm s)]

O 1 1 — = —
2-5 T T T T T T T T T T T T
i 20 mm
5 2.0 30 mm
€
5 1.5
c L
S 1.0 D s eI
g I ,
10E§'~ R 0.5 | 70 mm 50 mm
70 mm 0 RS D 2y
10 R o OO L I L I L I L I L 1 L 1 L
0 70 0O 10 20 30 40 50 60 70
0
L . " Mach number (Axial) Z[mmi
Distribution of Mach number o s T 2.0 Spatiotemporal averaged profile 61

I Spatiotemporal averaged profiles (pressure / temperature)

05 __ooatonreden 3000 . or29° during 1ap propagation
— 1 I 30, 50, 7
S 04 30, 50, 70 mm @ {1 = [ 0, 70 mm
S % 20 mm 1 2 2000
— 0.3 , = i
9 e . E
D oA A N AN ()
2 ] :
2 02 | \ £ 1000
o 0.1} N ©
. &7 0,10 mm = i
o 1 1 1 1 1 1 1 1 1 1 1 1 1 O 1 1 1 1 1 1 1 1 1 1 1 1 1
0O 10 20 30 40 50 60 70 0O 10 20 30 40 50 60 70
z [mm] z [mm]

» Pressure drops to choking pressure through the straight section
and flow expands at the diverging position.

» Distribution near the bottom approaches 70 mm _
as the straight section extends. Average in whole plane  Pressure [MPa]

O W0 62
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Results and Discussion

» Propulsive performance

0 mm 20 mm 70 mm
I Propulsive performance > High F pottom With Ly > 30 mm
> F, wan depend on the length of diverging section

Thrust (control surface analysis®)
(with p, =10 kPa) _ .
Fes = Fp + E, = Fy + (Fybottom + Fpwall) Th.e pgrformance was particularly high at 20 — 30 mm
F  Thrust (with fixed total length)

cs : Control surface ||
m : Momentum
p :Pressure

D 4

Further improvement can be expected by increasing
the length in diverging section

200 Fm' Fp,bottom' Fp,wall
*Shepherd and Kasahara, Caltech GALCITFM, 2017. i
L, [mm] 1 [g/s] F [N] Isp [s] = 150
0 (5°) 104+1  181+3  178=+4 -
>
10 1023 1907 191+8 ‘ = 100
|_
20 99.8+1.1 2007 204+9
Improve 50
30 98.7+1.6 199+7 20611 T
50 99.1+2.0 192=x7 1967 0

0O 10 20 30 50 70

70 (0%) 99.3+1.3 1719 17611 Straight channel length [mm] 64
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Thrust characteristics (Cr, c*) P: Averaged bottom pressure
A, Area at choking position z,;.
» Thrust coefficient C; (Area at bottom : 314 mm?) 16 T
Peak at 10 mm — 0 mm has larger area at sonic point 1.4 o ¢ 5 o 1
2 . i
L [mm]  Zeonic Are.a [mm?] . Expansion (4 12 | o o
[mm] Sonic  Exit ratio
0 (5°) 20.1 435 817 1.88 1t Cp = F ]
10 13.5 334 731 2.18 N T Pt
20 19.3 314 649 2.07 '
30 30.1 315 573 1.81 1800
50 49.5 314 434 1.38 1600 {Cc'h=1566m/s | 1 1 A
» Characteristic exhaust velocity c* gMOO I % % % % 1
Approach 70 mm(0°) around 20 - 30 mm . IS % ]
© * _ pcAt
D 4 1200 + " =— .
m
Straight i t the bott I 1
raight section at the bottom 1000 L

-10 0 10 20 30 40 50 60 70 80
Straight channel length [mm] 65

» maintains high combustion efficiency
» improves thrust in diverging section

Summary

Inviscid numerical analyses on throatless diverging RDE were conducted.

The combustor had various straight section (0, 10, 20, 30, 50, 70 mm) and 5° diverging section
with constant total length 70 mm.

» The longer the straight section, the closer the distribution of the detonation region to 70 mm (0°).
The more than 30 mm the distribution of this region was similar to that of the 70 mm case.

» Heat was generated by detonation near the bottom and flow choked at the diverging section.
The exit Mach number reached a maximum at 20 mm (did not match diverging section length).

» Under the condition of fixed total length, the performance was particularly high at 20 — 30 mm.
In such cases, large Cr by diverging section and c* close to that of 70 mm were obtained.

In the diverging RDEs, the straight section maintains high combustion pressure and improves
propulsive performance.

66
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I Future development of space propulsion system

The applicability of detonation to rocket engines
is well proved.

e.g., Rotating Detonation Engine (RDE)
» simple structure, rapid combustion
* high theoretical thermal efficiency

Next stage : Air-Breathing Engine
v

e.g., Scramjet Engine

Detonation combustor needs to be developed as a

technology that can be applied to scramjet engines.

. Reusable Launch |
Vehicle (RLV)

Air-Breathing
Engine

Rotating Detonation Engine
(RDE)
©Nagoya University, JAXA

--------------------------------

{ Combustion technology of |
detonation
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I Scramjet Engine

The development of a scramjet engine (one of the air-breathing engines) is advanced for
the future transportation system.

i isolator; . combustor | nozzle
Advantages e R
* higher specific impulse than rocket engine Tt Exhaust
» operation at speeds exceeding Ma > 5 Airflow - (M>1)
(M > 5) 2t : )
Difficulties bou'na;}'y\'};;““
The order of the airflow residence time is milliseconds layer injection

» difficult to maintain a stable flame and achieve high combustion efficiency
-

A new fuel injection device using a detonation combustor was studied to accelerate
fuel/oxidizer mixing and improve combustion efficiency.

Previous research about Scramjet engine using detonation : Kim et al., Aerospace 2023, 10, 706.

I Reflective Shuttling Detonation Combustor (RSDC) proposed in 2019

e Combustor E.
detonator Fuel =
N plenum

RSDC was proposed by Matsuoka Lab. group in Nagoya Univ.[! b Z S of

2
Injectors

* rectangular combustor, no curvature

Oxidizer
plenum

* easy to visualize the entire area inside the combustor

Previous research about RSDC
» The counter-rotating detonation model!'l in RDE
* Four types of combustion modes/?Ii3] 50

Fan shaped RSDC
proposed by Yamaguchi et al.l!l

3 00Temperature K] 2500

were classified experimentally.

H Schlieren image of Double wave
[1] Yamaguchi et al., Proc. Combust. Inst., 2019. 0 0 10 20 0 mode in RSDCI3!
[2] Yamaguchi et al., Proc. Combust. Inst., 2021.

[3] Taguchi et al., Combustion and Flame, 2022.
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I ObjeCtiVe supersonic Exhaust jet
main flow pre-combustion gas

(Ma = 3.0) ot
Based on our previous study of detonation and RSDC, ‘ additional fuel
the new fuel injection method using RSDC SRS

for scramjet engine is proposed in this study.
b 4

Compared to existing injector (e.g. single hole injection),

* increase of penetration height detonation
combustion
fuel+ oxidizer
are expected. (pre-combustion)

-
In this new method, excessive fuel (Hz) is added into RSDC.

* acceleration of mixing due to the unsteadiness of detonation

Objective

* Numerically investigate the combustion phenomena of RSDC blowing the additional fuel
» Observe the interaction between exhaust flow of RSDC and supersonic main flow

« Combustion phenomena of RSDC
-Numerical setup
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I Calculation targets : injection in supersonic main flow

exhaust jet
pre-combustion gas |

supersonic +
main fow / additional fuel g |
(Ma=3.0) | supersonic
— S \  main flow
— *“a.{}\:‘ X:\“ 1" 44 (Ma = 3.0) —
e 1 S | -
S E -
| v % E
— e
additional fuel ;
detonation G ' single hole injection
combustion . .
side view

fuel+ oxidizer 2 same mass flow rate of H, as RSDC case

(pre-combustion)

RSDC w/ fuel addition
]

I Calculation condition

Zone1 (main flow)

 Zone1 : main flow 250
Length (x) : 250 mm
Height (y) : 60 mm
Width (z) : 90 mm
grid size : Aypin =3 um
y*o. 042

60

2 same condition was used for the
single hole case 53

Zone2 (RSDC)

VE a5
. Zone2 : RSDC* 5
(*Taguchi et al., Combustion and Flame, 2022)
displayed every 10 points
Unit : mm
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I Boundary condition of the air flow area

* inflow condition

static pressure : 0.05984 MPa

static temperature : 607.07 K
composition : O,- 3.76N, (dry air)
Mach number : 3.0

Equivalence ratio (whole area) : 1.23

displayed every 10 points
250 Unit : mm

d
Ml

* boundary condition
— extrapolation @

= mirror

— non-slip wall 5 50

\ 4

= 3D interpolation

3D interpolation

»
»

no-slip wall

I Calculation condition of RSDC(1/2)

reflective wall distance : 45 mm
height : 53 mm

width : 5 mm
(*Taguchi et al., Combustion and Flame, 2022)

Our previous study about RSDC

m3s]

3 00Temperature K] 2500

S 4.0E+05 et g
"=35E+05 | RSDC }
w/o fuel addition

© 3.0E+05 |
©25E+05 |

3 2.0E+05 y

| combustion 20 4§
i completed

— N

z [mm]

- 40 -

i) 2 1.25
7?—‘450 1 )

¢ 0.45
Injection configuration

Unit : mm
displayed every 10 points

llem dijs
€g

#1.0 $ 0.45




Unit : mm

I Calculation condition of RSDC(2/2) displayed every 10 points

* boundary condition
- 3D-interpolation —— - _
— slip wall
3 slit for fuel addition

llem diis
€g

+ inflow condition

Bottom injector : 2H,-0,-3.76N,, (premixed)
additional fuel : H,

equivalence ratio in RSDC : 7.8 ':é%mméw”w:'
Mo, My,  Mn,  Motal Py To 3i/>z L 1:25 | 125 %x 45 >
[9/s] lo/s] [o/s] [g/s] [MPa]  [K] 4 t :
Bottom 7 /§4s 45?\T
iniector 2495 312 8208 11015 2.09 298 $0.45 1.0 $ 0.45
I Injection configuration
Fuel 209 - 209 0618 298
addition

I Numerical methods (main flow area)

* Governing equation » Time integration method for source term

» 3D compressive Navier-Stokes eq. Point Implicit method
(w/ one fifth time step of fluid)

» Conservation law of 9 species
(H,,0,,H,0,0H,H,0,HO,,H,0,,N,)

» Equation of state of an ideal gas
(thermally perfect) 9 species 20 steps detailed model

(* Hong et al., Combustion and flame, 2011)

+ Chemical reaction model (H,-O,)

* Discretization method for convection term

. T I I
AUSMDV (3rd ordered by MUSCL) urbulence mode

Mixed scale model (LES)

* Time integration method for fluid
3 stages 3 order TVD Runge-Kutta method

*Z. Hong et al., Combustion and Flame, 2011.
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I Numerical methods (RSDC)

* Governing equation

* Time integration method for source term
» 3D compressive Euler eq. Point Implicit method
» Conservation law of 9 species (w/ one fifth time step of fluid)
(H,,0,,H,0,0H,H,0,HO,,H,0,,N,)
_ , + Chemical reaction model (H,-O,)
» Equation of state of an ideal gas
(thermally perfect) 9 species 20 steps detailed model
(* Hong et al., Combustion and flame, 2011)
 Discretization method for convection term

AUSMDV (3rd ordered by MUSCL)

* Time integration method for fluid

3 stages 3 order TVD Runge-Kutta method

*Z. Hong et al., Combustion and Flame, 2011.

« Combustion phenomena of RSDC

-Results and Discussion

2024/5/10 80/22
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Detonation propagation with fuel addition in RSDC

0 Pressure [MPa] 1.0 o2 mole fractionl-]4 ¢ 0 Hz mole fraction[-] 1.0 . 'é'O.G w/ fuel addition
1 —— 25mm .8 05 | wio fuel addition
OS] L i
50 ‘ D ®©04 |
© = L
® 003
H2 > 6 L
40 © Lo2 k
~0.1
Tt o
801 O 10 20 30 40 50
z [mm]
20 1.2
=, Ew/fuel addition ]
10 o & w/o fuel addition
; y SE%
t © 5 06 [
Y 0 0 10 20 30 40 : x 9 -
1, side © 504 fuel
z view © addition
. : =02
» Detonation propagates continuously l
* Hydrogen flows to the outlet along the combustor wall 0 0 10 20 30 40 50
*  Flow choked at exit z [mm]
2024/5/10 81/22
Time history of H, mass flow rate | |
inflow at slit outflow at
the exit of RSDC
0 Pressure [MPa] 10 ?H2 mole ffaCYiOﬂ[-hio (I) H. mole fraction]-] 1i0 16.0 \
1 | | | | L \
é 14.0
o 120
T 10.0
5 8.0
O
2 6.0
2 40
E 20
N
T o0 - -
0 1 2 3
time lap t/tcycre [-]
(teycle - time of 1 cycle)
0 10 20 30 40 actual designed
o . mass flow rate mass flow rate
H, distribution and the mass flow rate at the slit changes [g/s] [g/s]
dynamically with oblique shock wave propagation Jditional
> Fluctuation of the mass flow rate of H, a fhgna 7.07 +2.74 20.9

can be used to promote mixing with the main flow.

2024/5/10 82/22

-43 -




I Change of pressure distribution by fuel addition

10 —————r T
09 ¢ ]
0.8

03 } -
02 [ w/ fuel addition

0.1 | w/o fuel addition

0 Pressure [MPa] 1.0 oHzmole fraction[-]; o
| |
[ |

50

40

averaged pressure [MPa]

30

0.0
0 10 20 30 40 50
20 7.0E+05 ——————
6.0E+05 [ W/ fuel addition
10 50E+05 [ M W/o fuel addition

averaged heat release rate [kJ/m®s]

4.0E+05 [
y 3.0E+05
L . L fuel
z w/ fuel addition w/o fuel addition 2.0E+05 addition
I
. , . i OE+05 | x
Averaged pressure increased with the inflow of additional fuel 1 OE+05 g
» improve combustion efficiency of RSDC 0-0E+00 30 40 50
z [mm]
2024/5/10 83/22

* Interference between the exhaust flow of RSDC
and supersonic main flow

- Results and Discussion

2024/5/10 84/22
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Penetration height (w/o chemical reaction }SDC

30 —
25
0 H. mole fraction[-] 1.0 RSDC
' | 20 w/ main fuel

N

-
o
T

single hole injection ]

penetration height [mm]
o

o o
T

0 50 100
x [mm]
Dynamic Area of the outlet /
pressure injection
[10%Pa] [mm?2]
RSDC
w/ fuel addition 5.64 225
Single hole +23%
_ . oot 4.58 20.27
The penetration height was greater than injection
that of single hole injection
» promote mixing
2024/5/10 85/22

I Combustion characteristics of main flow area w/ RSDC

single hole injection

» Large flame zone was observed upstream.
—flame maintained upstream the RSDC outlet.

z=70 mm o RSDC

Temperature .3°° e (KI2s00 Temperature
distribution distribution

Heat release rate Heat release rate
distribution distribution

gy

2024/5/10 86/22
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I Summary

3D numerical analyses were performed on the interaction of the exhaust jet of RSDC and
supersonic main flow.

-~ The Combustion Phenomena in RSDC --------------------mmmmmmmmmomo oo :

« Continuous propagation of detonation waves were observed in fuel-adding cases. ,
» Averaged pressure increased with the inflow of main fuel and improved combustion efficiency. !
» High dynamic pressure of the exhaust flow can be expected to increase penetration height.

_______________________________________________________________________________________________________________________________

7~ The Interaction of Exhaust Flow and Main Flow =~ w7rmrmmmommmommosmosmmsmmosmms oo 5
» Large flame zone occurs upstream of RSDC. !
* Penetration height can be improved over single hole injection.

Future work : change the connection direction of RSDC to prevent unstarting

2024/5/10 87/22

I =A(Z

s [Thx—varvIvIrBARKREY IaL—YarBFOBN] LEL T
mEBEE(ToTC

s FHZEMTORITEIME (2021F7A218, 2024F8F11H) DEN

e BT Fr—> 3Ty (RDE) oary bt a—%3 32— 3%
DFEI

C FEFEREREOT FR—2 3 v IV UV TRH DS, HRRTHREHAE
L THY, RRLARGTRE FIOKE) FEBOTH2
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