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A numerical study is carried out on the detonation wave propagation through a T-shaped flame
tube, which represents a crucial part of the combustion wave ignition (CWI) system aimed for
simultaneous ignition of multiple combustion chambers by delivering detonation waves. The .
formulation includes the Euler equations and an induction-parameter model. The reaction rate
is treated based on a chemical kinetics database obtained from a detailed chemistry mechanism.
A second-order implicit time integration and a third-order TVD algorithm are implemented to
solve the theoretical model numerically. A total of more than two-million grid points are used
to provide direct insight into the dynamics of the detonation wave. Several important
phenomena including detonation wave propagation, degeneration, and re-initiation are carefully
examined. Information obtained can be effectively used to facilitate the design and

optimization of the flame tubes of CWI systems.
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What is Detonation ?

* Detonation "An explosion or sudden report made by the instantaneous decomposition or
combustion of unstable substances® as, the detonation of gun cotton.(Webster) * a viglent
release of energy caused by a chemical or nuclear reaction [syn: explosion) (WordNet)

*  Detonation Wave = Coupled shock and combustion wave

* Examples

- Bomb Explosion

- Explosion in coal mine and granary
- Daegu subway disaster (Equivalent to TNT 54¢, 1995.4.28)

— Acrospace propulsion systems (Pulse D

Wave Igniter)

1 Comb

Engine, Ram A

Aérospace Proputsion/Contostion Lab..

2004 KNV Npring Meeting, Seuol Nar'TEUnic., Kot Aprit 23, 2008, 343

Acruspee Propulsondondiustinn Lab.

2003 WSV Sptirg Meeting. Seou) Nt L Univ Roren, Apnil 23, 2090, 824
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Combustion Phenomena Detonation Wave Structure
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Propagating Detonation Wave ‘ Multi-Dimensional Structure

* Unsteadiness | o Cellular Structure +  Unsteady Wave Structure
~ Instability Characteristics by Chemical Kinetic 3 TR < g

- Exponential Growth or Decay of Reaction Rate

Ne a0 Vi ni o vie 5. Er
we =My S0, v, ) kT J-M —kb,n(——-M ] v k= AT
ral X

=4 * k=t k l .
(UL i
+  1-D Characteristics ' : ' . +  Large Scale Image
- Oscillating Characteristics around C-J g
Condition B ol Wl
- Galloping Detonation Wave (Pulsating o, \ \ \ / “
Detonation Wave) . d V V \
A + Cell Width (Cell Size)

{|eraspocs PrupubianiContustion 1 oo, 2004 KV Nprogs Veetinz, Seoul Nt v, Kusew, Agn i) 23, 2004, 9:42 e Aeropmot Fropoldon: Conhostion |t 24 KNV Npring Meetsng, Seoud Vot Unes . Koron, Apelh 23, 2004, 14042

Detailed Wave Front Background of IPM

*  Fully 3-Dimensional Structure ) ¢ Detonation Wave = Coupled shock and combustion wave
*  Vortex Structure behind the Wave Front - Explosion analysis and Propulsion applications
*  The hemical properties that ct ize the & ion wave
~  Detonation cell-size, Pressure ratio, temperature ratio
- Amount of heat addition

- Chemical characteristic time (induction time!
«  changes exponentially .
* Very high grid resolution 1o capture the broad renge of induction rogion.
~  Also true for many combustion dynamics problems
~ IPM : modeling of heat and induction time with reaction progress variable

1 3 g: ::::n:‘ +  Class of Chemical kinetics Model for HC fuel combustion
5. Newly born sheet - Detailed Chemistry : ~50 species, ~300 reaction steps

- Reduce Chemistry : ~20 species, ~30 reaction sieps
~ Globat Chemistry : § species, 1-4 sieps
- Reaction progress variable modeling : I~2 variables, ! step

v
2004 RV S g Veetduz, Sroul Vet alv, Rorea Apal I3 2604, 1142 Asrospace Froptidon:Comhustan fah. 2md KV Npring Vet Seonl Nl U Koven, Apsil 23, 2004, 12042
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Computational Costs for Kinetics Construction of Induction Time Database

¢« Selected fuel : Cracked JP-7 in catalytic reactor

+  Computational Cost for CFD/chemical kinetics calculations at P!t 650MHz = CraoHay = sty auCH A EemeCoHy xeauCoH,
- Mw=21.066 kghkmole, (OF),, = 3.75
Fluid dynamics/ Kinetics Modet Hsfiter/node
Non-Reacting flow 9.60 Component H, CH, C,H, C,H,
Non-Reacting flow + | more conservation equation 1273 ‘mass fraction, , 0.005 0.383 0293 0319
Reaction Progress variable modeling : Non-Reacting flow + 1 more 1601 - - .
conservation equation with exponential source term : mole (raction, x, 0.052 0.503 0.208 0.240
Global Chemistry : § species and | step kinetics for CH4/Air 30,53
Detailed Chemistry : 9 Species and 19 stepws kinetics for H2/Air 80.40 +  Detonation Characteristics : NASA CEA
Reduced Chemistry : 22 species and 34 steps kinetics for CH4/Air 233.06 Tesmperature : 250~500 K. Pressure : 0.1~100 bar, Equivalence ratio : 0.6~1.8
Detailed Chemistry for HC NA e _ A ) T
*  Induction time calcufation with Chemkin-I! and GRI-Mech. 3.0

«  Motivation! - A te Induction P; (reaction prog variable) Modeling based on - Shocked temperature : 900 ~1,800 K

d time datab tculated by detailed kinetics mechanisms. ~  Shocked pressure : 0.1~1000 bar

ASrispuct Tropolionsombusiion Lab.; 23 K3V Spring Meeting, Sooat Nir') l'}u\:“ Karew, Aprit 23, 2004, 14722

Induction Time Summary

"
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10° T T T T T
w00 Constant volume chemical induction time of -
2 b cracked IP-7 Fuel (y, = 0.005, y,,, = 0.383 -
3500 O e =0.293 .y, 20.319) - -
% 3 107 |y Solution by LSODE combined with '
= Chemkin-II and GRI-Mech 3.0
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1000/T, K
* Equivalence ratio = 1.23 (O/F=3.04)

2004 KSY Spring Meetlne Seosd Nt Unive, Ko, Apitl 24 2604150425

Induction Parameter Model

¢« Curve-fit of induction time database
- Two-dimensiona] Least-square methods

E*(p) ]
“T.p)= Arpyy——B1
t*{T.p) exp( (P *T—T'(p)

where, A*(p). T*(p) and
E*(p)=0,+a,log p+4a,(log p)’ +a,(log p)’

-l n*
*  Induction parameter modeling . 1500 10* r v T
1000
1 1 10* —O-— p,am= Ot
£=v.(Z)=——— Wy == — 0 p.atm= 1.0 k:IPKM
dt oT.p) = eMqT.p) > o0 f v pam=- 100 & GRI-Mech 3.0
. jon : i imati ——&—— p.atm = 100.0
Assumption : locally quadratic approximation ] e = 10000 - - A
H K
C x
= exp(~ f(Z
wZ) T 2 £
az a-r e E%(p) 4,
—=w2)=C -A*(p) , C=-— c=1 i - 1 1 " "
e T A o= 7 A | 10

i 06 0.7 038 09 Lo 11

Aermapuee Propuhion:Combistion ) an, 206N Sprmg Mectfaz, Seual N CUUnbe Koveas Aprit 23, 2004, 17442

Aerurpace P opukionic’ Rotea, Apnl 23 004, 1342
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One-D Formulation ; : Detonation Propagation

I u pu 0
Sl 2 plep i al |10 + Cracked JP-Tioxygen mixture
Al pe} Oxi(pe+ph| x|(pe+p| | O
oz ozu plu o T=400K. p=1 MPaand ¢= 1.23(O/F=3,04)
+  Chapman-Jouguet (C-J) detonation properties from CEC
RZ) .. 1 . 5
a1 T3t M p=pRZT - plp, = 26.884, T/T, = 10.672, p/p, = 18384, and V.., = 2580.1 mis
L =D(A-2)+v, (v, -DZ .
R(2)=R(1-2)+RZ Y(Z)=—-mw *  Unbumed and bumed gas properties
f !
- y,=1.2992and R, = 293.23 VkgK
T-rpn | E*(p)
= —A%(p)- _ _ _
e, P T-T°() - y,= 11484 and R, = 401.79 JkgK

- g=1.0422x 107 Jkg

*  TVD upwind discretization - AUSM+/Roe, MUSCL
» 4% order Runge-Kutta time stepping

- Satisty Rankine-Hugoniot relation

” Acrospace PropubionsComhustion 1, ob, 2004 SV Springs Meetln, Seoul Nt Eubv Rovew Apeil 28 204, 19:42 Aceapuce TropalstnCouustion Lab. 2004 KSY Sprmg Meeting, Seout Nat'? Univ.. Koren, April 23, 2004, 20°42

Detonation Propagation Detonation Propagation ..,
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Grid Refinement for Stationary Wave

Grid Refinement for Stationary Wave .,
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Two-D Formulation Shock-Induced Combustion

M=70,p=0.1MPa, T=400K
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+  TVD upwind discretization - AUSM+/Roe, MUSCL
¢ Fully-implicit second order time integration
~  Newton sub-iteration, LU-relaxation scheme

- is computationalty efTicient by larger time step.
- istriggering earlier the wave front instability. Non-reacting flow
Pressure

30 Levels

Min. =0.25 MPa

Max. =35.75 MPa

Reascting flow
Pressure

30 Levels
Min. =0.25 MPa
Max. =5.75 MPa

I0d KNV Npring Mestmg, Seoul Nari \“.‘mL Kores, Apeth 23, 2000, 2032

g Meryspace RegpubiniiCorhuntion §ab.

KU RSV Sporivgg Mevtos. Seod Nat't Uotv., Rovew, Apiit 28 2608, 15041 Anruspace Tropulsbinitombstion L.,

Two-D Detonation Wave Wave Front Dynamics

Periodic BC

*  Cracked JP-7/oxygen mixture

+ C-Jpropertiesas 1.C. - w
- plp,=26884 5“ g
- T, =10672 ~ g
w o
- pp, = 18384 8 e
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=25 s '% ;g
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7 v H
Wave Front Dynamies .,

Cell width=5 ~ 10 pm

2004 WY Npring Meetiug, Seoud Nogt Caive, Kores, Aprl 23 2004, 20042
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Dectonation Propagation in T-branch

- W A 9w e
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time , ps

+  Pressure oscillation between 35 ~ 100 MPa.
»  Oscillation frequency is approximately 100 MHz.
»  Two-dimensional detonation wave speed is 2,920 nvs
~ 1% higher than the C-J detonation speed.
+  Irregular cell structure, cell width ranges from S to 10 pm .

n Acrospune Prupublon/Combutian 1,ab, 204 RSY Spring Mecting, Seout Nt Foiv, Korea, Aprl 2%, 2004, 41142 Aerugpace Tropubionosghustion Lab.

20444 WSV Sprang Meeting, Seout Not't Uy, Koven, Apedf 23, 2002, 32082

Detonation Propagation in T-branch

> (cont’d)

3600 x 400 + 400 x1600 2 2,000,000

H " Aepaspoce P|vpuk}<vn!( ‘opphustion } ah, 2064 WSV Spring Meethis, Sesn! Mot Eniv., Ko Apai 1Y 2004, X342

Aerospace Iropuisionséombusiion T.ah, 2o K&V Sprin Meeting, Seoutd Not] U Kove, Apeil 20, 2004, 34742
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Snap Shot 1 Snap Shot 2

1
:[ 1]""'”'"‘“ PrwspubbeniCantigstion } an. 2SN NP Veeting, Seoul Nao'E L nve Kereo, \pril 23, 21 33042

Aatiapact Proputsionisombassion Lah, 300 RV Spritg Merting, sent o't Ui, Kunen, Aqalt 23, 206, 3042
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i Snap Shot 4

Snap Shot 5

Conclusions

* Develop of [PM (induction parameter modeling) PROCEDURE.
~ Based on detailed kinetics mechanisms
~  Applied for Hydrocarbon fuet/Oxidizer mixture

- Efficiency
— Accuracy

¢ One-D code construction with IPM implementation
- One.di ional d ion wave propagati

~ Gnid refinement study for wave front dynamics
» Time efficient two-D code construction with IPM

- Two-dimensional d ion wave simulati

-1 igation of D jon wave P ion in T-branched tubes
*  Further applications are expected.

- Other fuel/Oxidizer mixture

- Other combustion ph (premixed combustion including d

peil 23 20044
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