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Motivation



Deflagration vs. Detonation (1)

|t : i Flame
i U~05-10m/s
h *

Frontal, transport controlled

at p~py

~(1-0.1) ms

_

Reaction mode

Reaction time

Detonation

U ~ 1500 — 2500 m/s

—

Volumetric, s

oek-induced
at p~0

~(0.1-0.01) ms

Mass flow rate
~ (0.5 -10) kg/(m?s) ~(1.5- 2.5g/(m25)

Combustion power

~ 1.0 MW/m?

~ (3 - 1OW/m2



Deflagration vs. Detonation (11)

B
t Flame Detonation
_ U~0.5-10m/s U ~ 1500 — 2500 m/s

Maximum pressure of reaction products

P~Po p~(17
Maximum temperature of reaction products
~2200-3000 K ~ 2800 -4000 K

Density of reaction products

~(0.1-0.15) pe - (1.7p0

Convective velocity of reaction products

~ (4-9)U ~ (0.4
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INpr AeTOHAUHORHOM ropeHxM! B3pbIBUATBIX rasoBbix cMeceit B Momenr,
Menocpe CTECHHO CAedyloluil 3a mpoxoxjeHueM JeToHauuoHHON BoAHM (mpore-
KaHHeM XHMuuecKoH peiakUMR), MPOAYKTHI TOPEHHA OKa3biBAIOTCA B COCTOAHHH
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Ya. B. Zel’dovich

n Detonation > n V=const > n P=const



Steady-State Combustion Modes

Entropy
increment

Entropy increment _\_{
Is minimal in point D VO
Sp < Sc
>

Vv



Zel’dovich and Brayton cycles

P Thermodynamic
efficiency:
n= A Ho ~®
, Q Q
/Hugonlot Ho = idem
Combustion o oo Q = idem
™ Expansion S0’ < 5S¢
Hp’ < Hg’
OI
Compression====f=="= '
P ............... -
0 O DI Gl R
Vv
’ VvV
Adet > Ap conet —>» | Considerable gain in efficiency

N ~ 50%-55%



Example: Thermodynamic efficiency
of ramjets

08— 1 17
0.7 detonation -
0.6
0.5
0.4
0.3 4e*

man®

Efficiency

0 | deflagration | |
| ramjet
0.1

0.0
o) 1 2 3 4

Flight Mach number

» Theoretical gain in efficiency — up to 30% atM =2.5
—upto 20% atM =3.0




Is it feasible to realize
efficient detonation (Zel’dovich) cycle?



Two variants of operation process:

- Intermittent (pulsed) detonation mode
- Continuous (rotating) detonation mode



Intermittent (pulsed) detonations:
Physical principles



Operation cycle

1 2
o™ ;ﬂF
— _—
Initiator
3

Hot I
gas gas

D ~ 2000 m/s
(nearly V = const)

Bussing (~1991)



Continuous (rotating) detonations:
Physical principles
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CTALLHOHAPHASI JIETOHALLUSA
( Tpedcmasaeno akadesuxos M. A. Jluspenmbesws 14 1X 1959 )

B cBasu ¢ Goabiwoil cKOPOCTbIO PAacnpoCTpaHeHHsl AeTOHAUKOKKo; BOJ
0GLIYHO JocTHralolleil HECKOJILKHX KHJIOMETPOB B CCKYHIY, siBJeHHe Jle*ronaﬂa‘
NPHHATO paccMaTpHBATh KaK MHJJIMMHKPOCEKYHAHLIH mpouece. Uiy

Ecau B kakom-an6o kaunane C03]aTb yC/IOBHST, B KOTOPBIX HCXO0aHag rasop
CMeCb C JOCTATOYHON CKOPOCTbIO HENpepbiBHO BOCHOJHSETCH nepes ‘bponraa
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Puc. 1. Mpuuunnuanshag

Lavr’ént’ev Institute, No{/osilbirskt -

cocrosinue. Ilpununnuansuas cxema YCTaHopky
B KOTOpOIl Ghij1a MoMyyeHa craunonapuag 1eto-
Hauus, u3o6paxKeHa Ha puc. 1.

DpPOHT JETOHAUMOHHOH BOMHLI MNOCTOAHHy

pacnpocTpaHsieTcd B OJHOM Hanpas/eHuu BJo.p.

OKPYKHOCTH KOJIbIEBOTrO KaHana I. B paguan.
HOM HanpaB/IeHUH Yepe3 BHYTPEHHIOIO CTenky B
KaHal InocTynaeT MCXOAHAas Ta3oBas CMech,
[TponykTl IeTOHAUMK yAANSIOTCS H3 KaHana yo.
pe3 NpOTHBOMONOKHYIO CTeHKY. PoTorpadupo-
BaHHE JIETOHALHH B KOJbLE OCYIIeCTBISETCH e-
PE3 CTeKJI0, mpejcTaBIsiioee coGoii  BepxHiow
CTeHKy KkaHana. Ilocsie npoxoxjenns dponra
ACTOHAUHOHHOH BOJNHBI MHMO OJIHOIl H3 TOUeK
KOJIbLA cropeBlias cMeCb HeMeJJeHHO HauHHaeT
OTTECHATLCS BHOBb  MOCTYNaloulell HCXORHOI
CMECDIO, KOTOpasi 3aHHMaeT 061acTh KOJIbLEBOro
KJ/IHHA € BepIIHHOMH 32 ()POHTOM H ¢ OCHOBaHHeN,
COBNAJAIOULHM € TeM e dr B QJLHO-

.

A&

B. V. Voitsekhovskii
Window
Annular channel

Fresh mixture
Detonation products



Center for Pulsed Detonation Combustion
at Semenov Institute of Chemical Physics

General objective

Development of scientific grounds for the design
of advanced pulse and continuous detonation combustors
for power engineering and propulsion applications



Standard DDT scenario

Accelerating flame

v

Shock wave formation

\

Collisions of flame-generated
compression waves

v

“Explosion in the explosion”

Overdriven detonation

\

Self-sustained detonation



Fast (controlled) DDT scenario



|dea

No matter how energy Is deposited in the shock
Induced flow:

- spontaneously due to shock induced chemical
reactions (strong shocks)
or

- by external stimulation of chemical activity
(continuous or pulsed flow activation)



Initiation of gas detonation
by traveling (coherent) ignition pulse



Normalized Pressure

1D simulation
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Experiment: propane-air (st.)

Igniters

Frolov et al (2001)



Time, microsecond

Time — Distance Diagram

>

1 DDT run-up distance ~10d
Distance, mm |
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Experiment: n-heptane-air

d =51 mm

BOOSTER SECTION
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Frolov et al (2002)



Detonation peninsula

d=51 mm
J\/\_____________________5‘_“9'3"_‘5_‘:'16‘19_‘* _____ ~3300 J
32001
Single igniter o 3000 _
g
S 2800
S
1 ) 26001
{\/T:g - =
. A" 2(‘)0 2!‘30 380

Two igniters



Detonation peninsula
d =28 mm
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From traveling ignition pulse
to curved tubes



Tube loop

Hot spots
\
7
— N\
Shock wave
No igniters!

Frolov et al (2005)

I A



Tube U-bends

Frolov et al (2006)




2D simulation

o _ | .
0.201 Oms T, K 300 620 940 1250 1580 1900 2220 2540 2860 3180 3500
= 0.15 4

= 010
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0.0 0.1 02 03 0.4 0.5 D.'Ex mDiF 08 0.9 1.0 1.1 12 1.3

Propane — air (st.)

Movie skipped because of large size



Experiment: propane-air (st.)

Gas generator 20- Detonation

©
. !

?
|




Experiment: propane-air (st.)

2nd
U-bend

Detonation

20" 1st
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Electrical discharge |
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X
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Critical shock velocity 00
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Detonation of aviation kerosene In alr



Experimental setup
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Mean shock wave velocity / km/s

Shchelkin spiral + straight tube

2,2
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] CJ detonation
S
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Mean shock wave velocity, km/s

Shchelkin spiral + curved tube

8
2,2 7
2,0- 6
1 CJ detonation velocity

1 :
16-

141 —
121
1,0
0,8-
06-
0,4-
0,2-

O, 0 - T T T T T T T
500 1000 1500 2000 2500

Voltage, V
3 §

0 2 4 6 8 0 12
Time, ms

DDT run-up distance ~2 m

Distance from spark plug, mm
Frolov et al (2006)



From curved tubes
to shaped obstacle(s)



Y {m)

Y (m)
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M(;lvies skipped because of large size



Experiment: propelene-air (st.)

Shock wave Shaped obstacles

Shock-to-Detonation transition
at M=3

JM
o
N

60
50
40
g
2 30
. M
20
0
10 11 12 13 14 15 16 17 18 19 20
nms

Frolov et al (2007)



2D simulation
(propane — air)

T d & 0 T FE Y E NN R ESOEANNNE D D OTOE
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Movie skipped because of large size



Detonation onset
due to shock focusing




Experiment: aviation kerosene — air

Spark Shock Detonation
Air plug wave wave
| .J
Z I
[] L]
Kerosene 1 2 3

0000000
0000000

Cycle number

Frolov et al (2008)



Fast DDT:

Natural-gas fueled pulse detonation burner
for power engineering



Objectives

* Develop scientific grounds for the design of
Industrial high-intensity pulsed-detonation
purners operating on natural gas

e Design, fabricate and test the natural-gas fueled
pulsed detonation burner




Implications:

e Fast DDT concept: The best obstacle configuration for
DDT should provide the fastest growth of flame surface
area (flame acceleration) and the lowest momentum loss
for the arising shock wave (shock amplification)

e Optimum obstacles’ shaping and positioning



Natural

J

as 0.3 atm

a

Pressure transducers

e



Cyclic DDT
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Spinning detonation

Spark ignition: ~0.2 J

DDT run-up: ~3.6-3.8 m




Spinning
detonation

Overdriven
detonation

3 - g
3 s

Pressure
and BPeMA, MC

ionization current




Shock wave velocity, m/s

10 successive cycles

Overdriven Different
detonation fill time

I~J
=
]
-

1800

1600

1400 | | | | |
4.00 4.25 4.50 4.75 5.00 5.25

Distance, m

D-D
_ 0 Cycle-to-cycle
T=maxe X 100% bty < 109



Thermal mode

Mixing/lgniting
System (MI1S)

d150mMm

3

= o =1 B

o2

;;
TR O\

N
Tube with obstacles

—-.

Thermocouples:

1 — prechamber; 2 — MIS; 3, 5 — obstacles; 4, 6 — walls; 7 — heat target

Steel disk




. ADC

. Error<3°C

Measuring tools
and test duration

. Sampling frequency 10 Hz
. Thermocouples K

. Thermal imager Testo

. Test duration with frequency 1.8 Hz:
300s

51



Temperature of obstacles

~300 °C (deflagration) ~500 °C (detonation)
d150mMm
e Ee e I
i : v /5500 MM et
Tube with obstacles target
0 100 200 300
5[] 2 I T N TR NN N TR NN M N AN NN MO T NN N N N : 1 | - 500
- ~500 OC: -
400 - : - 400
i : -
300 4 ' 300
© ~3000C | ]
- j ! N
200 ! 200
] | i
100 o 1 - 100
] — 2 B
Preliminary heating 0] i )
by Contlnuous T T T I>| T T T T | | T T l T T T
deflagration 0 100 200 300

Time, s



Nitrogen oxides

NOX probe tube Cut-off valve

Inlet

Probe balloon Perforated outlet

e Gas Analyzer TESTO-335 (Testo AG, Germany)

* Available high-intensity
i NO,, NO, )
RUN Medium opm opm burners operating
- ~ 0 on deflagration:
Detonation products 500-700 m
2 of stoichiometric 193 184 PP
3 natural gas — air mixture 291 221
Mean value ~210




Parameters of issuing jets:
Pulsed detonation burner vs. conventional burner

Pulsed Conventional
Parameter Mes. | Detonation
unit burner

Burner
Velocity m/s ~1000 ~50-200
Temperature K ~1600-1800 | ~1600-1800
Overpressure bar ~6.0-16.0 ~0.05
NOXx opm ~200 ~500-700

» Applications of PDE burners:

Combined mechanical and thermal action
of detonation products




Heating furnaces in metallurgy

Requirements

High productivity;

High quality of heating in terms

of metal structure and mechanical
properties, the degree of oxidation
and decarbonization;

Natural gas as a fuel;

Standard flame furnace

Air as oxidizer; Burner84 HHEN

Fuel efficiency;

Low pollutant emissions;
Automatic control of operation lab - ‘
modes, etc. Sla . I . . . .

I ©D burncrs
High speed of issuing jet

High heating uniformity
m—) Minimum heat loss to furnace
Slab

walls

Low-oxidation heating
RF State contract Low NOXx




Fast DDT:
Liquid-propellant pulse detonation rocket
engine for orbit correction



Engines for orbit correction

Existing engines for orbit correction
» monofuel (hydrazine, etc.)
* low specific impulse (140-160 s)
* pulse mode

Pulse detonation rocket engine
(mini rocket PDE)?



Objectives

Formulate the concept of the future micro rocket PDE
for the stabilization system and orbit displacement
of the satellites based on the experimental realization of

o calibrated pulse detonation cycles (thrust bits)
(digitally controlled up to 200 Hz)

e in drop mixtures of liguid hydrocarbon fuel
with gaseous oxygen

e in short tubes of small diameter



Oxygen

Pulse detonation rocket engine
demonstrator

Electromagnetic
valve

[ P
» <

Measuring sensors

Injector

Y

100 100 200

- d
< L Ll

A\ 4

Igniter

\ 1
Spark plug p 500

\ 4

1 Digital DDT

outputs

Pump jii

* Designed, manufactured and tested
demonstrator of the operation process

block

Computer

15



Pulse operation mode

1.0+

HCKpa JICTOHALSA
0.8

0.6

« calibrated thrust bits up to f ~ 200 Hz (in vacuum)

« high specific impulse D ~ 2200 m/s
* no cooling




Fast DDT:
Propulsive performance of air-breathing
valved pulse detonation engine
at Mach 0.8 to 5.0 flight conditions



PDE schematic (Mach 3)

Inlet Plenum  Valve Annual bypass Nozzle
Fuel supply Ignltlon \ 9 (+1or +2) orifice plates

PDE dimensions

1543 124

Tube diameter 83 mm
Total length 2120 mm



Flight and operation conditions

Flight Mach number 3
Flight altitude 8-28 km
Fuel propane (® = 1.0; 0.7)

Numerical approach

3D URANS equations

» Turbulence model (k-epsilon)

e Multicomponent reactive mixture

» |deal-gas thermal and calorific equations of state

e Flame Tracking — Particle turbulent combustion model
with micromixing

o _© 0 g ° o
® 900 %o _ _
© o, %0 o notional particles

() -
) o o o o © () (10-50 particles in cell)

flame fresh mixture



Current time =0.04 s

Total force, N

0,04 0,05 0.06 0.07 0.08 0.09 010 0.11 0.12

Movies skipped because of large size

Tem erutureK
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0 0.01 0.02 0.03 0.04 0.05 0.06




Total force, N
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PDE cycles (M = 3)
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4| pressure
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Specific impulse

| |flame reflection from
Specific impulse: . ;ﬁi’:;ﬁ”’ closed valve
20 |growth, DDT reflections
F Z o) from walls
I =—— g
g M ’5 100 /
=]
*g 507 |val ve ignition
~ ] |opening
] a hdf! N ‘Ll V}r"\u
F- thrust (with drag force) - :
-50 reflecting from reflection from
g - acceleration of gravity L, ] irstobstacles nozzie
IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|
75 a0 a5 80 95 100 105

M - Mass flow rate of fuel Time, ms



PDE specific impulse (M = 3)

2,000 —
1,900 ~ Number of orifice plates in PDE duct:

n ] + -
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Propulsive performance (M = 3)

Z, f, oo, R, SFC,
km Hz S kN/(kg/s) kg/(N-h)

20 50 1655(1800) 1.05(1.15) 0.22(0.20)
26 49 1630(1790) 1.02(1.10) 0.22(0.21)

Similar 20%0-40% Similar

toramjet  higher to ramjet

at®=0.7 thenramjet atd=0.7
atd =0.7



PDE schematic (M = 0.8)

Intake Bypass Combustion chamber Nozzle
Valve

A B

Dimensions and fuel

Tube diameter: 83 mm
Length: 1.3 m
Fuel: propane




Propulsive performance (M = 0.8)

Z, km| P, MPa | Ta, K| f, Hz I, s
0 0.101 [2882| 75 | 1325
05 | 0095 |2849| 70 | 1340
1 0.090 [281.7| 70 | 1330




PDE schematic (M = 5.0)

Intake Bypass Combustion chamber Nozzle
Valve

A B

Dimensions and fuel

Tube diameter: 83 mm
Length: 2.2m
Fuel: propane




Propulsive performance (M = 5)

Z, km|P,MPa | Ta, K |f,Hz | Isp, s
28 | 0.0016 | 2245 | 55 | 1620




Continuous detonations:
CFD of operation process
with narrow gap
and with separate delivery of fuel and air



Objectives

 Validate in-house 3D CFD tool for RDE operation
on nonpremixed fuel and air;

e Design the RDE compatible with the architecture
of gas turbine engine



RDE operating on nonpremixed Hz — air

F. A. Bykovskii, S. A. Zhdan, and E. F. Vedernikov,
Continuous Spin Detonation of Fuel-Air Mixtures,
Combustion, Explosion, and Shock Waves, Vol. 42,
No. 4, pp. 463—471, 2006




Numerical approach

3D URANS equations

 Turbulence model (k-epsilon)

* Multicomponent reactive mixture

« |deal-gas thermal and calorific equations of state

 Particle method for modeling micromixing and combustion

O
‘0‘0‘0000‘ O
® o ® 06 © O
® ® o o ® o o
0" ‘,0‘
o © ® /e ®

notional particles
(10-50 particles in cell)

neglect frontal combustion



Test Case 1

/ Experiment

Bykovskii (2006)
p, 105Na

A Bre Pressure in

T >=x~._ fuel manifold

Pm,f:-: \—\N
5. I

\

01 02 03 04 05

S ra Pressure in

\“\ai;‘ manifold

"-H“‘_‘_'_'_'_

01 02 03 04 tc



Test case 1:
Detonation propagation in RDE

3w 5T NGE0N b e 1131 Zare 33 TIATL dgmion b, T 1 XH
IoGES DO DS OR ONE D o UITAN BIWE 51
L NI Lo

Movies skipped because of large size




Test case 1:
Comparison with experiment

Calculation Experiment

F. A. Bykovskii, S. A. Zhdan, and E. F. Vedernikov,
Continuous Spin Detonation of Fuel-Air Mixtures,
Combustion, Explosion, and Shock Waves, Vol. 42,
No. 4, pp. 463—-471, 2006



Initial stage

4
-

\\uk k L

w

4 5 6 7
t, ms

\ Secondary reaction fronts

atm
=

Initial stage ~3 ms
In both exp. and calc. &

P in chamber (calc.) = 1.8 atm

Initial stage

P in chamber (exp.) = 1.8 atm w%u\k\k\u&“uw

No. of waves (calc.) = 1+ 0
No. of waves (exp.) =2 t, ms

;,._
ol
W
o))
~



Test case 1:
Detonation front propagation: horizontal cut
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Overdriven detonation
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Test case 1:
Detonation Velocity
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Test case 1:
Transient phenomena: vertical and horizontal cuts
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Test case 1:
Transient phenomena: vertical and horizontal cuts

Two successive
waves



Test case 1:
Transient phenomena: vertical and horizontal cuts

Three successive
waves
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Test case 2: Mixing and burning: vertical cut
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'~ Test case 2 vs. Test case 1:
unburned fuel
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Continuous detonations:
CFD of operation process
with wide gap
and separate delivery of fuel and air
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Detonation propagation

Turbine
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Detonation propagation: horizontal cut
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Detonation vs. deflagration
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Several detonation waves
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Spontaneous multiplication of waves
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Heat fluxes to RDC walls
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Conclusions

Based on the Fast DDT concept,

Pulse Detonation Burner has been designed, fabricated and tested
(currently it is under preparation for certification and serial
production)

Micro rocket PDE demonstrator with the digitally controlled
frequency of calibrated detonation pulses up to 200 Hz has been
produced and tested both in ambient atmosphere and in vacuum

Feasibility of high-performance subsonic and supersonic ramjets
operating on pulsed detonations has been proved computationally

Efficient computational tool for transient 3D numerical simulation
of the operation process in a Rotating Detonation Engine has been
developed and validated for separate delivery of fuel and air

The tool is capable of resolving various specific features of rotating
detonations and solving chamber design, thermal management,
and operation control issues
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