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- High Speed Propulsion Applicnations

High-speed (supersonic) air-breathing combustion is a key ingredient in

Aerospaceplanes
Reduce traveling time at long distance flights: &‘
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Brussels to Sydney in 2 to 4 hours u = 4 ——
* TBCC ramjets
» TBCC dual-mode ramjets and scramjets

Space Launchers

Easier, cheaper and safer access to space:
« Solid propellant and hybrid rockets
* RBCC scramijets

Military Applications
Faster and more long-range weapons systems:
* Intercept, standoff and cruise missiles — ram/scramjets
» Reconnaissance drones — ram/scramjet
* Global range aircraft — ram/scramjet

* Long range indirect fire — solid prop. scramjets <o’




- High Speed Combustion Chal\lenges

Booster rocket + Scramjet (Ma=0-4.5 + 4,5 - 12

Booster rocket + Ramjet (Ma=0-2 + 2-5)

Vehicle body

Intemal inlet

- Pre-combustion shock train dominates isolator flowfield - Inlet chock continues through the isolator and combustor
— Shock-train terminates in subsonic condition — Combustor flow is supersonic and BL attached
- Isolator boundary layer separated - Pre-combustion shock free isolator

Fuel (H, or HC) injected into a high-speed (Ma>0.5) stream of high temperature (>550 K) air.
Ensure mixing, self-ignition, flame-stabilization, stable combustion, ... emissions, ...

Wide range of technical solutions: jet-in-cross flow, cavity, cavity injection, ...

Experimental investigations needs to be supplemented with high-fidelity simulations
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_ Scramjet combustors |

are still of increasing interest but the challenges are many.
» Complex aerothermodynamics (no moving parts)

» Hard to experimentally reproduce the operating conditions of a scramjet
* Modeling in CFD

Ma
3
RAMJET
5 Subsonic combustion
SCRAMJET
Supersonic combustion
15

Aims: Understand self-ignition, mixing and combustion in hot/vitiated air
Investigate the influence of turbulence-chemistry interactions in LES modeling
Examine key features relative to scramjet combustion
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Objectives

- Develop a high-fidelity physical/numerical model for high-
speed turbulent reacting flows

- Study “laboratory combustors" (including developed and
tested in TsAGI) of interest to industry for various flow and
combustion parameters with the new model

- Improve basic understanding of turbulent combustion in
supersonic and hypersonic flows
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JTabopamopus: UccriedosaHus u paspabomku chu3u4ecKux Mok
meXxHOoo2ul ornucaHusi PeXXUMo8 20peHuUs 8 dgu2amerisx fem

Technical Approach

- RANS-PaSR, RANS-TPaSR, LES-PaSR, LES-TPaSR:
Partially Stirred Reactor (PaSR) and Transported PaSR
models, applicable to subsonic and supersonic turbulent
combustion in complex configurations

- Experimental data (including obtained in TsAGI) for
validation and improvement of PaSR, TPaSR models
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Jlabopamopus: ViccriedosaHusi u pa3pabomku U3UYECcKUX y
MexXHOI02ull OruUCaHUs PEXXUMO8 20pPEHUS 8 d8U2amerisX j

Progress

- New high-order numerical schemes are
developed/validated for supersonic reacting turbulent
flows,

- Compressible subgrid stress and energy flux models are
implemented and tested,

- PaSR and TPaSR models are applied to compressible
(supersonic) reacting flows,

- Numerical predictions are compared with experimental
data (ONERA-France, DLR-Germany, JAXA-Japon,
University of Queensland, Australia, TsAGI)
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JTabopamopus: UccriedosaHus u paspabomku chu3udecKux Mo
meXxHOoo2ul ornucaHusi PeXUMo8 20peHUs 8 deU2amersx femn:

Impact

Numerical Simulations of a scramjet combustor is
now possible but reliability and accuracy of
predictions are dependent on compressible models

Numerical experimental: A systematic and detailed
study of various flow/reaction parameters on
combustion stability and efficiency

Better understanding of supersonic combustion
Feedback to experimentalists and designers
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Supersonic combustion experiment by DLR J
Exp. by Waidman et al., 1994-1996 25
Ma 1 H, injection in Ma 2 air stream
Kulite, LDV, CARS & OH PLIF data
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The ONERA/JAXA Experiments

Joint ONERA / JAXA experimental investigation

Sunami T., Murakami A., Kudo K., Kodera M. & Nishioka M., AIAA 2002-5116,
Sunami T., Magré P, Bresson A., Grisch F., Orain M., & Kodera M., AIAA 2005-3304

0.100 Secondary

H, injectors

4x$2.0, cc=0.025 (m)
Primary

H, injectors
3x¢4.3, cc=0.025

——

Overall conditions for the scramjet combustor

mean inlet axial velocity 1449 m/s
mean inlet temperature 830 K
mean inlet pressure 34.2 kPa
mean inlet density 0.1335 kg/m’
freestream composition Yoo=0.23
. YN2=0.70

» Spontaneous flame images Y126=0.07

» Wall pressure measurements injector velocity 2149 m/s

« OH PLIF at 2 cross-sections x/h=4, 10 Injector temperature e R
injector composition Y= 1

Berglund et al, 2009, AlIAA J.
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Spontaneous flame images

§ High

OH PLIF at 2 cross-
sections x/h=4, 10

Wall pressure comparison LES EXP
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The ONERA/JAXA Experiments

Schliren, strut
ONERA10

Temperature and A,
strut ONERA10

Schliren, strut

ONERA15 ST A A NGNS
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Temperature and
strut ONERA15 A,

M. Berglund, E. Fedina, C. Fureby, V. Sabel'nikov and J. Tegnér. Finite Rate Chemistry Large-Eddy
Simulation of Self-Ignition in Supersonic Combustion Ramjet, AIAA Journal Volume 48, Number 3, 2010
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US-Australia had a successful Mach 8 HiFire 4 (A free-flying hypersonic glider)
hypersonic missile test (round of experiments concluded on 12 July 2017)
The $54m joint initiative involves the US Air Force, Boeing, the Australian Department of Defence’s

Defence Science and Technology Group, BAE Systems Australia, and the University of Queensland.
https://www.nextbigfuture.com/2017/07/us-australia- had-a-successful mach-8 hifire-4-hypersonic-missile-test-last-



Computational Fluid Dynamics Investigation of a Macl

Engine (University of Queensland, Australia)

US-Australia had a successful Mach 8 HiFire 4 (A free-flying hypersonic glider)
hypersonic missile test (round of experiments concluded on 12 July 2017)
The $54m joint initiative involves the US Air Force, Boeing, the Australian Department of Defence’s

Defence Science and Technology Group, BAE Systems Australia, and the University of Queensland.
https://www.nextbigfuture.com/2017/07/us-australia-had-a-successful-mach-8-hifire-4-hypersonic-missile-test-last-week.html
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Chemical efticiency
! - = = Mixing sfficiency
] W | meme= Combustion efficiency
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Y. Moule, V. Sabelnikov, A. Mura and M. Smart. Computational Fluid Dynamics Investigation of a Mach 12
Scramjet Engine, Journal of Propulsion and Power Vol. 30, No. 2,

March-April 2014
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BnusiHue Tennoob6mMeHa Ha Harpy3Kku NO CTEHKaM TPaKTa

Pexunm TeveHuna: M=2.5, p,=1.9Mrla, T,=1100K, Tonnneo — kepocuH, a=1.34

OKCNepUMeHT

Ha cteHae T-131B
LIATA (aBTOpHbI:
O.B.BonouyeHko,
B.H.OcTtpacs,
A.A.Hukonaes,
C.A.3ocumoB)
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A [1BymepHbIN pacyeT ¢ MogennmpoBaHuem
TennoobmeHa nonepek CTEHOK Kamepbl

JKcnepuMeHT: ToNbKO pacrnpeneneHus
[AaBrneHus No CTeHKaM TpakTa

PacueT: getanbHasa KapTvHa Te4eHund

<4BnusiHMe TemnepaTypbl CTEHOK Ha
pacnpeneneHne aaBrneHus No BepxHem
CTEHKEe KaMepbl




BnusaHue kuHetukn, TCIl n tpexmepHsbix acdhcekroB
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High-Speed Experimental Fly Vehicles (HEXAFLY ). ESASSS

Completely integrated vehicle concept for Mach 8 flight™
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BrnnsHune cxembl nogayv Tonnuvea
Ha NMNOJIHOTY CropaHusa u T4Ary Asuratens

« [TIBPLO, paccmaTtpuBaemMbin B pamkax npoekta EC HEXAFLY-INT
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