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ABSTRACT

The aim of this work is the comparative study of

the self-ignition of hydrogen and methane- hydrogen

mixture supersonic jets in vitiated confined supersonic

airflow. Self-ignition in this configuration was studied

by one of the authors in the ONERA’s LAERTE test

facility designed for the fundamental study of super-

sonic combustion. The data, that were collected in the

combustor are used to validate LES simulations. Pla-

nar Laser Induced Fluorescence (PLIF) measurements

of the hydroxyl radical were performed to detect the

flame structure. The images showed that self-ignition

appears in small-scale pockets (spots), comprising fuel

and hot air, and randomly distributed in the air-fuel

mixing layer. It is concluded that the self-ignition de-

lay lengths cannot be predicted from delay induction

times for homogeneous mixtures, because of large ef-

fect of turbulent mixing on the preignition chemistry

in the pockets. LES subgrid mixing model is developed

to reproduce the observed experimental data.

INTRODUCTION

Supersonic combustion is a problem of a great fun-

damental and practical interest, since supersonic ram-

jets (scramjets) are promising for future airbreathing

systems. The further development of scramjets can

be significantly aided by the use of CFD. The phe-

nomenon of self-ignition in turbulent supersonic flows

is one of the most important for better understanding

and ability to predict the complex thermo-fluid dy-

namics of supersonic reacting flows. Conventional ap-

proach towards to self-ignition in inhomogeneous tur-

bulent flows is based on the use of ”mixing times” and

on the following autoignition delays times in the ho-

mogeneous configurations. Recent studies by Markides

and Mastorakos (1991) showed that conventional ap-

proach is not adequate for self-ignition phenomenon

in inhomogeneous subsonic flows. The situation is

even more harder for the self-ignition in supersonic

flows. Shocks waves, rarefraction waves and viscous

heating have great impact on the self-ignition process.

The experimental studies of self-ignition in turbulent

supersonic flows are sparse. Self-ignition of sonic hy-

drogen jet in coflow supersonic (M = 2) vitiated air

was investigated by Cheng et al. (1994). Self-ignition

of supersonic (M = 2) hydrogen, ethylene-hydrogen,

and methane-hydrogen jets in vitiated confined super-

sonic stream was examinated in ONERA’s LAERTE

test facility by P. Magre (Magre and Bouchardy, 2000,

Magre and Sabel’nikov, 2002). Methane-hydrogen self-

ignition data are reproduced in the Davidenko’s thesis

(2005). PLIF measurements of OH radical were done

to detect the flame structure. The instantaneous im-

ages showed that self-ignition proceeds in small-scale

pockets, comprising the mixture of fuel, and hot air,

and randomly distributed in the supersonic fuel-air

mixing layer. The data collected in the combustor

were intended to be used for validation of CFD models,

and LES in particular. At the present time numerical

studies of LAERTE data were based on a RANS ap-

proach (Davidenko, 2005) without taking into account

turbulence-chemistry interaction. LES was applied by

Dauptain (2006) for simulation of hydrogen free jet

self-ignition data (Cheng et al., 1994).

This paper deals mainly with LES application to

simulate LAERTE self-ignition data for hydrogen and

methane-hydrogen mixture. Short description of the

LAERTE combustor is also given.

LAERTE EXPERIMENTAL SET-UP

The LAERTE test facility consists of the following

major components: the flame preheater, supersonic

nozzle, the optically accessible combustor, hydrogen,

hydrocarbons, and air flow loops, combustion products

exhaust system. The combustor configuration is shown

schematically in Fig. 1. The combustor consisted of

two segments: 1) a 45×45 mm2 constant cross-section

area duct of 370 mm long; 2) a slightly divergent duct
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Table 1: Experimental conditions

Air H2 73%CH4 - 27%H2

M 2 2 2

Ps (MPa) 0.08 0.08 0.08

Tt (K) 1850 300 300

T (K) 1200 160 160

ṁ (g/s) 650 6,2 7.4 + 2.8

U (m/s) 1336 1970 1600

of 500 mm long with 1.15 degree expansion along the

top and bottom walls (i.e. divergence angle of 2.3

degree). The combustor was connected directly to a

supersonic Mach 2 nozzle. The air is preheated first

up to 850K in a primary heat exchanger, and then up

to 1850K in the flame hydrogen-air heater with oxygen

replenishment to obtain a test gas with the same oxy-

gen mole fraction as atmospheric air (0.2095). Water

vapors were around 16 percent molar fractions. Air

mass rate was typically 650 g/s. Static pressure at the

combustor entrance was 0.08 MPa. A water-cooled

axisymetrical supersonic fuel injector of internal di-

ameter d = 6 mm (external diameter is 10 mm) was

installed along the axis of the nozzle. Injector exit sec-

tion was at xinj = 33 cm downstream of combustor

entrance. Supersonic (Mach 2) fuel jets were adapted

to the static pressure at the combustor entrance. Op-

tical access was obtained via silica windows mounted

in the side plates of the test section at three places:

6 < (x − xinj)/d < 15, 26 < (x − xinj)/d < 34, and

37 < (x − xinj)/d < 43. More details on the combus-

tor and test facility can be found elsewhere in works

by Magre (Magre and Bouchardy, 2000, Magre and

Sabel’nikov, 2002). Operating conditions used here for

LES validation are summarized in Table 1. M , Ps, Tt,

T , ṁ, U stands for the Mach number, static pressure,

total temperature, static temperature, mass flow rate,

and velocity, respectively.

EXPERIMENTAL RESULTS

Pressure Distributions

Because of hostile environment of the high-

temperature reacting supersonic flow, the only param-

eter measured systematically is the mean wall pressure

distribution along the combustor. To determine the

location where the ignition starts, the wall pressure

distributions for both a non-reacting case (using nitro-

gen instead of fuel) and a reacting case are compared.

The self-ignition delay length is determined as the dis-

tance between the injector exit section and the location

where reacting pressure distribution starts to grow in

comparison with non-reacting one.

Experimental wall pressure distributions for pure

hydrogen and 73 percent CH4 - 27 percent H2 (mass

fractions) mixture jets, respectively, are given in Fig.

2. Wall pressure is normalized by the plenum Pt

pressure (stagnation pressure in the heater). The es-

timated self-ignition lengths are, 15 cm and 33 cm,

respectively.

PLIF Images

Instantaneous PLIF images have revealed that the

self-ignition proceeds in two stages. As a typical ex-

ample, instantaneous PLIF images for the pure hy-

drogen jet are given in Fig. 3. Close to the injector

(6 < (x− xinj)/d < 15), a large number of small-scale

(less than 1 mm) and short lifetime pockets in intermit-

tent combustion are observed, Fig. 3 (a). Downstream

this location, for 26 < (x−xinj)/d < 34, PLIF images

show larger and more long lifetime pockets, of scale 5

mm, of mixed hot air, fuel, and of combustion prod-

ucts generated upstream, Fig. 3 (b).

The most important conclusions for the PLIF im-

ages are that:

• self-ignition has a spotty character and appears

in the form of random pockets

• self-ignition involves the intricate interplay be-

tween the mixing and the chemistry

• each pocket has its unique history, as a con-

sequence mixing and the self-ignition chemistry

cannot be decoupled

• flamelet models cannot be used for LES modeling

self-ignition in turbulent supersonic stream

LES MODELING

Governing Equations

For the sake of brevity, LES equations for the

compressible Navier-Stokes equations are not given

here (see, e.g., Sankaran et al., 2004). Smagorinski

subgrid-scale model was used for the eddy viscosity.

Smagorinski model constant is taken CS = 0.18,

turbulent Prandtl number is Prt = 0.9, and turbulent

Schmidt number is Sct = 0.7.

Subgrid Scalar Mixing Model

The filtered reaction rate term ω̇k requires closure.

PLIF images revealed that self-ignition in turbulent

supersonic flow appears in random pockets. Here Par-

tially Stirred Reactor (PaSR) model is used to describe

turbulence-chemistry interaction at the subgrid-scale

level. Among existing PaSR models, the Vulis model

(VM), Vulis (1961), was chosen as most simple and

well adapted for costly LES computations. Original

version was formulated for homogeneous stationary re-

actor. Stationary Vulis model was extended (EVM) in

this paper for the calculation of ω̇k (George, 2007).

The filtered reaction rate is calculated from:

ω̇k = ω̇k

`
Yv,k, Tv

´
, (1)

where Yv,k is linked with filtered mass fraction fYk:

Yv,k = fYk + τsgs
m

ω̇k

`
Yv,k, Tv

´
ρ

(2)

The subgrid-scale mixing time τsgs
m is determined

by the resolved turbulent frequency ω as:
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τsgs
m =

1

ω
with ω =

q
2CS

fSij
fSji , (3)

eSij =
1

2

„
∂eui

∂xj
+

∂euj

∂xi

«
. (4)

Computational Details

Simulations were performed with the CFD code

CEDRE developed at ONERA. The governing equa-

tions are solved using a finite volume scheme that is

nominally second order explicit Runge-Kutta integra-

tion scheme (second order in time and space). Nu-

merical scheme used in CEDRE is a shock capturing

scheme that is well adapted to supersonic flows (Gar-

nier et al., 1999 and Martin, 2000). For this scheme,

in explicit formulation, stability, and accuracy are ob-

tained at CFL ≈ 0.25.

Chemistry was modeled by Eklund’s mechanism

(Eklund et al., 1991) with 9 species and 7 reactions, for

the combustion of pure hydrogen in air, and by detailed

chemical mechanism from Davidenko (2005) with 21

species and 79 reactions, for methane-hydrogen case.

Chemistry is treated implicitly in CEDRE.

The computational domain comprises the space be-

tween the injector exit section and the combustor exit

located at 837 mm downstream of injector exit. For 2D

axisymmetric and 3D calculations 150.000 (200× 750)

and 1.550.000 (200× 97× 80) cells meshes were used.

The grids were generated by GMSH for the 2D case

and with PROSTAR (StarCD meshing software) for

the 3D configuration. The grids points were clustered

near the combustor walls and in the supersonic mix-

ing layer formed by the fuel jets and air coflow. The

equivalent axisymmetric combustor with the cross-area

section of real combustor was used for 2D axisymmet-

ric LES, to keep the same air/fuel mass flow rate.

In oder to reduce computational and memory cost,

for the 2D case the computational domain has been

splited in two sub-domains (MPI library is used for

the communication between the two processors) and

calculations were performed with ONERA’s vectorial

computer NEC SX-5. Concerning the 3D case, the

domain was splited in four different domains (each

dedicated to a processor and MPI library is used for

the communication between the 4 processors). Com-

putations have been performed with ONERA’s vecto-

rial computer NEC SX-8. The analyses showed that

the grid was relatively coarse. This fact leeds to the

numerical over-diffusion as against the Smagorinsky

subgrid-scale model for non-reactive case (resulting im-

plicit LES). For reactive case, the Smagorinsky eddy

diffusivity prevailed. This result can be explained by

larger field gradients in the reactive flows.

All boundary conditions are specified to closely

match the experiments. Supersonic inflow and outflow

conditions are imposed. The logarithmic law of the

wall, and Reynolds analogy for heat transfer coefficient

are applied in turbulent boundary layers of the com-

bustor. The turbulence intensity at the inflow section

is taken equal to 5 percent for of air and fuel streams.

Time integration was carried out with a CFL ≈ 0.2.

This small value of CFL number is mainly dictated

by gasdynamic structure of supersonic flow, as was ex-

plained above. LES calculations simulate the physical

time duration 10 ms for hydrogen jet in 2D or 3D sim-

ulations and 7 ms for methane-hydrogen mixture in

2D jet simulations (residence time in the combustor is

about 1 ms). A grid independent study was performed

as part of the validation procedure. Two different grid

resolutions were used for the 2D and 3D cases, and

results agree well with each other.

RESULTS AND DISCUSSION

2D Simulations

Because of the computation time limitations, most

of the calculations were performed with 2D approach

(see also George et al., 2005, 2006). Control 3D LES

calculations showed quite small difference from 2D

LES. We will present this comparison further.

Non-Reactive Case. Estimated expansion rate of

supersonic N2-air mixing layer is about 5 percent and

is in good agreement with experiment (Magre and

Bouchardy, 2000, Magre and Sabel’nikov, 2002). Fig.

4 shows the comparison of mean wall pressure (normal-

ized by plenum pressure) distributions in combustor

(30 realizations and also time averaging were used to

calculate mean values) and experimental data (with

N2 injection). By comparing two LES results (inert

H2 and N2), we find the small difference. The agree-

ment with experiment can be considered sufficiently

good. Fig. 5 shows the profile of mean axial velocity

at (x−xinj) = 33 mm along with PIV measurements.

The agreement is satisfactory.

Reactive Case. Pure Hydrogen Jet. Fig. 6 shows

an instantaneous snapshot of OH field for 10 < (x −
xinj)/d < 15. There is qualitative correspondence be-

tween Figs. 3 and 6: both show the spotty character

of combustion in instantaneous fuel-air mixing layer.

Fig. 7 shows the normalized mean wall pressure dis-

tribution along the combustor with the experimental

data. The agreement is quite good both with and

without subgrid-scale mixing model. The estimated

self-ignition delay length is about 15 cm. RANS cal-

culations by Davidenko (2005) show practically the

absence of delay length. Fig. 8 presents the mixing

ηmix and combustion ηc efficiencies along the com-

bustor. The mixing efficiency was calculated from the

following equations:

ηm(x) =
˙mmix

ṁZ
, (5)

˙mmix =

Z Z eZ
max(φ, 1)

ρeudSx , ṁZ =

Z Z eZρeudSx

(6)

φ =
eZ

1− eZ 1− Zst

Zst
, Zst =

1

1 + r
, eZ =

Y air
N2

− eYN2

Y air
N2

.

(7)

where eZ is the Favre-filtered mixture fraction mea-
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suring the local air/fuel ratio, r is the stoechiometric

air-fuel ratio, eYN2 is the Favre-filtered nitrogen mass

fraction, Y air
N2

is the mass fraction of nitrogen in viti-

ated air. The ratio eZ/max(φ, 1) represents the fraction

of the fuel that is able to burn. Sx is the cross section

area at section x.

Combustion efficiency was calculated from equations:

ηc(x) = 1−
ṁf

˙mmix
, ṁf =

Z Z eYfuelρeudSx , (8)

where eYfuel is the Favre-filtered fuel mass fraction.

From Fig. 8 (a) we conclude that overall mixing ef-

ficiency ηmix at the end of self-ignition delay length

is relatively small, ηmix ≈ 0.05 − 0.07. Nevertheless,

this level of preliminary mixing is sufficient for thermal

runaway of chemically active fuel, as H2. The maxi-

mal total temperature axial distribution is shown in

Fig. 8 (b). To see the supersonic flame structure, in-

stantaneous snapshots of static pressure, OH radical,

species H2, H2O and static pressure are presented in

Fig. 9.

As a consequence of small mixing efficiency, the

self-ignition of pure hydrogen is characterized by the

moderate rate of wall pressure rise due to a slowly

increasing heat release. Instantaneous snapshots of

Mach number field (not shown here) demonstrate that

the flow remains supersonic over the whole combustor

length.

Reactive Case. Methane-Hydrogen Mixture. Addi-

tion of methane to hydrogen results in chemically less

active fuels. Fig. 10 shows the normalized mean wall

pressure distributions along with experimental data.

Experimental self-ignition delay can be estimated as

about 33 cm. LES with subgrid-scale mixing model re-

produces this delay. LES without subgrid-scale mixing

model results in the premature self-ignition: the cal-

culated mean wall pressure departs from non reacting

case at x − xinj = 25 cm. The LES without subgrid-

scale mixing model also overestimates the pressure rise

due to heat release in the region 25 cm < (x−xinj) <

50 cm. Fig. 11 shows the mixing and combustion effi-

ciencies. Overall mixing efficiency before self-ignition

is around of 0.3, and larger in comparison with pure

hydrogen jet (Fig. 8). It is explained by lesser chemi-

cal activity of methane-hydrogen mixture with respect

to pure hydrogen. The flow remains supersonic at the

whole combustor length, as it follows from the instan-

taneous snapshots of Mach number field (not shown

here). Finally, we note that self-ignition length with

RANS calculations (Davidenko, 2005) is around 10 cm.

3D Simulations

3D hydrogen LES calculations were performed on

the 1.500.000 nodes mesh. Calculations correspond to

8 ms and 6 ms of physical time for non-reactive and

reactive cases, respectively. Fig. 12 shows the nor-

malized mean wall pressure distributions, obtained by

the comparison of 3D and 2D LES calculations, for

non-reactive (Fig. 12 (a)) and reactive cases (Fig.

12 (b)) along with experiments. Pressure distribu-

tions with 3D calculations are slightly above of ones

with 2D. This result is explained by somewhat larger

subgrid-scale mixing with 3D effects taken into ac-

count. Nevertheless, 2D and 3D LES results are in

reasonable agreement.

CONCLUSION

In the present work the comparative study of the

self-ignition of pure hydrogen and methane-hydrogen

mixture supersonic jets in a supersonic ONERA’s

LAERTE combustor has been carried out. The study

comprises both LES and experimental investigations.

OH-PLIF measurements were done to detect the flame

structure. The PLIF images and subsequent analyses

showed that self-ignition has a spotty character and

proceeds in sufficiently small-scale pockets, comprising

the mixture of fuel, and hot air and randomly dis-

tributed in the fuel-air supersonic mixing layer. LES

have been carried out to simulate LAERTE combustor

self-ignition data. Smagorinsky subgrid-scale eddy dif-

fusion closure is coupled with the extended Vulis PaSR

mixing model (EVM) to treat turbulence - combustion

interaction. Detailed chemical kinetics mechanisms are

used for hydrogen and methane-hydrogen mixtures.

LES computations predict reasonably well the experi-

mental data.
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FIGURES

Figure 1: Scheme of the LAERTE experimental test

facility

.

Figure 2: Normalized mean wall pressure distribution

along the combustor: (a) pure hydrogen, (b) 73 per-

cent methane - 27 percent hydrogen mixture (in mass

fractions)

(a) (b)

Figure 3: Instantaneous PLIF images of OH radicals:

(a) close to the injector (6< (x−xinj)/d <15), (b) far

from the injector (26< (x− xinj)/d <34)

Figure 4: Normalized mean wall pressure distributions

along the combustor; non-reactive case

Figure 5: Comparison PIV/LES for axial velocity

Figure 6: Instantaneous snapshot of OH radical,

10< (x− xinj)/d <15
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Figure 7: Normalized mean wall pressure distributions

along the combustor for hydrogen reacting case

(a)

(b)

Figure 8: Axial distributions for pure hydrogen: (a)

mixing and combustion efficiencies, (b) maximal total

temperature

Figure 9: Instantaneous snapshots for pure hydrogen

case; from top to bottom: static pressure, OH radical,

species H2, H2O, and static temperature (K)

Figure 10: Normalized mean wall pressure distribu-

tions along the combustor obtained with 2D LES sim-

ulations of methane-hydrogen injection

Figure 11: Mixing and combustion efficiencies axial

distributions for methane-hydrogen mixture

Figure 12: Comparison of normalized mean wall pres-

sure distributions along the combustor obtained with

2D and 3D LES simulations of pure hydrogen injection
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