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I. Introduction

Recent numerical predictions of turbulent reacting flows obtained by Large Eddy Simulations (LES)!~6
underline the power of the approach for laboratory and industry like configurations. Based on the filtered
multi-species compressible Navier-Stokes equations, LES aim at simulating large scale flow structures while
modelling small scale effects. The approach henceforth offers partial representation of the temporally
evolving physics involved in turbulent reacting flows. Of the known crucial mechanisms accessible to
compressible LES, one retains: acoustics/flame interactions, hydrodynamic instabilities/flame interactions,
time dependent mixing processes...

Most recent LES focuse on gas turbine configurations because these systems exhibit a variety of difficult
problems: Ignition, quenching, instabilities for which LES is a logical path since the end of the 90’s.
Ramjet burners receive less attention since the pioneering work of Kailasanath et al.,” Menon et al.2 and
only few studies are devoted specifically to LES of ramjets.® ! In the present work, the LES tools used
recently for gas turbine flows'>2? are applied to a ramjet configuration. This type of combustor exhibits
significant differences compared to gas turbine flows: the velocities are much higher, combustion is not
stabilised by swirl, a choked nozzle usually terminates the chamber.

As a first assessment of LES in this context of high speed reacting flow combustors, LES results are
compared to turbulent reacting and non-reacting experimental measurements.'?13 Among the simulated
combustion regimes, the higher equivalence ratio is found to be self-oscillatory when simulated by LES.
Temporal analyses of the instantaneous LES results obtained for an equivalent ratio of 0.75 indicate the
presence of acoustic waves independently of the boundary conditions imposed at the inlet. These waves are
generated in the impingement zone of the jets and propagate toward the inlets, the head-end of the
chamber and the chocked nozzle. The frequency (~ 8,000 Hz) matches the first acoustic transverse mode
of the main duct and is very similar to high frequency modes called ”screech” identified in laboratory
burners'* or gas turbines.!®
Prior to the presentation of the geometry, the description of the computational domain and the boundary
conditions, a brief overview of the LES governing equations and models used in this work is given. The
result section is dedicated to the presentation of the cold and reacting flow simulations. Details of the flow
topology are given at this occasion followed by the comparison of the time averaged LES results against
experimental data. Finally, the oscillatory reacting case obtained with LES is described in term of
acoustic/pressure fields.

*Senior Researcher, CFD Combustion Team, 42 Av. G. Coriolis.
TResearcher Engineer, CFD Combustion Team, 42 Av. G. Coriolis.
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II. Numerical Approach

Turbulent flows are known to contain large ranges of scales.!¢18 These scales have been repeatedly
evidenced in experimental measurements or Direct Numerical Simulations (DNS) and LES. The large scale
phenomena are usually associated with vortical structures whose dimensions are of the order of the domain
size. The evolution of these scales is governed by the geometry of the combustion chamber and they carry
most of the turbulent kinetic energy. The smaller scales have on the other hand a relatively short range of
influence and are believed to behave in a more universal way. Contrary to RANS where all scales need to

be modelled, LES filters out the small universal scales and aims at simulating only the dynamics of the
large scales. The modelling is eased thanks to the universality of the physics governing the small scales. It
yields an approach which is flexible and well suited to simulate cases encountered in the industry where
large scale phenomena are known to be very important.

A. Governing Equations

LES involves the spatial filtering operation which reduces for spatially, temporally invariant and localised
filter functions,'® 20 to:

+oco
e = / (& 1) G(x' — %) d, (1)

where G denotes the filter function and f(x,t) is the filtered value of the variable f(x,t).

In the mathematical description of compressible turbulent flows with chemical reactions and species
transport, the primary variables are the species volumic mass fractions p,(x,t), the velocity vector u;(x,t),
the total energy E(x,t) = es + 1/2 u;u;, and the density p(x,t) = Egzl Pa(x,t). Note that p,(x,t) is
linked to the species mass fractions Y, (x,t) and for which mass conservation imposes for a mixture of N
species: Ele Y.(x,t) =1.

The fluid to be considered follows the ideal gas law, p = pr T and e, = fOT C, dT — p/p, where e, is the
mixture sensible energy, T' the temperature, C, the fluid heat capacity at constant pressure and r is the
mixture gas constant. The viscous stress tensor, the heat diffusion vector and the species molecular
transport use classical gradient approaches. The fluid viscosity follows Sutherland’s law, the heat diffusion
coefficient follows Fourier’s law, and the species diffusion coefficients are obtained using a species Schmidt
number along with the Hirschfelder Curtis approximation. Note that due to the last approximation,
diffusion velocity corrections are added for mass conservation. Hereinafter variations of the molecular
coefficients resulting from the unresolved fluctuations are neglected so that the various expressions for the
molecular coefficients become only a function of the filtered field.2
The application of the filtering operation to the instantaneous set of compressible Navier-Stokes transport
equations with chemical reactions yields the LES transport equations to be solved numerically.2! However
and due to the non-linear character of the initial system, the so-called Sub-Grid Scale (SGS) quantities
need modelling for the system to be closed.?2-23

B. LES closures

The unresolved SGS stress tensor 7;;7, is usually addressed through the concept of SGS turbulent viscosity
model and the Boussinesq assumption.?425 The model henceforth reads (Smagorinsky?®):

1 ~
T — g T 0ij = —2Pv: Sij, (2)
with,
~ 1 /0ou; Ou; 1 duy,
S," = — : J - = — (5, 3
J 2 (6.’1}]’ + 63:,) 3 6mk J ( )
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In (2) & (3) S;; is the resolved strain tensor and v is the SGS turbulent viscosity. The Smagorinsky
model?® is used here. It expresses v; as:

ve = (CsD)? ||S]I. (4)

In (4), A denotes the filter characteristic length and is approximated by the cubic-root of the cell volume,
C's is the model constant (C,, = 0.18) and [|S|| = (2 S;;Si;)*/2.
The SGS species flux J_i“t and the SGS energy flux g;? are respectively modelled by use of the species SGS

turbulent diffusivity D¢ = v;/Scg, where Scg is the turbulent Schmidt number (Sc¢g* = 0.7 for all ). The
eddy diffusivity is also used along with a turbulent Prandtl number Pr; = 0.9, so that A\s = pvy Cp/Pry:

~—

> ~ N
7= (or i G v ) e = S R s
In Eq. (5) the mixture molecular weight W and the species molecular weight W, can be combined with the
species mass fraction to yield the expression for the molar fraction of species a: X4 = Y, W/W,. In
expression (5), V¢ is the diffusion correction velocity resulting from the Hirschfelder Curtis
approximation?! and T is the modified filtered temperature which satisfies the modified filtered state
equation,?” 30 p = pr T. Finally, h® stands for the enthalpy of species a.. Although the performances of the
closures could be improved through the use of a dynamic formulation,?” 313 they are considered sufficient
to address the present investigation.
LES of turbulent reacting flows imply the modelling of SGS combustion terms. The model employed here
stems from the proposition for the propagation of a premixed flame on coarse meshes. Following the theory
of laminar premixed flames® the flame speed S and the flame thickness 49 may be expressed as:

SY acVAA and 6%0(%: %, (6)
where A is the thermal diffusivity and A the pre-exponential constant. Increasing the thermal diffusivity by
a factor F, the flame speed is kept unchanged if the pre-exponential factor is decreased by the same factor.
It also results from this operation a flame thickness multiplied by F' and easily resolved on a coarser mesh.
Interaction between turbulence and chemistry is nonetheless decreased as expressed by the new Damkdhler

number which decreases by the factor F: The flame becomes less sensitive to the surrounding turbulent
structures.

Similar reasoning can be applied to the LES set of equations and thickening of the flame can be interpreted
as a step toward the full modelling of the SGS combustion quantities. Additional information needs
however to be supplied so as to properly reproduce the effect of the missing interaction between turbulence
and chemistry. This is the intent of the so-called efficiency function, E.3¢ It is important to acknowledge
the limitation of the reasoning to fully premixed combustion. Although real combustors rarely operate
with pure diffusion flames, they cannot ensure fully premixed regimes of combustion and partially
premixed regimes dominate. For accurate mixing predictions, molecular and thermal diffusions cannot be
overestimated by a factor F' in partially mixed zones where no combustion occurs (it would yield
over-estimated mixing and wrong flame positioning). In reacting zones, diffusion and source terms issued
from the thickened reaction are well resolved and turbulence should be solely represented by the efficiency
function, E. Dynamic thickening is introduced to account for these two points.?!

The final expressions of the SGS combustion models read:

—t W, 80X, ~ o7 .-
o’ —(1-8)pDY -2 =2 4 5Y, V° =(1- o’ po
J* = (1-8) pDs W as. +pY, Ve and G=(01-5) N\ 7, ;:1: T he (7)
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where V° is obtained as usual and includes the correction coefficient (1 — S). In Eq. (7), S is the local
sensor depending on the local temperature and mass fractions,

Q _ E
— ! — VVYFyYo _ a
S = tanh(p _Qo) and Q =Yy"Y,° exp( FR T). (8)

I’ = 0.5 ensures that thickening appears before the reaction front, while 8’ = 500 controls the slope of the
test function. The thickening function is in this work obtained from the local grid resolution and ensures
that the flame front is resolved on a given number of grid points (N, = 5 for all computations presented in
this work):

F=1 = Neso

=14 (Frae —1)S and F,.. = —4}. 9)
A,
Despite the lack of theoretical validation of the proposed combustion models for partially-premixed and
diffusion flames, its ease of implementation and prior applications® 2 assert its suitability for the problem
addressed in this work.

III. Simulations

Assessment of LES in the context of high speed flows is performed for a laboratory ramjet configuration.
Although simplified for experimental purposes, the retained configuration is composed of all the
geometrical characteristics encountered in a real dump ramjet combustion chamber.

A. Flow configurations

The main chamber is 1260 mm long and consists of a closed square duct (of 160 mm sides) which
terminates by a choked nozzle. Air flows in the chamber through two intakes of square cross section (of 80
mm sides) angled at II/4 radians with the main chamber’s axis and positioned on the top and bottom
floors of the main duct. These intakes are connected to the chamber 50 mm away from the main duct
end-wall yielding a geometrical dead zone usually referred as the head-end or dome of the device. For the
reacting cases, two jets feed gaseous propane to the head-end of the chamber. These jets are located on the
end-wall of the ramjet combustor, Fig. 3, and are inactive for the cold flow set-up.

Three cases are considered for the simulations: one non-reacting and two reacting flows. The operating
conditions are given in Table. 1 and are all obtained with an inflow air mass flow of 0.9 kg/s. Measurements
are obtained for the three conditions and obtained through various techniques. Data consists in
cross-stream and spane-wise velocity profiles obtained at various downstream locations along the main pipe.
Details on the experimental apparatus and rig are available in A. Ristori et al.!? and C. Brossard et al..'?

Table 1. Operating conditions considered for LES.

Flow configuration Equivalence ratio: ®

Non-reacting NA
Reacting 0.5
Reacting 0.75

B. Computational aspects

The computational domain considered for LES treats the entire combustion chamber: the head-end with
the propane injection, the air intakes with square cross sections and a choked nozzle prior to the exit. The
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Air inlet

Air inlet

Figure 1. Ramjet configuration as studied experimentally.

fully unstructured mesh is composed of 1,173,736 tetrahedra. Mesh refinement is enforced in the region of
potential flame locations as well as zones of turbulence generation and large velocity gradients, Fig. 3. A
one-step chemistry scheme for propane derived from a detailed mechanism (GRI-Mech-I11) is employed
along with the dynamic thickened flame approach for LES combustion modelling. Turbulent LES closure

makes use of the conventional Smagorinsky model.26 Walls are treated as adiabatic and inlet profiles
satisfy the flow rates measured on the experimental test rig. Note that all inlet conditions are

characteristic based and make use of the Navier-Stokes Characteristic Boundary Conditions which allow a

proper control of acoustic behaviour of the inlet. Finally, the exit condition is supersonic (choked nozzle) so
that no particular treatment at the boundary is necessary since it is a numerically and theoretically well

defined condition.

IV. Results

Application of the previously described methodology to ramjet reacting flows is exposed in this section.
Specific attention is devoted to the validation of LES against experimental data. Once validated the
approach is utilised to simulate a second reacting regime which proves to be self-oscillatory: Apparition of
a strongly periodic evolution of the system while combusting. Prior to the validation of the method,
general topological aspects as obtained from LES are first highlighted for the cold flow predictions.
Prominent structures are evidenced and their importance and impact on the reacting flows are underlined.
The assessment of the LES predictions is then obtained in term of Reynolds averaged solutions and by
comparisons against corresponding experimental results. To conclude, the unsteady behaviour of the
oscillatory ramjet regime is illustrated and discussed.

A. Flow topology

Ramjet combustors differ from conventional air breathing engines by the velocity levels encountered in the
former configuration. While the latter essentially rely on swirl and low velocity regions to facilitate
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Figure 2. Typical view of the grid considered for LES of the cold and reacting flows: (a) expected region of
fuel consumption and (b) choked nozzle. Only half of the domain is illustrated for clarity.

premixing and combustion, the former operates with velocity levels often incompatible with flame speeds
as obtained in fully or partially premixed combustion. Ramjet combustors are hence often found to burn in
diffusive regimes for which the fuel consumption rate essentially depends on the mixing process taking
place between the high speed air stream and the injected fuel. Understanding of the flow structures is in
that context critical to properly simulate high speed combustor reacting flows. Prior to the fully reacting
LES cases, cold flow simulations are presented below. The aim of this initial section is to acquaint the
reader with flow structures as encountered in this type of configuration. No specific validation is intended
at this stage, only flow topology is presented and as obtained from the cold LES predictions.
Preliminary analysis and visualisation of the predictions obtained for the non-reacting ramjet reveal
distinct flow regions in the chamber. Three zones appear to be critical for the stabilisation, mixing and
stability of the combusting flow. Fig. 3 identifies the three flow structures observed in the LES and
visualised by use of isosurfaces of positive and negative axial components of the velocity vector and a
Q-criterion isosurface.?” The main region of influence depicted on Fig. 3 by the red isosurface (positive
value of the axial velocity component) derives from the air streams issued from the top and bottom air
intakes. As these two streams enter the main duct chamber the potential core of each jet strongly impact
each other generating a large sheet of fluid with high values of axial velocity. Travelling further
downstream the high speed flow sheet impacts the chamber side walls before slowing down further
downstream. Such a flow structure is classical of impacting jet flows and is known to generate oscillations.
The second region identified by the blue isosurface for negative values of the axial velocity component
indicates back flow regions in the head-end of the ramjet. Finally four corner vortices (yellow isosurfaces)
connect the head-end of the ramjet with the rest of the chamber. The apparition of such structures is
essentially explained by the lateral sudden expansion seen by the high speed jets issuing from the air
stream intakes and generating strong re-circulating flows at these four locations.

The first region is expected to oscillate which should have a strong impact on the flame stabilisation.
Likewise, back flow from the jet air toward the head-end where fuel is injected eases premixing of the
air /fuel mixture prior to its combustion. Finally corner vortices contribute to the generation of low velocity
regions allowing flame stabilisation and flame anchoring zones while in a high speed flow regime.
Extension to the reacting flow (® = 0.5, Table. 1) confirms the previous findings as illustrated on Fig. 4.
Based on instantaneous LES fields, Fig. 4(a), the flame anchors itself in regions of low velocity around the
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Figure 3. Flow structures as evidenced from the cold flow LES, Table. 1. Isosurfaces illustrate the extent
of the various regions: positive / negative values of the stream-wise velocity component for the red / blue
surfaces, while yellow surfaces stem from the Q-criterion3? and highlight the presence of corner vortices.

jet interaction region, Fig. 3. Construction of the Takeno index, turquoise green isosurface on Fig. 4,
corroborates the previous observation and demonstrates the tendency for the flame to burn in a diffusion
regime for a good length of the chamber. Resulting from this regime are very high temperature spots
travelling downstream the main pipe. High fuel concentrations are restricted to the head-end region as
observed by the grey isosurface (Yzuer = 0.9) and where it rapidly mixes with the re-circulating air coming
from the main jets. A fuel isosurface coloured by the heat release intensity is shown on Fig. 4(b),

Yiuel = 0.6. Based on this criterion, the fuel mixture essentially propagates between the jets, the corner
vortices and the high velocity fluid impacting the side walls of the chamber. Combustion concentrates to
low velocity regions where fuel meets air at the stoechiometric ratio.

Investigations of the instantaneous LES fields obtained for the non-reacting and the reacting cases
emphasise the impact of the flow topology. The ramjet under investigation exhibits distinct flow
behaviours which are found to differ only slightly for the reacting and the cold flow results (at least for the
operating conditions presented). Proper prediction of the flow structure henceforth guaranties good level of
predictions of the reacting flows emphasising the importance of mixing for this high speed flow
configuration. Clear assessment of the predictions obtained numerically is however still needed at this point
and is the aim of the following section.

B. LES validation: ® = 0.5

Prior to the application of the method to a wide range of operating conditions of the ramjet combustion
chamber, a clear evaluation of the LES results is obtained through comparisons against experimental
measurements. Time averaged LES profiles result from an unsteady reacting LES (® = 0.5) running over
five convective times. Convergence of the mean statistical field is ensured at the first means and the
fluctuating levels. Profiles of the velocity field are taken at various stream-wise locations in the main duct
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Figure 4. Flow structures as evidenced from the reacting flow LES & = 0.5, Table. 1.

chamber and along the two symmetry planes (y = 0 and z = 0).

Experimental data'? '3 consists in velocity profiles obtained from two particle tracing techniques. The first
approach uses soot particles issued by the chemical reaction, while the second method makes use of
Magnesium particle seeds. Both techniques have inherent uncertainties which remain difficult to
circumvent especially for the flow configuration under study. The data-basis is nonetheless a very valuable
tool to gauge LES results.

Figure. 5 presents the comparisons between experiments and LES. Transverse profiles, Fig. 5(a), indicate
the overall good agreement of the LES predictions with the experiment. Jet trajectories and penetrations
within the combustion chamber are well reproduced although stream-wise velocity amplitudes are usually
slightly over-estimated. Re-circulation of the jet air in the head-end of the combustor seems over-estimated
while transverse components of the velocity vector are in good agreement with the measures. Cross-stream
profiles, Fig. 5(b), confirm the general quality of the LES results. Re-circulation regions are well
reproduced and velocity levels are within experimental uncertainties.

General agreement between experiments and reacting LES predictions is very satisfactory and underlines
the potential of the method in reproducing high speed reacting flows. Flow structures are very well
reproduced by the numeric which usually falls within experimental uncertainties. It is important to
emphasise at this point the potential improvements necessary for LES of such configurations. First, wall
treatment was found to be critical. Second, compressibility effects and combustion modelling will
understandably play major roles for such reacting flows. Improvement of the modelling necessary by LES
can henceforth only improve the general quality of the predictions as obtained here and which relied on
previous developments as usually applied in conventional gas turbine LES applications. Although limited
the models developed previously seem to yield very good results and constitute a very encouraging basis
for further developments.

C. Oscillatory LES predictions: & =0.75

Once validated, reacting LES is applied to the same ramjet geometry but for the second regime, Table. 1.
The motivation for this computation originates from the observation that around the target equivalence
ratio the experimental rig is found to transition to a noisy type of combustion with a pronounced acoustic
tone corresponding to the so called ”screech” mode found in laboratory burners'# or gas turbines.!®
Prospective LES are in this context very interesting to further assess the potential of the approach.
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Unsteady LES predictions obtained for & = 0.75 evidenced a strong periodic phenomenon in term of heat
release, pressure fluctuations and turbulent kinetic energy of the system. Visualisation of the pressure field
in the vertical symmetry plane, Fig. 6, clearly puts light on the source the periodic phenomenon. Pressure
contours, depicted for a full cycle of the unsteadiness, seems to exhibit an oscillating source located near
the aft section of the two impacting air jets. Pressure waves radiating from the source trigger planar waves
when hitting the top and bottom edges of the air intakes. These waves then travel up-stream the air
intakes before exiting the computational through the main air inlets. A posteriori analysis of the reflection
coefficient of the air inlet boundary condition proved to be very small ensuring the characteristic treatment
not to be the feeding source of the oscillation which therefore seem self sustained.

Acoustic analysis of the chamber yields eigen-frequencies. Among all the possible eigen-modes, the first
transverse acoustic mode (= 8,000 Hz) concurs with the observed self-sustained source oscillation. Further
acoustic analysis of the LES results is however needed to properly identify the origin for such an oscillatory
behaviour to occur. Preliminary observations still remain very valuable and demonstrate the power of LES

for the prediction of turbulent reacting flows.

V. Conclusion

Large eddy simulations of turbulent reacting flows are assessed for its application to ramjet combustors.
Although derived initially for low velocity partially premixed flows such as encountered in conventional gas
turbine engines and aeronautical combustion chambers, preliminary results are very encouraging. Gauging
against experimental measures ensures that mean flow features are well captured and mean velocity profiles

are found to be in good agreement with experimental data obtained for the test configuration. Extension

to a higher equivalence ratio regime yields numerical predictions that are unstable and where acoustic
seems to play an important role. Further investigations on the mechanisms involved in this self excited
reacting flow are however still needed.
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Figure 5. Comparisons between the LES predictions and the experimental measurements for the ramjet
dump combustor operating at & = 0.5: (a) y = 0 and (b) z = 0, each column corresponding to the stream-wise
locations, x = 148,250 and 336 mm from the end-wall of the main duct.
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Figure 6. Instantenous pressure fields as obtained by the reacting LES for an equivalence ratio of 0.75.
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