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Abstract.  The e ciency of a set of mixing enhancemen deviceson an array of Jets
In Cross-Flow (JICF) is studied using Large Eddy Simulation (LES). The baseline ow
is a rectangular channel ow on which v e JICF's are installed on ead wall (upper
and lower). Mixing devicesare xed tabs installed upstream of the jets. Instantaneous
analysesof the LES elds reveal two large vortical structures developing downstream
of the mixing device. These structures strongly enhance mixing. Comparisons of
the statistically averaged LES predictions against experimental results validate the
predictions. The mixing devicesprovide a better spatial and temporal homogeneiy of
the gas mixture at the exit of the main duct. Even though full temporal and spatial
homogeneit of the gasmixture prior to combustion is not guaranteed with this design,
the probability of nding strong inhomogeneouszonesis reduced. More generally, this
study con rms the power of LES to help designactuating devicesfor ow and mixing
cortrol.
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1. Intro duction

Upcoming environmental constrairts require considerableinvestmerts for the designof

the next generation of gas turbine conmbustion chambers. Theseresearb e orts are

aimedto yield low pollutant emissionsand fuel e cien t designsin agreemeh with the

new industrial cortext. Fuel lean combustion is one of the most promising candidates
to meet the requiremerts. Howewer sud designsare often subject to conmbustion

instabilities [1, 2, 3, 4] involving coupling betweencombustion and acoustics. If acoustic
resonancewere to occur the medanical constrairts imposedon the turbine can result

in medanical failures. That last scenarioand its disastrous consequencesre to be
avoidedif possibleduring the designphases.The triggering metanismsfor conmbustion

instabilities are: periodic formation of inhomogeneousuel pockets, periodic sheddingof

large scalestructures and natural ampli cation of the acousticwavesby the ame front

[5,6,7,8,9]etc. Reallife combustorsinvolve all of the above and cortrol of thesesources
still remains a challenge. Experimertal bendimarks are necessaryto investigate the

designchoicesaswell asthe global behavior of the newturbine. Resulting dewelopmen

costsare heary and potential designsolutionsare usually disregardeddue to budgetary
restrictions. The advernt of the computer simulations o ers an interesting approad to

test many options prior to the nal design.

Seeral computational methods have readied maturity to be usedin the design
chain. The rst approad dewloped in the forties is basedon the Reynolds Averaged
Navier-Stokes (RANS) equations[10]. The method is restricted (in theory) to steady
turbulent reacting ows and requires serious modelling e orts to take into accourt
conbustion instabilities. The secondapproad, named Large Eddy Simulation (LES)
[11,12,13,14, 15|, appearsmoreattractiv e. In LES, large scalephenomenaare naturally
embeddedin the governing equationsand only the small scalesare modelled. This work
adopts the secondmethod to predict fuel mixing enhancemen prior to its injection
in the conbustion chamber. Two designoptions de ned by SiemensPG, Germary,
are simulated with LES. The rst con guration consistsof ten opposedin-line Jets
In Cross-Flav (JICF) issuing in a rectangular duct. The seconddesign consists of
the rst con guration plus mixing deviceslocated in the rectangular duct, upstream
of the injection plane. LES predictions for both geometriesare comparedto identify
the potertial of the approad for industrial applications. Predictions of the spatial
and temporal variations of fuel concerration with regard to combustion instabilities
constitutes the objective of the work. Homogenisationis clearly improved when the
mixing devicesare presen. Statistical analysessud asthe Probability density functions
(Pdf) and mixing indicesillustrate the changesin the mixing medanismsimplied by
the changesin geometry

The presemation of the LES methodology and the computer code are brie 'y
given in the rst section. The secondsection speci es the con guration, the grid
and boundary conditions employed in LES. Results are then exposedin two steps. A
detailed descriptionof the o w topologiesand the consequencesn mixture homogeneiy



LES of mixing enhanement 3

are given in section 4.1. The statistical investigation of the LES is then preserted
(section 4.2). The precision of the LES results is evaluated at this occasionby a
comparisonagainst experimertal measuremets of the University of Bochum [16] and
unsteady RANS predictions performedby SiemensPG [17].

2. The LES approach

The theoretical aspectsof the LES method and the closuresemployed for this work are
preseited in this section. The description doesnot intend to be comprehensie and for
further information the readeris pointed to [15]. The numerical implemertation of LES
in the computer code AVBP is alsogiven; further information about AVBP is found in
[18].

2.1. The governingequations

LES involvesthe spatial Itering operation [19:
+1
f(x;t) = f(x%1) G(x%x) dx® (1)

1

whereG denotesthe Iter function andf (x;t), isthe Itered valueofthe variablef (x;t).
We considerspatially and temporally invariant and localized Iteerunctions [19], thus
G(x%x) G(x° x) with properties[19, 20, G(x) = G( x) and Il G(x) dx = 1.
In the mathematical description of compressibleturbulent o ws with transport of
fuel (as a passie scalar), the primary variables are the density, (x;t), the velocity
vector, u;(x;t), the total energy E(x;t) e+ 1=2u;u;, and the fuel massfraction,
Ys(X;t). The application of the Itering operation to the instantaneous transport

equationsyields [9]:
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In (2), oneusesthe Favre Itered variable [21],€= f=". The uid follows the ideal
gaslaw, p= RT ande = C, T, where T stands for the temperature. The tensor
of viscosit, the heat di usion vector and the moleculartransport of the passie scalar
read respectively:
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In (3), isthe uid viscosiy following Sutherland'slaw, the heatdi usion coe cient
following Fourier's law, and Ds the fuel diusion coe cient following Fick's law.
Variations of the molecular coe cien ts resulting from the unresohed uctuations are
neglected hereinafter so that the various expressionsfor the molecular coe cients
becomeonly function of the Itered eld.

The objective of LES is to compute the largest structures of the ow (these
structures are typically larger than the computational meshsize), while the e ects of
the smaller scalesare modelled. This scaleseparationis obtained through the ltering
operation, (2), and the unknowns, % ; ®;; €, correspnd to the so-calledSub-Grid Scale
(SGS) (cf Lesieur[22] , Sagaut[15], Ferziger[23]). The unresohed SGSstresstensor,
i . require a sub-grid turbulence model. Introducing the concept of SGS turbulent
viscosity most modelsread (Smagorinsky[24]):

1
i =(guy eg)= 2.5 é-ﬂl i ) (4)
with,
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In equations (4) & (5), §; is the resoled strain tensor, . isthe SGSturbulent viscosity.
The aim of the model is to determine ;. Dimensionalanalysis%ields t _ lses P OsGs
where lsgs is the length scaleof the unresolved motion and ™ Gsgs its velocity scale.
The WALE model [25] (Wall Adapting Local Eddy-viscosiy) is used. The expression

for ; then follows:

()
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t= (Cu4 )2 (6)

with,
1 1
Sicjj =5 (gi12 + gjzi) 3 ij - (7)
In (6), 4 , denotesthe Iter characteristic length and is approximated by the cubic-root
of the cell volume, C,, is the model constarnt (C,,=0.55), and g; the resoled velocity
gradiert.

The SGSenergy ux, ® = C,(%u; Fa), ismodelledby useof the eddy di usivit y
conceptwith a turbulent Prandtl number, Pr; = 0:9, sothat ;=  Cy=Pr; and:

- @
@=

Note that P is the modi ed Itered temperature and satis es the modi ed Itered state
equation,p= ~ R F [26, 27, 28, 29].

(8)
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The SGSux, B = (8Y; g %), is modelled by:

@¥:
= D a (9)
In (9), Dy = {=Sc, denotesthe fuel SGSturbulent di usivit y where,Sc; is the turbulent
Sdmidt number (S¢. = 0:7). Although the performancesof the closurescould be
improved through the use of a dynamic formulation (Germano [30], Moin [3]] , Lilly
[32], Menewau [33], Ghosal[34] ...), they are su cient to investigatethe e ects of the

mixing devices.

2.2. Geneml description of the code

The LES code (AVBP) solwes the LES transport equations (cf. section 2.1) on
structured, unstructured or hybrid grids (cf. http://www.cerfacs.fr). The numerical
approad is basedon nite-v olume sdhemesusing the cell-vertex method [18, 35] and
o ers third-order spatial and temporal accuracies. Variations in the lter sizedue to
non-uniform meshesare not directly accoured for in the LES models. Changesin cell
topologiesand sizesare only accourted for through the useof the local cell volume, that
is 4 = V.’ Grid re nement needsthereforeto be carefully cortrolled for the LES

model to operate e ciently. Sud e ects are beyond the scope of this work although
great care has beentaken to minimize the consequencesn the predictions.

3. Con guration

The ow geometriessimulated are composedof a rectangularduct with a constart cross
section of 369 mm in height and 50mm in width. The length of the duct is 230mm
and air ows through the duct with a stream speedof 60ms . The large Reynolds
number, Re = 150 000 (basedon the duct heigh), improves performanceby reducing
the boundary-layer thicknessand increasingthe overall turbulence level. Two opposed
rows of v ein-line JICF are placed100mm downstream of the inlet duct section. Fuel
y is injected perpendicularly to the transverse o w-through the JICF holeswith an
injection speedof 195ms !. The jet-to-mainstream momentum ux ratio:

g = e (10)
airVair
is 104 and the speedratio:
V.
R= £ 11
Vair ( )

equals 3:25. The injector's geometry is incorporated in the LES and consistsof a
circular duct perpendicular to the transverse ow with a diameter of 1:4 mm. All
thesecomponerts constitute the rst con guration simulated through LES and referred
to asCase 1.

y In practice for Bochum experiment, fuel is replaced by an acetoneseededair source. For LES this
secondarysourceis modeled by a passiwe scalar sourcewith consistert uid characteristics
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The secondgeometrydesignatedby Case 2 consistsof Case 1 with addedmixing
devices.The deviceslocated in the rectangular duct prior to the JICF injection planes
intend to generatelarge ow scales(with size of the order of the duct height). The
objective is to enhancefuel mixing through increasedvorticity [36]. The geometryis
illustrated in gure 1. Note that experimertal measuremets are available for both cases

Injections

Injections

N Mixing devices

Figure 1. Flow con gurations: (a) Case 1, without mixing devices,(b) Case 2, with
mixing devices.

and were obtained in Bochum [16], Germary.

3.1. Grid characteristics and boundary conditions

The grid generatedfor the two computational domainsis unstructured and composed
of tetrahedra. Limits in computational costimposeto cortrol the number of grid points
and cells. The main dicult y is to adapt the meshre nement to the ow scalesfor
good LES predictions. Injection areasmust be su ciently resohed to capture the
proper range of length scales. Note hat ead jet injection tube is meshedto resohe
the ow upstream of the injection section. Table 1 speci es mesh parametersfor the
two geometries: without mixing devices,Case 1, and with mixing devices,Case 2.
Calculationswereconductedon 32 processor®f a SGI Power Challenge(512 processors)

Nodes Cells Description
number | number
Case 1 | 285000 1 500000 Baseline ow: 10 JICF

Case 2 | 375000| 2 000000 | Baseline ow + mixing devices

Table 1. Speci cities of the two computational grids, Case 1 and Case 2.

and one corvective time (basedon the main canal length) took about 16 hours (wall
clock) for Case 1 and 22 hours (wall clock) for Case 2.

Boundary conditions need special care. A sdematic represetation is shovn on
gure 2 and details of the conditionsusedin the LES is givenin table 2. Inlet boundary
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Figure 2. Plot (a) illustrates the computational model and boundary conditions as
imposedin the LES of Case 1 and Case 2 (cf. table 2). Plot (b) shows details of the
mixing devicesasusedin Case 2.

conditionsimposethe mass ux in agreemehwith Bochum's experimerts. The NSCBC
method [25, 9, 37] is employed for both the inlet and the outlet in order to reduce
acousticdisturbances. Note that in the computational model, gure 2, the rectangular
duct terminates into a settling chamber to minimize the in uence of the downstream
boundaries. For identical reasons squarechamberswith 6 mm sidesand 6 mm heighs
are located upstream of the circular JICF ducts. The JICF duct geometryis circular,
1:4mm in diameter (as imposedby the experimertal setup) and 1 mm in height. The
inlet bulk velocity imposedat theseinjection chambers is estimated at 8:34ms ! to
yield an injection bulk velocity of 195ms ! in the main chamber (as speci ed by the
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experimert). Figure 2(b) preserts the mixing devicesfor Case 2: boundary conditions
(exceptinlets and outlets) are no-slip adiabatic walls.

Patch # BC Imp osed quantities
1 Air inlet velocity, temperature
2 Injection inlet velocity, temperature
3 Outlet pressure
4 No-slip, adiabatic wall | stream-wisevelocity componert

Table 2. LES set of boundary conditions.

The useof settling chambersdown-streamof the main duct and upstreamof the jet
injection systemresultsin a computational domain which di ers from the experimental
setup. The potential drawbad of sud an approad may appear if acousticsplays a
signi cant role in determining the o w solution. Indeedthe modi ed inlet and outlet
impedanceswill result in di erent acoustic charcteristic times henceforth modifying
the mixing medanisms. For the caseunder investigation acousticsis believed to be
secondaryand settling chambers are usedto facilitate the treatment of the acoustic
eld at the boundaries. The intend is to minimize the e ect of the acoustic noisedue
to an approximate treatment of the boundary conditions so asto minimize its impact
on the LES results.

3.2. Initial conditions

In order to smaothly corverge toward fully established LES results a particular
methodology is assemled to construct meaningful initial conditions. The aim of the
approad is to minimize computational e orts while suppressingundesired behaviors
generatedby the inadequateinitialization. Two stepsare taken: (a) determination of
an approaded solution on a coarsegrid and for which the initial artifacts due to the
initial guessare removed; (b) useof the corvergedsolution obtainedin (a) asthe initial
guesdor the nal LES. Both stepsrequire advancemei in time of appraximately oneto
two o w-through times before disappearanceof the initial non-physical response. The
computational grid usedin (a) is roughly twice as coarseas the nal LES meshand
allows a non-negligible gain in computing e orts (AVBP was measuredto be 5 to 6
times faster on grid (a) than on grid (b)). A ow-through time was run on grid (b)
before analyzing LES results. Averagequartities were measuredover a time span of
two o w-through time.

4. Results

Predictions of the LES are comparedto existing measuremets for both con gurations
and prior works on JICF. First, the ow topology obtained with LES is analyzed. The
changesin the ow behavior implied by the changesin geometry are illustrated for
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the velocity eld and the fuel concerration. Second,a quartitativ e analysis of the
various phenomenas presetted through the useof statistical diagnostics. Theseinclude
presemation of onepoint Probability density functions (Pdf's) and indicescharacterizing
temporal and spatial mixing.

4.1. Flow topology

JICF have beenheavily investigated due to their multiple industrial implications [38]
and experimertal obsenations gobadk to the thirties with [39. The systematicanalysis
of the JICF started in the sewenties with the discosery and acceptanceof coherem
structures[40,41,42]. Four dominart large scalemotionsare believedto be determinart
in the JICF (gure 3). The prominert vortex systemis the Courter-rotating Vortex
Pair (CVP). The three other vortices, the jet shearlayer vortices, the wake vortices
and the horseshe vortex play a lesserrole in the far eld of the jet. Basedon past

Counter Rotating
Vortex Pair

Jet Shear Layer
Vorticies

Crossflow

Horseshoe
Yortex

Wake Vorticies

Figure 3. Vortex systemin a JICF (from Fric & Roshko [43)]).

results[44, 45 the momenium ux ratio, J, de ned in (10), emergesasdetermining the
JICF ow features. In addition to J onenotesthe importance of the jet injection hole
shape and size[46, 47], the jet inlet velocity pro le [48], the initial jet penetration angle
[49] and the presenceof other jets [50] . Numerical simulations have been performed
for the JICF in the eighties with [41, 51, 52, 53, 54, 55, 56 and more recerly with
[57,58, 59, 60, 61].

Downstream of the injection holes instantaneous and averaged LES elds allow
the identi cation of the di erent vortex systemswhich cortrol the enrainment and the
mixing of the fuel. For Case 1 the ow topology can be descriked using obsenations
made for simple JICF: jet trajectory and main coheren structures sud as Courter-
rotating Vortex Pair (CVP) arefeatured. For Case 2, CVP canalsobe obsened but is
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dominated by a large structure deweloping downstream of the mixing region. Averaged
motion and instantaneousscalar elds are alsoshown.

4.1.1. Large sale motions Jet trajectory visualization of the opposed JICF is
illustrated in gure 4 for Case 1. Both pictures feature a streanwise plane located
in the middle of the sparwise direction (i.e. goingthrough z = 25mm). The averaged
elds of fuel concetration and vorticity arerepreseted. Basedon thesequatrtities, the
jet is seento bendin the direction of the cross- ow just after exiting the injection nozzle.
In a JICF two medanismsexplain this de ection [62]: the rst medanismisinducedby
the pressuregradiernt betweenthe upstream (high pressure)and the downstream (low
pressure) o w over the wall at the jet exit. The secondmedanismis the entrainment of
the jet ow by the cross- ow stream. On gure 4the nearwall injection regionis zoomed
to characterizethe lean fuel zoneand large levels of vorticity (cf. zoomedframes).

Figure 4. Case 1: Jet trajectories visualization in a streamwise plane passing
through, z = 25mm: averaged elds of, top, fuel concerration, and bottom, vorticit y.

The CVP topology is shovn in gure 5. The pressuredi erence provides the
force that deformsthe jet and cortributes to the dewelopmen of this JICF prominert
structure. Figure 5 shaws iso-surfaceof the Q-criterion [63] coloredby the streanwise
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componert of the vorticity vector. The iso-surfacelevel is taken at 210’s 2. For eah
JICF, two vortices of opposite signs (grey, negative valuesand blue, positive values)
are clearly obsened and structures subsistover the streanmwise direction. Three planes
located downstream of the injection point at the axial positions, x = 5;20 and 42mm,
showv the scalar fuel concertration (dark values suppose large concertration of fuel).
Successi phenomenaappearingover the canallength areclearly iderti ed. The CVP's
rotate around ead other, interact with the other jet CVP's and nally merge.

Figure 5. Case 1: instantaneous illustration of the counter-rotating vortex pairs
(iso-surface of the Q-criterion colored by the streamwise componert of the vorticit y
vector) and fuel concerration in three planeslocated at 5; 20 and 42mm downstream
of the injection point.

Figure 6 displays the averagedvelocity eld in planeslocated at 10; 20; 30; 40; 50
and 70mm downstream of the injection point. The CVP's ewlution over the canal
length is clearly obsened.

The forthcoming results are dewted to the coherem structures deweloping
downstream of the mixing devices,Case 2. The JICF coherenm structures are still
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below 12.2 24.4 36.7 48.9

6.1 18.3 30.6 42.8 above
sQre(vA2+wA2)

Figure 6. Case 1: modulus of averaged elds of velocity (v + w?)!=2 in an x-plane
located at 10; 20; 30; 40; 50 and 70 mm downstream of the injection point.

preseim, but ead jet trajectory is in uenced by the organizedmotion in the mainstream,
gure 7.

In gure 8, cross-streamplaneslocated at the streanwise locations 2; 1;1;4;8
and 12cm allow visualization of the organizedmotion. Closeto the mixing devicethe
four distinct zoneson the left hand side of Plane 1 correspnd to a single coheren
structure. The samestructure is found on the right hand side of Plane 1. It is clearly
obsened in Planes?2, 3, 4, 5 and 6 that thesecoheren structures consistof two large
rotating structureswhoseintensity decreaseslowly in the far eld region. Fromthe LES
predictions, the two vortical structures rotate clockwise. Figure 9 and gure 10 show
the mixing devicein uence on the JICF's near eld. They presen the instantaneous
eld of scalarfuel concetration in di erent sections. The organizedmotion preset in
the mainstreaminducesfaster interaction betweenead jet when comparedto Case 1.
Two of the ten jets end up blocked againstthe wall (the top-right jet and the down-left
jet). The threshold value usedin gure 9 and 10 for the fuel massfraction is xed at
0:17; the dark valuesrepreseh maximum of concetration. In gure 9, planesl, 2, 3
and 4 are respectively situated at x = 2; 5; 8 and 10mm downstreamthe injection point.
On Plane 1, CVP of the ten JICF are clearly seen.On Plane 2 (5 mm downstreamthe
injection point), the pairing medanism appearsand gets clearerat x = 8 and 10mm
(Planes3 and 4). In gure 10, Planes5 and 6 are situated at Y = 3 (near the down
wall) andY = 1545mm (middle of the channel). As obsened previously two jets stand
againstthe wall over a good portion of the duct, seePlane 6 of gure 10.
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Figure 7. Case 2: instantaneous illustration of the cournter-rotating vortex pairs
(iso-surface of the Q-criterion colored by the streamwise componert of the vorticit y
vector) and fuel concerration in three planeslocated at 5; 20 and 42mm downstream
of the injection point.

4.1.2. Implications on mixing To understand the role of the mixing devices, it is
cornveniert to visualizeaveraged elds of the mixing index, Y; Y,. With this de nition
andin the con guration studied, non-zerovaluesof Y; Y, idertify regionswheremixing
is taking placewhile zerovalue correspnd to regionswith only fuel or air. Figure 11(a)
for Case 1 and gure 11(b) for Case 2 show spatial distributions of Y; Y, asobtained
from the LES. Both plots display vertical planeslocated at axial positions, x = 5;20
and 50mm (Planes 1, 2 and 3 respectively) downstream of the injection point. The
thresholdvalueis sothat Y; Y, = 0:1. For Case 1, gure 11(a)shavsten distinct CVP
regularly spacedwhich dewelop over the canal length, Plane 1 and 2. At x = 50mm,
Plane 3, the merging medanism is complete. Note that at this stagethe respective
opposedjets have not interacted yet. As expectedfor this con guration mixing occurs
essetially within the CVP's. Figure 11(b) shovs the secondcon guration (Case 2)
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sqre(vA2+w/2)

below 7.14 14.29 21.43 28.57 35.71 42.86  above

Figure 8. Case 2: modulus of averaged elds of velocity (v + w?)¥*? in a x-Plane
located at 2 and 1 cm upstream of the injection point (Planes 1 and 2) and at 1;4;8
and 12 cm downstream of the injection point (Planes 3, 4, 5 and 6).

which exhibits signi cant di erences from the mixing point of view. The two rotating

structures deviate ead jet trajectory and homogeneisations enhanced. On Plane 3,

mixing is lower and more uniformly distributed in comparisonto Case 1. Peaksin

mixing occur in opposite corners(top right and bottom right corners)which correspnd

to the trapped JICF illustrated in gure 10. Addition of the mixing devicesclearly

enhanceamixing and resultsin a homogeneousnixture sconerthan in Case 1 because
of the enhancedstirring.

4.2. Statistical Analysis

Statistical analysis of the LES predictions is performed to characterize the mixing
medanisms preserned in section4.1. All results are obtained through temporal and
spatial averagesof the LES simulations. From these operations indices and Pdf's are
constructed and presened in this section. When available unsteady RANS results
obtained by SiemensPG [17],and measuremets obtained by the University of Bochum
[17] are addedfor comparisons.

4.2.1. Mixing indices Two mixing indices, the Spatial Mixing De ciency (SMD)
and the Temporal Mixing De ciency (TMD), are investigated in planes located at
X = 46,82 160 and 228 mm downstream of the injection point. The SMD and
TMD are indicesbasedupon instantaneousmeasuremets of the uorescenceintensity,
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Figure 9. Case 2: Scalar fuel concerration in planeslocated at x = 2;5;8 and
10mm. The threshold value is 0:17 and dark grey values represert zoneswhere the
scalar fuel concertration is larger than 0:17.

lix, as obtained in the experimert (the technique usedis the Planar-Laser Induced
FluorescencePLIF) and measureghe local fuel massfraction. In the notation, 1;, the
subscripti refersto the position, x;, while k points to the time instant k. Averagesover

a seriesof n images(n times), the meanand root meansquare,RMS;, are deducedby:
v
u

X 1 X
<li>= = li; and RMSi:P— (<1i> ligx)* (12)

n k=1 n 1 k=1

The SMD index correspndsto a planar averageand measureshe spatial heterogeneiy
of the mixture (a zero SMD value indicates perfect mixing in this plane):
F'uvlsplane(< | i >) .

SMD = ; 13
AVgpIane(< li >) ( )
where,
1 X
AVgpIane(< Ii >) = a < Ii > (14)
i=1
and,
U
p o1
RMSpIane(< li >) = - 1 (< li > AVgpIane(< li >))2: (15)
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Figure 10. Case 2: Scalar fuel concenration in planeslocated at y = 15:45 and
3mm (top and bottom plot respectively). The threshold value is 0:17 and dark grey
valuesrepresen zoneswhere the scalar fuel concenration is larger than 0:17.

(a) (b)

Figure 11. The mixing index Y; Y, in vertical planeslocated at the streamwise
positions x = 5;20 and 50mm downstream of injection point. Plot (a) correspondsto
Case 1 and plot (b) to Case 2.
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The TMD index is given by a planar averageof the temporal uctuations and measures
the temporal heterogenewy of the mixture:
TMD = Avgplane(%): (16)
LES estimatesof TMD and SMD are obtained by consideringthat the fuel mass
fraction Yj, at point i, is directly proportional to the uorescenceintensity, |;, measured
in the experimerts. It is howewer necessaryto take into accourt two major factors for

a direct comparisonbetweenexperimerts and LES results:

The laser diagnostic techniques usedin these experimerts are realized with 5200
measuremets and data is Itered. For the LES predictions, interpolation routines
are usedto yield valuesin the planes of interest when they do not correspnd
directly to grid points. The resulting values depend on the mesh precision and
decrease$rom 4008data points for Plane 1 to 346 data points for Plane 4 (outlet
of the chamber).

Temporal averagesare obtainedwith high precisionfor the LES predictionsbecause
time-steps are smaller than the typical acquisition time step in the experimert.
The temporal resolutionis thereforehigherin LES than in the experimertal setup.
Howewer only ltered quartities are accessiblen LES contrarily to experimenal
measuremets which are exact (beforetreatment). It resultsthat RMS's obtained
by LES may under-estimateexperimertal measuremets.

Figure 12 illustrates estimatesfor the indices obtained from LES predictions and
unsteady RANS z results [17]. The two indices, SMD and TMD are preseried as a
function of downstreamlocations. Estimatesof the SMD are illustrated on gure 12(a).
For Case 1, the LES results shov a similar decg rate than the experimertal values
near the exit of the main duct. Closerto the injection point the deca rate is clearly
over-estimated. Two reasonscan explain this di erence: rst, as mernioned above,
eat diagnostic uses ltering techniques (for experimerts) or interpolations (for LES
data). The secondreasonis that the small ow scalesneedto be well resohed. Despite
the meshre nement, the grid may still be too coarsein the near eld JICF region
for Case 1. Finally, SGSterms are not accoured for in the numerical/experimertal
comparisonwhich constitutes another sourceof error particularly in the near injection
eld. For Case 2, LES predictions are in good agreemeh with experimertal values.
Although the meshre nement in the neighborhood of the JICF is the samefor both
geometries,the di erence found between the experimertal data and LES results of
Case 1 is not seenfor Case 2. For that latter case,the ow topology is characterized
by very large structures which are well resohed by LES. Estimates of the TMD are
shavn on gure 12(b). Similarly to the SMD, LES predictions for Case 1 over-predict
the experimertal measuremets (10% higher). For Case 2, LES predictions are much
closerto the experimertal values. The improvemen dueto the LES approad over the

z Note that the RANS predictions are obtained with adjusted model coe cien ts to yield descen
predictions.
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() (b)

Figure 12. Comparison of, (a) the Spatial Mixing De ciency and (b) the Temporal
Mixing De ciency.

RANS methodology is clearly illustrated as long as the meshre nement is properly
tuned.

4.2.2. Prokability densityfunctions The probability density function at point x; follows
[64, 65, 66, 67]:

f( ;%) fProbability that the evert = occurgy; a7

where s the statistical represemation of and x; the point under obsenation. Eac
function, f ( ;X;), is constructedfrom the time series i (i kept xed for a givenx;) so

that meantemporal quartities are obtained through integration:
+1

< ;> = f(;x)d;

RMS;, = (< i>)?f(:x)d (18)
1

Based on de nition (17), only temporal information relative to the point x; can be
extracted. Spatial information canonly be inferred through the comparisonof the Pdf's
obtained at di erent locations (i.e.: dierent valuesof x;). For clarity and simplicity
the Pdf of the jet air scalar concetration Y; is not directly used. Instead temporal
homogeneiy of the ow is measuredby the parameter:

Yi
= 100&; (19)
Yi

Yo global

In (19) global quartities are determined from the air and fuel mass uxes. When
= 100homogeneiy is readed, while > 100and < 100correspnd respectively to
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fuel rich and leanrealizations. The shape of the Pdf is a strong indicator of the temporal
ewlution taking placeat a given location. Spatial variability of the shape of the Pdf is
alsousefulto characterizethe mixing processtaking place at the various locations. To
guartify thesevariations, four points in a downstream plane located 228mm from the
injection points are probed to construct the respective Pdf's (gure 13(a)). Similarly
the ewlution of the Pdf alongthe certerline of the computational domain s illustrated
for the points indicated on gure 13(b).

(a) (b)

Figure 13. Location of the points for which Pdf's are constructed, (a) position of the
rst four points in the cross-streamplane located 228 mm downstream the injection
points, (b) position of the remaining points in the domain.

Figures14 & 15for Case 1 and Case 2 depict the spatial variability of the temporal
homogeneiy in plane x = 228nm (near the exit). With no mixing device,the Pdf at
points 1 and 2, gure 14(a) &(b), dier slightly. The mean temporal homogeneiy
tends toward 135% and corresppnds to fuel rich regions. Variations from one
jet to the next are for that casequite limited and the underlying temporal mixing
processesaking place at these points can be consideredequivalert. Looking at Pdf's
at points 3 and 4 (i.e. gure 14(c) &(d)), the distributions are similar. The meansare
respectively 175% and 115% for points 3 and 4 indicating a richer region at point 3.
It is important to note that for this con guration the Pdf's shape approadesthe delta
function distribution indicating that the rate of mixing medanismis small. All points 1
to 4 are usually assaiated with fuel rich regionswhich supposesthe existenceof strong
spatial inhomogeneitiesand almost no mixing of the jet uid.

Introduction of the mixing devices, gure 15, resultsin more doubled peaked Pdf's
(cf. gure 15). All distributions are certered around 110% which indicates that
full mixing is almost readed in time and space.Temporal homogeneiy is howewver not
guararteed at all points. Indeed, fuel rich pockets can be found when the deviceis
used(cf. peakson the right hand side of gure 15). The probability for sud ewerts is
nonethelesgquite low in comparisonwith the peakat = 110%. Anyhow mixing in
time aswell asin spaceis greatly improved when comparedto Case 1.
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() (b)

(©) (d)

Figure 14. Pdf's at the downstream positions for Case 1. Plots (a), (b), (c) and (d)
correspond respectively to points 1, 2, 3 and 4 (cf. gure 13(a)).

(@) (b)

() (d)

Figure 15. Pdf's at the downstream positions for Case 2. Plots (a), (b), (c) and (d)
correspond respectively to points 1, 2, 3 and 4 (cf. gure 13(a)).
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Figure 16. Pdf's at the downstream positions for Case 1. Plots (a), (b), (c) and (d)
correspond respectively to points 5, 6, 7 and 1 (cf. gure 13(b)).

(@) (b)

() (d)

Figure 17. Pdf's at the downstream positions for Case 2. Plots (a), (b), (c) and (d)
correspond respectively to points 5, 6, 7 and 1 (cf. gure 13(b)).
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Looking at the Pdf's ewlution along the duct certerline, gures 16 & 17, one
can infer information about the spatial ewlution of the mixing processtaking place
in the downstream direction. Figure 16 shows the Pdf's obtained for points 5, 6, 7
and 1 (cf. gure 13) for Case 1 while gure 16 refersto results obtained at the same
locations but for Case 2. Concenrating on Case 1 and in the near eld region of
the jet, gure 16(a), the meantemporal homogeneiy is estimated at 65 % which
correspndsto afuel leanregion. Peaksat = 25;50and 75% indicate the tendencyto
have alternatively fuel rich pockets probably issuedfrom the nearby JICF's. Traveling
further downstream, point 6 (cf. gure 16(b)), the distribution is quite di erent. First,
temporal homogeneiy at this point is almost achieved (at least in the mean sense):
the Pdf is certered around the value of 100%. Second,temporal homogenely is not
guararteed instantaneously The distribution is symmetric with two peaksrespectively
locatedat = 50 and 150%. Sud a shape is indicative of large fuel rich and lean
structures passingthrough the point. This could be explained for example by the
possible apping of the jet at this location. Further downstream at points 6 and 1
(cf. gure 16(c) &(d)), although temporal homogeney is almost achieved in the mean
sensefull mixing is clearly not ensuredinstantaneously: the distributions tend toward
delta functions certered at 130% for point 1 which correspndsto a highly rich
region.

Introduction of the mixing device improves the mixing taking place along the
certerline. At points 5 and 6, gure 17(a) &(b), the Pdf's take on a Gaussianlike
shape certered respectively around = 125and 110%. Sud shaped Pdf's allow to
state that the mixing is essetially governedthrough highly turbulent processesTheir
e ciency is linked to the diminishing varianceof the Pdf's. Going further downstream,
points 7 and 1, the Pdf's take on similar shapesand approad a double peaked function.
This demonstratesthat full mixing is not guararteed instantaneously for thesepoints.
Indeed, fuel rich regionsmay be encourtered occasionally (peaksat = 150%) and
prove that large scalemotions play a determining role in ensuringfull mixiness prior
the duct exit.

5. Conclusions

In this work initiated by SiemensPG, Germary, the designof the fuel injection system
is addressedusing LES. The aim of the study is to demonstratethe ability of this new
computational approad to assesswo designoptions for the proper mixing of fuel and
air prior to its combustion. The quality of the designis gaugedbasedon the temporal
and spatial homogeneiy of the mixture at the exit of the chamber. The importance of
sud criteria is revealedin the fact that fuel inhomogeneitiesertering the combustion
zonemay potentially trigger combustion instabilities whoseconsequenceare: increase
of the pollutant formation and the potertial damageof the ertire gasturbine engine.
Assessinghe mixing quality of a designis thereforeessetial for the next generationof
gasturbines.
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LES resultsare presetied for two designoptions basedon the simpler Jet In Cross-
Flow (JICF) con guration. The rst geometry consistsof ten opposedJICF's issuing
fuel into air owing in a rectangular duct. The seconddesignis basedon the rst
one with an added mixing device. Instantaneous LES results clearly illustrate major
di erences in the ow topologies. While the rst designfollows the known ewlutions
of interacting JICF's, the introduction of the mixing devicegeneratesa o w dominated
by two rotating structures scalingwith the hight of the duct. Theserollers increasethe
ertrainment of the JICF's and the strength of the mixing processwhen comparedto
the rst design. Statistical analysesreveal that the Spatial Mixing De ciency (SMD)
and Temporal Mixing De ciency (TMD) indicesare appropriately estimatedby the LES
predictionswhencomparedto the measuremets performedby the University of Bochum
[17]. Finally the Probability density function (Pdf) analysisof the LES clearly assesses
the predictionsin term of temporal and spatial homogeneiy of the mixture at various
locations in the computational domain. Full temporal and spatial homogeneiy at the
exit of the test sectionis not achieved by any of the two designoptions. However addition
of the mixing devicegreatly improvesthe results obtained from the LES predictionsand
outperformsresults obtained for the rst design.
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Figure captions

Figure 1. Flow con gurations: (a) Case 1, without mixing devices,(b) Case 2, with
mixing devices.

Figure 2. Plot (a) illustrates the computational model and boundary conditions as
imposedin the LES of Case 1 and Case 2 (cf. table 2). Plot (b) shaws details of the
mixing devicesasusedin Case 2.

Figure 3. Vortex systemin a JICF (from Fric & Roshlo [43)).

Figure 4. Case 1: Jet trajectoriesvisualization in a streanwise plane passingthrough,
z = 25mm: averaged elds of, top, fuel concetration, and bottom, vorticity.

Figure 5. Case 1: instantaneousstreamwise componert of the vorticity vector (iso-
surfaceslevel of 2:510%s ') and fuel concerration in three planeslocated at 5; 20 and
42mm downstream of the injection point.

Figure 6. Case 1: modulus of averaged elds of velocity (v + w?)¥2 in an x-plane
located at 10; 20; 30; 40, 50 and 70mm downstream of the injection point.

Figure 7. Case 2: instantaneousstreanmwise componert of the vorticity vector (iso-
surfaceslevel of 2:510%s ') and fuel concerration in three planeslocated at 5; 20 and
42mm downstream of the injection point.

Figure 8. Case 2: instantaneous streaklines visualization, (light grey for fuel and
dark grey for main ow air).

Figure 9. Case 2: modulus of averaged elds of velocity (v? + w?)*2 in a x-Plane
located at 2 and 1 cm upstream of the injection point (Planes1 and 2) and at 1;4;8
and 12cm downstream of the injection point (Planes3, 4, 5 and 6).

Figure 10. Case 2: Scalar fuel concerration in planeslocated at x = 2;5;8 and
10mm. The threshold value is 0:17 and dark grey valuesrepresen zoneswhere the
scalarfuel conceftration is larger than 0:17.

Figure 11. Case 2: Scalarfuel concelitration in planeslocatedat y = 3 and 15.45mm.
The threshold value is 0:17 and dark grey valuesrepreseh zoneswhere the scalarfuel
concettration is larger than 0:17.

Figure 12. The mixing index Y; Y, in vertical planeslocated at the streamwise
positions x = 5;20 and 50mm downstream of injection point. Plot (a) correspndsto
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Case 1 and plot (b) to Case 2.

Figure 13. Comparisonof, (a) the Spatial Mixing De ciency and (b) the Tempo-
ral Mixing De ciency.

Figure 14. Location of the points for which Pdf's are constructed, (a) position of
the rst four points in the cross-streanplane located 228 mm downstreamthe injection
points, (b) position of the remaining points in the domain.

Figure 15. Pdf's at the downstream positions for Case 1. Plots (a), (b), (c) and
(d) correspnd respectively to points 1, 2, 3 and 4 (cf. gure 13(a)).

Figure 16. Pdf's at the downstream positions for Case 2. Plots (a), (b), (c) and
(d) corresmnd respectively to points 1, 2, 3 and 4 (cf. gure 13(a)).

Figure 17. Pdf's at the downstream positions for Case 1. Plots (a), (b), (c) and
(d) correspnd respectively to points 5, 6, 7 and 1 (cf. gure 13(b)).

Figure 18. Pdf's at the downstream positions for Case 2. Plots (a), (b), (c) and
(d) correspnd respectively to points 5, 6, 7 and 1 (cf. gure 13(b)).
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Table captions

Table 1. Speci cities of the two computational grids, Case 1 and Case 2.

Table 2. LES set of boundary conditions.
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