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Large-Eddy Simulations (LES) using a subgrid mixing and combustion model based on
the linear-eddy mixing (LEM) approac h are carried out to study a highly swirling non-
premixed ame in a realistic combustor con guration. Detailed measuremen ts obtained for
this conguration are compared to the LES predicted o w eld. Both non-reacting mixing
and reacting cases are simulated, and very good agreemen t is obtained for nearly all the
prop erties compared. In particular, very good agreement is obtained for both the mean
and the uctuation velocity proles in both cold and reacting cases. Additional prop erties,
such as, the recirculation zone size and its location, the ame structure and its length are
all captured accurately as well. These results conrm the abilit y of the LEMLES approac h
develop ed for simulating turbulen t reacting o ws.

I. Intro duction

LES has been applied to many non-reacting and reacting ow caseswith reasonablesuccessin recert
studies.” = = Validation of the LES approac is essetial to establishits reliability and to a ord con dence
when new con gurations have to be simulated. Over the last few years, we have been systematically evalu-
ating the ability of a new subgrid mixing and combustion model for LES application (LEMLES, discussed
later) for generalizedapplication to combustion in realistic combustors without requiring any ad hoc model
adjustments. Past studies have demonstrated the ability of this model for scalar mixing, > ° premixed com-
bustion”®”*Y and spray combustion." < In most cases,the test con gurations chosenfor validation were
operating closethe conditions obsenedin realistic gasturbine engines.Here, experimental data**** obtained
at SandiaNational Laboratories (SNL) are utilized to study and validate our LEMLES approad for a highly
swirl non-premixed combustion ow. We chosethis con guration and test condition sincethey closely rep-
resert the ow characteristics obsened in gasturbine engines.In particular, swirling ow is employed in
all gasturbine enginesto achieve aerodynamic ame stabilization, and validation in such a ow will further
establishthe LESLEM capability for non-premixed combustion applications.

The SM1 ame " is chosenas a test casefor the current study. A non-reacting casecloseto this ame
is alsosimulated. All the velocity eld componerts, aswell asthe temperature and somespeciesare available
in the data base and therefore, can be used for direct comparison. We believe that this study is the rst
reported LES attempt of this swirling blu body ame.

This paper is organized as follows. In the next section, we describe (albeit briey) the mathematical
formulation and the subgrid closure. This is followed by the con guration set up in Section I, and then,
results for the non-reacting and reacting studies are reported in SectionslV and V. Finally, in Section VI
we concludethis study and note somefuture researd issues.
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Il.  Mathematical Form ulation

In this paper, the full multi-sp ecies,compressibleNavier Stokes equations are solved in the strong con-
senative form. The uid is assumedNewtonian with no body forcesand in single phase.The LES equations
are derived by using spatial Favre lItering. > The nal LES equationsare as follow:
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In the above equations, the speciesequations are not included, sincein LEMLES they are solved using
another approac and is not explicitly Itered asthe rest of the consenation equations. Here, & is the i-th
Itered velocity componert, p is the Itered pressurethat is computed from the Itered equation of state:

P, [&T %t]
k

P=Ruy f\(,\k/—f + W . If the subgrid temperature-speciescorrelation is neglected(it has been

found negligible in o ws of current interest) then, p= R F. Here, R is the universal gasconstag and R is
the mixture gasconstart. The total ltered energyis de ned asE = e+ %(ﬁk2+ ks9s), k398 = % Lﬁ b

is the subgrid kinetic energy qu e is the internal energy given as the sum of the sensibleerthalpy and the
chemical stored energyase = mzl Ymhm . The speciesenthalpy is calculated from the caloric equation

of state: hyy = hf. | + TTocp;m (T)dT. Also, h?. is the standard heat of formation at standard state and

Co:m Is the specic heat at constart pressurefor the m™ species.The Itered viscous shearstress(7) and
heat ux (tf) are approximated using the Itered velocity and temperature.

The Itered LES equationscontain many subgrid terms that require closure. Theseterms represen the
e ect of the unresolved motion on the resolved eld. The subgrid terms 9%, H®9°, 9 are respectively, the
subgrid shearstress,the subgrid heat ux and the subgrid viscousstress. Theseterms are de ned as:

h i
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The models for these subgrid terms are described in the next section.

A. Subgrid closure for LES equations

The closurefor the subgrid stressesand subgrid heat ux is achieved using an eddy viscosity model. Suc
a closureis acceptablesince the small-scalesprimarily provide dissipation for the energy transferred from
the large scales.The subgrid model used here is based on the solution of a transport equation for the
subgrid kinetic energy k395, The ability of this model has beendemonstrated and tested extensively in the

past.t® 9 185 15
The k8% transport equation model is given by:
@s=* @ _ @ ~ 1 @%
+ = KS9S = ps9s psSUs 4 = 3
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Here, Prr is a subgrid Prandtl number, assumedto be unity, and P59 and D39 represert respectively, the
production and the dissipation of the subgrid kinetic energy Theseterms are modeled as follow:

@n
_ sgs
Pt = @ 4)
DSgS =C —(kSgS)3=2=_ (5)
The subgrid shearstressand the subgrid heat ux using k39 model are modeled as:
1 2
o= 2 & §gkk jot §"k 9% (6)
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H S9s = @

i & (7
where the subgrid eddy viscosity is givenby 1 = C (k%9%)172" The subgrid viscouswork ;59 is neglected
basedon past studies. Here, is the grid Iter width and f is the specic erthalpy.

The two model coe cien ts C and C must be prescribed or obtained dynamically asa part of the solution.
Currently, thesetwo coe cien ts are employed as constart valuesof C = 0:067and C = 0:916, which were
employedin recert studiesaswell.”-® However, a localized dynamic approach has beendeveloped' '~ *° that
has resulted in a robust and stable way for determining the model coe cien ts locally in the combustor
without requiring any averaging or smoothing. We plan to revisit the current study using this dynamic
approad in the near future.

B. Subgrid combustion model

Physically, scalar mixing, combustion and heat releaseoccur at the small-scales,however, in corventional
LES, the small-scalesare not resolved. Therefore, modeling of these subgrid processesat the Itered level
involve models that may not be applicable for all conditions.

In LEMLES, models at the resolved scalesare avoided altogether. Instead, scalar evolution is modeled
by a combined Eulerian-Lagrangian approad that captures both the large- and the small-scaleprocesses
correctly. All processe®ccurring below the LES grid scale,such asreaction-di usion, heat releaseyvolumetric
expansion, and turbulent stirring by the small-scales(i.e., scalesbelow the grid scale ) are simulated
within ead LES cells on a one-dimensionaldomain (the LEM domain). The large-scaletransport (by the
LES resolved mass transport) of the subgrid scalar elds acrossLES cells is modeled by a Lagrangian
advection processthat ensuresexact massconsenation. Although details are givenelsewhere) ° = we brie y
summarizethe key features, for completeness.

LEM is a stochastic subgrid model, which treats molecular di usion and turbulent corvection separately,
but concurrertly within a 1D domain. This 1D is not a physical direction, rather it is in the direction of
the ame normal (in premixed) or maximum scalar gradient (in non-premixed). The resolution in the 1D
domain can be made ne enoughto resolve the Kolmogrove scale . The reaction-di usion equations and
the subgrid energy equation in the 1D LEM domain are:
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where the molecular di usion is obtained from Fick's law:
_ DydY

V= i (10

Sincethe small-scaleturbulent stirring of the scalar elds is done explicitly, they are denoted as Fysir
and Frgir in the above equations. Theseterms are implemented using stochastic rearrangemer everts called
triplet maps, eat of which represerts the action of a turbulent eddy on the scalar elds, asshown in Fig. 1.
Stirring mimics the action of a single eddy on a scalar eld. Three quartities govern the stirring event: the
eddy size, location and the rate of stirring. The eddy size is sampled randomly from a PDF of eddy sizes
givenby f (I) in therange <1< :

5 | 8=3
fh= - ——~ 11
M= 3 (12)
This PDF is computed basedon the inertial rangescalingfor 3D turbulence.“*: == While the evert location
is randomly chosenfrom a uniform distribution within the 1D domain, the evert rate is calculated as
5
Re [-]5 1
- el (12)
C 31 [-]5
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Where C is a model constart taken as 5.0 in the current study.“” The stirring time interval is given by

tsir = 1= X g m, Where X g v is the length of the computational LEM domain, is the evert frequency
per unit length, and is the kinematic viscosity of the mixture. The Kolmogorov length scale is determined
by the inertial range scalinglaw, = N LRe 3*. The Lagrangian transport of the subgrid scalar elds in
the LES cellsare then implemented basedon global 3D mass ux by the resolved velocity eld. More details
are in the cited references.

In the current study, a global one-stepmedanism for methane-air combustion- is used: CH4 + 20, +
376N, ! CO, + 2H,0 + 3:76N, with a reaction rate is given by: k = 2:4E16exp 24358:3=T[CH4][Ox].
This v e-speciesmedanismis not expectedto capture all the features seenin the experiment but should be
reasonableto predict the global features, especially the e ect of heat releaseon the velocity eld. We plan
to revisit this test casewith a more generalreaction mecanism in the near future.

Sub-grid Eddy

Figure 1. The LEM domain inside the LES cell and the triplet mapping eect on the subgrid domain

[1l.  Conguration and Setup

Figures 2 (a-c) show respectively, the Sydney swirl burner,* a schematic of the computational domain
simulated in the current study and a representativ e grid distribution. The burner hasablu body of diameter
50mm with a certral 3:6mm diameter fuel injector. The primary air o w stream is injected from an annulus
that surroundsthe blu body, with an outer diameter of 60mm. The blockageratio, 2r2=2r2 , is equalto
0.69 whererg is the outer radius of the annulus and ry, is the blu body radius.”* The burner assenbly is
placedin a SNL wind tunnel with a squarecrosssectional area of 305x 305mm. The wind tunnel provides
a secondaryair co- ow with a free stream turbulence level of 2%.

Ideally, the LES should include the ertire swirl burner assenbly in order to capture the proper inow
into the combustor. However, this is an expensive approac and is not adopted at presert, Instead, as showvn
in the schematic diagram in Fig. 2(b), the simulation starts at the injector outlet crosssection. This does
require e ort to determine the inlet velocity pro les sincedata is only available around 6.8 mm downstream
of this inlet plane. Pro les at the inlet were adjusted to match the global ow rate and also the near eld
pro les at 6.8 mm as best as possible.

The combustor computational domain is 210mm length with 305mmx 305mm crosssectionalarea.Thus,
in this study, the complete SNL wind tunnel facility is included in the computational domain. A two-domain
buttery type grid approacd is usedin the current study. The region near the certerline is resolved using a
Cartesian grid to avoid the singularity in the cylindrical grid, while the rest of the domain is resolved over
a cylindrical grid. The inner Cartesian grid resolution is 210X 38 X 38 in the axial, horizontal and vertical
directions, while the outer cylindrical grid is 210x110x153points in the axial, radial and circumferertial
directions. We employ the samegrid for both the cold and the hot ow test cases.The grid is clustered in
the regionsof high shear,especially in the swirling annular o w. It is estimatedthat shearlayer is resolved by
over 10 points, which is consideredreasonable.The fuel injector, which is 3.6 mm in diameter is located inside
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the certral Cartesian grid and therefore, is only resolvedin an approximate manner. However, approximately
38x38grid points are present in the injector diameter and therefore, the jet ewolvesquite well within a few
mm from the exit plane and becomescircular very quickly. At this time, any error due to this resolution of
the jet hasnot beenaddressedbut asthe results described below shaw, this is not a major issue.

For the LEMLES reacting o w case,a represerative 9 LEM cells are usedwithin ead LES cell. This is
consideredrather coarseand is not su cien t to resolve all the small scaleswithin the LES cells. Estimate of
the local subgrid Reynolds number shows that typically in the regions of high turbulence, the Kolmogorov
scaleis around 0.014 mm, whereas, the typical grid scaleis around 0.05 mm. Thus, the subgrid LEM
resolution is only capable of resolving only eddiesjust below the grid scale . Nevertheless,we believe this
study oers a rst ever evaluation of this complex ame caseusing the LEMLES approadc that captures
both the large and small-scalefeatures accurately.

The ow conditions are extracted from the Sydney university web-page” for swirl and blu body sta-
bilized ame con gurations. Table 1 shaws the dierent in o w parameters for the both cold and hot test
cases.

Flow Case | Jet Sy Y Us Ue Re
N29S054 | Air | 0.54| 66 | 29.74 | 20.0 | 59000

SM1 CH4 | 0.5 | 32.7| 38.2 | 20.0 | 76000
Table 1: Cold and hot o w test caseparameters

Here, U; is the certral jet velocity, Us is the axial velocity componert of the primary air ow, Ue is the
secondaryaxial wind tunnel co- ow velocity and Re is the Reynolds number. The geometrical swirl number
Sy is de ned as the ratio of the mean bulk tangential to axial velocity coming from the swirl annulus,

Sy = % The ow swirl number S is de ned asthe ratio betweenthe axial ux of swirl momertum divided
by the the axial ux of axial momertum-° as follow:

R
OR uxW radr
_R—
R o UxUyr

For the ow conditions reported here, a value of S = 0:61 is obtained. This value is closeto the critical
swirl number (typically around 0.6) and therefore, is high enoughto create the classicalvortex breakdown
bubble“” downstream of the dump plane. For the reacting case,this bubble, along with the baserecirculation
zonesare expected to provide the stabilizing mecdanism for the ame, asdiscussedater.

THE LEMLES solver used here is a nite volume scheme that is secondorder accurate in spaceand
time. A fourth order accurate spatial schemeis also available but hasnot beenusedhere.In o w and out o w
boundary conditions are prescribed using characteristic conditions,”® and no-slip, non-catalytic adiabatic
conditions are usedat all walls. A 2 percert of turbulence is also added at the in o w, however, this is done
rather arbitrarily sinceno data is available about the actual conditions at the in o w.

IV. Non-Reacting Flow Results

The cold o w test casehasbeencomparedto the experimental results provided at the Sydney University
website”” In all the following gures, the black dots correspond to the LDV experimental data and the solid
lines are the LES results. Typically, LES results are averagedover 6 ow through times after the initial
transients.

Analysis of the instantaneous axial velocity eld shows that the blu body createsa recirculation zone
(RZ) just downstream of the dump plane. The size of the RZ is approximately the half-width of the dump
plane and is located just above the certral jet. Visualization of the ow in this near- eld shows that the 3D
structure of this RZ is in the form of toroid that stabilizes nearly one blu body diameter downstream of
the burner face (approximately 40 mm). This result agreesvery well with the experiment data.“” The shear
ow around this RZ acceleratesand corvergedtoward the certerline and meetswith the certral fuel jet (in
the cold ow case,only air is injected). Enhancedmixing is expectedto occur due to this o w cornvergence.

A detailed comparisonfor LES velocity elds hasbeenperformed for this test case.In general,the LES
predictions of the time-averagedsize, location and intensity of the recirculation zoneare in excellert agree-
ment with data.”” The overall time-averaged o w features shaw that there are two regions of recirculation.
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(a) Injector setup. (b) Schematic of the combustor. (c) Grid.

Figure 2. The Swirl injector, computational domain and grid

A region closeto the blu body contains the afore-mertioned RZ reverse o w (around 25 mm) and another
region further downstream, approximately betweenx = 58 mm and x = 100mm that is more represenativ e
of the vortex breakdowvn bubble (VBB) assaiated with swirl o w.

Figure 3 shaws the time-averaged,axial velocity vector plot at two locations: (a) just downstream of the
blu body and (b) downstream near the VBB. It can be seenin Fig. 3(a) that the primary blu -b ody RZ
is located approximately one diameter downstream of the dump plane and is located above the certral jet.
The counter-clockwiserecirculation causedby the toroidal RZ interacts with the primary fuel jet and causes
signi cant increasein the spreading of this jet. As noted earlier, this ow dynamics is likely to enhance
mixing betweenthe fuel and oxidizer.

Figure 3(b) showsthe near eld of the VBB regionthat occurs further downstream. It can be seenthat
this VBB is an elongatedstructure approximately 44 mm in axial extent at the certerline but with a width
approximately 10 mm at this certral plane. 3D o w visualization shows that this structure is 13 mm in the
spanwise direction.

Figure 4 shows the iso-surfacefor the axial vorticit y componert. As is expectedin high Reynolds number
o w, a wide range of scalesin turbulent structures are createdin this ow eld. In the dump plane near- eld,
the structures are more coherert but they quickly break down further downstream of the VBB into more
randomly oriented small scalestructures.

Direct comparison with data is also carried out to demonstrate the accuracy of the LES approad.
The certerline mean axial velocity is shown in Fig. 5. The leading and trailing stagnation point locations
that represen the extent of the VBB, and the axial certerline velocity decay are captured accurately. The
certerline axial velocity decays rst dueto jet spreading,and then further downstream, the velocity increases
again under the e ect of entrainment of the co- ow.“” Slight deviation from the measuredvaluesin the far
eld may be a result of coarsergrid in that region.

The radial time-averaged mean axial, azimuthal and radial velocity proles at the rst four upstream
locations locations (between6.8 mm and 40 mm) are shown in Figs. 6(a)-(c), respectively. The corresponding
velocity pro les in the region 50 mm to 125mm (downstream of the VBB) are shown in Figs. 7(a)-(c). In the
near- eld, the meanaxial velocity showns a peakaround R = 28 mm in the shearlayer generatedbetweenthe
primary and secondary ow eld. This peak decays axially asthe shearlayer spreadssuch that by around
70 mm there is no longer any discernible peak. The azimuthal velocity component peaksat x = 40 mm due
to the formation of the highly rotational collar-like structures.

Overall there is excellert agreemen with the measureddata.=” Slight deviations are noted at the locations
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Figure 3. Velocity vector plot

Figure 4. Mean axial vorticit y iso-surface
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Figure 5. Centerline mean axial velocity prole

of maximum shearand near the certerline. A plausible explanation for this is that the in o w conditions are
approximated here due to lack of upstream information. For instance, the ow inside the swirl vanesand
the in o w pipe should be simulated to simulate the correct in o w pro les (which includes both the mean
and uctuating componerts) at x = 0.0 section. However, this is not attempted in the current study. The
ambiguity in the in o w speci cation is alsore ected in the RMS pro les aswell. Nevertheless the current LES
shows an ability to capture the mean and RMS velocity componerts accurately, given all the uncertainties
regarding the in o w.
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Figure 6. Radial mean velocity proles, (LD V - -, LES ) at x = 6.8mm, 10 mm, 20 mm and 30 mm

The three-componert root-mean-square(RMS) velocity uctuation radial proles at the rst four up-
stream locations are shown in Fig. 8. Good agreemen is achieved overall. The axial componert shows a
bimodal behavior at the location x = 6.8 mm. The tangerntial and azimuthal componerts also shov two
peaks,one at the certerline and another in the shearlayer region at the outer edgeof the blu body.

Figure 9 shows the downstream locations for the RMS velocity componerts. No signi cant change is
obsened other than the increasein the rotational velocity betweenx = 40 mm and 125mm at the certerline
due to the existenceof the VBB. There is somediscrepancyin the peak value in the certerline region but
overall, the agreemen is consideredacceptable.

An encouragingaspect of this cold ow LES study is that many of the ner details typically neededfor
LES in o w setup (in o w turbulence spectrum, turbulence pro les, etc.) may not be that important (at least
for this setup) since most of the features are captured with reasonableaccuracy without this knowledge, as
demonstratedin the above gures.
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V. Reacting Flow Results

The LIF and LDV data extracted from~> are comparedhereto the LESLEM results for the reacting case.
Figure 10 (a) shows the instantaneous contours for axial velocity componert. A toroidal recirculation zone
closeto the blu body is again established. Also, a secondrecirculation zone, characteristic of the VBB is
also obsened downstream, around x = 120 mm. Theseresults agreewell with the experimental data, which
states that ame SM1 has two recirculation zones:” Figure 10 (b) shows the contours for the rotational
velocity componert in the certer x-y plane. A high rotational velocity collar-lik e structure is obsened in-
betweenthe two recirculation zones.As the axial velocity decays axially, the rotational velocity increasesby
the consenation of momertum. The ame shows neding behavior at this location, which was also obsened
by Kalt et al.

n 468,237
o g 2o4es
27.320
17.861 4878

B 403

—1.a56 = —9,?3_4

l —f0.515

(a) Axial velocity contours (b) Azimuthal velocity contours

Figure 10. Instan taneous velocity contours in the x y center plane for the SM1 ame.

Figure 11 showsthe instantaneouscontours of temperature (colored) and CH 4 massfraction (black). The
ame type features here are the sameas the H-type mertioned in the experiments.“" > LES-LEM predicts
a ame length of 111 cm, which is comparableto the 120 mm mentioned by Masri et al.*® The ame also
shaows neding around 63 mm. The neding area corresponds to location of maximum interaction between
turbulence and chemistry. At suc locations, the turbulence time scaleis comparableto the chemistry time
scale.If the swirl number is increasedfurther, the ame is expectedto becomeextinct at the nedk location
or nally lift-o.

Figures 12(a) and (b) show respectively, the radial meantemperature pro les at di erent axial locations
and the certerline variation in the axial direction. At locationsx = 10 mm and x = 20 mm, which are inside
the rst recirculation zonenear the blu body, the temperature peaksat the outer edgesof the blu body
location. Theseregionsare in the shearlayer and at theselocations the shear stressis expected to be high
and turbulence combustion interaction is very e ectiv e. The mixing of the recirculating products with the
incoming reactants increasesthe combustion e ciency , and henceincreasesthe temperature locally. As we
go further downstream, the shear layer spreadsand the temperature goes down in the shearlayer region.
The peak movestoward the certerline asthe ame neds. A peak near the certerline is seenaround x = 75
mm, which is in the location of the secondrecirculation zone. Along the certerline, the temperature in the
cold fuel jet is somewhatunder predicted but the overall the increasein the temperature and then the far
eld decay seemsreasonable.As noted earlier, we are employing a one-stepglobal kinetics model and there
are someinherent limitation of this simpli ed closure. Nevertheless,the overall agreemen is encouraging.

Figure 13 shawvs comparisonbetweenthe data and the certerline velocity for both the hot ow and the
cold ow test cases.For the velocity eld overall good agreemei is obsened for the hot ow (the cold ow
result is discussedearlier). The secondrecirculation bubble (i.e., VBB) is seenbetweenx = 80 mm and x
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Figure 11. Instan taneous temp erature contours and Ycy, (blac k lines) for the SM1 ame.

= 100 mm for the hot ow case.In contrast, the cold ow VBB occurs between60 mm and 100 mm and is
longer, with peak negative velocity much smaller than in the hot ow case.The secondrecirculation zoneis
predicted slightly smaller than the experimental result.

30 30 30 T 30 30 T 30T T
l 3000 ‘ ‘ ‘
® LIF-EXP
1 1 7 1 — LESLEM
= ® - |
E 20 20 20 - 20 20 - 20
«
g 3
B 1 1 1 1 1500 B
5 ° .
§ [ ]
X 10 10 10 - 10 10-\@® 4 10H —
o o ol o o ol 0 ! ! ! | [ O O IR B
0 15003000 0 15003000 O 15003000 0 15003000 0 15003000 0 1500300( 0 20 40 60 80 100 120 140 160 180 200
X=68mm  X=20mm  X=40mm X=55mm  X=75mm X =150 mm X(mm)
(a) Radial proles (b) Centerline prole
Figure 12. Mean temp erature radial prole T(LIF - -, LESLEM --) at various axial location and centerline

variation for the SM1 ame.

Figures 14(a) and (b) show respectively, the close-upvelocity vector eld nearthe two recirculation zones
for the SM1 ame case.As noted earlier, the RZ near the blu body acts as a toroidal structure and is
located around one blu body diameter downstream of the dump plane. The VBB which occurs further
downstream is more compact (when comparedto the cold o w) but with larger negative velocities inside the
bubble region.

Figures 15(a) and (b) shaw respectively, the meanaxial and the mean azimuthal velocity componerts for
ame SM1. Excellent agreemet is achieved exceptfor slight deviation at the certer line location. Again, the
axial velocity rapid decelerationin the axial direction re ects formation of a toroidal shape recirculation zone
just downstream of the blu body, and another recirculation zoneconcerrated at the certerline downstream
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Figure 13. Mean centerline axial velocity prole U(LD V - -, LESLEM (SM1 ame), LES | (cold o w)).

(@) RZ near the blu body (b) VBB along the centerline

Figure 14. Velocity vector eld for the SM1 ame in the x vy center plane.
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of the jet. The azimuthal velocity increasessigni cantly betweenx = 60 mm and x = 70 mm, where the
rotating collar-like structures are formed.

Figures 16(a) and (b) show respectively, the radial proles of the RMS values for the axial and the
azimuthal velocity at various axial locations. Overall, good agreemen is achieved at the near-in o w locations.
The far eld may need more run time to settle down. The RMS values show a peak near the edge of the
blu body especially at the rst few locations, indicating the presenceof the shearlayer.

Finally, Figs. 17(a) and (b) show respectively, the radial pro les for the mean massfractions of H,O and
CO, at di erent axial locations. Consideringthat a single-stepglobal kinetics is employed in the LEMLES,
the overall agreemer is encouraging.However, there are regionsof deviation, for example,nearthe certerline
at x = 55 mm location, where the ame neding exists. In addition, under prediction is obsened at the
corner of the blu body at the 6.8 mm location. This trend follow generally the meantemperature behavior
aswell. The deviation from the experimental results is attributed to the usageof a single step mechanism.
Nevertheless,LEM shows excellert capability to predict the ame features and the turbulence chemistry
interaction in this type of ame.
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(a) Axial velocity, U(m/sec). (b) Azimuthal velocity, W (m/sec).
Figure 15. Mean velocity proles (LIF-LD V - -, LESLEM ) for the SM1 ame.
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Figure 16. RMS velocity proles (LIF-LD V - -, LESLEM ) for the SM1 ame.
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Figure 17. Mean mass fraction proles (LIF-LD V - -, LESLEM ) for the SM1 ame.

VI. Conclusion

In this study, a swirling blu -b ody stabilized non-premixed ame experimentally studied at SNL has
beensimulated using LES. Both cold and hot o w casesare simulated and comparedto data. For the hot
ow study, the LEMLES basedsubgrid closure is employed using a simple one-stepglobal kinetics in the
subgrid. As shawn, excellert agreemen is achieved for the cold o w and for the hot ow in most properties
compared. LESLEM shows good capability to predict the e ect of heat releaseon the velocity eld and
alsoon the temperature eld. Somedeviations obsened are attributed to the simpli ed chemistry employed
here. The simulations also captured the characteristic features of this blu -b ody stabilized swirling ame.
Two recirculation zonesare seenin both cold and hot ow. The rst zoneis toroidal swirling recirculation
zone assciated with the o w separation from the corners of the blu body and is located approximately
one diameter downstream of the dump plane. The secondrecirculation zoneis like classical VBB seenin
swirling ow and is located further downstream around the certerline. The size of this bubble shrinks with
heat release.The ame is contained inbetweenthe recirculation zoneswith a ned region at the end of the
rst recirculation zone. All these obsenations are in excellert agreemen with measureddata.

These studies have clearly establishedthe ability and accuracy of the LEMLES, consideringthat many
in o w details were not available. Future studies may attempt the other swirl ames in the SNL data base
and may alsore-visit this casewith a more detailed multi-step kinetics.
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