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ABSTRACT

Structural characterization of flow and turbulence in the

model of a tubo-annular combustion chamber is investi-

gated computationally using LES (Large Eddy Simulation)

method and the ζ − f RANS (Reynolds-averaged Navier-

Stokes) model of Hanjalic et al. (2004). The latter model,

representing a robust eddy-viscosity-based model of turbu-

lence, is used in conjunction with the universal wall treat-

ment combining the integration up to the wall and wall

functions. Reference LDA (inlet section including central

and annular pipes) and PIV (combustor) measurements were

performed by Palm (2006). The focus of the investigation

was on the swirl intensity influence on the interaction be-

tween central non-swirling stream and a swirling co-axial jet

issuing from an annular inlet section in the near-field of the

flue. The results obtained demonstrate gradual expansion of

the free flow reversal zone into the radial direction with cor-

ner (wall-bounded) bubble being substantially suppressed.

The increasing swirl intensity contributes significantly to the

intensification of the radial movement associated with strong

turbulence level increase in the region of the swirling shear

layer, thus promoting the mixing.

INTRODUCTION

The efficiency of the entire combustion process in a gas

turbine swirl combustor depends strongly on the mixing of

the swirling annular jet (primary air) and the non-swirling

inner jet (fuel) in its near field. A swirl-induced, recircula-

tion zone generated in the center of a combustor enhances

flame stability and is a usual design concept of combus-

tors. Even restricting the attention only to the isothermal

case, an exceedingly complex flow pattern arises. The an-

nular swirling stream expands suddenly transforming into

a curved, axisymmetric swirling shear layer within the flue.

This separated shear layer bordering the separation region

is highly unsteady, featured by the organized, large-scale

coherent structures (characterized by both repeatable, but

also non-regular unsteadiness of the oscillatory separated

regions). The large majority of the computational studies

of combustor configurations conducted in the past used the

RANS approach. The RANS method captures well the gen-

eral character of the flow but due to the statistical nature of

the method, unsteady effects are only captured partially or

not at all. Accordingly, the LES method becomes increas-

ingly a tool of choice for combustor simulations. The works

of Pierce and Moin (1998), Wang et al. (2004), Derksen

(2005) and Garcia-Villalba and Fröhlich (2006) demonstrate

a large potential of the LES method in capturing the mean

flow and turbulence phenomena in these confined flows. The

topic of the present study is the numerical analysis of the

variable swirl intensity influence on the flow characteristics

in a tubo-annular combustor chamber, which was experi-

mentally investigated by Palm (2006). The measurements

were performed over a range of swirl intensities and Reynolds

numbers related to the main stream and swirling annular

flow. In addition to the LES method, a novel, eddy-viscosity-

based turbulence model, denoted by ζ − f (Hanjalic et al.,

2004), was applied in the RANS framework. Three different

cases corresponding to the swirl intensities of S = 0.0, 0.6

and 1.0 were simulated.

FLOW CONFIGURATION

Schematic of the flow considered is depicted in Fig. 1

with the operating flow parameters summarized in Table 1.

The inner diameter of the main flow Dm is 36 mm, whereas

the inner and outer (Dc) diameters of the annular section are

40 mm and 100 mm, respectively. The diameter of the flue

Df is 200 mm. The swirl generator is based on the ’movable

block’ design, Leuckel (1969). By rotating an inner and an

outer annular block relative to each other, varying degrees

of tangential and radial channels will be created. With a

pure radial inlet, a non-swirling flow is obtained, and with

a pure tangential inlet, the maximum swirl is generated. To

give a first impression about the flow topology in a swirl

combustor, a sketch of the mean flow pattern obtained by

the ζ − f model is shown in Fig. 2.
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Table 1: Operating flow conditions

Parameter Range

Reynolds number (mean flow) Rem = 23500

Mass flow rate (mean flow) ṁm = 0.01 kg/s

Reynolds number (annular flow) Rec = 49530

Mass flow rate (annular flow) ṁc = 0.1 kg/s

Swirl intensity S = 0.0, 0.6 and 1.0

Figure 1: Schematic of the combustion chamber model

Figure 2: Mean streamline patterns within the swirl gener-

ator (upper) and the flue (lower)

COMPUTATIONAL METHOD

The RANS calculations were performed using a robust,

eddy-viscosity-based ζ − f turbulence model, Hanjalic et

al. (2004). This model relies on the elliptic relaxation

concept providing a continuous modification of the homo-

geneous pressure-strain process as the wall is approached to

satisfy the wall conditions, thus avoiding the need for any

wall topography parameter. This model approach represents

a further contribution towards more robust use of advanced

closure models. The variable ζ represents the ratio v2/k

(v2 is a scalar property in the Durbins v2 − f model, which

reduces to the wall-normal stress in the near-wall region)

providing more convenient formulation of the equation for

ζ and especially of the wall boundary conditions for the el-

liptic function f . This model is used in conjunction with

the so-called universal wall treatment. The latter method

blends the integration up to the wall (exact boundary con-

ditions) with the standard wall functions, enabling well-

defined boundary conditions irrespective of the position of

the wall-closest computational node, Popovac and Hanjalic

(2007), Basara et al. (2007). This method is particularly

attractive for computations of industrial flows in complex

domains where higher grid flexibility, i.e. weaker sensitiv-

ity against grid non-uniformities in the near wall regions,

featured by different mean flow and turbulence phenomena

(flow acceleration/deceleration, streamline curvature effects,

separation, etc.), is desirable. The RANS simulations were

performed using the commercial CFD software package AVL

SWIFT. The code employs the finite volume discretization

method, which rests on the integral form of the general con-

servation law applied to the polyhedral control volumes.

All dependent variables are stored at the geometric cen-

ter of the control volume. The appropriate data structure

(cell-face based connectivity) and interpolation practices for

gradients and cell-face values are introduced to accommo-

date an arbitrary number of cell faces. The convection can

be approximated by a variety of differencing schemes. The

diffusion is approximated using central differencing. The

overall solution procedure is iterative and is based on the

SIMPLE-like segregated algorithm, which ensures coupling

between the velocity and pressure fields. The computa-

tional grid used for the RANS calculations is depicted in

Fig. 3. Only one fourth of the entire combustor configura-

tion including swirl generator and inlet section (central and

annular pipe), meshed by ca. 800.000 grid cells in total, was

accounted for. The exception represented the case with the

highest swirl intensity, which was computed accounting for

the complete geometry (note a slight asymmetry in Fig. 2

lower). The solution domain includes the ring-shaped inflow

plenum (Fig. 3). The length of the combustor flue corre-

sponds to Lx = 6Df . The experimental mass flow rates

(Table 1) were imposed at the plenum inlet (ṁm = 0.1 kg/s)

and at the cross-section x = −0.5 m within the central pipe

(ṁm = 0.01 kg/s). The dimensionless distance of the wall-

closest grid cells within the flue was in the range 1.5 − 15

(valid for the case with S = 0.6).

Figure 3: A detail of the numerical grid used for the RANS

calculations (S = 0.6)

The LES simulations were performed with the in-house

computer code FASTEST, based on a finite volume nu-

merical method for solving 3-D, incompressible, filtered

Navier-Stokes equations on block-structured, body-fitted,

non-orthogonal meshes. A cell centered (collocated) variable

arrangement and Cartesian vector and tensor components
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are used. The well-known SIMPLE algorithm is applied for

coupling the velocity and pressure fields. The convective

transport of all variables is discretized by a second-order cen-

tral differencing scheme (CDS), whose stability is enhanced

through the so-called deferred correction approach (the frac-

tion of the CDS scheme in this flux blending method was

100%). Time discretization is accomplished applying the

2nd order (implicit) Crank-Nicolson method. The subgrid

scales are modelled with the standard Smagorinsky model

(νt = (CsΔ)2
∣

∣S
∣

∣, Cs = 0.1). Two sets of combustor simu-

lations were performed: one accounting for the entire inlet

section including (simplified) swirl generator system (Fig. 4;

the results obtained with this method are denoted by ”LES”

in Figs. 7- 12) and one with the swirling inflow generated

computationally (not accounting for the swirl generator) at

the experimental locations within the annular pipe (cross-

section located 40 mm upstream of the expansion; these

results are denoted by ”LES-f-in” in Figs. 7- 12).

Figure 4: A simplified swirl generator (upper) including the

combustor flue used for LES (lower, a grid slice in the x− y

plane)

In case of the latter simulations the swirling inflow was

generated using the method proposed by Pierce and Moin

(1998). This method assumed fully developed flow condi-

tions, whereby the (equilibrium) swirling motion was created

by introducing a fictitious pressure gradient into the momen-

tum equation governing the circumferential velocity. The

magnitude of the pressure gradient (with constant value over

the cross-section) was iteratively adjusted until the com-

puted U and W velocity fields satisfied the prescribed swirl

intensity S. Additional forcing introduced into the equation

governing the axial momentum had to be introduced as well

(see Palm et al., 2006, for more details). The solution do-

main with the length of Lx = 2.67π(Rc − Rm) was meshed

by Cartesian grid with Nx × Nr × NΘ = 64 × 49 × 128

cells. The maximum value of the CFL number was 0.85.

The dynamic Smagorinsky model was used for this purpose.

The obtained instantaneous velocity fields across the annular

pipe were prescribed for the consequent flue simulations.

The simplified swirler geometry displayed in Fig. 4 ex-

cludes the inlet plenum and the channels between movable

blocks. The experimental mass flow rate was imposed at

the inlet. The tangential (azimuthal) velocity component

was adjusted in time until the desired swirl intensity was

obtained. The solution domain consisting of the flue, sim-

plified swirler with annular and central pipes was discretized

by a Cartesian grid (Nx×Nr×Nθ) comprising about 4.6 Mio.

cells in total (192× 161× 128 cells in the flue, 96× 49× 128

cells in the swirler and 19×5×(32×32) cells in the end part of

the central pipe). The time step chosen (Δt = 6 · 10−5s, i.e.

7.7 · 10−4Df /Uf ) corresponds to CFL ≤ 0.5 in the largest

part of solution domain. For the highest swirl intensity case

(S = 1.0), the grid was refined in axial direction by reducing

the computational domain size Lx = 4Df (S = 0 and 0.6) to

Lx = 2Df , preserving the number of computational nodes.

Thus, streamwise resolution was effectively doubled. This

is a compromise regarding computational effort and reso-

lution requirements of LES. The LES computations were

running two to three flow through times before taking the

flow statistics which represent the average over two flow

through times. Separate precursor LES of a fully developed,

non-swirling (central) pipe flow corresponding to the exper-

iment (Rem = 23500) had to be conducted to generate the

pipe inflow data for both sets of combustor simulations.
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Figure 5: Wall-adjacent cell size in wall units along the wall

of the combustor flue (S = 0)
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Figure 6: Profiles of the instantanoeus, azimuthaly averaged

subgrid viscosity for different swirl intensities

Details about grid resolution assessment in the near-wall re-

gion of the flue can be gathered from Figs. 5 and 6. Fig. 5

shows the wall-adjacent cell size in wall units along the wall

within the flue. One can see that Δy+

1
values do not exceed

three, being kept below one in the region where LES results

are compared against the available experimental data. With

respect to the computational cost limitations, the resolution

in streamwise and azimuthal directions is also satisfactory.

However, one can note that the near-wall region is not well-

resolved based on the Δθ+ distribution. It is noted that the

cell size in the θ-direction reaches its maximum at the wall,

being much smaller towards the symmetry axis. Relatively

coarser resolution in the near-wall region is further mani-

fested at the subgrid viscosity profiles displayed in Fig. 6.

It is clear that the core of the flue is well resolved (νsgs/ν

below one), while the subgrid viscosity takes higher values

in the outter region (νsgs/ν ≈ 6). As it will be seen later,

such a very fine grid in the core flow being extended into

a slightly underesolved outer and near-wall regions, could

represent one of the possible reasons for certain departures

from the measured streamwise velocity profiles around the

symmetry axis.
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RESULTS AND DISCUSSION

Prior to considering the flow within the flue, an intensive

study of the flow structure within the swirl generator system

was conducted. Figs. 7 show comparison between the LDA

measurements and the two sets of LES results obtained in

the annular inlet section. Whereas the mean velocity pro-

files indicate good agreement between experiment and both

LES simulations, accounting for the entire swirl generator

resulted, as expected, in much better agreement with the

LDA data with respect to the stress intensities.
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Figure 7: LES predictions of the mean velocities and stream-

wise turbulence intensity in the annular inlet section. Ub

represents the bulk velocity within the annular pipe.

Figs. 8 to 12 show the influence of the swirl intensity

on the mean flow structure illustrated by the evolution of

the axial and circumferential velocity and turbulent quan-

tity profiles at selected locations in the near field of the

flow within the flue immediate after expansion featured by

most intensive mixing of the swirling annular jet and non-

swirling inner jet. Swirl intensity influence on the flow in

terms of enhanced tendency towards the free recirculation

zone generation is obvious. The ratio of the outer (an-

nular stream at Rec = 49530) flow rate ṁc to the inner

(mean stream at Rec = 23500) one ṁm was kept constant:

ṁc/ṁm = 10. It should be noted that only the flow do-

main up to x/Df = 0.94 and y/Df = 0.4 was mapped

by PIV. Also, the circumferential velocity field could not be

captured by the PIV system applied. Because of that, the re-

sults of some other experimental investigations (Roback and

Johnson, 1983) of a relevant tubo-annular combustor config-

uration at comparable flow Reynolds number (Rec = 47500,

Rem = 15900) and swirl intenisty (S = 0.41) are also taken

for comparison (Figs. 11-12).

The non-swirling flow configuration (Fig. 8 upper) is

characterized by a long annular (wall-mounted) corner bub-

ble. Besides a corner bubble (which is of substantially

shorter length compared to the non-swirling case), the most

important feature of the swirling flow configuration is a

swirl-induced, free flow reversal in the core region, Figs. 8

middle and lower. A short wake region between the inner

and annular streams passes into a large-eddy shear region

between both recirculation zones. The most intensive turbu-

lence production, and finally mixing, occurs just in this flow

region bordering both the central and corner recirculation

zones (note the peak values of the shear stress components

in this region in Figs. 9). In addition to the large mean ve-

locity gradients due to the sudden expansion, the process

of turbulence generation is further influenced by an extra

strain rate originating from the streamline curvature. Figs. 8
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Figure 8: RANS and LES predictions of the mean stream-

wise velocity for various swirl intensities. Uf represents the

bulk velocity within the flue.

illustrate the intensification of the velocity magnitude (with

respect to both the shear layer and the back-flow region)

and the strengthening of the curvature of the shear layer

by increasing the swirl intensity. The radial flow becomes

more intensive (see also Fig. 11), hence promoting the mix-

ing. Whereas the annular swirling jet separates at the sharp

edge of the sudden expansion, generating the corner bubble,

both the separation and reattachment points of the large

recirculation zone are situated in the combustor core. As

expected, the highest turbulence level is captured within the

shear layer regions. The Figs. 9 document also a high level

of the turbulence decay at the presented combustor length.
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Figure 9: LES predictions of the shear stress component uv

for various swirl intensities

This swirl-induced separation represents actually a tran-

sition from the supercritical flow state related to the non-
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swirling central stream to the sub-critical situation with re-

spect to the flow reversal in the core (vortex breakdown

phenomena; Escudier and Keller, 1985). It contributes sig-

nificantly to the corner bubble shortening, Figs. 8. The

increasingly curved, swirling shear layer and the position of

the free separation point are of great importance for charac-

terization of the free recirculation with respect to the mixing

within the combustor. The basic mechanism behind the mix-

ing intensification is the retardation of the axial momentum

immediately after sudden expansion, manifested through its

transformation into the radial and angular momentum hav-

ing the highest intensity in the interface region between the

corner and free bubbles. The final outcome is the propaga-

tion of the free separation point towards the flue entrance

with increasing swirl intensity. In the case with moderate

swirl intensity (S = 0.6), the separation onset, that is the

free-stagnation point, is experimentally established at the

position x/Df ≈ 0.3. The free separation point is clearly

shifted upstream towards the flue entrance to the position

x/Df ≈ 0.2 for the case with the highest swirl intensity

S = 1.0, Figs. 8. Proper prediction of the separation onset

of such a free bubble represents a special challenge for com-

putational models. The mean velocity results displayed in

Figs. 8 exhibit very good agreement with experimental data

in the regions of the shear and outer layers. It is especially

valid for the LES results. The ζ − f model results show,

appart from some deviations within the annular jet region

(y/Df ≈ 0.1 − 0.25) and corner bubble (y/Df ≈ 0.3 − 0.5)

in the non-swirling and moderately swirling (S = 0.6) flows,

generally satisfactory results. The latter statement pertains

primarily to the separation onset and the free bubble size

(y/Df (U = 0)). However, the intensity of the reverse flow

in the free recirculation zone is somewhat higher in both

swirling cases (note higher negative velocity values). Both

large eddy simulations result in a separation region, whose

onset is not situated at the symmetry axis. The compu-

tationally obtained separation zone is lifted in the radial

direction exhibiting an annular form, with a central jet going

through the middle (note the continuously positive value of

the centerline velocity, Fig. 8 - middle and lower). A similar

outcome was obtained experimentally (Palm, 2006) but for

the higher velocities of the central jet relative to the veloc-

ity of the annular jet (lower mass flow ratios, not considered

in the present work). The origin of such anomaly could

lay, besides the reasons pertinent to the grid resolution (see

discussion corresponding to Fig. 6), in the poor representa-

tion of the swirling outflow through the boundary condition

prescribed. The RANS calculations were not sensitive with

respect to this issue. The conventional convective outflow

was used in the LES simulations. It was not possible to

mimic computationally the experimentally imposed bound-

ary conditions. The 1.2 m long flue was connected with a

6 m long, flexible pipe, through which the air issued into

atmosphere. The importance of the outlet boundary condi-

tions has been recognized in some previous works. Strong

influence of the combustor configuration shape (e.g., fully

open, extension, contraction, etc.), i.e. of the flow structure

at the outlet on the flow topology with respect to the shape

and size of the core recirculation was reported by Escudier

et al. (2006). The work on the computational realizations

of the more adequate outlet conditions (e.g., prescription of

the body force, which should replace the pressure lost in the

reminder of the outlet pipe) is in progress.

Fig. 10 illustrates the evolution of the circumferential

velocity field within the flue. The propagation of a strong

angular momentum in the radial direction towards the com-

bustor axis can be clearly seen. Figs. 11 (left) display the

comparison of the computationally obtained results with the

relevant experimental results (at somewhat lower swirl in-

tensity: S = 0.41 instead of S = 0.6) indicating very good

agreement with respect to both the profile shape and the ve-

locity magnitude. Figs. 11 and 12 offer additional possibility

for a prediction quality assessment. One can see substantial

differences between two experimental data sets, related par-

ticularly to the turbulence level as well as intensity (and

even the direction) of the radial motion immediately after

expansion. The present predictions exhibit a higher level

of agreement with the Roback and Johnsons experimental

results. In the letter figures, the LES results of Pierce and

Moin (1998) are also shown for the sake of comparison.
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ous swirl intensities
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Figure 11: Comparison of the available experimenal and LES

data: mean circumferential and radial velocities

Flow visualization by isosurfaces of pressure fluctuations

are shown in Figs. 13 for both non-swirling (S = 0.0) and

swirling cases (S = 0.6 and 1.0). With increase in the

swirl intensity, the coherent structures appear to become

dominant and clearly illustrate an enhanced spreding of the
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annular and central jets discharging into a sudden expansion,

i.e. enhancement of turbulent mixing.
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Figure 12: Comparison of the available experimenal and LES

data: shear stress component and turbulence intensity

Figure 13: Visualization of coherent flow structures in LES

of swirling flow in the combustor - isosurface of the instan-

taneous pressure fluctuation p′ for various swirl intensities

CONCLUSIONS

The effects of the increasing swirl intensity on the in-

teraction between the outer, swirling stream and the inner,

non-swirling flow in the near field of a model combustor is

computationally investigated applying both RANS (using

the eddy-viscosity-based ζ − f model of turbulence) and

LES methods. The increasingly swirled annular jet pro-

motes an intensive mixing in the near field of combustor.

It is manifested through the enhanced spreading of the flow

into the radial direction and the consequent strengthening

of the back-flow activity in the combustor core. The overall

agreement between simulations and measurements is good.

This is particularly the case in the shear layer and the outer,

wall-affected flow region. Some important departures from

the experimental results with respect to the mean flow struc-

ture are present in the flow core. The simulations return a

ring-shaped recirculation zone with positive centerline veloc-

ities along entire flue geometry, in contrast to a closed, free

separation region detected experimentally. A cause of this

deviation lays most probably in the imposed outlet bound-

ary conditions representing inadequatelly the structure of

the combustor outflow. Further analysis is in progress.
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