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ABSTRACT

This paper presents the calculation of turbulent react-
ing flows in a cylindrical combustor, where the flame
is stabilized by inlet swirling. Such type of flows ex-
hibits considerable difficulties due to highly rotational
and non-isotropic characters of the turbulent motion.
In this paper a linear k — ¢ model, a non-linear & — ¢
model and a Large Eddy Simulation (LES) model are
employed. The mean tangential velocity and the root-
mean-square axial- and tangential- velocity fluctua-
tions are predicted qualitatively well by the two k — ¢
models, as compared to the measured data. However,
the mean axial- (and radial-) velocity components and
thus the recirculation zones are poorly calculated by
the k — ¢ models. Both k — ¢ models produce a steady
axisymmetric flow field. Some preliminary LES calcu-
lations are also presented.

1 INTRODUCTION

Swirling stabilized flames are commonly seen in prac-
tical combustion devices. Such flames are found to
be quite sensitive to the operation and geometric con-
ditions, such as inlet swirl number, pressure and the
ratio of fuel/air inlet velocities [1]. Experimental and
theoretical investigations of swirling flows have been
reported in the literature, for both chemically reacting
and non-reacting flows [1-3].

Numerical simulation of these types of flow is chal-
lenging due to the fact that the rotational flow struc-
ture exhibits a highly anisotropic character and there-
fore the conventional methods such as a linear k — ¢
model is unable to properly reproduce the flow situ-
ation. In order to account for the anisotropic nature
of most turbulent flows, modifications of the the linear
k — ¢ model has been suggested [4-6]. The Reynolds
stresses are modeled by a more general relation of the
mean strain rate tensor and the mean rotation tensor.
Calculations of turbulent flows in a rectangular duct
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show that the non-linear k — ¢ model is able to capture
the secondary flows, while the linear model fails [6].
In this work, the linear k£ — ¢ model and a non-linear
k — € model are used to compute the mean field in the
case of reacting flows. A ”static” LES model is used to
further study the details of the fluctuations in swirling
(cold) flows.

Current understanding of the combustion processes
in practical combustors (such as gas turbine combus-
tors) has shown that the interaction between chemi-
cal kinetics and fluid flow (often turbulent) plays an
important role in the overall performance of the com-
bustors. Turbulence not only improves the mixing of
the fuel and oxidant, but also may quench or acceler-
ate the reactions. Several models have been proposed
in the literature for handling the interactions between
turbulence and chemical reactions, e.g., the Eddy Dis-
sipation Concept (EDC) model [7]; Probability Density
Function (PDF) method [8]; Flamelet method [9,10].
Sensitivity study of different models has shown that
although the minor species are fairly sensitive to dif-
ferent models, the major species and velocity field are
less sensitive to the choice of the sub-models. Since the
aim of this paper is to examine how well the flow field
is modeled by different approaches, we chose the EDC
model [7] for simplicity.

The model equations for the reacting flows are the
Favre averaged/filtered Navier-Stokes equations and
energy and species transport equations. The set of
partial differential equations are solved numerically by
using high order finite difference scheme. The numer-
ical results, when compared to the experimental data
show the shortcomings of the linear and the non-linear
k—e¢ models for highly swirling flows. It is believed that
LES will be able to handle such flows with a consid-
erably better accuracy. However, the current amount
of data is not adequate as yet to compare turbulence
details using the current LES.
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2 FORMULATIONS

The governing equations for turbulent reaction flows
are the Navier-Stokes equations together with the con-
tinuity equation, and transport equations for energy
and chemical species. Let ¢ denote the time averaging
(for k — € models) or space filtering (for LES) of vari-
able 4. In cartesian coordinates the averaged (filtered)
governing equations can be written as
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where p is density and t is time; u; are the velocity
components in cartesian coordinates «; directions, re-
spectively. u is the laminar viscosity; p is the pressure;
Pr is the Prandtl number.

The enthalpy h is defined by

T
h=YiH+ [ Crar), (%)
Tq

where HY is the enthalpy of formation at reference tem-
perature Ty. T is the gas temperature; Cp; is the spe-
cific heat capacity for species i. Y; is the mass fraction
of species 7; D is the mass diffusivity; w; is the reaction
rate of species 1.

2.1 LINEAR AND NON-LINEAR k — ¢ MODELS

By using Favre decomposition, one can write

w = +u, ¢=¢+¢", (6)
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Here ¢ represents h and Y;.
For statistically stationary flows, the time averaged
unknown terms p%;%; and pu;é can be written as

T II
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In the linear £ — € model, the unknown Reynolds
stresses are modeled based on the Boussinesq hypoth-
esis
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where k = um’ /2 is the turbulent kinetic energy. p,
is the eddy viscosity. Similarly, a gradient diffusion
model based on the eddy viscosity may be used for the
turbulent scalar fluxes:
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where Se¢; and Pr, are the turbulent Schmidt and
Prandtl numbers, respectively.

For the k — ¢ models the eddy viscosity is computed

by
kz

C, is an experimentally determined constant (C, ~
0.09). The turbulent kinetic energy k and its dissipa-
tion rate € are computed through transport equations.

In the non-linear & — € model the Reynolds stresses
are modeled by (cf. [6]):
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where Sij = 1/2(6ui/6:c]- + 6Uj/6:ci) and wi; =
1/2(0u; /dx;—du; [Dz;) are the deformation- (symmet-

ric) and rotation-tensors (skew-symmetric), respec-
tively. The model constant Cp is taken to be 1.68.

2.2 LES MODEL

In LES models the space averaged non-linear terms can

be written
pUuju; = pu;u; + Tij

where 7;; is the sub-grid stress (SGS). Smagorinsky
SGS model is

i — 1/36;m0 = =20, 5,
where
pr = CA®p|S;;]

A is the filter width. C ~ 0.04 is a model constant.
The Smagorinsky SGS model is often too dissipa-
tive and it is unable to model the energy transfer from
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small scales to large scales (back-scattering). One may
decrease the model constant C' to minimize the dis-
sipation and as it is done here, we use C = 0. The
SGS effect is implicitly modeled by the numerical vis-
cosities (which is of higher order than the Smagorinsky
SGS model).

To properly model the back-scattering process, dif-
ferent models may be used, e.g. a dynamic SGS model
[11-12). One may also derive an explicit expression
for the SGS [13]. This expression can be easily imple-
mented for wall-free flows, but it will require further
evaluation for wall bounded turbulence simulations.

2.3 CHEMICAL REACTION MODELS

A simple one-step reaction scheme is used here (assum-
ing that the fuel is methane):

CHy +2(05 + 3.76N3) — CO3 + 2H;0 + 7.52N,

The Eddy Dissipation Concept (EDC) model is used
to model the averaged reaction rate

Wy = —Ap(e/k)min(Y}, Yo, /4)
W5, = 4u5
Here the subscript f denotes the fuel species and Oy

for the Oy species. A a2 0.75 is the value used for the
model constant.

2.4 NUMERICAL METHODS

The calculations using k — ¢ models are performed on a
cylindrical coordinate system. Second order finite dif-
ference scheme is used: all terms with the exception of
the convective terms are approximated by central dif-
ferences. The convective terms in all the equations are
approximated by second order upwind differences, in a
” defect-correction” manner. Near wall boundaries cen-
tral differences are used also for the convective fluxes.
To enhance stability of the iterative procedure a quasi-
time marching technique is employed. Details are given
in [10}.

The LES calculations are performed on cartesian
grids. Third order finite difference scheme is used: all
terms with the exception of the convective terms are
approximated by fourth order finite differences. The
convective terms in all the equations are approximated
by third order upwind differences [11]. A backward
Euler scheme is used for time integration. A Multi-
Grid method is used to accelerate the convergence with
each time step and a local grid refinement technique
is used to obtain an optimal distribution of computa-
tional grids.

In both codes staggered grids are used.

3 NUMERICAL SIMULATIONS

The experimental setup of Owen et. al. [1] has been
chosen in these calculations. The experimental rig
consists of a 12.2 cm-diameter water-cooled, axisym-
metric combustor in which a central fuel jet (supply
CH,) mixed with a heated (750 K) coaxial annular air
stream. The test pressure was 3.9 atm. Flame stabi-
lization was achieved by producing recirculation zones
in the inital region of the combustor by high ratio of
air/fuel inlet velocities (20:1) and by imparting a swirl
component to the air flow.

A non-swirling case of the same combustor has been
investigated previously by employing the linear k — ¢
model. The standard linear k— ¢ model produced qual-
itatively good results as compared with experimental
data. Details of the calculation have been reported in
paper [10]. Here we consider the swirling case. In this
calculation, the computational grid was 82x42x3, i.e.,
axisymmetry is assumed. In LES calculations, a 3-D
grid is used; the total number of grid cells is 1.9 million.

In the following calculation, the swirl number is 0.3
(the swirl number is defined as the ratio of the angular
momentum flux to the axial momentum flux multiplied
by an effective nozzle diameter [1]).

Figure 1: Iso-contours of mean axial velocity com-
ponent. The shadowed regions represent the back-
flow region measured. The inlet turbulent intensity
is I = 10% and the integral length scale 0.6 m. Line
A, U=-2;B,0;C, 2;D, 4 E, 8 F, 14; unit m/s.

3.1 THE k — ¢ CALCULATIONS

Fig.1 shows the iso-contours of the Favre averaged
mean axial velocity component field computed by the
linear k — ¢ model. To compare with the measure-
ment, the measured region where the axial velocity is
negative (we refer to it here as the backflow region)
is marked by shadows. Note that the computed back-
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flow region (enclosed by iso-contour level B) is fairly
different from that obtained from the measurements.
We noticed that in the case without swirl, the back-
flow region is at the combustor axis and in the corner
between the cylinder outer-wall and inlet plane [10].
With swirling inlet flow, the backflow region near the
outer-wall disappeared, and the near axis recirculation
region is pushed away from the axis by the centrifugal
force. This feature is not predicted properly by the
linear k& — ¢ model, as shown in Fig.1: the outer-wall
recirculation region is still fairly large and the near axis
back flow is fairly weak and close to the axis.
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Figure 2: Iso-contours of mean tangential velocity com-
ponent. The shadowed regions represent the back-
flow region measured. The inlet turbulent intensity
is I = 10% and the integral length scale 0.6 m. Line
A, u=-2;B,0;C, 2; D, 4 E, 8 F, 14; unit m/s.

Fig.2 shows the nonlinear k& — ¢ results. As seen,
the size and the location of the backflow recirculation
region computed is fairly different from the measure-
ment, even though a somewhat larger backflow region
is found near the axis. The outer-wall recirculation
zone is fairly strong too. In the above calculation, the
inlet turbulent intensity is assumed to be I = 10%
and the integral length scale is assumed to be 0.06 m
(about the combustor radius). The influence of these
inlet turbulent properties has been investigated, and
further comparisons between the calculations and mea-
surement are shown in Figs. 3-6.

Fig.3 shows the mean axial velocity distribution
along the radial direction at three different axial po-
sitions: /D = 0.3, 0.7 and 1.48. In the figure, the
results using linear and non-linear & — ¢ models under
two different inlet turbulence intensity levels (I = 10%
and I = 20%) are shown, together with the measured
data. As seen, linear and nonlinear k — ¢ models give
different results, which, however, are not very close to
the experimental data (as also indicated in Figs. 1 and

2)
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Figure 3: Mean axial velocity component along the
radial direction at axial positions /D = 0.3,0.7 and
1.48. D is the diameter of the combustor. The circles
represent the experimental data; the solid lines for the
linear k& — ¢ model at the inlet turbulent intensity I =
20%; the dash-dot lines for the nonlinear & — ¢ model
at the inlet turbulent intensity I = 20%; the dashed
lines for the linear k — ¢ model at the inlet turbulent
intensity I = 10%; and the long dashed lines for the
nonlinear £ — ¢ model at the inlet turbulent intensity
I = 10%.

Due to the erroneous backflow regions computed by
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both models, the axial velocity near the combustor axis
and the outer-wall (r/R = 1) are fairly different from
the measurements, in particular at near inlet regions.
The results show that the inlet turbulence level has a
fairly large influence on the results.
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Figure 4: Mean tangential velocity component along
the radial direction at axial positions z/D = 0.3,0.7
and 1.48. The captions of the different lines and sym-
bols are identical to those in Fig.3.

Fig.4 shows the tangential velocity component along
the radial direction at the same three axial positions.
As seen, both linear and non-linear k—e¢ models give re-
sults qualitatively close to the experimental data. Also

the influence of inlet turbulence level on the tangential
velocity is less important than on the axial component.
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Figure 5: rms axial velocity fluctuations along the ra-
dial direction at axial positions #/D = 0.3,0.7 and
1.48. The captions of the different lines and symbols
are identical to those in Fig.3.

Fig.5 shows the root-mean-square (rms) of the axial

velocity fluctuations, i.e., Y/ u”? and Fig.6 shows the

rms of the tangential velocity fluctuations (V w"?). As
seen, the computed results are in fairly good agreement
with the measurements. The inlet turbulent intensity
level has a relatively larger influence on the results than
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the two k — ¢ models do.
intensity I =

Under the inlet turbulent
20%, the nonlinear k — ¢ model gives

sightly better \/ u”? and \/w”? as compared with the
measurements.
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Figure 6: rms tangential velocity fluctuations along the
radial direction at axial positions z/D = 0.3,0.7 and
1.48. The captions of the different lines and symbols
are identical to those in Fig.3.

3.2 LES RESULTS

In the k — ¢ calculations a steady state mean axisym-
metric flow field was computed. The measurements

show that the turbulent field is non-isotropic and swirl
affects also the mean flow field. These effects cannot be
treated be treated within the k — ¢ framework. In or-
der to compute highly swirling flows, LES is employed.
LES calculations yield reasonable results, even though
the demands on computer capacities are high. In order
to obtain correct LES results, the grid size should be
in the order of the Taylor microscale. One may check if
the resolution was great enough after the LES calcula-
tions. Here, a pre-calculation estimation using energy
cascade theory is performed. In this case the Reynolds
number based on the integral scales is in the order
of 10%, we must have, in the radial direction, at least
150 grid points in order to have resolution close to the
Taylor microscales. The total number of grids in the
calculation is about 2 million. Fig.7 shows an instan-
taneous velocity field (iso-speed contours) at an early
time. The result is for isothermal flows in the same
combustor under the same swirling condition. As seen,
the velocity field is asymmetric, Further evaluation of
these LES calculations require more data to compute
reliable turbulent statistics. Also, application of LES
for reacting flows is currently underway.
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Figure 7: An early-time instantaneous iso-speed con-
tours in the axisymmetric plane of the combustor com-
puted by LES. The flow is isothermal, at pressure 3.9
atm and swirl number 0.3.

4 CONCLUDING REMARKS

In this work, the linear and nonlinear £ — ¢ model are
used for the calculation of turbulent reacting flows in
a cylindrical combustor with swirling inflows. By com-
paring with the experimental data, it has been shown
that:
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1. The mean tangential velocity component is qual-
itatively well predicted by the k — ¢ models, while the
axial velocity component and the backflow regions are
poorly predicted.

2. The rms velocity fluctuations computed by both
k — € models are in qualitative agreement with the ex-
perimental data.

3. The results of the linear & — € and nonlinear k — ¢
models do not differ much, while the inlet turbulent
properties have a fairly large influence on the results.

Preliminary LES calculations on the same combus-
tor are carried out for non-reacting flows. The results
show unsteady, asymmetric velocity fluctuations.
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