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Numerical Studies of Swirling Turbulent Flows in
Conventional and DS Burners*

Yan L1U*' and Shigeru HAYASHI*?
ABSTRACT

In this paper, the effects of swirler configurations on the turbulent flows and fuel-air mixing
process in a swirl burner are investigated by numerical simulations. The configurations studied are
a unique double swirler (DS) which is designed for low-NO, emissions, and two conventional single
swirlers with different hub diameters and the same opening area. The double-swirler has a pair of
co-rotational swirls and a convergent duct. One of them is attached to the inlet of the duct and the
other is externally and concentrically attached to the duct at the exit. Combustion air flows into a
flame tube through both duct and the annular passage of the outer swirler. In the conventional
swirlers, combustion air flows through the annular passage with swirl vanes.

The study is performed using a finite volume formulation. A body-fitted non-orthogonal grid
system is specially generated for predicting flows in the double swirler. In the study, three different
turbulent models, e.g., the standard x-& model, RNG x-¢€ model, and Reynolds Stress Model (RSM),
are used to calculate turbulent properties in the flow, and their predictive abilities are assesed and
compared to each other. The flow characteristics in the burners and their variations with the inlet
flow conditions are then analyzed numerically.

The results in this study indicate that these three different turbulent models all give general
flow characteristics of the swirling flows considered in this work, but show different predictions of
the size of central toroidal recirculation zone (CTRZ), mainly in the downstream of the flow. The
experimental evaluation conducted for the flow in the DS burner indicates that the predicted CTRZ
sizes given by the standard x-&¢ model show comparatively good agreement with the experiment
data, while the RNG x-¢& model predicts the rigid vortex motion in the strongly swirling flow more
accurately. It is found from the predictions conducted for the conventional burners that the RSM
model is also able to improve the prediction of the rigid vortex motion. The study of the effects of
inlet conditions on flow patterns reveals that the double swirler possesses unique advantages over
conventional swirlers, e.g., the flow pattern as well as the fuel concentration distribution in the burner
could actually be controlled by changing the ratio of the air flow rate in the inner and outer swirlers
or the fuel flow rate through the fuel nozzle. A high-velocity jet is produced near the exit of the
double swirler, and it may enhance the mixing process of the air and fuel due to opposing effect of
the jet and the reverse flow in the burner. The flow patterns in the burners with conventional swirlers
of different hub diameters, on the other hand, are similar, and they do not change significantly with
variation of the inlet conditions when the swirler vane angle remains the same. The difference in
the swirler hub diameters, however, changes the size of CTRZ. The smaller hub may decrease the
width of CTRZ in the burner.
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In combustion systems, swirling flows have been
extensively adopted as effective means of providing
aerodynamic controls in stabilizing the flame, enhanc-

1. Introduction .
A series of experimental studies have been

conducted on a double swirler burner as well as
conventional swirler burners [1] [2], as a part of the
effort to reduce the NOx emissions from gas turbines
and propulsion engines. From gas temperature and NOx
measurements, it was found that the combustion was
more complete in the direct injection combustion
systems employing the double-swirler burner than in
premixed-prevaporized combustion systems while
keeping very low NOx emissions, and that the burner
with the double swirler could produce lower NOx
emissions than the conventional burners. For a further
understanding of the physical processes in those
burners, the revelation of the detailed flow characteristics
in the burners is required. It is for this reason that the
numerical simulations of the swirling turbulent flows
in the burners are being carried out in this paper.

ing fuel-air mixing and heat transfer, and abating the
pollutants. Extensive reviews on the phenomena and
application of swirling flow can be found in [3] [4] and
[5].

Swirling motion is the result of an impartation of
the tangential velocity component by use of a swirl
generator positioned upstream of the flow field, and
the swirling turbulent flows with sufficient intensity
are generally considered to be coniplex in nature [5].

In principle, there is no need to adopt special
practices for turbulent flow, for the Navier-Stokes
equations apply equally as to a laminar one. However,
although the advent of the supercomputer permits
Direct Numerical Simulation of turbulent motion in
simple geometry, this is not a practically possible route
for engineering application of today yet. Instead, the
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time-averaged decompositions are commonly used for
the conservation equations of turbulent flows, but
there is no direct way to estimate the magnitudes of
statistical correlation in the averaged equations. The
turbulence closure problem occurs in order to supply
the information missing from the averaged equations.

Based on the consideration of applicability,
accuracy, simplicity, and economy of computer effort,
quite a few turbulence-models-associated phenomeno-
logical conjectures have been proposed for the
simulation of turbulent flow. These models have been
described in several excellent review papers, for
instance, in [6]. Among these models, one successful
two-equation model, the standard x-€ turbulence
model, has been widely applied to engineering
practice, but has been described as being un-
satisfactory in simulation of strongly swirling flows
[5-8]. The deficiency of the standard x-& model
stems perhaps from the neglect of anisotropic
viscosity and additional turbulence generation arising
from the effects of streamline curvature [6] [9].
Many modified k-€ turbulence models, taking into
account the enhanced turbulent diffusion caused by
extra strain rates incorporated with streamline
curvature have thus been proposed [5, 6, 10]. The
modified x-& models, however, were still not able to
yield satisfactory predictions of swirling flows with
the swirl intensities from low to high extents [5, 7].
Recently, the further development of the Renormaliza-
tion Group (RNG) provides a better methodology for
the turbulence models [11]. The RNG k-€ model,
which is derived mathematically, is claimed to be
free from any empirically adjustable parameters.
Although the RNG turbulence model has been
successfully used in calculating wake flow, boundary
flow, etc., it appears that more studies need to be
done to evaluate the model against experimental data
for swirling flow simulation.

An attractive alternative is the use of higher-order
turbulence closure models such as the Algebraic
Stress Models (ASM) and the Reynolds Stress
Models (RSM). Many studies [5-7] reported,
however, that in swirling recirculating flows, the
improvements of flow field predictions using the
ASM were not so pronounced in comparison with
those using x-¢& models. Ref. [12] pointed out further
that the ASM hypothesis seriously misrepresented

the diffusive transport of the stress components and
this was aggravated by a failure accounting for
additive swirl-related stress transport terms in the
algebraic modeling process. For highly anisotropic
flows such as swirling recirculating case, the RSM
has been demonstrated to be capable of reproducing,
to a certain extent, the major features of the flows,
[12-15], but it greatly increased the computational
complexity and time requirement. Furthermore, the
fact remains that as the order of the turbulence model
is increased, the number of empirical constants
increases, and insufficient model assessments lead to
less generality of these empirical constants in
applications [15]. So it seems that the choice of the
turbulence models in the simulation of swirling flows
is still an argumentative topic.

The present work, in addition to the study of the
variations of the inlet flow conditions on the flow
patterns in the burners, also employs different
turbulence models, e.g., the standard k-€ model, the
RNG x-¢& model, as well as the Reynolds Stress Model,
to study their predictive abilities in the calculation of
swirling turbulent flows.

In the following, the mathematical formulation and
numerical procedure are described firstly in section 2,
the calculation results and discussion are then presented
in section 3, and some conclusions are finally sum-
marized in section 4.

2. Mathematical Formulation and Numerical
Procedure

2.1 Description of the Problem

The flow system for which the present simulation
is conducted is shown in Fig. 1. It mainly consists of
an upstream swirler set and a flame tube 300 mm in
length and 80 mm in diameter. In the swirler set, three
different swirlers shown in Fig. 2 are used separately,
one being a double swirler, and the others being
conventional single swirlers with different hub
diameters. The two swirlers in the double swirler are
co-rotational, each has 16 curved vanes with an angle
of 45 degrees. The swirlers are concentric but offset.
The swirlers are mounted at either end of a converging
duct. The one is located on the inside of the duct at
the upstream end, and the another on the outside of
the duct at the narrower, downstream end. The entering
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air is splitted between the duct and the annular passage
of the outer swirler with a ratio of 1:2. The convergent
duct is designed to form a high velocity jet [1]. The
conventional swirlers, on the other hand, are the same
in respect to opening area, but different in hub
diameters (for convenience, hereafter in this paper,
DS will be used to stand for the double swirler, SS
for the conventional swirler with a smaller hub, and
LS for the conventional swirler with a larger hub).
The nominal swirl numbers for the small-hub and
large-hub swirlers are 0.8 and 0.88 respectively,
which might form a “strong” swirl, according to the
criterion given in [16].

The DS burner, which uses the double swirler, is
followed by a divergent cone and then by a flame tube,
as shown in Fig. 1, while the conventional burners,
which use single swirlers, are mounted flush to the end
plate of the flame tube. Multi-hole fuel nozzles are
employed in all burners to inject gaseous fuel
(methane) into the air flow at angle of 60 degrees for
the DS burner and 120 degrees for the conventional
burners. They are placed co-axially with the swirlers.
In the present study, the temperature of the entering
air was kept at 350K, and the flow in the combustor
is isothermal.

2.2 Governing Equations and Turbulence models

By performing the Reynolds decomposition and
time averaging, the instantaneous conservation equa-
tions can be transformed into a system of equations
commensurate with turbulent flow computations. For
brevity, the govemning equations for continuity, momenturn
and species are given here in the form of the Cartesian
notation with the assumptions of steady state and a
Newtonian fluid:

—a——puj=0 (n
X

J

0 ( ) 8p+ d auj+8ui 0 (w7
- )= —=+ — 7 - — .
ax T axj[“(axi &x)} o

7
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d d/ dm\ 0 ——
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Where p is the dynamic viscosity of the fluid, I' is the
diffusivity of species, and R, is the mass rate of
creation or destruction by chemical reactions, and the
double correlation pu’” m', in Eq. (3) is approximated
by:

om.

r 4
¥ @

pu' ', =

The pﬁ in Eq. (2) are the Reynolds stresses,
and they must be related to turbulence models. As
mentioned in section 1, currently there exist many
turbulence models for the swirling turbulent flows.
In the present paper, three turbulence models, e.g.,
the standard x-€ model, the RNG x-¢£ model, and the
Reynolds Stress Model (RSM) are to be used in the
prediction.
The Standard x-& Model

The Boussinesq hypothesis states that the Reynolds
stress is proportional to the mean velocity gradient,
and the constant of the proportionality is denoted
“turbulence” or “eddy” viscosity, that is:

= 2 ou, ou
pu == PKD, “'(a_xj + aT) 5)

Based on Eq. (5) and the Prandtl-Kolmogorov relation,
the transport equations for x and € in the k-€ model are
described as follows [17]:

9 (pux) = —a H, ox +H 6
ox, Py _ax(ck ax) * ©
] J 7]
d d /u  O€
—_ &)= — [+ __ H
ox. (pue) Bx.(c ax) T M
7 J 3 J
the source terms are:
H =-pe-p1S, ®
€ &
H_=-pC, ;szso‘ -pC, ~ &)

where G, ©,, C,, C, are constants (1.0, 1.3, 1.44, and
1.92 respectively). The values of these constants are
the standard ones suggested by Launder and Spalding
[17].

The eddy viscosity p, is calculated via the relation-
ship:

2

b =pC, (10)
i He
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where C = 0.09.

The shortcomings of the standard x-€ model are:
(1) the model is empirically based; (2) it cannot be
extended to low Reynolds number flows; (3) the
and € equations cannot be integrated to the wall, so
wall functions are needed; (4) it assumes isotropicity
for the eddy viscosity.

RNG x-g& Model

The RNG «x-e& model is derived from the

Renormalization Group theory [11]. In this new

turbulence model, the k¥ equation is the same as that
in the standard model but the source term in the €
equation is now given by the following expression:

2

£ 3
H€=—pC]?ti.,S_j—pC2?- PR ab
The extra term, R, the rate of strain, is as follows:

_Gnd-nny &
1+8n° x

R (12)

where 1 =§ (25,5,)'%, n, = 4.38, and B = 0.015.

The coefficients derived from the RNG theory are
C=142, C,= 1.68 and 6_=o_=0.72, and the
effective viscosity M, in the RNG x-e model is
computed by the following expression:

pCp —K_f_} 2 (1'3)
u Ve

urﬁ=u[1+

The RNG «x-¢& model is derived from theory, so
it is valid over the region from high to low Reynolds
number and can be integrated to the wall. It is believed
that the strain term in the more fundamentally treated
€ equation may give improved predictions for € in
regions of high strain, and consequently lead to a more
realistic value for K, and together these should yield
an improved prediction for u. The u , however, is still
a scalar according to equation (13).

The Reynolds Stress Model (RSM)

Different from the k-&¢ models which assume
isotropic eddy viscosity, the RSM model predicts
components of the Reynolds stresses directly and
could duplicate the flow characteristics associated

with anisotropy, curvature, etc. The RSM uses the
following differential equations in which the modeling
assumptions of Ref. [15] have been used to provide
closure:

0 —-— 2
—— (pu'y') =D +pP +pd, - 3 d.pe  (14)

ox,
0 K ou' u'.
D=C—|p—wu, i 1
vl Bxk(p € i X, ) (13)
P = (wa Ls i, au,.)
=—lu'u —+u
ij ( ko j axk ik axk (16)
€ — 2 2
®, = ~C,— (Wil ~8,) = C, (P, P3) (I17)

Where the model constants C, C,, C, are 0.24, 1.8,
and 0.6 respectively.

In the case of swirling flows, 6 differential equations
for the individual Reynolds stresses have to be solved
to close the turbulent properties.

2.3 Computational Method and Boundary
Conditions

The differential equations in the last section, which
are highly nonlinear and strongly coupled, will be
solved by utilizing the finite volume method [18], in
which a finite volume formulation of equations that
are derived by integration of the differential equations
over control volumes of finite size is employed. The
solution procedure used is the SIMPLE algorithm
[19], which is based on the following features:

(1) Solve the momentum equations, based on the
current guess for pressure, p*, to update velocities,
u, v, w.

(2) Solve the mass balance equation, in pressure-
correction form, to update velocity and pressure.

(3) Solve all scalar equations (species, X, €).

(4) Solve auxiliary equations (e.g. RSM).

(5) Update fluid properties.

(6) Repeat (if unconverged).

The equations are solved sequentially via a line
by line (TDMA) process, underrelaxtion factors are
used for iteration to help the convergence. The
factors are changed in the process of calculation, they
are also changed with different turbulence models.

In this work, the fact that the configuration of the
DS swirler is complicated, the size is small, and the
inner wall of the duct is curved requires the use of
body-fitted-coordinates in the solution. In the case
of the DS burner simulation, the governing equations
are transformed into the ones in general non-orthogonal
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co-ordinates. Two steps are needed to perform the

transformation. The first step is to transform the flow

area in the physical plane into a parallelogram in a com-
putation plane according to the general transformation,

which is generated by an algebraic/elliptic method [20].

The second step is to transform the governing equations

in the computational plane while maintaining the same

dependent variables. The resulting governing equations
are then solved by the same solution procedure de-
scribed above.

Due to the elliptic nature of the governing equations,
boundary conditions should be specified at all the
boundaries of the computational domain, including the
inlet, outlet, confined wall and symmetric axis boundaries.
In the present study, the following boundary conditions
have been applied.

At the inlet:

(a) Axial velocity U, for air is assumed uniform and
computed from the mass flow rate of air, and for
the DS burner, the flow rate is splitted between
inner and outer swirlers.

(b) Radial velocity V., =0.

(c) Tangential velocity W, = U _ tan@, 0 is the
swirler vane angle.

(d) The turbulent quantities are set as:

0.16x
x =(0.05U ), e =—"
" o020
where L denotes the inlet radius [17].

For the RSM model, the Reynolds stresses are

given as:

1
t’f =—x,u'u =0.0
2 v

I
-

(e) For fuel mass fraction,

m, = 0 in the region of air inlet,

m, =1 in the region of fuel injection.

The velocity components for gaseous fuel (from
fuel nozzle) is determined from the fuel mass flow
rate and the injection angle. The fuel is injected from
an annulus with the same area as the total area of
all individual holes of the nozzle.

On the centerline:

The conditions which have to be satisfied are:
(a) No cross-flow.

(b) Zero diffusion flux of the variables in the direction
normal to the axis of symmetry.

On the wall:

The boundary conditions for the wall are set by
using the standard wall functions [17]. The approach
relates the velocity components as well as turbulent
quantities to the friction velocity, which is obtained
from the log-law for the flows near a wall.

At the outlet:

The flow at the exit are assumed to be fully
developed, so the diffusion flux of the variables in
the axial direction equals to zero.

2.4 Grid System and Calculation Conditions
The numerical calculation domain and grid system
used for the LS burner are shown in Fig. 3. The grid
size contracts in the radial direction and expands in
the axial direction from the sudden expansion towards
the exit, hence finer grid spacing is formed near the
burner walls. In the present computation, a 189 x 50
grid system with 0.95 contraction in the radial direction
and 1.05 expansion in the axial direction is employed.
The grid system is chosen to be very fine because of
the requirement of accurate processing of boundary
conditions as well as the desire for detailed flow
characteristics. The similar grid arrangements are used
for the SS burners. The position for air inlet, however,

Table 1 Simulation Conditions Burners

Burmners | M, (g/s) | M, (g/s) | M, (g/s) Mf (g/s) Cases
25.10 8.37 16.73 0.77 1*
50.20 16.73 33.47 0.77 2
50.20 33.47 16.73 0.77 3
DS 50.20 25.10 25.10 0.39 4
5020 | 25.10 | 25.10 | 0.77 5
50.20 25.10 25.10 1.54 6
100.40 50.20 50.20 0.77 7
LS 25.10 25.10 — 0.77 8*
LS 50.20 50.20 — 0.77 9
SS 25.10 25.10 — 0.77 10

* Experiments were conducted for these cases.

M : total air flow rate;

M, : air flow rate entering the inner swirler of the
double swirler;

M., : air flow rate entering the outer swirler of the
double swirler;

M_: fuel flow rate through the fuel nozzle.
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is different due to the difference of swirler hub
diameters.

The grid arrangement for the conventional burners
is easy. The complicated configuration of the DS
burner, however, requires the use of body-fitted-
coordinates. In the present study, a grid system of total
230 x 50 grid nodes is used for the DS bumer, as shown
in Fig. 4. For the zones in the double swirler and the
divergent cone, a body-fitted-coordinate’s subsystem is
generated by an algebraic/elliptic method, as shown in
Fig. 5. The operating conditions of the burners for
which numerical simulation is done and the correspond-
ing case number are listed in Table 1.

3. Results and Discussion

3.1 Effects of Turbulence Models on Predictions

In this section, the basic flow patterns in the DS
and conventional burners, the effect of turbulence
models, as well as their experimental evaluation,
where the experimental data are available, are to be
presented and discussed.

3.1.1 DS Burner (Case 1)
Standard k-£ model
Figure 6 presents the predicted results using the

standard k-€ model for Case 1, where the air mass
flow rate in the second swirler is twice as that in the
first swirler, that is M, = 2M . Figures 6(a) and (e) are
the velocity vector and stream function distributions
respectively, from which the flow pattern in the DS
burner can be clearly observed. As expected, a central
toroidal recirculation zone (CTRZ), which is the result
of swirling motion, is formed in the front central
region of the burner, and a corner recirculation zone
(CRZ), that is formed by sudden expansion, is also
produced in the corner of the flame tube. The size of
CTRZ, which can be observed from the axial velocity
distribution in Fig. 6(b), is less than half the total
length of the burner. The distribution changes greatly
in the front region, but gradually becomes fully
developed at a certain distance in the downstream. The
combined swirling effect from two swirlers, as indicated
from the tangential velocity distribution in Fig. 6(c),
forces the stream to flow close to the divergent cone
wall, due to which a fuel distribution featured with two
peaks is formed, as given in Fig. 6(d).

The vector velocity, the axial velocity, the tangential
velocity and fuel concentration distributions in the
double swirler are given in Figs. 7(a)-(d), which makes
the observation of the flow pattern inside the DS possible.
From Figs. 7(a) and (b), it can be seen that the converged
duct makes the stream accelerate in a great rate, and
forms a high speed stream jet at the exit. The maximum
velocity occurs close to inner wall of the duct due to the
swirling effect from the inner swirler. The reversed
flow right behind the fuel nozzle is formed for two
reasons: one is the low pressure zone caused by the
existence of the nozzle, and the other is the swirling
motion of the double swirler. The fact that the two
swirlers in double swirler are co-rotational makes the
swirling stronger, and the tangential velocity is, as
shown in Fig. 7(c), quite large in the double swirler and
the connecting divergent cone. Figure 7(d) shows that
the fuel stream, which is injected at an angle of 60
degrees into the air stream from the first swirler, falls
mainly into the high-velocity jet due to opposing effect
of the jet flow from the double swirler and reverse flow.
This makes the peak of fuel distribution occur in the
main flow and forms good mixing in the combustor.
RNG x-€ model

For the same case (Case 1), the predicted results
using the RNG x-& model are shown in Fig. 8.
Comparing with Fig. 6, it can be seen that the flow
pattern given by the RNG k-€ model is also characterized
by a strong swirling flow, e.g., a small CRZ and a much
longer CTRZ, and the corresponding velocity
distributions are similar. With the RNG x-g& model,
however, there are some changes in the details of the flow
field, mainly the size of CTRZ and the distribution of
tangential velocity. \

Comparison of the predicted and measured velocity

profiles
For comparison, the axial and tangential velocities

predicted by the two turbulence models, together with
the experimental results, are shown in Figs. 9 and 10
respectively. In the figures, H is a measuring position
from the exit plane of the annular passage.

The experimental result of the axial component given
by circles in Fig. 9 shows that there is a quite large
central recirculation zone which extends up to H =
143 mm, and a small corner recirculation zone which
vanishes soon after H = 26 mm, confirming existence
of a strong swirling flow in the double-swirler com-
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bustor, as predicted by the simulation. Meanwhile the
experimental result of tangential component in Fig. 10
reveals the physical feature of a forced flow for the swirling
flow, when H is greater than 46 mm.

The predicted axial velocity distributions show
that in the region where the distance H from the exit
of the double swirler is smaller than 46 mm, the
predictions of both turbulence models are in good
agreement with the experimental results, as can be seen
from Fig. 9. As the distance increases, the standard
K-€ model continues showing good agreement, only
underpredicting the length of recirculation zone slightly,
compared to the experimental result. The RNG x-€
model, however, overpredicts the width of the recircula-
tion zone at distances greater than 56 mm, although the
comparison with the experiment shows improvement as
the distance H increases further. On the other hand, the
predicted tangential velocity distributions in Fig. 10
show that the two models again give results which
agree well with the experimental result at distances
less than about 56 mm. With greater distances,
however, the standard k-¢ model underpredicts the
tangential velocity within certain radial distances,
while the RNG x-& model still shows good agreement
with the experiment data. It is known that the profile
of tangential velocity component in the swirling flow
can be considered as a combination of forced-vortex
(rigid-body rotation) and free-vortex (potential-vortex)
flows. The turbulent characteristics of the swirling flow
between the forced-vortex and surrounding free-vortex
regions are different. The comparisons above indicate
that the RNG x-¢ model well predicts the characteristics
of the forced motion in the swirling flow, while the
standard k-€ model fails to show this important physical
feature.

One important transport property, the eddy viscosity
W, which is determined by the calculated values of x
and €, as defined in the section 3, can greatly affect the
diffusion coefficients in turbulent transport processes
such as momentum, heat and mass transfers. Due to the
modification of k and € transport equations, the K and
€ distributions in the calculation using the RNG x-¢
model have been changed, and the turbulent kinetic
energy becomes relatively smaller near centerline than
near the wall at the same section, as shown from the
predicted results in Figures 11(a) and 11(b). The model
thus decreases the turbulent viscosity p, in the forced-

vortex region, increases the value in the free-vortex
motion relatively, and results in an improved distribu-
tion of the tangential velocity. On the other hand, the
RNG model still assumes that the turbulence in the flow
is isotropic, the turbulent viscosity that gives the better
distribution of tangential velocity is not appropriate for
the momentum equation governing the axial velocity,
and this is probably the reason for discrepancy be-
tween the CTRZ size predicted by the RNG model and
the one measured from the experiment under the flow
condition considered in this work.

Comparison of the predicted and measured fuel
concentration distributions

Comparisons between the simulation and experi-
mental results for the fuel distribution in the DS burner
are presented in Fig. 12 for five different sections,
where Ca represents the overall concentration. As can
be seen, the predictions are in good agreement with
the experimental data. The fuel concentration tends to
spread very quickly in the radial direction with increas-
ing the distance from the inlet and becomes almost
uniform at 16 mm, indicating very good mixing as a
result of swirling flow and the opposing flows in the
combustor.

3.1.2 LS Burner (Case 8)
Standard x-& model

For the LS burmner, the predicted results for Case 8
with the standard k-€ model are presented in Figs.
13(a)-(e). As can be seen, both CTRZ and CRZ are
formed, which gives the general flow pattern in burners.
The strong swirling motion makes the flow reversed
right after the inlet, as in Figs. 13(a)-(c). The fuel
distribution in Fig. 13(d), which is characterized with
two peaks, is determined by two factors, the injection
angle (60 degrees in this case) and the swirling motion
induced by the swirler. The flow also tends to be fully
developed at the burner exit.
Comparison of the predicted and measured fuel
concentration distribution

The available experimental data for conventional
swirler (LS) are the fuel concentration distribution
in the burner (Case 8). The comparison between the
experiment and the predicted results (using the
standard x-€ model) is given in Fig. 14, where Ca
refers to the overall fuel concentration. As can be
seen, both calculation and experimental results show
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good agreement. Due to the swirling motion, mixing
is greatly enhanced in the burner, resulting in a
uniform concentration distribution in a short distance.
The fuel distributions obtained with the other two
different turbulence models, e.g. the RNG x-€ model
and the Reynolds Stress Model, are also compared
with the experimental data, and the comparisons are
similar to that of the standard x-€¢ model. This again
confirms the similarity of flow fields in the front
region predicted using the three different turbulence
models.

3.1.3 SS Burner (Case 10)
Standard k-¢ model

Calculation is also performed for the SS burner
to study the flow in the burner and the effect of
swirler size (the hub diameter) on the flow. Figures
15(a)-(e) give the results for Case 10, which has the
same inlet conditions as in Case 8. Compared with

Fig. 13, it can be seen that while the general flow
patterns and the fuel distributions are similar for the
LS and SS burners, the different hub sizes do cause
change of CTRZ size. As can be seen, when the hub
is smaller (the SS swirler), the width of CTRZ is
decreased at the front region, the two peaks in the
fuel distribution approach closer to each other. The
maximum values of tangential velocity near the burner
inlet, also get closer, making the swirling effect
increased and the reversed flow in that zone intensified.
However, the change is not substantial in terms of the
flow characteristics in the two conventional burners.
RNG k-¢ model and Reynolds Stress Model (RSM)
In addition to the standard x-€ model, the RNG x-¢
model and the Reynolds Stress Model (RSM), are also
used to study the effects of turbulence models on the
predictions for the conventional burner. Figures 16 and

17 present the results predicted with the other two
turbulence models for Case 10. As can be seen from
the vector velocity and stream function plots, all the
results show the general characteristics of strongly
swirling flows, e.g, the existence of CTRZ and
accompaning CRZ. In addition, the fuel distributions
predicted with three different turbulence models are
nearly the same. The three models, however, do give
different prediction results in terms of the size of CTRZ.
Figures 18(a)-(d) show comparisons of the calculated
axial velocity, tangential velocity, turbulent kinetic

energy as well as turbulent dissipation rate distributions
with the three models, and it can be seen that the RSM
predicts the longest CTRZ, followed by the RNG x-¢
model, although the three models gives close results for
the width of CTRZ in the front region of the burner.

The most remarkable difference occurs in the
tangential velocity distribution. As shown in Fig.18(b),
the RNG x-¢ again shows improvement in prediction
of the combined free and forced vortex motion in the
strongly swirling flows, as in the case for the DS
burner, and the RSM also well captures the important
feature. While the improvement in the RNG x-€ model
is due to the modification of x and € transport
equations or the turbulent viscosity p, as discussed
above, the mechanism for the improved prediction of
vortex motion in the RSM is completely different, it
is attributed to the duplication of the characteristics
associated with anisotropy and curvature in swirling
flow. Currently, there exist actually two separate
viewpoints in calculation of strongly swirling flows.
The first one assumes that the anisotropic eddy viscosity
and the RNG Boussinesq hyposesis adequately describe
the stress distributions and the source of predictive error
is a consequences of the modeled term in the x-g
equations, therefore only the modifications to the x and
€ equations are needed. The second one, however,
proposes that the eddy viscosity approach is inherently
inadequate, and that a redistribution of stress
magnitudes is necessary, so a higher-order closure such
as the RSM is needed. The calculation results in the
present work show that, while both RNG x-€ model and
the RSM could improve the tangential velocity distribu-
tion in terms of prediction of free and forced vortex
motions, the RSM seems to be able to reproduce the
motion better. However, it is not known if the RSM could
produce good prediction of CTRZ size, because the
measurements of the velocities in the conventional burner
have not been conducted. Besides the confirmation of the
existing problems mentioned in section 1, the present
calculations also find the importance of inlet conditions
for stress components in using the RSM, but its
specification is obviously difficult without accurate
experimental data. It seems, therefore, that further research
work, both development and verification of turbulence
models, is needed for solution of strongly swirling
turbulent flows, in order to solve the on-going argument
in this field.
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3.2 Effects of Inlet Conditions on Flows in the buners

The predicted results for the DS and conventional
burners under different inlet conditions will be given
in the following. The inlet conditions here include
different inlet values for both fuel and air streams,
as summarized in Table 1. In addition, all the results
given below are obtained using the standard x-€
model, based on the fact that different turbulence
models all gives similar flow patterns, particularly in
the front region of the burners, as disscused in the last
section.

Figure 19 shows the predicted results for Case 2,
where the air flow rate is increased twice as much as
that of Case 1, and M, = 2M is retained. It can been
seen that the flow characteristics and distributions are
quite similar to the results in Fig. 6.

Figure 20 is the predicted results for Case 3, where
the total air flow rate is kept the same as Case 2, but
the air mass flow rate ratio between the two swirlers is
set to be M, = 2M,. From Figs. 20(a) and (e), it can be
seen that the flow pattern in the burner has been greatly
changed. The increased flow rate coming from the inner
swirler increased the jet velocity at the double swirler
exit, making the jet velocity there even higher. The
high-speed jet in turn affects the downstream flow
significantly. As can been seen in Figs. 20(b) and (d), it
makes the CTRZ smaller and more narrow and changes
the fuel distribution in the flow. The tangential velocity
distribution in Fig. 19(c) is also quite different from that
of Case 2, due to increased swirl in the first swirler.

Cases 4-6 are designed for the study of the
effects of the variation of fuel injection velocity on the
flow field, in which both the total air mass flow rate
and ratio of air flow rate remain the same (M, =M,),
but the fuel flow rates (hence the injection speed) in
Case 5 and Case 6 are set to be two and four times of
that in Case 4 respectively. The results for Cases 4, 5
and 6 are respectively given in Figs. 21, 22 and 23. It
can be seen that, while the distributions of velocity
vector, axial velocity, tangential velocity, fuel con-
centration and stream function in Fig. 21 are similar to
those in Fig. 19, the increase of the fuel injection
velocity in Case 5 significantly changes the flow pattern
as well as the fuel distribution given in the flow,
although the tangential velocity distribution is somewhat
different in Fig. 22. The change is more obvious when
the fuel injection velocity is further increased, as shown

in Fig. 23.

Case 7 keeps the high fuel injection velocity and
the ratio M =M,as that in Case 5, but the air mass
flow rate is set to be higher, the air velocity in both
swirlers are thus increased. The predicted results are
given in Fig. 24. Interestingly, all the distributions are
changed from Fig. 22 (Case 5) back to the ones similar
to Fig. 21 (Case 4). Combined with the results given
above, Case 7 reveals significant effect of the inlet
conditions of the second swirler on the flow.

Figures 25(a)-(e) are predicted results for Case 9
(the LS swirler), where the fuel mass flow rate is the
same as in Case 8, but the incoming air flow rate,
hence the inlet velocity, is increased. From Fig. 25,
it can be found that the sizes of CTRZ and CRZ are
nearly the same as those in Fig. 13, and the velocity
(both axial and tangential) is increased proportionally,
which makes the flow pattern almost the same.

The fact that the flow pattern in the conventional
burners with a fixed vane angle swirler is affected little
by the inlet conditions makes it different from the DS
burner. As can be seen from the discussion above, the
flow features in the DS burner can be controlled
aerodynamically by the inlet flows, and the high
velocity jet which is produced by the double swirler
makes the mixing process intensified due to opposing
effect of the jet and reverse flow in the burner.
Consequently the improved mixing process between
air and fuel is helpful in reducing the NO_emissions
when the combustion occurs.

4. Conclusions
From the present study, the following conclusions

can be drawn:

(1) The standard k-€¢ model, RNG x-&¢ model and
RSM can all predict the general flow features of
the strong swirling flows considered in this work.
The predicted results using the different models,
however, show different details of flow
characteristics. They predict different CTRZ sizes,
mainly in the downstream of the flow. The
experimental evaluation conducted for the flow in
the DS burner indicates that the predicted CTRZ
sizes given by the standard x-&¢ model show
comparatively good agreement with the experiment
data, while the RNG x-€ model is shown to be able
to improve the prediction of the rigid vortex motion
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in the strongly swirling flow. The RSM model is
also found to be able to improve the prediction of
the motion. The complete assessment of the
different models, however, depends on further
accurate measurements of the flow field and stress
components in the swirling flow.

(2) Comparisons between predictions and experimental
data for the fuel distribution show good agreement.
The fact that the fuel distributions obtained with
different turbulence models are quite close in the
front region of the burners confirms the similarity
of the predicted flow field in the same region.

(3) Flows in the three burners, including the DS and
LS, SS burners, are all characterized with strongly
swirling flow patterns, e.g. the existence of an large
central toroidal recirculation zone and an ac-
companing corner recirculation zone.

(4) The study of the effects of inlet conditions on flow
patterns discovers that the double swirler possesses
unique advantages over conventional swirlers, e.g.,
the flow pattern as well as the fuel concentration
distribution in the burner could actually be controlled
by changing the ratio of air flow rate in the inner and
outer swirlers or the fuel flow rate in the fuel nozzle.
A high velocity jet is produced near the exit of the
double swirler, and it may enhance the mixing
process of the air and fuel due to opposing effect of
the jet and reverse flow in the bumer.

(5) The flow patterns in the two conventional burners,
LS and SS, are similar, and they do not change
significantly with the variation of inlet conditions
when the swirler vane angle remains the same.
The difference in the swirler hub size, however,
changes the size of CTRZ, and the smaller hub
may decrease the width of CTRZ in the burner.
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Fig. 17 Predicted results with the RSM for Case 10 (a) velocity vectors, (b) axial velocity,

(c) tangential velocity, (d) fuel concentration, (e) stream functions
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Fig. 18 Comparisons of predictions obtained with different turbulent models
(a) axial velocity (b) tangential velocity (c) turbulent kinetic energy
(d) turbulent dissipation rate (— k-€ model - - - RNG x-g model ----- RSM)
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Fig. 19 Predicted results with the standard x-& model for Case 2 (a) velocity vectors,
(b) axial velocity, (c) tangential velocity, (d) fuel concentration, (e) stream functions
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Fig. 20 Predicted results with the standard x-&€ model for Case 3 (a) velocity vectors,
(b) axial velocity, (c) tangential velocity, (d) fuel concentration, (e) stream functions
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Fig. 21 Predicted results with the standard x-& model for Case 4 (a) velocity vectors,
(b) axial velocity, (c) tangential velocity, (d) fuel concentration, (e) stream functions
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Fig. 22 Predicted results with the standard x-€ model for Case 5 (a) velocity vectors,
(b) axial velocity, (c) tangential velocity, (d) fuel concentration, (e) stream functions
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Fig. 23 Predicted results with the standard x-&€ model for Case 6 (a) velocity vectors,
(b) axial velocity, (c) tangential velocity, (d) fuel concentration, (e) stream functions
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Fig. 24 Predicted results with the standard x-€ model for Case 7 (a) velocity vectors,
(b) axial velocity, (c) tangential velocity, (d) fuel concentration, (e) stream functions
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Fig. 25 Predicted results with the standard x-g€ model for Case 9 (a) velocity vectors,
(b) axial velocity, (c) tangential velocity, (d) fuel concentration, (e) stream functions
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