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Abstract

One of the most important processes in a gas turbine combustor, influencing to a large extent the efficiency of the entire combustion
process, is the mixing between a swirling annular jet (primary air) and the non-swirling inner jet (fuel). To study this fundamental flow
geometry an experimental facility has been built which allows independent flow rate adjustment of the central (mean stream) and co-axial
jet flow _mc= _mm and furthermore, good optical access for laser-based flow measurement techniques. Other important flow parameters
include the Reynolds number, the swirl intensity (S) and the combustor confinement, expressed in terms of an area expansion ratio
(ER). The work presented focuses on features of the swirling flow in the concentric annuli part of the inlet system. The laser Doppler
technique has been used to measure the velocity profile and the gradient of the velocity in the annular cross section. The circumferential
velocity profile follows the so-called free-vortex flow type, being characterized by an increase in the mean angular momentum with radius
of curvature. The outcome of the experiment is that the axial velocity profile becomes increasingly asymmetric with increased swirl inten-
sity. The velocity increases from the inside to the outside of the annular flow (with a decreasing gradient at the inner wall) corresponding
to an intensified radial movement towards the outer wall due to imposed swirl. The numerical investigations, especially those accounting
for the complete swirl generation system and using a second-moment closure reproduced all important mean flow and turbulent features
in good agreement with available experimental data. In addition, both the modelling and the Large Eddy Simulations of equilibrium,
fully-developed swirling flow in the annular inlet pipe performed separately in course of the inflow data generation, revealed some inter-
esting departures with respect to the sign of the axial velocity gradient.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

A general interest to reduce fossil fuel consumption and
recent regulatory measures to limit combustion emissions
create demands to increase the efficiency and performance
of combustion chambers. For a clean and controlled com-
bustion a fine and homogeneous spray is necessary. This
can be achieved by using a swirling free shear layer, see
Fig. 1. The free swirl-induced recirculation area leads to
a stable flame and creates a homogeneous spray inside
0142-727X/$ - see front matter � 2006 Elsevier Inc. All rights reserved.
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the flue. The flow is characterised by a high level of turbu-
lence and strong streamline curvature. This complex flow
geometry is also a good example of where experimental
and numerical investigations can be complementary. The
experimental results can be used as verification data for
turbulence models and numerical simulations, which are
more economical for parametric investigations.

The common practice when computing the combustor
flows numerically is that the inlet cross-section of the solu-
tion domain typically coincides with the first available mea-
surement location, usually being situated in the interior of
the combustor, e.g., Lai (1996). In that case the inlet plane
crosses both the corner bubble and the large recirculation
zone in the core flow. The measurement data commonly
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Fig. 1. Schematic of air flow in an idealized combustion chamber.

1 See e.g., Hogg and Leschziner (1989), Wennerberg and Obi (1993), Lai
(1996) and Jakirlic et al. (2002).
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exhibit a certain scatter in this flow region and are often
incomplete. Such a computational practice is especially
unsuitable when specifying the dissipation rate of the
kinetic energy of turbulence and the scalar profiles along
the inlet boundary. Furthermore, the flow configuration
is reduced to a pipe geometry, unlike the geometry of the
sudden expansion being typical for a combustor. Hence,
the influence of the flow expansion – adverse pressure gra-
dient – cannot be accounted for. Another possibility
encountered in the literature is to extrapolate backwards
the experimental results from the first available measure-
ment location situated in the interior of the combustor to
the combustor inlet, which usually coincides with the inlet
cross-section of the solution domain, by preserving the
mass flow rate and angular momentum, e.g., Wennerberg
and Obi (1993). This method is however wrought with
numerous uncertainties. The most direct way is to compute
the flow in the swirl generator. However, it is numerically
too demanding, especially if high resolution computational
schemes (e.g., LES) are to be applied. The generation of the
inflow data by performing a separate calculation is
regarded as a better choice. Pierce and Moin (1998) pro-
posed a simple, but efficient method for generating the
swirling inflow data. The method is based on the computa-
tion of the fully developed, annular, swirling flow, impos-
ing a uniform profile of the fictitious azimuthal pressure
gradient (azimuthal body force). The method proved its
credibility in the Large Eddy Simulation of the Roback
and Johnson (1983) case. However, the uncertainty in the
data structure obtained computationally is still present.
In general it is much more desirable to have experimental
reference data for comparison.

Numerous experimental investigations, serving for years
as benchmarks for computational methods and turbulence
model validation1 are known in the open literature, e.g.,
Roback and Johnson (1983), So et al. (1984), Nejad et al.
(1989), Dellenback et al. (1988), etc. However, none of them
offers information about the flow within the inlet section.
These circumstances motivated a systematic experimental
investigation of the influence of the swirl intensity and mass
flow rate ratio of the annular stream (representing primary
air) to the central jet (representing fuel) on the flow, mixing
(passive scalar transport) and associated turbulence with
emphasis on the near-field region of the flue characterized
by the most intensive mixing. The present, tubo-annular
combustor geometry (Fig. 2) represents an idealization of a
can-type combustor investigated experimentally by Heitor
and Whitelaw (1986). The present combustor was built sub-
stantially longer (Lf = 1200 mm, Table 2) in order to mini-
mize the influence of the outflow on the near field. Such a
combustor type belongs to the older generation of the gas
turbines, being no longer in use. A more common geometry
for gas turbines is nowadays the ring-shaped combustor, that
is a single-annular combustor (e.g., Hassa et al., 1998).
However, in both combustor types the inlet system – swirl
generator and concentric annuli pipe – is almost identical
(important differences are present only with respect to the
structure of the central stream, which is usually counter
swirling in a single-annular combustor). Because of that, spe-
cial attention was devoted here to the characteristics of the
swirling annular inflow, being very similar in both configura-
tions. The experimental investigations have been performed
within a range of mean flow Reynolds numbers, mass flow
rate ratios, swirl intensities and expansion ratios, Table 1
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Fig. 2. Combustion chamber model.

Table 1
Operating parameters of the combustion chamber

Parameter Range

Reynolds number (Main flow) 23.500 6 Rem 6 102.000
Mass flow rate (Main flow) 0.011 kg/s 6m 6 0.048 kg/s
Reynolds number (Annular flow) 50.500 6 Rec 6 125.500
Mass flow rate (Annular flow) 0.1 kg/s 6 _m 6 0.25 kg/s
Swirl intensities 0 6 S 6 1.2
Expansion ratio 1.5 and 2.0

Table 2
Dimensions of the facility

Identification of the tube Inner (Di)/outer(Do) Diameter

Main flow Dm,i = 36 mm/Dm,o = 40 mm
Length of the central pipe Lm = 720 mm
Coaxial flow Dc,i = 40 mm/Dc,o = 100 mm
Length of the annular pipe Lc = 120 mm
Flue (ER = 2) Df = 200 mm
Flue (ER = l1.5) Df = 150 mm
Length of the flue Lf = 1200 mm
Diffuser angle d = 7.5�
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(only the results obtained for the expansion ratio ER = 2 will
be shown here). The present work provides the profiles of
both the axial and circumferential velocity and all six non-
zero Reynolds stresses for a range of swirl numbers
S = 0.0–1.2 and two different mass flow rates _mc ¼ 0:1 and
0.25 kg/s, corresponding to the Rec numbers (based on the
hydraulic diameter Dh = Dc,o � Dc,i) of 50,500 and 125,500
respectively, in the cross-section of the concentric annulus.

Numerous experimental studies of swirling flow in an
annulus formed between two concentric stationary2 cylin-
2 Fully developed flow between a rotating inner cylinder and a
stationary outer cylinder was experimentally studied by Nouri and
Whitelaw (1994) and investigated computationally by means of Large
Eddy Simulation by Chung and Sung (2005).
ders have also been published. Clayton and Morsi (1984,
1985) investigated experimentally (using hot-wire anemom-
etry and flow visualization) the mean flow (velocity and
pressure) and turbulence evolution focussing on the swirl
decay in a fairly long concentric annulus (>1 m) for different
Reynolds numbers (up to Rec � 30,000) and swirl intensi-
ties (expressed in terms of the guide vane setting angle:
W = 0–60�). A similar study at much higher Reynolds num-
bers in a 1.8m long concentric annulus was conducted by
Yowakim and Kind (1988). Clayton and Morsi gave also
an overview about related investigations. All of these results
indicate an increasingly asymmetric shape of the axial
velocity profile with increased swirl intensity, whose maxi-
mum was shifted towards the outer wall. However, a sub-
stantial portion of the cross-section in the developing part
of the annulus corresponds to a core (potential-like) flow
with a flat velocity profile. Accordingly, the turbulent stress
profiles exhibited a shape typical for a channel/pipe flow
with minima in the flow core and maxima in the wall region.
While some important similarities between these investiga-
tions and the present study exist, especially with respect to
the mean flow asymmetry and associated difference between
the shear stresses at the inner and outer wall, it should be
stressed that the flow in the present, fairly short (only
120 mm) cylindrical annulus, is much more complex. The
annulus represents a part of the inlet section of an actual
combustor. It is situated immediately behind the swirl gen-
erator. The weakly compressible flow in the swirl generator
exhibits both the swirl-induced recirculation regions and the
flow reversal originating from the vortex shedding from the
movable blocks, the latter serving for the swirl intensity reg-
ulation (see Section 4.1). It influences the turbulent struc-
ture in the annulus to a large extent.

Complementary to the experimental investigations, a
computational study covering both configurations the
entire swirl generation system (including swirl generator



R. Palm et al. / Int. J. Heat and Fluid Flow 27 (2006) 924–936 927
and annular pipe) and the flow in the concentric annulus,
assuming a fully developed flow, was conducted. Hereby,
both Reynolds–Averaged Navier–Stokes (RANS) approach
and Large-Eddy Simulation method were applied.
2. Experimental facility

For the investigation of flow and mixing, a single tubo-
annular swirl combustor (Fig. 2) has been constructed.
The modular assembly allows velocity measurements
directly after the swirl generator. This was realised by
mounting an extended annular tube after the swirl genera-
tor, before the flow enters the flue. Table 1 summarizes
the operating parameters of the experimental facility, which
have been chosen to represent values typical of a real
combustor.
Maximum swirl 

Middle swirl intensity Zero swirl 

Fig. 3. Principle of the movable block swirl generator.
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2.1. Design of the swirl generator

The swirl generator is based on the ‘‘movable block’’
design (Leuckel, 1969, see Fig. 3). 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 will be
obtained (lower left) and with a pure tangential inlet the
maximum swirl is generated (upper right). The swirl gener-
ator (Fig. 4) yields a swirl number in the range 0 6 S 6 1.2.
The swirl number S is defined in Eq. (1) and is a bulk quan-
tity describing the swirl intensity. The swirl number is the
ratio of the angular momentum flow ð _DÞ to the product
of the axial impulse flow ð_IÞ and the radius (R) as a char-
acteristic length.
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2.2. Measurement details

A two-velocity component laser Doppler instrument
operated in backscatter was used to measure velocity pro-
files across the annular entrance channel before the flue.
Optical access is provided through appropriate windows,
Fig. 5. Both a horizontal and a vertical optical access of
the laser Doppler probe to the annular flow is available,
allowing all three components of velocity (two at a time)
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to be measured. The axial velocity is measured once redun-
dantly, useful for checking the reproducibility of the
results. All velocity profiles were taken 40 mm upstream
of the sudden expansion. The facility was operated at a
matrix of the following parameters:

• Swirl generator block position: n = 0�, n = 15� and
n = 30�.

• Mass flow rate of main (central) non-swirled stream, _mm

(kg/s):0.010 (Rem = 23,500); 0.025 (Rem = 47,000) and
0.050 (Rem = 102,000).

• Mass flow rate of swirling co-flow, _mc(kg/s): 0.10
(Rec = 50,500) and 0.25 (Rec = 125,500).

Seeding particles were introduced into the flow upstream
of the blowers. Oil particles/droplets in the diameter distri-
bution were used. The mean diameter is 1.545 lm. The
diameter range is from 0.75 lm to 4 lm. Spectral proces-
sors (BSA) were used for signal processing, yielding data
rates between 500–2000 Hz. Subsequent processing, espe-
cially for estimation of the Reynolds stress terms,
demanded coincidence of each particle in the two volumes.

3. Computational method

Three-dimensional (3D) RANS computations of the
entire section including swirl generation system and annu-
lar part of the pipe entering the flue have been performed
using commercial CFD-software FLUENT, Grundmann
(2003). Separate 3D and 2D, axisymmetric RANS compu-
tations of the swirling flow in the concentric annuli part of
the inlet system have also been conducted. In addition, the
Large-Eddy Simulations of some selected flow cases of the
latter configuration (Rec = 50,500; S = 0.0, 0.6 and 1.1)
were performed.

3.1. Mathematical model

The continuity equation and equation of motion gov-
erning the weakly compressible flow in the experimentally
investigated inlet section of a model swirl combustor take
the following integral forms in the inertial coordinate
frame:Z

S
qUjnj dS ¼ 0 ð2Þ

o

ot

Z
V

qU i dV þ
Z

S
qUiU jnj dS ¼

Z
S

T ijnj dS ð3Þ

The stress tensor Tij reads as follows in the LES framework
ðT ij ! T ij, U i ! U iÞ:
T ij ¼ �Pdij þ 2lSij � qsij ð4Þ
The overbar in Eq. (4) denotes the filtered quantities. Hereby,
the filter width is determined implicitly by a representative
mesh size: D = (DxDyDz)

1/3. Sij ¼ 0:5ðoU i=oxj þ oU j=oxiÞ
denotes the rate of strain of the resolved motion. The influ-
ence of the unresolved turbulent scales on the resolved ones
expressed through the subgrid-scale (SGS) tensor sij was
modelled by employing the Boussinesq’s formulation based
on the SGS turbulent viscosity, Smagorinsky (1963):

mt ¼ ðCSDÞ2jSijj ð5Þ
In the present work, the dynamic procedure (Germano
et al., 1991) was used for the determination of the Smago-
rinsky constant CS.

The stress tensor Tij takes the following time-averaged
form in the framework of the RANS approach

T ij ¼ �Pdij þ 2lSij � quiuj ð6Þ
The rate of strain of the time-averaged velocity field Ui is
given by Sij = 0.5(oUi/oxj + oUj/oxi). The Reynolds stress
tensor uiuj is defined by a turbulence model. The calcula-
tions of an extremely complex flow in the present configu-
ration (recirculating regions, strong streamline curvature
originating from geometry shape – longitudinal streamline
curvature – and swirl) are very demanding for the turbu-
lence models. A two-layer version of the basic high-Rey-
nolds number second-moment closure (SMC) model due
to Gibson and Launder (1978, GL) and its near-wall exten-
sion due to Hanjalic and Jakirlic (1998, HJ) have been used
in the present work. The former Reynolds stress model
implemented in the FLUENT code was modified by intro-
ducing the variable model coefficients into the pressure
scrambling term in line with the Launder and Shima model
(1989). Hereby, the so-called ‘‘enhanced wall treatment’’
was used. This procedure implies employment of a one-
equation turbulence model based on the solution of the
equation governing the kinetic energy of turbulence due
to Wolfstein (1969) in the immediate wall vicinity (near-
wall layer). The interface between this and the outer layer
employing the modified GL model is positioned in the re-
gion where Reynolds number Rey = k1/2y/m � 200, with
k and y being the kinetic energy of turbulence and wall dis-
tance, respectively. The near-wall Reynolds stress model of
Hanjalic and Jakirlic (1998) contains the modifications for
viscosity and wall blockage effects modelled in terms of
invariant local turbulence parameters, such as invariants
of the anisotropy of Reynolds stress and dissipation-rate
tensors, as well as turbulence Reynolds number. In addi-
tion to satisfying most of the basic physical constraints,
the model was successfully validated in a broad variety of
non-equilibrium flows featuring different phenomena: a
series of attached, separating and swirling flows in a wide
range of Re-numbers and swirl intensities, see e.g., Hanjalic
and Jakirlic (1998, 2002). For the sake of brevity no model
specification will be given here. Potential readers should
consult the original references for more details.

3.2. Numerical method and computational details

Fig. 6 shows the computational grid of the entire inflow
system (entrance chamber, swirl generator and annular
inlet section) for the maximum swirl number S � 1.2, for
which only tangential channels are present in the swirl



Fig. 6. Numerical grid of the swirl generator system and concentric annuli
section. Position of the movable blocks corresponds to n = 30� (highest
swirl intensity S � 1.2).
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generator (n = 30�). Hereby, only one eighth of the config-
uration, meshed by ca. 150,000 cells, was accounted for.
These computations were performed by using the commer-
cial code FLUENT. The periodic boundary conditions
were applied in the circumferential direction. The geometry
includes an annular section of the entrance chamber, allow-
ing the initial condition to be well defined via the pre-
scribed mass flow rate. At the outlet of the co-axial part
of the inlet section the pressure boundary conditions were
adopted. The so-called ‘‘temporal under-relaxation’’ was
applied here to strengthen the diagonal dominance of the
coefficient matrix, implying that actually unsteady compu-
tations were performed. However, such an unsteady calcu-
lation ended up, as expected, in a steady solution.

In addition to the computations of the complete inflow
system (Section 4.1), separate computations of the swirling
flow in the annular pipe section (geometry of a concentric
annulus) were performed (Section 4.3). The latter computa-
tions assumed fully developed flow conditions (periodic
inlet/outlet boundary conditions were applied), whereby
the (equilibrium) swirling motion was created by introduc-
ing a fictitious pressure gradient into the momentum equa-
tion governing the circumferential velocity. The magnitude
of the pressure gradient (with constant value over the cross-
section) was iteratively adjusted until the computed U- and
W-velocity fields satisfied the prescribed swirl intensity (Eq.
1). Admittedly, the flow conditions in the present annular
section deviate strongly from the fully-developed, equilib-
rium ones. However, since the next step is the Large-Eddy
Simulation of the combustor itself, it was necessary to
check this method of the inflow data generation (instanta-
neous velocity field has to be generated for a LES), without
performing the extremely demanding simulations of the
swirl generation system. This method have successfully
been applied for generating the swirling inflow in the
LES of Roback and Johnsons model combustor, Pierce
and Moin (1998), and in the works of Garcı́a-Villalba
et al. (2004) and Wang et al. (2004). In the present work,
this method was applied to both the RANS computations
(both a 2D axisymmetric and a 3D geometry were consid-
ered using the second-moment closure models described
previously in Section 3.1; here only the results of the HJ
model are shown) and the Large-Eddy simulations of the
flow cases with Rec = 50,500.

The computer code used for solving the RANS equa-
tions employing the HJ near-wall, second-moment closure
model is based on the finite volume method for 2D axisym-
metric problems using the SIMPLE algorithm for coupling
the velocity and pressure fields. The code works with
orthogonal grids and collocated variable arrangement. A
central differencing scheme is used for the approximation
of diffusive fluxes and a blended upwind-central differenc-
ing scheme for the discretization of convective fluxes; the
latter is implemented in the deferred correction manner.
The value of blending factor was 1.0 corresponding to
the CDS scheme. Due to the flow symmetry typical
for the pipe geometries (o/oh = 0), the computational
domain has a rectangular form of the length L (can be cho-
sen arbitrarily because of the periodic inlet/outlet condi-
tions) and the height H = Rc,o � Rc,i(R = D/2). The 2D
grid comprises NxxNr = 4x62 nodes. To get appropriate
resolution in the wall-normal direction the grid was
squeezed in the near-wall regions, enabling a dimensionless
wall distance of the wall-nearest grid point to be y+

6 0.5.
An in-house computer code FASTEST based on a

finite volume numerical method for solving the three-
dimensional filtered Navier–Stokes equations on block-
structured, body-fitted meshes was used in the LES frame-
work. Block interfaces are treated in a conservative man-
ner, consistent with the treatment of inner cell-faces. A
cell centered (collocated) variable arrangement and carte-
sian vector and tensor components are used. The well-
known SIMPLE algorithm was applied for coupling the
velocity and pressure fields. Hereby, a second-order central
differencing scheme was applied for the spatial discretiza-
tion and the second-order Crank–Nicolson method for
the time discretization. The solution domain length
Lx = 2.67p(Rc,o � Rc,i) was meshed by a Cartesian grid
with NxxNrxNH = 64x49x128 grid cells. No-slip boundary
conditions were applied at both walls resolving the wall
boundary layer with the wall-closest computational node
being positioned at y+ � 0.5. The CFL number, represent-
ing the time step chosen, was less then unity in the entire
flow domain: CFLmax � 0.85. The adopted grid resolution
provided the spacing Dþx ¼ 120, Dþr ¼ 0:5 (inner and outer
wall) to Dþr ¼ 50 (centre of the annular channel) and Dþh ¼
30 (inner wall) to Dþh ¼ 75 (outer wall). Admittedly, the
grid size (ca. 400000 grid cells) is somewhat coarser then
it would be required for the given Reynolds number (one
should recall here that the Reynolds number based on
the annular channel height H = Rc,o � Rc,i is ReH �
25,000). However, as already emphasized, the main pur-
pose of the LES was the validation of the method for the
generation of the instantaneous swirling inflow (Section
4.3) based on the reference experiment in relation to the



930 R. Palm et al. / Int. J. Heat and Fluid Flow 27 (2006) 924–936
future simulations of the combustor flow. Therefore, the
grid adopted can be regarded as sufficiently fine with
respect to the latter issue.

4. Results and discussion

4.1. Preliminary calculations

Before commencing with the measurements a detailed
numerical investigation of the swirl generator system with
annular pipe section has been performed using commercial
CFD-software FLUENT. The computations were con-
Fig. 7. Streamlines in the co-axial part of the inlet sectio

Fig. 8. The axial velocity component (m/s) contours in the co-axial part of the i
(lower), Rec = 125,500, S = 1.2.
ducted for all Reynolds numbers and swirl intensities given
in Table 1. The flow configuration obtained at Rec =
125,500 (mass flow rate _mc ¼ 0:25 kg=sÞ and S = 1.2 is
illustrated representatively by the mean streamlines and
mean velocity contours in Figs. 7 and 8, respectively.

The streamlines in the co-axial part of the inlet section
have been colored by Mach number, exhibiting a low com-
pressibility (Mach number reaches its maximum value
about 0.3) as well as regions with local separation. This is
also visible in Fig. 8, where the back-flow regions (dark
blue areas) are situated within the radial part of the swirl
generator. As indicated in the introductory section, this
n coloured by Mach number, Rec = 125,500, S = 1.2.

nlet section (upper) and the downstream development of the velocity profile
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separation region represents an outcome of the flow past
the movable blocks resulting in a vortex shedding of lower
frequency due to the effect of confinement. The flow along
the outer, convex wall of the 90� turned bend exhibits, as
expected, a substantial acceleration due to strong stream-
line curvature. Contrarily, the flow over the inner, concave
wall, exhibiting the so-called destabilizing curvature with
respect to the turbulence level, is strongly decelerated.
The local separation detected at the inner wall at the very
beginning of the straight part of the annular section is
induced by the action of a strong swirl. Exactly at this loca-
tion the transition occurs from the radial motion towards
the symmetry axis into the axial motion within the annular
section. On the other hand, the swirling motion in the
radial part of the swirl generator is strongly accelerated
when entering the annular pipe due to the reduction of
cross-section. In addition to the adverse pressure gradient
effects, evident through flow deceleration, this strong swirl
affects the local flow reversal. Fig. 8 shows profiles of the
axial velocity component in the co-axial part of the inlet
section (left) and the development of the velocity profiles
along the length (120 mm) of the extended annular tube
(right). The wall-bounded flow reversal is clearly indicated
by negative values of the axial velocities. The flow
approaches a fully developed state at a length of 80mm
for these high swirl conditions. The inlet data have been
taken 40 mm upstream of the expansion and compared
with the measurements in Section 4.3, Figs. 12 and 13.

4.2. Experimental results

The measured velocity and Reynolds stress profiles (at
the cross-section located 40 mm upstream of the expan-
sion) are shown from the inner side (left) to the outer side
(right) across the annular inlet in Figs. 9–11. All results
are normalised using the bulk axial velocity within the
co-axial part of the inlet section Uc. The results shown
are taken at a Reynolds number in the annular channel
of Rec = 125,500 over a range of swirl intensities. Three
Fig. 9. Normalised axial (U/Uc) and tangential (W/Uc) velocities in the annula
of swirl intensities S = 0.0–1.2 in relation to the Reynolds number of the mai
different sets of results with respect to the three different
mass flow rates of the mean flow within the central pipe
are displayed.

4.2.1. Mean velocity field

Both the axial and tangential velocities (Fig. 9) are rela-
tively insensitive to the inner jet flow velocity. The axial
velocity corresponding to the non-swirling flow exhibits a
fairly uniform profile at a value U/Uc � 1, being character-
ized by a weak negative gradient in the flow core. Such a
slightly asymmetric velocity profile is a consequence of
the transverse shear whose magnitude increases with the
curvature of the inner cylinder. The wall shear stress at
the inner wall becomes larger then the one at the outer wall.
This result is in good qualitative agreement with the results
of the Direct Numerical Simulation of the non-swirling
flow in a concentric annulus performed by Chung et al.
(2002). With increasing swirl number the formation of
the swirl can be understood quite easily and provide infor-
mation about the development of the axial velocity and the
sign of the gradient of the inner flow.

The major result from the present measurements, as far
as the swirling configuration is concerned, is that the axial
velocity increases from the inside to the outside wall as a
consequence of the increased swirl intensity. This is also
manifested through the boundary-layer thickening along
the lower wall. Such behaviour is in contrast to the non-
swirling case. Furthermore, the maximum of the velocity
profile moves towards the outer wall. This is especially true
for the highest swirl intensity, where a local separation at
the inner wall of the 90�-turned bend occurs. The velocity
gradient in the flow core becomes positive and increases
substantially as a function of increased swirl intensity. This
gradient is almost constant in the lower half of the cross-
section, being in line with the linear behaviour of the mean
axial velocity. It is important to note that the region with
the positive gradient of the axial velocity spreads towards
the outer wall, contributing decisively to the increased tur-
bulence level (see e.g., Fig. 10). In contrast to this, the wall
r flow for a Reynolds number of the coaxial flow Rec = 125,500 in a range
n flow.



Fig. 10. Normal Reynolds stress components uu=U 2
c , vv=U 2

c and ww=U 2
c in the annular flow for a Reynolds number of the coaxial flow Rec = 125,500 in a

range of swirl intensities S = 0.0–1.2 in relation to the Reynolds number of the main flow.

Fig. 11. Shear stress components uv=U 2
c and uw=U 2

c in the annular flow for a Reynolds number of the coaxial flow Rec = 125,500 in a range of swirl
intensities S = 0.0–1.2 in relation to the Reynolds number of the main flow.
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gradient of the axial velocity and consequently the wall
shear stress decrease from the inside to the outside of the
annular flow. Reynolds number effects on the mean flow
field could be to a certain extent deduced by comparing
the results presented in Fig. 9 (Rec = 125,500) and
Fig. 12 (Rec = 50,500). Apart from the lower velocity mag-
nitude, which leads to a lower wall shear stress at the inner
wall (the corresponding velocity profile for the highest swirl
intensity also indicates possible flow separation) and a
somewhat reduced turbulence level (compare Figs. 10 and
13), these effects are not too pronounced. The tangential
velocity profiles indicate the so-called free-vortex type of
the swirling motion, Fig. 9 (lower). The maximum tangen-
tial velocity is formed approximately in the middle of the
annular channel. Similar as in the case of the axial velocity,
the tangential velocity profiles indicate a lower wall shear
stress (determined by the tangential velocity gradient) at
the inner wall and a higher wall shear stress at the outer
wall. Such behaviour reflects the stable (inner wall) and
unstable (outer wall) curvature effects.



Fig. 13. Shear stress uv=U 2
c (left) and normal-to-the-wall turbulence intensity

ffiffiffiffi
v2

p
=U c (right) in the concentric annulus of the inlet section of the present

model combustor: comparison between experiments and RANS computations.

Fig. 12. Axial velocity profiles for range of the swirl numbers (left) and circumferential velocity profiles for the case with strongest swirl (right):
comparison between experiments and RANS computations.
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4.2.2. Reynolds stress field

All of the Reynolds stresses uu, vv, ww, uv, vw (not mea-
sured) and uw are non-zero. Selected results of the Rey-
nolds stress measurements are shown in Figs. 10 and 11.
Profiles of all three normal stress components (Fig. 10)
indicate a clear tendency towards intensification of the tur-
bulence production with increased swirl intensity. As
pointed out in the introduction, the turbulence level in
the annular channel is additionally influenced by the com-
plex strain rates of the flow in the swirl generation system.
Even the non-swirling case exhibits a much higher turbu-
lence level then the one typically encountered in a generic
annular flow, e.g., Clayton and Morsi (1985) and Yowakim
and Kind (1988). It should be further noted, that the
increased stress level is partially due to effects of the sudden
flow expansion (adverse pressure gradient effects), occur-
ring only 40 mm downstream of the measurement station.
Apart of these influences, contributing mostly to the high
turbulence level in the flow core (note the absence of the
clear profile minima in this flow region), the behaviour of
the normal stress components follows closely the changes
in mean velocity gradients. It should be recalled here, that
the structure of a swirling flow is strongly influenced by the
secondary shearing (oW/or) and streamline curvature
(�W/r) in addition to the mean shear (oU/or). The profile
shapes could be appropriately analyzed by looking at the
stress production rates (in this consideration, the stream-
wise changes are neglected, as well as the radial motion):
P 11 � �2uvoU=or, P 22 � 2vwW =r and P 33 � �2vwoW =or.
Despite the fact that both velocity gradients experience a
certain reduction at the inner wall leading to a consequent
weakening of the turbulence intensity in the immediate wall
vicinity (this effect was not captured by experiment), the
turbulence level increases in the outer inner-wall region
due to boundary layer thickening (see e.g., Fig. 9), as in
the boundary layers affected by an adverse pressure gradi-
ent. The position of the peak value of the streamwise stress
component (Fig. 10 upper) is shifted from the wall towards
the middle of the annular channel.

It is also obvious when looking at the turbulent stress
levels for both swirling configurations, that an increased
swirl promotes an isotropic state of turbulence. Similar
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for the mean flow, the increased flow rate of the central jet
has not significantly influenced the results. A slight devia-
tion is noted only for the case with the strongest swirl.
Despite a certain scatter of the experimental results of the
two shear stresses uv and uw, their global behaviour can
be clearly recognized. The portion of the cross-section with
a negative production of the shear stress uv, corresponding
to the positive gradient of the axial velocity ðP 12 �
�v2oU=or þ uwW =rÞ, thickens with the increased swirl.
Fig. 14. Axial velocity U/Uc (left), circumferential velocity W/Uc and shear str
section of the present model combustor: comparison between experiments, LE

Fig. 15. Axial (U/Uc) and circumferential (W/Uc) velocity, streamwise ðuu=U
section of the present model combustor obtained by LES with forcing in the
Hereby, the position of the zero shear stress value moves
towards the outer wall, following closely the behaviour of
the maximum (oU/or = 0) of the axial velocity profile,
Fig. 9 (left). The strongest production of the shear stress
uw ðP 13 � �uvoW =or � vwoU=orÞ occurs in the region of
the inner wall characterized by strong (positive) gradients
of both axial and circumferential velocity (note a negative
value of the shear stress vw deduced from the computa-
tional work, Fig. 14, right).
ess profiles uw=U 2
c and vw=U 2

c (right) in the concentric annulus of the inlet
S and RANS computations.

2
cÞ and shear ðuv=U 2

cÞ stress profiles in the concentric annulus of the inlet
axial direction.
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4.3. Comparison of experimental and numerical results

Whereas the swirling part of the flow (circumferential
velocity and two associate shear stresses, Figs. 123 and 14
right) obtained by computing (using both RANS and
LES) the flow in the concentric annulus assuming the
fully-developed conditions agrees reasonably with experi-
mental results, the axial velocity component retains a pro-
file form corresponding to the non-swirling flow in a
concentric annulus, exhibiting the opposite (negative) gra-
dient over a large portion of the cross-section, see Fig. 12
(left) and 14 (left). Accordingly, the turbulent stresses agree
poorly with the reference data (Fig. 13). The effect of the
wrong gradient of the axial velocity is mostly visible on
the uv-profile (Fig. 13 (left)) displaying a zero value at
the point of the maximum axial velocity, which is in large
disagreement with the experimental results. The possible
reason is the weak influence of the circumferential velocity
on the axial velocity, whose transport equations include no
common variables for the fully-developed flow conditions.
The only (indirect) connection between U- and W-equa-
tions occurs through the equations for the shear stress com-
ponents uv and vw. As noted earlier, it is obvious (see also
Figs. 7 and 8) that the experimental flow conditions depart
significantly from the fully developed conditions assumed.
Pierce (2001) introduced a further correction being equiva-
lent to adding an appropriately defined body force into the
U-component momentum equation in order to obtain the
proper U-velocity profile. This practice assumes the mean
statistical properties having been specified, e.g., from
experiment. This additional forcing was also applied in
the present work. At each time step, the streamwise-aver-
aged velocity component U y; z; tð Þ ¼ U x; y; z; tð Þh ix was
computed. Than, the instantaneous streamwise velocity
field was constrained in a way, that it has the specified
mean velocity profile U(y,z):

Uðx; y; z; tÞ ! Uðx; y; z; tÞ � Uðy; z; tÞ þ Uðy; zÞ

Fig. 15 displays the axial and circumferential velocities and
the Reynolds stresses u2 and uv obtained by doing so. The
behaviour of both stresses, especially the shear stresses is
now much closer to the experimentally obtained results
(e.g., compare this result with uv stress presented in
Fig. 13(left)). Nevertheless, some further investigations
are necessary. It would be, e.g., possible to introduce sim-
ilar forcing onto the streamwise stress component. As ex-
pected, the SMC results obtained by accounting for the
swirl generator system reproduced all important mean flow
and turbulent features in reasonable agreement with avail-
able experimental data (solid lines in Figs. 12 and 13).
3 The abbreviation ‘‘Comp.-Swirler’’ denotes the computational results
obtained for the complete swirl generator system obtained by using a two-
layer version of the GL model (Section 4.1). The denotation ‘‘Comp.-
Annuli’’ is related to the computations of the ‘‘fully-developed’’ swirling
flow in the annular pipe by using the HJ model.
5. Conclusions

The flow structure in the annular section of the inlet sys-
tem of a swirl combustor with respect to the Reynolds
number and swirl intensity influence was investigated
experimentally and numerically. The velocity field in the
inlet section was measured using the laser Doppler mea-
surement technique. The RANS–SMC results obtained
by computing the complete inflow system accounting for
the swirl generator agree reasonable well with the experi-
mental results for both mean flow and turbulence quanti-
ties. The separate RANS–SMC and LES computations of
the swirling annular pipe flow imposing the fully developed
flow conditions in line with the method for generating the
swirling inflow proposed by Pierce and Moin (1998) were
also performed. Whereas the (concentrated-vortex type)
circumferential velocity field and associated shear stress
components were in good agreement with the experimental
results as well as in good mutual agreement, the axial veloc-
ity profile, obtained by both the RANS–SMC and LES
methods, exhibits the wrong shape indicating the negative
velocity gradient, typical for the non-swirling flow in a con-
centric annulus. It was shown that an additional forcing
introduced into the momentum equation in the streamwise
direction could improve this behaviour. Nevertheless, fur-
ther investigations related to appropriate corrections are
necessary.
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