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I. Introduction

HE specification of swirling inflow conditions is an integral and

important part of computational fluid dynamics (CFD) of
swirling flows, which are complex flows with many practical
applications [1], for instance, in turbulent combustion [2]. To specify
a swirling velocity profile with a desired swirl number in a traditional
CFD analysis based on a Reynolds-averaged Navier—Stokes (RANS)
modeling approach is not an easy task, which becomes even more
difficult in advanced CFD approaches such as direct numerical
simulation (DNS) or large-eddy simulation (LES). DNS or LES of
spatially inhomogeneous turbulent flows requires turbulent inflow
boundary conditions [3], which may be generated either from an
auxiliary simulation, from a proper orthogonal decomposition and
linear stochastic estimation [4], from a digital filter reproducing
specified statistical data [5], or simply taken as the mean velocity
profile with superimposed fluctuations [6], which is essentially a
perturbed inflow. With the presence of swirling, inflow conditions
are difficult to specify. For RANS-based CFD, an appropriate mean
velocity profile is needed. For DNS and LES, apart from the mean
velocity profile, information on an appropriate “turbulent”
component is needed as well.

Pierce and Moin [7] developed a method for generating
equilibrium swirling inflow conditions, which represents a logical,
idealized starting point for generating swirling velocity profiles. In
their method, the swirling inflow is obtained numerically by solving
for the flow driven by fictitious axial and azimuthal body forces,
where the axial body force represents the mean pressure gradient that
drives the physical flow. The azimuthal body force is not physically
producible and may be thought of as existing only to overcome drag
from the walls. This technique was used in LES of a coaxial jet
combustor and good agreement with the experimental data was
observed [7]. The method can be regarded as an effective and simple
means of generating realistic swirling inflow conditions.
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In this study, efforts have been made to derive an analytical form of
the equilibrium swirling inflow conditions. The analytical swirling
inflow is easy to implement, as it does not require solving for the flow
numerically [7]. The particular forms of the analytical equilibrium
swirling velocity profiles have been obtained for swirling annular
and round jets, which can be directly applied in the specification of
swirling inflow conditions for RANS approaches and further
explored for the specification of swirling inflow conditions for DNS
and LES, regardless of the turbulent component needed in the time-
dependent simulations. A desired swirl number at the inflow can also
be conveniently achieved by adjusting a constant.

II. Analytical Equilibrium Swirling Inflow Conditions

For stationary, axisymmetric, parallel flow, the axial and
azimuthal momentum equations with body forces are [7]
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In Egs. (1) and (2), x, r, and 6 represent the axial, radial, and
azimuthal directions, respectively, f, and f, represent the body
forces [7], t represents shear stress, and (o represents dynamic
viscosity.

For a swirling inflow, one can assume u, =0, and the shear

stresses in turn become
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Substituting Eq. (3) into Eq. (1), and after some manipulation, we
have
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The analytical solutions of u, and u, in Eq. (4) can be obtained as
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where C,, C,, C;, and C, are constants specified by the physical
conditions, while f, and f, are specified by appropriate physical
conditions such as the maximum velocity at the inflow. Note that
Eq. (5) cannot be used at r = 0 and in a practical simulation one can
always assume a very small value of r instead. The physical
conditions that can be used to define these constants are problem
dependent. For swirling annular and round jets, these constants can
be defined by the possible physical conditions.
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III. Specification of the Equilibrium Swirling

Inflow Conditions

Swirling inflow is commonly related to two flow configurations: a
round jet with an axisymmetric shear layer and an annular jet with
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two adjacent axisymmetric shear layers. The “axisymmetric”
configuration referred to herein includes an azimuthal motion
associated with the swirling velocity. For the annular and round jets,
the constants C,, C,, C;, Cy, f,, and f, in Eq. (5) can be defined
according to the relevant physical conditions as follows.

A. Annular Jet

For an annular jet with inner and outer radii R; and R, nonslip
conditions at the inner and outer radii can be used to define the
constants C;, C,, C3, and C,. Taking u, = uy =0 at r =R; and
r =R, from Eq. (5), C;, C,, Cs, and C, can be calculated as
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Consequently, the swirling velocity inflow profiles for an annular
jet can be written as
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In Eq. (7), f, and f, can be defined by the maximum velocities at
the inflow boundary. For the sake of convenience, a unit maximum
velocity may be assumed for u, (which is often the case if a
nondimensional form of the governing equations is employed). For
the annular jet, from Eq. (7),
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The parameter f, in Eq. (7) will define the degree of swirling in the
flow, as discussed in Sec. III.C.

Figure 1 shows the sample velocity profiles given in Eq. (7), where
a unit value has been assumed for R, and u for simplicity. In this
figure, distributions of u,/f, and u,/ f, between (R;, R,) have been
shown for different values of R;. It can be seen that u,/f, and ug/ f¢
show similar trends.

B. Round Jet

For a round jet with symmetry, C; = 0 may be used due to the
symmetry condition du,/dr|,—, = O (it can be shown that
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in this case). It is also reasonable to take C, = 0 due to the fact that
ug =0 at r = 0. Assuming that the jet velocity becomes zero at a
radial location r = R, C;, C,, Cs, and C, can be calculated as
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Consequently the swirling velocity inflow profiles for a round jet
can be written as
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InEq. (9), f, and f, can also be defined by the maximum velocities
at the inflow boundary. For instance, a unit maximum velocity for u,
may be assumed (which is often the case if a nondimensional form of
the governing equations is employed). For the round jet, from Eq. (9),
S =4p/R>%leads to u, 1, = 1atr = 0. The parameter f4 in Eq. (9)
will define the flow swirling, as discussed in the next section.
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Figure 2 shows the velocity profiles given in Eq. (9), where a unit
value has been assumed for R, and p. It can be seen that u,/f,
reaches a maximum value at » = 0 which is the jet centerline while
ugy/ fo reaches a maximum value at r = R, /2.
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Fig. 1 Sample velocity profiles of an equilibrium swirling inflow for an annular jet withR, =1 and p = 1.
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Fig. 2 Velocity profiles of an equilibrium swirling inflow for a round jet with R, =1 and p = 1.

C. Swirl Number
The swirl number can be calculated as
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For known u, and u,, the swirl number can be conveniently
calculated from the above definition. A certain swirl number can be
achieved by adjusting the constant body force term fy. From Egs. (7)
and (9), it can be observed that the swirl number is a simple linear
function of f, for annular and round jets. In a practical simulation, a
certain degree of swirling can be conveniently achieved by varying
foin Egs. (7) and (9), that is, f, = 0 leads to no swirling in the flow
and a large fy leads to a strong swirling in the flowfield.

IV. Validation

The axial and azimuthal inflow velocity profiles for a swirling
annular jet are compared with experimental results and simulation
data obtained from the commercial CFD package Fluent using the
methods described by Vanierschot and Van den Bulck [8]. The
experimental data of Sheen et al. [9] and Vanierschot and
Van den Bulck [10] are used for comparison with the analytical
velocity distributions obtained herein. Figure 3 shows the
comparison between the analytical swirling velocity profiles with
those obtained from experimental data [9,10] and Fluent simulation
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at axial locations very close to the jet nozzle exit. For a consistent
comparison, the velocities and distances in Fig. 3 have been
normalized by the maximum mean axial velocity and outer radius of
the jet nozzle exit, while the body forces f, and f, have been adjusted
to match the experimental conditions. The agreements of the
theoretical predictions with both the experimental results and Fluent
simulation are satisfactory, validating the effectiveness of the
analytical swirling inflow conditions described in this study. The
analytical swirling inflow condition has also been used in our
ongoing DNS of a swirling gas—liquid annular jet. Figure 4 shows
sample velocity vector plots at two different streamwise locations,
where z = 2.0 corresponds to an upstream cross section and z = 4.0
corresponds to a downstream cross section in the flow domain where
swirling was applied at the jet nozzle exit z = 0. The DNS results
clearly indicate the swirling flow pattern which is not self-sustaining
[7] and which is evolving into very complex flow structures at
downstream locations.

V. Conclusions

Analytical swirling inflow conditions have been examined for
swirling annular and round jets. Based on the equilibrium swirling
inflow concept of Pierce and Moin [7], the analytical form of the axial
and azimuthal velocity components has been given in Eqs. (7) and (9)
for annular and round jets, respectively. Without solving for the flow
numerically, the analytical swirling inflow is easy to implement in a
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Fig. 3 Radial profiles of axial and azimuthal velocities very close to the jet nozzle exit.
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Fig. 4 Sample velocity vectors from DNS of a swirling gas-liquid annular jet with swirl number 0.4.

CFD simulation. The analytical swirling inflow conditions provided
can be directly applied in RANS-based CFD simulations, while they
can also be used as the mean velocity profile for advanced CFD
techniques such as DNS and LES. For annular and round jets, a
certain swirl number at the inflow can be conveniently setup by
varying the body force fy in Egs. (7) and (9), with which the swirl
number has a linear dependence. The analytical solution is in good
agreement with experimental and simulation results, indicating the
effectiveness of the swirling inflow conditions proposed.
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