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Abstract: Many turbulent flow simulations require the use
of hybrid methods because LES methods are computation-
ally too expensive and RANS methods are not sufficiently
accurate. We consider a recently suggested hybrid RANS-
LES model that has a sound theoretical basis: it is sys-
tematically derived from a realizable stochastic turbulence
model. The model is applied to turbulent swirling and
nonswirling jet flow simulations. The results are shown to
be in a very good agreement with available experimental
data of nonswirling and mildly swirling jet flows. Com-
pared to commonly applied other hybrid RANS-LES meth-
ods, our RANS-LES model does not seem to suffer from
the 'modeled-stress depletion’ problem that is observed
in DES and IDDES simulations of nonswirling jet flows,
and it performs better than segregated RANS-LES mod-
els. The results presented contribute to a better physical
understanding of swirling jet flows through an explan-
ation of conditions for the onset and the mechanism of
vortex breakdown.
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1 Introduction

The understanding and prediction of vortex breakdown
in swirling turbulent flows is relevant to many environ-
mental and technical flows: vortex breakdown is seen
in tornadoes, in flows over delta wings at high angles
of attack (leading to an abrupt deterioration of the lift
and drag characteristics and a poor controllability), and
in combustion chambers, where it is used to stabilize
flames. Despite a lot of progress made over the last four
decades [1-6], no generally accepted explanation for the
onset, internal structure, and mode selection of vortex
breakdown has been presented so far [7-13]. Such insuf-
ficient understanding of vortex breakdown results in a
poor effectiveness of techniques applied to control vortex
breakdown [14].

The most promising approach to analyze swirling
turbulent flows (with or without vortex breakdown)
is to perform numerical simulations: measurements
cannot provide a comparably comprehensive insight
into the mechanism of such flows. Nevertheless, such
simulations are very challenging. For example, the
inflow conditions of swirling turbulent jets are usually
determined by a nozzle flow, which has a significant
influence on the development of the turbulent jet [15-17].
Accurate simulations of such turbulent jets require the
simulation of the nozzle flow to provide the jet inflow
conditions. Both direct numerical simulation (DNS) and
large-eddy simulation (LES) methods were previously
applied to the simulation of turbulent swirling jets.
However, the high computational cost of these methods
implied significant restrictions: DNS methods were only
used for low Reynolds number simulations (Re < 2000)
[7, 10, 11, 18], and both DNS and LES [19-23] methods
were not used to simulate the nozzle flow of canonical
swirling jets as considered here (see the illustration in
Figure 1). Only for specific swirl burner simulations, LES
were performed which simulated both the jet flow and
a part of the nozzle flow. An example is given by the
swirl burner LES of Garcia-Villalba et al. [24-26], where
a crude representation of the inlet duct (smaller than
the length of the computational domain used for the jet
flow simulation) was chosen for the simulations. On the
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Figure 1: The computational domain. The jet flow region is illustrated
in terms of the instantaneous scalar field for the S = 0.23 swirl case:
see Figure 20.

other hand, Reynolds-averaged Navier-Stokes (RANS)
simulations of both nozzle and jet flow regions suffer from
significant problems. Two-equation turbulence models
have a fundamental drawback because they are based
on a single length scale definition such that they are
unable to correctly account for different mixing length
scales that characterize the turbulent mixing of axial and
azimuthal velocities [27, 28]. More advanced models could
potentially address this issue, but consistent results for a
variety of flows obtained with a unified set of turbulence
model constants have not been reported so far [28-30].

Thus, the most promising approach is a combination
of LES and RANS methods. Such a segregated RANS-
LES method, which uses nozzle flow RANS simulations
to provide the inflow for the jet flow LES, was recently
used by the authors to simulate swirling turbulent jet
flows (resembling a solid-body rotation) below the vortex
breakdown regime [17]. Comparisons with experimental
data for the nonswirling case and a flow with mild swirl
(with a swirl number S = 0.23; S is defined by eq. (14))
demonstrated the accuracy of this segregated RANS-LES
model. However, these simulations were performed by
using RANS mean velocity fields as input for jet flow
LES, and by providing instantaneous jet inflow data such
that the characteristic length and time scales of inflow-
ing turbulent eddies are consistent with the RANS profiles
imposed at the inlet [17, 31]. This approach represents a
reasonable approximation for the mildly swirling jet flows
studied in experiments [15], but it cannot provide an exact
representation of instantaneous flow structures entering
the jet flow region. Another problem related to the use
of segregated RANS-LES models is the missing impact of
the LES region on the RANS region. For high-swirl number
flows, RANS models are known to be unreliable [28-30] so
that inflow of uncertain accuracy is provided for the LES
region if a segregated RANS-LES models is used.

The first goal of this paper is to address the questions
described in the preceding paragraph and to extend our
previous studies to the inclusion of the vortex breakdown
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regime by using a unified RANS-LES model suggested by
Heinz [32]. The unified RANS-LES model was applied to
channel flow simulations so far to evaluate options regard-
ing the computational realization of unified RANS-LES
models and their cost and accuracy features [33]. The
application to swirling turbulent jet flows reported here
represents an application of this unified RANS-LES model
to flows that require the use of hybrid RANS-LES methods.
It is worth noting that the unified RANS-LES model will be
applied ’as is’, i.e., no attempt is made to adjust the model
to the flows considered. The particular goal is to demon-
strate the suitability of the unified RANS-LES model with
respect to the flows considered.

The second goal is to show the difference between
the unified RANS-LES model and other hybrid models. In
addition to the consideration of our previously applied
segregated RANS-LES model we focus here on a stand-
ard hybrid RANS-LES method: detached eddy simulation
(DES) [34, 35]. Despite the success of DES when applied
to massively separated flows, this simulation technique
is known to suffer from non-trivial problems especially
for internal flow applications. One of these problems is
the ‘modeled-stress depletion’ (or ’gray area’) problem.
This problem appears if the DES model switches from
RANS to LES, but the velocity fluctuations produced by
LES are not sufficiently developed to compensate for the
loss of modeled turbulent stresses [36, 37]. This prob-
lem is known to be relevant to jet-like flows [38, 39],
such that DES calculations of swirling jet flows suffer
from problems [40, 41]. Comparisons between the uni-
fied RANS-LES model to be applied here with DES and
improved delayed detached eddy simulation (IDDES) [42],
which was developed to significantly reduce this DES
problem, will be beneficial to clarify, first, whether DES
reveals the ’modeled-stress depletion’ problem for the
flows considered, and, second, whether the unified RANS-
LES model [32] reveals such a problem.

The third goal of this paper is to use the results
obtained to contribute to a better understanding of the
structure of turbulent swirling jet flows. This concerns, in
particular, the understanding of conditions for the onset
and the organization of vortex breakdown.

The paper is organized in the following way. The
adopted modeling approach is briefly described in Sec-
tion 2. The computational approach is described in Sec-
tion 3. Section 4 presents the results of validating the
unified RANS-LES model, segregated RANS-LES, DES, and
IDDES with available experimental data [15]. The differ-
ences between the computational methods considered
regarding the simulation of swirling turbulent flows will
be discussed in Sections 5-6 with respect to the prediction
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of the onset of vortex breakdown and swirl effects on
velocity and passive scalar fields. Conclusions of this
study are presented in Section 7.

2 Unified RANS-LES model

The unified RANS-LES models derived by Heinz [32] by
using stochastic analysis will be presented in the follow-
ing. Incompressible flow will be considered, the compress-
ible formulation can be found elsewhere [32]. The theor-
etical basis for the development of the hybrid RANS-LES
models considered here is given by a realizable stochastic
velocity model [32, 43-45]
dx;

i sk
it A o)
dt !

dur  19p _ oSy 1 ~ k dw;
Lo LB g 00k L ey 4 [ACOKAWE )
dt p Ox; oXx TL 31; dt

Here, x;(t) and U;(t) represent the i" components of a
fluid particle position and velocity, and d/dt refers to the
derivative by time t. The first term on the right-hand side
of eq. (2) represents the acceleration due to the pres-
sure gradient and the second term represents the effect
of the viscous forces: :§,~,~ = (aﬁ,-/ax,- + 8@/3)(,)/2 is the
rate-of-strain tensor, p is the pressure, p is the constant
mean mass density, and v is the constant kinematic vis-
cosity. The sum convention is used throughout this paper.
Depending on the model formulation as RANS or LES
model, U; refers to the mean or filtered velocity (the
filtering is defined as box filtering here). However, for
simplicity, the model variables will be described as LES
variables, this means we refer to the filtered velocity but
keep in mind that this velocity can be the RANS velo-
city, too. The additional two terms in eq. (2) represent
models for the relaxation and generation of subgrid-scale
(SGS) velocity fluctuations, respectively. The third term
describes a relaxation toward the filtered velocity U; with
a characteristic relaxation time scale 7;. The generation
of fluctuations is described by the noise term (the last
term) which is determined by the properties of dW;/dt.
The latter is a Gaussian process with vanishing means,
< dW;/dt >= 0, and uncorrelated values at different times,
< dW;/dt(t) - dW;/dt' (t') >= 6;6(t —t'), where §(t — t') refers
to the delta function and 6 is the Kronecker symbol. k is
the residual turbulent kinetic energy. The nondimensional
parameter ¢y controls the noise strength.

The model (1) and (2) determines a transport equa-
tion for the filter density function (FDF) F(w, x, t) of filtered

)
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velocities, where w = (wy, wo, w3) refers to the sample
space velocity. The velocity FDF equation implied by
egs. (1) and (2) reads [32, 43]

OF awF 9 [19p _ aSy 1 ~
el L Y lk+—(w,-—U,-) F
ot 0X; ow; | p ax; Xy TL
2cok  9°F
+ 22 . 3)
31 Owjow;

By multiplying eq. (3) with 1 and w;, respectively, and
integrating over the velocity space, one finds that the
stochastic model (1) and (2) reproduces exactly the con-
tinuity equation 9 ﬁk /dxy = 0 for incompressible fluids and
the conservation of momentum equation

DU; aD; 19p 3S;
DU 9% _ ap + oy 20k

Dt oxx p X’

Six @)

where f)/f)t = 9/ot + Uxd/dx; denotes the filtered Lag-
rangian time derivative. By multiplying eq. (3) with w;w;
and integrating over the velocity space, we can derive a
transport equation for the SGS stress Dj;, which appears
as an unknown in the momentum equation,

f)D,'j 0 Tyij 3AU‘]'

+ = Uik

Dt dxk Xk

c
o T (Dij - goDkk&‘j) . (5

Here, Ty is the triple correlation tensor of velocity fluctu-
ations. For the following discussion it is helpful to rewrite
eq. (5) for Dy in terms of equations for the turbulent kin-
etic energy k = Dy, /2 and standardized anisotropy tensor
d;j = (Dyj — 2ké;5/3)/(2k). These equations are given by

Dk 13T, U, 2(1-co)k

- + = ko + 2kdin n_ _ﬂ, (6)

Dt 2 0xk 0X TI
Ddj 1 (T~ Tow65/3)  d Dk, T
~ t -t — = + diki
Dt 2k 0Xj k Dt 0Xj

2 8fln 2 e
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The latter equations can be used to derive a consistent
hierarchy of deterministic models. One possibility of using
egs. (4), (6), and (7) is to close these equations by a model
for the triple correlation Tjj, which is implied by the FDF
transport equation considered [43, 46]. Another option,
which will be considered in the following, is to reduce
the computational effort significantly by using eq. (7) for
the development of an algebraic model for the stress Dj;.
Different algebraic stress models can be derived on the
basis of an order of magnitude analysis involving a SGS
Knudsen number [43]. The simplest model (a linear stress
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model) is given by
2 ~
D; = §k6i1' = 2v¢Sjj, (8)

where the turbulent viscosity v; is defined by v; = k1. /3.
This model corresponds to neglecting the left-hand side
terms in eq. (7), which results in d;; = —§ijTL/3. A better
model (a quadratic stress model for Dj) also reflects the
stress production. This model corresponds to neglecting
the transport terms (the first three terms) and using the
linear model d;; = —§1~,~TL/3 to replace dj in the produc-
tion terms on the left-hand side of eq. (7) [32]. However,
such a quadratic stress model will be not considered here
because the focus of this paper is on the analysis of basic
properties of unified RANS-LES models. The combination
of eq. (4) and Dy = 2kbi /3 - 2v;Six then results in

DU, _ a@lp+2Kk/3) d(v+vi)Si
Dt ox; e

©

The corresponding transport equation for k is given by

21 -co)k

k -
(v+vt)8—] cvgp- 2k )
X

INTt - rxk k TL

Dk 9 [
where |§| = (2§ij§ii)1/2. Equation (10) is obtained by using
the stress model Dy = 2k /3 — 2vt§l-k in the production
term and modeling the velocity triple correlation in the
diffusion term [44, 45].

The setting of the time scale 1; decides about the use
of egs. (9) and (10) combined with 3Ui/dxx = O as LES
or RANS equations: we apply LES equations if the LES
time scale i = ¢,A/k'” is used, and RANS equations
if the RANS time scale 7R4NS = ¢, /w is applied. Here,
A = (AA,)'P refers to the filter width, w is the turbu-
lence frequency, and ¢, = 2(1 — ¢,) is a model parameter
that is specified through the w model. To close the RANS

time scale TRNS = ¢, /w we use the w model of Bredberg
etal. [47],
Dw W o~ Cun 0 Ve 0w
— =Co1—Ve|SPP - =+ — |(v+ —)—
B % ¢S] Ce o ( oa,)ax,-
Cy ok dw
+ —WV+Vv)——. 1
k v+ ve) 0x;j 0X; ay

Here, Cy1, Cu2, Ck, Cy, and o, are model constants that
have the values C,; = 049, Cy, = 0.072, Cx = 0.09,
Cy = 1.1, and 0, = 1.8. The comparison with the RANS
limit viANS = ¢,k/(Bw) of v; used in egs. (10) and (11)
with the RANS viscosity vf4NS = Cyk/w used in the model
of Bredberg et al. [47] reveals the consistency constraint
£, = 3Ck. The use of C; = 0.09 corresponds to £, = 0.27,
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which is close to the standard value ¢, = 1/3 for ¢, [43].
The value of w at the first grid point is set to be w = 2v/y?
[48]. The turbulent viscosity v; = kt; /3 derived above does
not account for the damping effect of walls. This effect can
be taken into account by using a modified turbulent vis-
cosity ve, = fuve [49]. For the damping function f, we use
an expression applied in conjunction with the model of
Bredberg et al. [47],

fu =009+ (0914 Re?’) (1-exp [~ (Rec/25)}) . (12)

Here, Re; is the turbulence Reynolds number, which is
defined by Re; = Cik/(wv). The expression for f, ensures
the correct scaling 0()®) of the turbulent viscosity in the
near-wall RANS region: by using a Taylor series expansion
[38, 47] we find v ~ O(y*) and f,, ~ O(1/y).

The unification of RANS and LES equations can
be achieved by introducing a unified time scale 7; =
min(ttES, tRANS) = ¢ min(Ak 2, w™Y) = ¢,min(a, L)/k'?,
where the characteristic length scale L = k¥2/w of turbu-
lence is introduced. A more advanced coupling of RANS
and LES equations is possible (the use of a smooth transfer
function [32]), but channel flow simulations [33] and the
simulations reported below did not indicate any advant-
age of such a model.

To visualize the flow structures of the different swirl-
ing jet flows considered below we add a passive scalar Zl; to
the flow field simulation. The transport equation for this
scalar is given by

5(7) 9 1% . Vi 8(7)
Dt oxx | \Sc  Sci) axi |”

In consistency with our previous work [17] it is assumed
that the Schmidt number Sc and turbulent Schmidt num-
ber Sc; have the values Sc = Sc; = 1. The turbulent
viscosity is defined by v = kt /3.

At a first glance, there may be the impression that
the unified RANS-LES model presented here is very sim-
ilar to the k — w SST-DES model suggested by Strelets [50]
and Travin et al. [51], which is based on Menter’s k — w
SST RANS model [52]. However, it turns out that there
are significant differences between these models. First,
the k — w SST-DES model switches between the RANS
and LES scales only in the dissipation term of the tur-
bulent kinetic energy equation [50, 51, 53, 54], whereas
the unified RANS-LES model switches these scales in all
terms involving the unified time scale. Second, as a con-
sequence of this DES concept applied, the k — w SST-DES
model does not recover commonly applied LES models
in LES mode. Third, in contrast to the unified RANS-LES

(13)
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model presented here, the k — w SST-DES model is not
part of a systematic hierarchy of turbulence models. Cor-
respondingly, the SST-DES modeling approach does not
provide a systematic basis for modeling improvements. On
the other hand, the unified RANS-LES model considered
can be improved by using, e.g., a nonlinear stress model
(see the discussion following egs. (8)) or a more advanced
stochastic velocity model.

The performance of the unified RANS-LES model will
be compared in following sections with the performance
of other hybrid RANS-LES methods. First, the unified
RANS-LES model results will be compared with the results
of our previous segregated RANS-LES simulations [17]. The
latter simulations were performed with FLUENT by using
the dynamic Smagorinsky model (DSM) for performing
LES in the jet region and the SST k — w model [55] to per-
form RANS simulations in the nozzle region. In particular,
we refer here to the forced LES segregated RANS-LES sim-
ulations where the forcing scheme of Smirnov et al. [31]
is used to provide instantaneous inflow data for the LES
jet flow simulations. In this way, the instantaneous inflow
data are correlated such that the characteristic length and
time scales of inflowing turbulent eddies are consistent
with the corresponding RANS profiles imposed at the jet
inlet. The specific purpose of the comparisons with our
previous segregated RANS-LES simulations is to address
the questions considered in Section 1. Second, for the S =
0 and S = 0.23 swirl cases for which experimental data are
available for comparisons, the performance of the unified
RANS-LES model will be compared with the performance
of DES [34, 35] and IDDES [42] simulations, which were
performed in addition to unified RANS-LES simulations.
The standard DES and IDDES model constants are used,
i.e., Cpes = Cippes = 0.65 and C,, = 0.15. The motivation of
performing these simulations was to clarify whether DES
and IDDES reveal the 'modeled-stress depletion’ problem
for the flows considered (see the discussion in the intro-
duction), and to compare the performance of the unified
RANS-LES model with commonly applied hybrid RANS-
LES methods.

It is obvious that comparisons of our hybrid RANS-
LES model with resolved LES would be interesting. First
of all, this question is related to the resolution of the jet
flow region, the motivation for including the nozzle flow
calculation in our simulations is to provide realistic inflow
data for the jet flow simulation. With respect to this ques-
tion, it is relevant to note that our unified RANS-LES model
is equivalent to resolved LES for most of the jet region
with minor deviations close to the nozzle exit, see the
discussion at the end of Section 3. To estimate the com-
putational cost of a wall resolved LES we used simulation

M. K. Stoellinger et al.: RANS-LES Simulations of Swirling Turbulent Jet Flows = 355

results for the S = 0.23 case obtained with the unified
RANS-LES model. Based on the averaged wall shear stress
in the nozzle region with the smallest diameter (which
is close to the nozzle exit) we found a friction velocity
u; = 2.5 m/s and a corresponding friction length scale
I, = v/u; = 7-107 m (corresponding values for the other
swirl cases do not differ much). The near wall resolution
of the nozzle exit region is found to be Ax* = Ax/l, ~ 80,
Art ~ 2, and Ar6* ~ 217. The suggested resolution of wall
resolved pipe flow LES is Ax* ~ 40, Ar* ~ 1and Ar6* = 15
[56]. To achieve this suggested resolution, we would need
a roughly 58 times finer grid. This is not feasible with the
computational resources at our disposal. It appears to be
likely that the majority of LES applications to similar flow
configurations faces more or less the same problem.

3 Computational approach

The unified RANS-LES, DES and IDDES equations
described in the preceding section were solved by using
the OpenFOAM (Open Field Operation and Manipulation)
CFD Toolbox [48]. The calculations have been performed
using a finite-volume based method with the numerical
grid being used as the LES filter. A filtered second-order
central difference scheme was used for the discretization
of the convection term in the velocity equations while a
bounded second order central difference scheme has been
employed for the convection terms in the k — w equations
to ensure a stable solution. With respect to the DES and
IDDES simulations, the convection terms in the velocity
and modeled viscosity equations have been discretized
with a bounded second order central difference scheme
to enable stable solutions. All the other terms were dis-
cretized using a second order central difference scheme.
The PISO algorithm was used for the pressure-velocity
coupling [57]. The resulting algebraic equation for all the
flow variables except pressure has been solved iteratively
using a preconditioned biconjugate gradient method with
a diagonally incomplete LU preconditioning at each time
step. The Poisson equation for pressure was solved by
using an algebraic multigrid solver. When the residual
became less than 107>, the algebraic equations were
considered as converged. Time marching was performed
by using a second-order backward difference scheme. The
time step was modified dynamically to ensure a constant
CFL number of 0.5.

The computational domain shown in Figure 1 con-
sists of an upstream nozzle region and a downstream jet
region. The jet region has a conical shape of radius D
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Table 1: Domain discretization.

DE GRUYTER

Nozzle region

Grid Grid points in the Grid points in the Grid points in the
name radial direction axial direction azimuthal direction
G1 wall region: 6; outer-wall region: 19 138 52
G2 wall region: 10; outer-wall region: 30 220 80
G3 wall region: 12; outer-wall region: 37 275 100
Jet region
Grid Grid points in the Grid points in the Grid points in the
name radial direction axial direction azimuthal direction
G1 37 50 52
G2 60 80 80
G3 75 100 100
and 2 D at the nozzle exit (which is the jet inlet) and the
jet outlet, respectively. The picture shown in Figure 1 in o 02r i
the jet region shows the instantaneous scalar distribution E i |
of the S = 0.23 case. The standard grid G2 applied here = 0.1r |
divided the nozzle region into 700, 000 control volumes. i 1
To adequately resolve the near wall region, the grid was 00 02 04 06

refined in the wall normal direction to ensure that y* < 2.5
at the first grid point. The G2 grid implied that the nozzle
flow was simulated by LES with the exception of the near-
wall region, which was treated as a RANS region. The jet
region was discretized by using 80 points in the azimuthal
direction (uniformly distributed), 60 points in the radial
direction, and 80 points in axial direction with a stretch-
ing of 2%. The entire domain (nozzle and jet flow regions)
was divided into 1, 049, 000 control volumes. The details
of the G2 domain dicretization are given in Table 1 and
a close-up view of the mesh at the nozzle exit region is
shown in Figure 2.

The simulations of nonswirling and swirling jet flows
with swirl numbers S ranging from 0 to 1 were performed
at a Reynolds number Re = 10°. Here, Re is based on

[IN

T Y

T

117

Figure 2: Close-up view of the G2 grid around the nozzle exit region.

r/Do

Figure 3: The nozzle inlet profile of the normalized azimuthal
velocity W for the swirl case S = 0.23. The normalization data are
Wy = 21.7 m/s and Dg = 0.248 m.

the radially averaged axial velocity at the nozzle exit and
the nozzle diameter D = 0.0381 m. The swirl number S is
defined by [15, 17, 58]

2 [P pywar
s= o T (14)
D [, rU?%dr

U and W are the averaged filtered axial and azimuthal
velocity components, respectively, and r is the radial pos-
ition. The relation between S and the swirl number S;
defined by the replacement of U? by U? — W?/2 in the
denominator of eq. (14) is given by S = (3.951/[1 + 4.151])?
[17].

The boundary conditions required to simulate these
cases were specified in the following way. A uniform value
of the axial velocity U = 1.17 m/s at the nozzle inlet was
used for all swirl cases. For the S = 0.23 swirl case a profile
of the azimuthal velocity was applied which can be seen in
Figure 3. The corresponding azimuthal velocity profiles for
the other swirl cases considered were obtained by a rescal-
ing of the S = 0.23 profile: the latter was multiplied with
(2.25, 2.7, 3.15, 4.2, 6.8) for the S = (0.5,0.55,0.6,0.75,1)
cases considered, respectively. The settings for axial and
azimuthal velocities were combined with a zero radial
velocity at the nozzle inlet. A no-slip boundary condition
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Table 2: Boundary conditions for unified RANS-LES and DES simulations.

Boundary Variables Settings
Nozzle inlet Velocity field:
S=0:(,v,W) (1.17,0,0) m/s

S5 =0.23: (U,V,W)

(1.17,0,W: see Figure 3) m/s

SGS kinetic energy k 0.003 m?/s?
Specific dissipation rate w 0.531/s
Pressure Zero gradient
Scalar 1.0
DES ¥ 1.5-107° m?/s

Wall Velocity field No slip condition
Turbulent kinetic energy k No slip condition
Specific dissipation rate w Zero gradient
Pressure Zero gradient
Scalar Zero gradient
DES ¥ om?/s

Annulus Velocity field pressure inlet [48]
SGS kinetic energy k 1071 m?/s?

Specific dissipation rate w

Pressure
Scalar
DESv

Far-field boundary Velocity field

SGS kinetic energy k
Specific dissipation rate w

Pressure
Scalar
DESv

Outlet Velocity field

SGS kinetic energy k
Specific dissipation rate w

Pressure
Scalar
DESv

Zero gradient
Atmospheric pressure
Zero gradient
1.5-107° m?/s
pressure inlet [48]
10711 m?/s2

Zero gradient
Atmospheric pressure
Zero gradient
1.5-107° m?/s
pressure inlet [48]
Zero gradient

Zero gradient
Atmospheric pressure
Zero gradient

Zero gradient

was used for the velocity at the wall. At the far-field bound-
ary and the jet outlet boundary a fixed atmospheric pres-
sure was set for the pressure and the velocity was specified
depending on whether the flow is out of the boundary
(zero normal gradient) or into the domain (zero azimuthal
velocity component, normal component obtained from
known flux). Details of the boundary conditions applied
can be found in Table 2. Additional evidence for the valid-
ity of these boundary conditions can be found in Zemtsop
etal. [17].

The simulations were performed for 60 large eddy
turnover times t, = D/Uy to eliminate the effect of the
initial conditions. Here, Uy is the maximum axial velo-
city at the nozzle exit. The large eddy turnover time t, was
calculated for the S = 0.23 case. After this time, the simula-
tions were run for 1500 large eddy turnover times to collect
time statistics. Due to the axi-symmetry of the flows con-
sidered, an additional averaging of the time statistics over
the azimuthal direction has been performed. All averages

shown in this paper have been obtained in this way. The
suitability of these simulation time settings was proven in
our previous studies [17].

The suitability of the domain size considered is
addressed in terms of Figure 4, which shows the mean
axial velocity and normalized intensity u’ of axial velo-
city fluctuations along the centerline for the S = 0.23
and S = 0.6 cases (S = 0.6 is the first case for which
vortex breakdown was observed). In particular, this fig-
ure shows the difference between using the domain size
applied for all the other simulations, which is referred to
as small domain, and the use of a larger domain size,
which is referred to as large domain. The latter domain
was obtained by an axial extension of the jet domain from
4.2D to 8D, and a radial extension at the outlet from 4D to
6.5D. The comparison for S = 0.23 shows almost the same
result for both domain sizes. With respect to S = 0.6, it may
be seen that both solutions are almost identical through-
out the nozzle and the vortex breakdown (flow reversal)
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Figure 4: The large domain effect. The normalized mean axial
velocity and normalized intensity u’ of axial velocity fluctuations
along the centerline for the S = 0.23 (first row) and S = 0.6 (second
row) case.

region. A small difference of streamwise velocities can be
observed close to the outlet of the small domain. However,
the main observation is that the vortex breakdown simu-
lation is not affected by the domain size. Thus, the use of
the small domain is well appropriate.

The suitability of the G2 grid applied for the following
simulations was proven in the following way. Regard-
ing the jet region, the G2 grid applied is equal to the
grid applied in our previous segregated RANS-LES sim-
ulations [17]. Regarding the nozzle region, the G2 grid
(704,000 grid points) consists of more points than the grid
applied in our previous segregated RANS-LES simulations
(78,000 grid points) because it is a three-dimensional grid
whereas the segregated RANS-LES simulations adopted a
two-dimensional grid in the nozzle. The suitability of the
grid applied in our previous segregated RANS-LES simu-
lations was shown by detailed grid dependence studies
[17]. Therefore, it can be expected that the G2 grid applied
here is well appropriate. This view was confirmed by grid
dependence studies performed on three grids: 270,000
(G1), 1.05 million (G2), and 2 million (G3) grid points,
respectively. The number of grid points in the axial, radial,
and azimuthal directions were uniformly increased from
G1 to G2 and G3 by using refinement factors of 1.25? and
1.253, respectively, in each of the three space directions.
The number of grid points in each direction is given in
Table 1 for each mesh. Figure 5 shows the corresponding
plots of the mean azimuthal velocity at the nozzle exit
and two downstream locations for the three grids con-
sidered in comparison to Gilchrist and Naughton’s [15]
experimental data. It can be seen that the profile of the azi-
muthal velocity predicted by simulations using the G2 and
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Figure 5: The grid influence on S = 0.23 results: Radial distributions
of the normalized averaged azimuthal velocity W at different x/D
obtained by the unified model. Dotted line: G3 grid; solid line: G2
grid; dashed line: G1 grid; dots: measurements. Here, Wy = 21.7 m/s.

G3 grids agree very well with the experimental data. On
the other hand, the G1 grid results underpredict the exper-
imental data significantly, leading to the conclusion that
the G1 grid is not well appropriate for the studies reported
below. Hence, all further results are presented on the G2
grid which enables much more efficient simulations than
the use of the G3 grid.

The question of the dominance of RANS and LES
modes is addressed in terms of Figures 6 and 7 that show
the ratio kyes/kior Of resolved to total turbulent Kinetic
energy obtained from the unified RANS-LES model at sev-
eral axial locations within the nozzle (Figure 6) and within
the jet region (Figure 7). The resolved turbulent kinetic
energy is calculated using a time average ks = ((LNI,- lNIi) TA —
(lNIi)TA(ﬁi)TA)/Z, the modeled turbulent kinetic energy is
obtained as a time average of the solution of eq. (6), kioq =
(k)Ta, and the total turbulent kinetic energy is given by
kiot = kres + kmoq. Here, the subscript TA refers to time aver-
aged variables. A main novelty of the work presented here
is the inclusion of the flow through the (wall bounded)
nozzle region upstream of the jet region (free shear flow).
The adopted grid is too coarse to fully resolve the near wall
turbulent motions and thus the use of a hybrid RANS-LES
model is crucial to accurately model the flow through the
nozzle and to provide accurate inflow into the jet region.
Ideally, the unified hybrid RANS-LES model operates in
unsteady RANS mode close to the wall in the nozzle and
mostly in LES mode in the jet flow. The ratio kyes/k¢ot is
a good measure to identify which mode dominates. LES
is often considered to be characterized by kyes/kior > 0.8
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Figure 6: The ratio of resolved to total turbulent kinetic energy
obtained from the unified RANS-LES model for S = (0, 0.23) at
different axial positions within the nozzle.
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Figure 7: The ratio of resolved to total turbulent kinetic energy
obtained from the unified RANS-LES model for S = (0, 0.23, 0.6) at
different axial positions within the jet region.

[49], whereas in unsteady RANS kyes/kiot < 0.4 is typical.
Indeed, Figure 6 shows kyes/kior < 0.3 close to the nozzle
exit where the Reynolds number is the largest and thus the
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modeled contribution is up to 70%. This clearly demon-
strates that the unified model operates as a unsteady
RANS model in the near wall region. Figure 7 shows the
ratio in the jet region. It can be seen that kyes/kior > 0.8
almost everywhere except in the thin shear layer close to
the nozzle exit (x/D = 0.5) where kyes/kior ~ 0.7 is found
for the non-swirling jet (S = 0), indicating slightly less
resolved LES. The unified RANS-LES model results can
thus be considered to be LES in the jet region.

4 Hybrid RANS-LES model
evaluation

Next, the performance of the unified RANS-LES model will
be validated by using Gilchrist and Naughton’s [15] exper-
imental data, which are only available for the nonswirling
S = 0 case and the mild swirl S = 0.23 case. The simula-
tions were adjusted to the same conditions (including the
Reynolds number Re = 10°) as considered in Gilchrist and
Naughton’s [15] experiments. The results discussed in this
section will be compared with the results of our previous
segregated RANS-LES FLUENT simulations: see Figures 3,
7-9 in reference [17]. In addition, we will also compare our
simulation results with the results of our DES and IDDES
simulations (see the discussion of these simulations at the
end of this section).

Mean velocities at the nozzle exit (x/D = 0), which
were obtained by unified RANS-LES, DES, IDDES, and
experiments, are shown in Figure 8 for the nonswirling
(S = 0) and swirling case (S = 0.23). Only the resolved tur-
bulence intensities are shown because the subgrid-scale
(SGS) turbulence intensities are small compared to the
resolved intensities in the regions used for comparisons
with experimental results. The mean velocity comparisons
in Figure 8 show an excellent performance of all mod-
els. Only a small difference between the three models can
be observed: the azimuthal velocity is predicted slightly
better by the unified RANS-LES model. A comparison of
turbulence intensities is given in Figure 9. For the non-
swirling case the unified RANS-LES model predicts suffi-
ciently large velocity fluctuations. The sharp peak of axial
velocity fluctuations (which is produced in the boundary
layer) has not been measured due to a lack of resolution
in the radial locations where hot-wire measurements have
been taken. In contradiction with the measurements, the
DES and IDDES results show much smaller levels of fluc-
tuations. The RANS region close to the nozzle wall is too
dominant in the DES and IDDES simulations, which pre-
vents the generation of velocity fluctuations in the LES
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Figure 8: Unified RANS-LES results at the nozzle exit x/D = 0: Radial distributions of normalized averaged axial and azimuthal velocity
components U and W, respectively, for S = 0 and S = 0.23. Solid line: unified RANS-LES model; dot-dashed line: DES; dashed line: IDDES;
dots: experimental data. The normalization data are Uy = 50.4 m/s for the nonswirling case and Uy = 56.3 m/s, Wy = 21.7 m/s for the swirling

case.
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Figure 9: Unified RANS-LES results at the nozzle exit x/D = 0: Radial distributions of normalized intensities u’ of axial velocity fluctuations
and normalized intensities w’ of azimuthal velocity fluctuations for S = 0 and S = 0.23. Solid line: unified RANS-LES model; dot-dashed line:

DES; dashed line: IDDES; dots: experimental data.

region of the nozzle: see the ‘modeled-stress depletion’
problem described in the introduction [36, 37]. The lack
of velocity fluctuations at the nozzle exit has significant
consequences for the development of the jet further down-
stream, as will be discussed below. For the swirling case
(left two plots in Figure 9), all models predicted very sim-
ilar amounts of velocity fluctuations in agreement with
the measurements. The flow instability and turbulence
production mechanisms of the swirling case seem to be
sufficiently strong to trigger velocity fluctuations in all
three models considered. We may conclude that the uni-
fied RANS-LES model predicts the mean jet inflow more
accurately than the other considered models with regard
to both the nonswirling and swirling case. The unified
RANS-LES results obtained here agree nicely with recent
RANS predictions of mean velocities at the nozzle exit,
which were obtained by using the segregated RANS-LES
model [17]. Turbulence intensities were not reported in
reference [17].

Mean velocities in the jet region, which were obtained
by unified RANS-LES simulations and experiments, are
shown in Figure 10 for the nonswirling (S = 0) and swirl-
ing case (S = 0.23) at four downstream locations x/D =
1,2,3, 4. The mean velocities obtained from the unified
RANS-LES model agree very well with the experimental
data for both the nonswirling and swirling cases at all
downstream locations. It may be seen that axial and azi-
muthal velocities are characterized by different mixing
length scales: the azimuthal velocity decays more rap-
idly than the axial velocity, as may be seen by comparing
the peak values of U and W at x/D = 1 and x/D = 4.
Two-equation turbulence models are unable to correctly
simulate the different mixing of axial and azimuthal velo-
cities [28], whereas the unified RANS-LES model enables
a correct simulation of the different mixing of axial and
azimuthal velocities. The unified RANS-LES model results
agree better with the experimental results than results
obtained recently by using a segregated RANS-LES model
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Figure 10: Unified RANS-LES results in the jet region: Radial distributions of the normalized averaged axial and azimuthal velocity
components U and W, respectively, for S = 0 and S = 0.23 at different axial positions x/D. Solid line: unified RANS-LES model; dot-dashed

line: DES; dashed line: IDDES; dots: experimental data.
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Figure 11: Unified RANS-LES results in the jet region: Radial
distributions of normalized intensities u’ of axial velocity
fluctuations for S = 0 and S = 0.23 at different axial positions x/D.
Solid line: unified RANS-LES model; dot-dashed line: DES; dashed
line: IDDES; dots: experimental data.

[17]. This applies, in particular, to the azimuthal velo-
city, which is slightly underpredicted by the segregated
RANS-LES model. Both the DES and IDDES results show
a very good agreement with the experimental results for
the swirling S = 0.23 case. However, the DES and IDDES
results for the nonswirling case reveal shortcomings: the
jet expansion is significantly underpredicted.

S=0

x/D=1+

1.5

Figure 12: Unified RANS-LES results in the jet region: Radial
distributions of normalized intensities w’ of azimuthal velocity
fluctuations for S = 0 and S = 0.23 at different axial positions x/D.
Solid line: unified RANS-LES model; dot-dashed line: DES; dashed
line: IDDES; dots: experimental data.

Resolved turbulence intensities in the jet region, which
were obtained by unified RANS-LES simulations and
experiments, are shown in Figures 11-12 for the nonswirl-
ing (S = 0) and swirling case (S = 0.23) at four down-
stream locations x/D = 1, 2, 3, 4. The turbulence intensities
obtained from the unified RANS-LES model agree well
with the experimental data for both the nonswirling and
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swirling cases. Compared to the experimental data, we
observe slight overpredictions of the unified RANS-LES
model predictions. Similar overpredictions were reported
recently in studies based on a segregated RANS-LES model
[17]. For the swirling case S = 0.23, the DES and IDDES
predictions of axial and azimuthal velocity fluctuations
compare well with the unified RANS-LES results. The cor-
responding DES predictions for the nonswirling case are
incorrect, in particular for x/D = 1, 2. The reason for the
unsatisfactory performance of DES is the lack of velocity
fluctuations at the nozzle exit: see Figure 9. IDDES, which
was developed to significantly reduce this DES problem
[42], suffers from the modeled-stress depletion’ problem
in the same way as DES for about half of the computational
domain: see the x/D = 1, 2 pictures. With growing distance
from the nozzle exit, IDDES recovers from the 'modeled-
stress depletion’ problem and provides results which are
comparable to the unified RANS-LES results: see the x/D =
3, 4 pictures. However, this recovery of the IDDES per-
formance is not much reflected in the mean axial velocity
profiles at x/D = 3, 4 which underpredict the jet expansion
significantly. This leads, for example, to incorrect scalar
mixing predictions. Therefore, the performance of both
DES and IDDES is unsatisfactory with respect to the non-
swirling case. It is interesting to note that the addition of
swirl leads to a significant enhancement of the production
of LES fluctuations such that the performance of DES and
IDDES with respect to swirling flows is comparable to the
performance of the unified RANS-LES model.

The DES results described above were obtained
by using the typical DES filter width definition A =
max(Ay, Ay, A;). The comparison with the unified RANS-
LES model, which uses A = (AyA/A.)'?, leads then to
the question of what is the difference if DES is used
in conjunction with A = (AyAyA,)Y3. The latter ques-
tion is addressed in terms of Figure 13, which shows the
mean axial velocity and the normalized intensity of axial
velocity fluctuations for the S = 0 case for both A =
max(Ay, Ay, A;) and A = (AAyA,)Y3. It may be seen that
the use of A = (AXA),AZ)I/3 definitely improves the velo-
city and turbulence simulations. However, compared to
unified RANS-LES results, the DES approach still reveals
significant shortcomings. First, at x/D = 1, the character-
istic 'modeled-stress depletion’ problem of DES is seen.
Second, farther away from the nozzle, we see a strong
overprediction of the intensity of axial velocity fluctu-
ations in the jet center region. The differences between
using A = max(Ay, Ay, A;) and A = (AAA;)Y? can be
attributed to the eddy viscosity, which is smaller if A =
(AxAyA;)' is used. A smaller eddy viscosity will result in
the generation of additional LES fluctuations. This may
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Figure 13: DES results in the jet region: Radial distributions of the
normalized averaged axial velocity U and normalized intensities u’
of axial velocity fluctuations for S = 0 at different axial positions x/D.
Solid line: A = (AyAyA,)'3; dashed line: A = max(Ay, Ay, A,); dots:
experimental data.

have a positive effect as seen at x/D = 1, but it can also
imply unrealistic negative effects, as seen by the huge
overprediction of fluctuations in the jet core region. In an
attempt to better understand the difference between the
unified RANS-LES and the k — w SST DES concepts we per-
formed (by using A = (AyAyA,)'?) simulations with the
unified RANS-LES model, where the RANS-LES time scale
switch was only applied in the dissipation term of the
turbulent kinetic energy equation (this means the RANS
time scale was used in all the other terms). These simu-
lations resulted in mean axial velocity fields which have
shortcomings (an underprediction of the jet expansion
was seen). However, the most relevant shortcoming was
the almost complete lack of LES fluctuations (not shown).
This finding also supports the view that the DES concept
results in a significant sensitivity of the generation of fluc-
tuations depending on variations of the turbulence model,
definition of A, and grid applied.

5 Vortex breakdown

At swirl numbers larger than S = 0.23 the flow structures
may drastically change. Centrifugal forces can signific-
antly reduce the centerline pressure close to the nozzle,
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whereas the pressure on the swirl-axis farther away from
the nozzle is much less affected (i.e., much higher than the
pressure close to the nozzle due to the reduced swirl velo-
city). The latter can be seen, e.g., in terms of the pressure
distributions presented in reference [17]. This results in an
adverse pressure gradient in axial direction. The flow is
decelerated and (depending on the swirl strength) even-
tually reversed, creating a semi-stable recirculation zone
(i.e., vortex breakdown) [20]. A crucial question is whether
the unified RANS-LES model predicts vortex breakdown
in agreement with other observations. This question will
be addressed now on the basis of the vortex breakdown
criterion of Billant et al. [59] and observations made in
experiments [2, 4, 6, 20, 21, 60—-62].

Mathematically, the onset of vortex breakdown can be
described in the following way. According to Bernoulli’s
principle the sum of P/p and the kinetic energy is constant
along the centerline (P refers to the mean pressure). There-
fore, for the flow considered where the mean streamline
velocity U clearly dominates the kinetic energy we find
that P/p + U?/2 is constant along the centerline. Hence, we
have Po/p + U}/2 = P,/p + U}/2. Here, the subscript O refers
tovalues of P and U at a reference position xj at the center-
line located well upstream of the stagnation point, and the
subscript 1 refers to the stagnation point. The streamwise
velocity U; at the stagnation point can be assumed to be
negligibly small compared to the pressure contribution.
Therefore, the condition to observe vortex breakdown is
given by

Pi-Po _ Uj (15)

According to eq. (15), vortex breakdown occurs if the pres-
sure difference divided by p between the stagnation point
and reference position xo becomes equal to the specific
kinetic energy at the reference position. However, the use
of the criterion eq. (15) for the prediction of the onset
of vortex breakdown is difficult because the intensity of
swirl needed to observe vortex breakdown is only impli-
citly involved via the pressure difference. A more helpful
criterion can be obtained by the following approach. Bil-
lant et al. [59] consider the balance between the radial
pressure gradient and centrifugal force far upstream of
the stagnation point for laminar flow. Integrated over the
radial direction, this balance implies

_ ) 2
Po, — Py =/ W-(r, XO)dr. 16)
0

p r
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We take the difference between egs. (16) and (15) to obtain

P -P > W(r, U3
! =/ Wirxo) 4, %, (17)
p 0 r 2
By introducing the abbreviations
P, -P 2 [ WA,
Rp=2f= P gl 2 [T, g
pU; Us Jo r
eq. (17) reads
Rp=R-1. (19)

Both Rp and R are positive: see eq. (16) considered at the
stagnation point and the definition of R. For the case that
the stagnant region is directly connected to the surround-
ing outer quiescent fluid, Billant et al. [59] argue that P, =
P; represents a good approximation. The corresponding
condition for the onset of vortex breakdown is then R = 1.
In the case of a bubble state as considered here, the stag-
nant region is not directly connected to the surrounding
outer quiescent fluid, which implies that P., > P;. For
this case, a necessary condition for the onset of vortex
breakdown is R > 1 [59]. Hence, vortex breakdown can
be observed if the specific kinetic energy at the reference
position xq is smaller than the rotational energy.

Unified RANS-LES simulations on the G2 grid were
used to calculate R for different swirl numbers. The
reference point xo = O was chosen. These simula-
tions resulted in R = (0, 0.330, 0.919, 1.116,1.619) for S =
(0,0.23,0.50, 0.55, 0.60). Figure 14 shows the plot of R
values in comparison to the model function

R = 1.1114S + (1.1857S)? + (1.60195)%°. (20)

This curve fit was obtained by calculating (for fixed
powers in the second and third terms) the coefficients of
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Figure 14: Vortex breakdown criterion: The dependence of the
rotational-to-kinetic energy ratios R and R; on the swirl number S for
S < 0.6. The dots and the solid line, which shows eq. (20), show the
results for R. The rectangles and the dashed line, which shows

eq. (21), show the results for R;.
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S in all three terms such that the curve agrees exactly
with the R values at S = (0.23,0.50, 0.55). A quadratic
second term was applied, and the power of the last term
was chosen such that the R value at S = 0.6 is provided.
The curve fit eq. (20) can be used to determine under
which condition the vortex breakdown criterion R > 1
is satisfied: we find that vortex breakdown may occur if
S > 0.5244. In an attempt to improve the vortex break-
down condition R > 1, the analysis of Billant et al. [59]
was repeated by including the effect of turbulence. This
approach results in the replacement of W? by W? + w'2 in
R, where w'? refers to the azimuthal turbulence intensity.
For this case we found R; = (0, 0.353, 0.945, 1.157, 1.665) for
S =(0,0.23,0.50, 0.55, 0.60), respectively. The correspond-
ing curve fit for this case, which was obtained like eq. (20),
is given by

R; = 1.2691S + (1.0747S)* + (1.5964S)". (21)
As shown in Figure 14, the effect of this modification of the
vortex breakdown criterion is negligibly small.

The unified RANS-LES simulations did not show vor-
tex breakdown for S = (0, 0.23, 0.50, 0.55). Vortex break-
down was found for S = 0.6 and higher swirl numbers.
Evidence for the observation of vortex breakdown for S >
0.6 is provided in terms of Figure 15, which also shows
that vortex breakdown was observed in the jet region just
outside of the nozzle for all the swirl cases considered.
The latter fact is also confirmed in terms of Figure 16,
which shows a contour plot of the normalized instant-
aneous axial velocity in the center-plane x3 = 0 for
the strongest swirl case S = 1 considered. The finding
of vortex breakdown for S = 0.6 is consistent with the
implication of the vortex breakdown criterion: S > 0.52
is a necessary condition but not a sufficient condition
to observe vortex breakdown. The fact that vortex break-
down is observed for a swirl number slightly higher than

S = 0.52 supports the view that the vortex breakdown
2 T
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Figure 15: The mean axial velocity along the centerline. Solid line:
S = 0.6; dashed line: S = 1.
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Figure 16: Unified RANS-LES results for S = 1: Contour plot of the
normalized instantaneous axial velocity in the center-plane x3 = 0.

condition provides valuable information about the onset
of vortex breakdown. The observation that vortex break-
down is found for the considered jet flow at S = 0.6 is
well supported by conclusions of experiments: a critical
swirl number of S = 0.6 for the onset of breakdown is well
accepted [2, 4, 6, 20, 21, 60-62]. DES and IDDES simula-
tions performed at S = 0.6 (not shown) also resulted in the
observation of vortex breakdown. Thus, the unified RANS-
LES simulation results agree very well with observations
made by theory, experiments, and other computations.

The detailed mechanism of vortex breakdown is cur-
rently not fully understood [6, 63]. Experiments [6, 63, 64]
indicate that swirl flows are characterized by a central
vortex core, which shows a characteristic precession in
swirl flows involving vortex breakdown (called precess-
ing vortex core (PVC)). The central vortex core can be
seen in the flow visualization of Figure 17 which shows
iso-surfaces p — P = —20 Pa of instantaneous pressure fluc-
tuations obtained with the unified RANS-LES model for
swirl numbers S = (0, 0.23, 0.50, 0.75,1). The iso-surface
is colored according to the filtered scalar value. The way
of visualizing instantaneous flow structures follows our
presentation in reference [17]. This approach has signific-
ant advantages compared to the consideration of instant-
aneous vorticity fields, which does not allow to visualize
the coherent flow structures in swirling jets [17, 24]. The
nonswirling case (right) does not have a vortex core. The
S = (0.75,1) cases (two leftmost pictures) with vortex
breakdown also seem to indicate a PVC as the axis of the
vortex core in these two pictures displays an angle to the
symmetry axis.

A much stronger indication for the existence of the
PVC can be found by analyzing the power spectral dens-
ity of velocity fluctuations [24] as shown in Figure 18. This
figure shows the axial velocity fluctuation power spectral
density obtained from the unified RANS-LES model for
S = 0.55, for which we do not observe vortex breakdown,
and for S = 0.6, for which we observe vortex breakdown.
The velocity spectrum calculations were performed in the
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Figure 17: Unified RANS-LES results: Visualization of coherent vortex structures by means of an iso-surface p — P = —20 Pa of instantaneous
pressure fluctuations for swirl numbers S = (0, 0.23, 0.5, 0.75, 1) from left to right, respectively. The iso-surface is colored according to the

scalar value: (7) > 0.5 (red) and c7> < 0.5 (yellow).
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Figure 18: Power spectral density of axial velocity fluctuations at x/D = 0.1 and r/D = 0.6. Left-hand side: S = 0.55, right-hand side: S = 0.6.

The straight line has a slope of -5/3.

following way [24]. Time signals of velocity have been
recorded during the simulation close to the nozzle exit at
x/D = 0.1 and r/D = 0.6 at twelve angular positions. The
signal was recorded every other time step for a total of
86 turnover times giving a total of 30,000 samples. The
power spectral density of axial velocity fluctuations was
calculated by using a windowed Fourier transform with
a Hanning window using 5 overlapping segments. This is
done for each of the angular positions. Then, additional
averaging of the spectra over the twelve locations was
applied. There are two remarkable differences between
these two swirl cases. First, the S = 0.6 case shows much
higher levels of power density at low frequencies and a
region where the spectrum decays with a —5/3 slope over
about one decade in frequency. Second, the S = 0.6 case
shows a large peak at a frequency of 0.45 Up/D. This low-
frequency peak, which is not seen in the S = 0.55 case,
provides strong evidence for the existence of the PVC in
the S = 0.6 case.

6 Scalar mixing enhancement by
Swirl

Next, the unified RANS-LES model will be used for the cal-
culation of the mixing efficiency m, of scalars depending

on the swirl number S, which is very helpful for technical
applications (the quantification of swirl effects on the mix-
ing of species in turbulent combustion systems). There
are two differences to our previous calculation of the mix-
ing efficiency m, based on a segregated RANS-LES model
[17]: the mixing efficiency calculations presented here (i)
include the vortex breakdown regime, and (ii) these calcu-
lations are performed with a methodology that was proven
to be more accurate than the segregated RANS-LES mod-
eling approach (see the discussions in Sections 5 and
7.

The scalar mixing efficiency m, is defined as me = 1-1,
where the intensity of segregation reads

2
9%

IZ@@—@Y

(22)

Here, oé is the variance of the instantaneous passive

scalar (7), which is bounded by zero and one, and @ is the
mean value. The mixing efficiency is bounded by zero and
one, 0 < m, < 1: the values me = 0 and m, = 1 corres-
pond to a completely segregated and a completely mixed
scalar, respectively [17]. The simplest way to show that m,
is bounded by zero and one is to prove that 0 < I < 1. We
consider
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Figure 19: The dependence of the mixing efficiency m, on the swirl
number S for the swirl cases considered. The dots show the m,
values obtained with the unified RANS-LES method. The solid line
refers to the model (24). The corresponding results of segregated
RANS-LES simulations are given by open circles. The dashed line
represents m, = 0.185 + 0.378S.

o (F)-(3 ~o3 (8- - (3-8
The lower bound is correct because 0 < O‘é. The upper

bound is correct because ((}52> < ((7)) for a scalar bounded

by zero and one. By dividing eq. (23) by <<7)> (1 - <<7>>),
which is non-negative, we conclude that 0 < I < 1. Numer-
ically, the calculation of values very close to these limit
cases requires care. If ® = 0 or ® = 1, we know that
the scalar is completely segregated or completely mixed,
i.e., me = 0 or me = 1, respectively. Therefore, for values
® < 0.005and ® > 0995 we used me = O or me = 1,
respectively. Further details of the calculation of m, can
be found elsewhere [17].

Figure 19 shows the mixing efficiency m, obtained
by the unified RANS-LES model for the swirl cases
considered. In particular, we obtained the values
me = (0.280,0.395,0.540, 0.570, 0.850, 0.970, 0.974) for
S =(0,0.23,0.5,0.55,0.6,0.75,1), respectively. The rel-
evance of these mixing efficiency values to the spatial
distribution of the passive scalar is illustrated in terms of
Figure 20. The unified RANS-LES curve m, = f(S) shows
two trends: a linear dependence for 0 < S < 0.58, which
applies to the scalar mixing in absence of vortex break-
down, and an exponential dependence for 0.58 < S < 1,
which applies to the vortex breakdown regime. A model
for these two trends is given by

0.28+0.52S if 0<S<0.58
Me = i 098/ (1 + O.7e’73(5’0'58)) if 058<S<1 ] '
(24)
These analytical trends represent excellent approxima-
tions, the relative error magnitude of the model (24)
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is less than 1% and 2% regarding the regimes without
and with vortex breakdown, respectively. In particular,
the 2% error of the vortex breakdown regime calcula-
tion can be seen by the fact that m, approaches m, =
0.98 for high S values instead of m, = 1. The result
of our segregated RANS-LES model in absence of vortex
breakdown is also shown in Figure 19. The latter values
are given by m, = (0.196,0.251, 0.328, 0.386, 0.413) for
S = (0,0.23,0.41,0.5,0.58), respectively. A model for the
segregated RANS-LES results, which is also shown in Fig-
ure 19, is given by m, = 0.185 + 0.378S. The relative error
magnitude of this model is less than 6%.

According to experimental results [28, 65, 66], the tur-
bulent jet growth rate is known to vary linearly with the
swirl number in absence of vortex breakdown. Hence,
the mixing efficiency of a passive scalar, which is dis-
tributed by the turbulent flow structures (the turbulent
viscosity is at least 20 times higher than the molecular
viscosity for the flows considered), has to show the same
linear dependence on the swirl number. Both, the uni-
fied and segregated RANS-LES results show the correct
linear scaling of the mixing efficiency m, = f(S) for the
regime without vortex breakdown. However, there are dif-
ferences between the segregated and unified models: the
unified RANS-LES model follows better a linear curve and
it predicts a significantly higher mixing efficiency than
the segregated RANS-LES model. This difference is a con-
sequence of the different modeling concepts applied. The
segregated RANS-LES approach combines RANS solutions
with artificially generated velocity fluctuations at the jet
inlet. This concept can be expected to insufficiently rep-
resent the turbulent mixing motions that distribute the
scalar (the velocity fluctuations provided at the jet inlet
are not solutions of the LES equations). On the other hand,
the turbulent mixing motions are more realistically rep-
resented by using the unified RANS-LES concept, which
applies LES for both the nozzle and jet region. In the
presence of vortex breakdown, a rapid transition towards
a complete mixing has to be expected because the jet
structure of the scalar distribution is broken apart: see
Figure 20. This expected behavior can be seen in the uni-
fied RANS-LES results (segregated RANS-LES results are
unavailable for this regime because of the shortcomings
that can be expected).

7 Conclusions

Most RANS methods provide poor predictions of turbu-
lent swirl flows [28-30]. LES including the relevant nozzle
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Figure 20: Unified RANS-LES results: Contour plots of instantaneous scalar values in the center-plane x3 = 0 for S = (0, 0.23, 0.5, 0.75, 1) from
left to right, respectively. The red color refers to ¢ = 1, and the blue color refers to ¢ = 0.

flow, which provides the inflow for turbulent jets, are com-
putationally too expensive for the high Reynolds number
flows of technical interest. An attractive way to overcome
this problem is the use of hybrid RANS-LES methods. A
unified RANS-LES method was suggested recently [32],
which has been applied to turbulent channel flow simu-
lations [33]. A first objective of this paper was to validate
the unified RANS-LES model for turbulent jet flows cov-
ering a broad range of swirl numbers by using findings
obtained by theory, experiments, and other computa-
tional methods. A second objective was to demonstrate
the advantages of the unified RANS-LES model in compar-
ison to other hybrid RANS-LES methods. A third objective
of this paper was to use the unified RANS-LES results
obtained for a better understanding of the mechanism
of swirl flows. The results obtained regarding these three
objectives will be summarized in the following three para-
graphs.

The findings obtained here regarding the validation
of the performance of the unified RANS-LES model with
respect to turbulent swirl flow simulations can be sum-
marized in the following way. For the nonswirling S = 0
case and the S = 0.23 case of mild swirl (experimental
results are unavailable for other swirl numbers), it was
shown that the mean velocities and turbulence intensit-
ies predicted by the unified RANS-LES model agree well
with experimental results. For higher swirl numbers but
in absence of vortex breakdown, the unified RANS-LES
method showed that the scalar mixing efficiency increases
linearly with the swirl number S, as it has to be expec-
ted [28, 65, 66]. Unified RANS-LES simulations showed
vortex breakdown for swirl numbers S > 0.6. The con-
clusion that S = 0.6 represents a critical swirl number
required for the onset of vortex breakdown agrees very
well with observations made by theory, experiments, and

other computations: see the discussion at the end of Sec-
tion 5.

There are significant advantages of the unified RANS-
LES method in comparison with other hybrid RANS-LES
methods. (a) Compared to segregated RANS-LES models,
the advantages of the unified approach is a relatively weak
dependence on experimental data, which were needed
here only to provide nozzle inflow data. On the other
hand, the segregated RANS-LES approach requires evid-
ence for the suitability of simulation results at the RANS-
LES interface. In addition to the latter fact, the segregated
RANS-LES approach may imply inaccurate flow simula-
tions. (b) Compared to DES, the advantage of the unified
RANS-LES method presented here is its generality and
better performance. In contrast to the unified RANS-LES
method, both DES and IDDES suffer from the ’'modeled-
stress depletion’ problem, which results in inappropriate
predictions of nonswirling flows (see Section 4) and short-
comings regarding the simulation of other swirling jet
flows than considered here [39-41]. In addition, DES res-
ults can be significantly affected by model parameter vari-
ations [41], whereas the unified RANS-LES model does not
involve an adjustable parameter corresponding to Cpgs.

The unified RANS-LES results presented here contrib-
ute to a better understanding of conditions for the onset
of vortex breakdown and the mechanism of vortex break-
down. A condition for the onset of vortex breakdown is
the requirement to satisfy R > 1, which requires that the
global amount of rotational energy is higher than the kin-
etic energy in axial direction. This condition was found
to be satisfied for S > 0.52. However, S > 0.52 does not
ensure that vortex breakdown will occur. As argued in
Section 5, the occurrence of vortex breakdown requires a
slightly higher amount of swirl to stabilize the instantan-
eous coherent structures involved (the first ring structure
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behind the nozzle and recirculation zone). Vortex break-
down was found for S = 0.6, which is only slightly higher
than the swirl number S = 0.52 required for the onset of
vortex breakdown. Therefore, knowledge of the swirl num-
ber required to satisfy the vortex breakdown criterionR > 1
provides very valuable information.
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