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ABSTRACT
Swirling flows are very dominant in applied technical problems, especially hydraulic machinery, and their
prediction requires rather sophisticated modelling. At present an applicative method for simulation is Very Large
Eddy Simulation (VLES). In VLES large turbulence structures are resolved by an unsteady simulation and the minor
structures are modelled with an adequate turbulence model. Therefore turbulence model must distinguish between
resolved and unresolved scales. The VLES method also introduces a filtering technique which helps the turbulence
model to adapt in accordance with the scales to be modelled. As a basis the modified k-¢ model of Chen and Kim
used with additional streamline curvature correction of Reif. The model is implemented in both FENFLOSS and
CALC-PMB CFD codes which are used for simulation of swirling pipe flow and swirling flow through a straight

conical diffuser, respectively.

INTRODUCTION

Flows which appear in different technical problems are
characterised as very intricate turbulent flows followed
with different flow phenomena, e.g. unsteadiness, swirling
flow, separation of the flow etc. Thus their simulations are
complicated and time consuming requiring high
computational power. Additionally, adequate turbulence
modelling is needed which is able to predict these flows
satisfactorily.

Turbulence modelling is still one of the fundamental
problems of Computational Fluid Dynamics (CFD).
Application of classical Reynolds-averaged Navier-Stokes
(RANS) simulation with usual turbulence models, e.g. k-¢
or k-® model, often gives inadequate results. The highest
accuracy for resolving complete turbulence is offered by a
Direct Numerical Simulation (DNS). Unfortunately its
industrial application is not possible in the foreseeable
future due to the fact that it requires extremely find grid
resolution for performing 3D simulation of the flow with
high Reynolds number.

Lately Large Eddy Simulation (LES) starts to be a mature
technique despite its necessity for high computational
resources. With LES all anisotropic turbulent structures
are resolved in the computation and only the smallest
isotropic scales are modelled with the models which are
simpler compared to those used for RANS.

At present an applicative method for simulation is Very
Large Eddy Simulation (VLES). It is a kind of hybrid
method which starts to expand as a promising compromise
for simulation of industrial flow problems with reasonable
computational time and costs. In VLES large turbulence
structures are resolved by an unsteady simulation and the
minor structures are modelled with an adequate turbulence
model.

SIMULATION METHOD

Governing equations and turbulence modelling

The governing equations describing incompressible,
viscous and time dependant flow are the Navier-Stockes
equations. In the RANS approach, these equations are
time or ensemble averaged leading to
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Here the Reynolds stress tensor is unknown and the task
of turbulence modelling is the formulation and
determination of suitable relations for Reynolds stresses.

RANS equations are established as a standard tool for
industrial simulations, although it means that the complete
turbulence behaviour has to be enclosed within
appropriate turbulence model which takes into account all
turbulence scales (from the largest eddies to the
Kolmogorov scale). Up till now the mostly used
turbulence models are standard k-g, k-o or their
variations. They are developed for modelling the whole
range of turbulent scales and it is well known that they
show excessive viscous behaviour very often damping the
unsteady motion quite early.

Lately several hybrid methods are proposed in the
literature and among them VLES. They are all based on
the same idea to represent a link between RANS and LES.
They try to keep computational efficiency of RANS and
the potential of LES to resolve large turbulent structures,
even on coarser grids and with high Reynolds number.
Their main difference compared to the LES is that a
smaller part of the turbulence spectrum is resolved and the
influence of a larger part of the spectrum has to be
expressed with the model (Fig. 1). Additional requirement
is appropriate filtering technique which distinguishes



between resolved and modelled part of the turbulence
spectrum. It provides their adaptive characteristic
enabling them to be applied for the whole range of
turbulence modelling approaches from the RANS to the
DNS (Fig. 2).

Total turbulence
spectrum

Resolved pan Modelled pan

log (amplitude)
log {amplitude)
log {amplitude)

log (frequency) log (frequency) log (frequency)

Figure 1: Modelling approach used in VLES.
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Figure 2: Principle of filtering and adjustment for adaptive
model.

The basis of the adaptive model is the extended k-& model
of Chen and Kim [1]. It is chosen due to its simplicity and
capacity to better handle unsteady flows compared to the
standard k-¢ model. Its transport equations for k and ¢ are
given as
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with following coefficients:
o, =0.75,06,=1.15, ¢, =1.15, ¢, = 1.15 and ¢3, = 0.25.

Additionally, these extended k-¢ equations need to be
filtered. Applied filtering technique is similar to Willems
[2]. The smallest resolved length scale A used in filter is
according to [3] dependant on the local grid size or the
computational time step and local velocity.

According to the Kolmogorov theory it can be assumed
that the dissipation rate is equal for all scaled. This leads
to
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It is not acceptable for turbulent kinetic energy. It is
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contains model constant & in a range from 1 to 5. Then
the Kolmogorov scale L for the whole spectrum is given
as
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Modelled length scales and turbulent viscosity are
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with ¢, = 0.09.

The filtering procedure leads to the final equations
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For more details of the model and its characteristics the
reader is referred to [4].

The streamline curvature correction of Reif ([5]) is also
introduced. In this model the Bousinesq hypothesis is
generally defined by making the constant ¢, depending on
the strain rate and the rotation rate tensors.

Numerical methods

FENFLOSS

FENFLOSS (Finite Element based Numerical FLOw
Simulation System) is Finite Element Method based CFD
code which is developed at the Institute of Fluid
Mechanics and Hydraulic Machinery, University of
Stuttgart. It uses 8-node hexahedral elements for spatial
domain discretisation and the time discretisation involves
a three-level fully implicit finite difference approximation
of 2™ order. For the velocity components and the
turbulence quantities a trilinear approximation is applied
and the pressure is assumed to be constant within element.
For advection dominated flow a Petrov-Galerkin



formulation of 2™ order with skewed upwind orientated
weighting function is used.

For the solution of the momentum and continuity
equations a segregated algorithm is used. The equations
are linearised and the linear system is solved with a
conjugated gradient method BICGSTAB2 with an
incomplete LU decomposition (ILU) for preconditioning.
The pressure is treated with the modified Uzawa pressure
correction scheme [6], which is performed in an inner
iteration loop without reassembling the system matrices
until the continuity error is reduced to a given order.

After the turbulence quantities are calculated and a new
turbulence viscosity is gained. The equations of
turbulence model are also linearised and solved with
BICGSTAB?2 algorithm. The whole procedure is carried
out in a global iteration until convergence is obtained. For
unsteady simulation the global iteration has to be
performed for each time step.

The code is parallelised ([7], [8]) and computational
domain is decomposed using overlapping grids. The linear
solver BICGSTAB?2 has a parallel performance and the
data exchange between the domains is organised on the
level of the matrix-vector multiplication using MIP
(Message Passing Interface) on computers with distributed
memory and OpenMP on the shared memory computers.

CALC-PMB

CALC-PMB CFD software is developed at the Division of
Fluid Dynamics, Department of Applied Mechanics at
Chalmers University of Technology, Goteborg. This
in-house code is based on the finite volume method and
the pressure-velocity coupling is solved using the
SIMPLEC algorithm developed by van Doormaal [9].
Conformal block-structured, boundary-fitted coordinates
are used and the code is parallelized for three-dimensional
flows by domain decomposition. MPI is used for the
exchange of information between the different
processes/blocks, and two ghost cells are employed at the
block interfaces to enable different first and second order
discretisation schemes. The principal unknowns are the
Cartesian velocity vector components (U,V and W) and
the pressure (P). To avoid spatial oscillations of the
pressure field over the collocated (non-staggered) grid
arrangement, Rhie & Chow interpolation is applied for
convections through the cell faces. For the discretised
(linearised) system of equations, TDMA and conjugated
gradient methods is implemented as the standard
algorithms. For any further details the reader is referred to
[10].

APPLICATIONS

For testing the performance of before mentioned models
two test cases are chosen. The first test case is swirling
flow in the straight pipe and its experimental data are
available by Steenbergen ([11]). The second test case is a
swirling flow through the straight conical diffuser.
Experimental data by Clausen ([12]) are used for model
validation. Both test cases are included in ERCOFTAC
database.

Swirling pipe flow

According to the experiment settings, the computational
domain is reconstructed as 3D pipe with constant diameter
of 0.32 m. Available measurements are used for setting
correct boundary conditions. The first section of
measurements (three velocity components and Reynolds
stresses) is used at the inlet. The considered Reynolds
number is 300 000 and initial swirl intensity Sy = 0.18.

Computations are carried out with standard k-¢ model, k-¢
of Chen and Kim, as well as with VLES. As expected
standard k-¢ model shows very poor results in case of
intensive swirling flow. Model of Chen and Kim shows its
known less damping characteristic, while VLES manages
with unsteady calculations to catch and resolve clear
unsteady vortex motion. Fig. 3 shows the comparison of
the pressure fields calculated with standard k- model, k-¢
model of Chen and Kim and VLES.
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Figure 3: Pressure filed of unsteady vortex in straight pipe
calculated with standard k-¢ model (up), extended k-¢ model of
Chen and Kim (middle) and VLES (down).

Swirling flow through a straight conical diffuser

CFD code CALC-PMB was used for simulation of
swirling flow through a straight conical diffuser. The
diffuser has a half opening angle of 10° and the Reynolds
number of the flow is 202 000. The swirl number is 0.59.
In the experiment, the exit of the diffuser was open to the
atmosphere. In the calculations, a large expansion is
located at the diffuser exit in order to simulate similar
outlet boundary conditions.

The filtering technique which allows the existence of large
scale turbulence in the solution of the momentum
equations while modelling small scale turbulence is
applied to the standard high Reynolds number (HRN) k-¢
model. Also the k- model of Reif et al. and k- model of
Chen and Kim are investigated.

Looking at the time-averaged results, there is hardly any
difference between the four versions of the k- &€ model.
However, they all differ with respect to resolved
unsteadiness, visible in the instantaneous solutions. In the
case where the filtered k-€¢ model has been used, the
solution near the diffuser outlet is characterized by
random turbulence. The solutions obtained from using the
model of Reif et al. suggest helicoidal vortex filaments at
the same location. The model of Reif et al. seems to allow
a higher degree of secondary flow in the diffuser.
Streamwise vortex filaments can be found along the walls
of the expansion. The vortices are visualized by iso-



surfaces of the second invariant of the strain rate tensor
(Fig. 4).

Figure 4: Iso-surfaces of the second invariant of the strain rate
tensor. Helicoidal vortex filaments are found near the diffuser
exit. The turbulence model of Reif et al. has been used.

CONCLUSIONS

For strong swirling flows the use of the standard k-¢
model leads to rather poor results. By the application of a
VLES approach based on the extended k-¢ model of Kim
and Chen with the additional streamline curvature
correction of Reif the quality of the predictions can be
significantly improved.
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