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Abstract

A short report is given of the 12th ERCOFTAC SIG 15
Workshop on Refined Turbulence Modelling, which was
jointly organized with the IAHR Working Group for Re-
fined Flow Modelling. Also the COST action has been
involved in co-sponsoring some of the workshop activi-
ties.

1 Introduction

The role of the ERCOFTAC SIG15 (Special Interesting
Group for Turbulence Modelling)” series of workshops
on refined turbulence modelling is closely connected to
intensive verification and systematic validation of CFD
(Computational Fluid Dynamics) technology for solving
the problems of both fundamental importance and indus-
trial relevance. Focus is on the credibility and reliability
of both the numerical methods and mathematical models
simulating turbulence. In such a way a large database of
simulation results along with detailed comparison with
the reliable reference data (experimental, DNS and
highly-resolved LES databases) has been assembled. The
SIG15 workshops promote the discussion and conclu-
sions about predictive performance of variety of statisti-
cal turbulence models, SGS models in the LES-
framework as well as hybrid LES/RANS models in a
broad range of well-documented flow configurations un-
der the scientists, researchers, users and developers from
industry and from the academic field.

The 12th ERCOFTAC/IAHR/COST Workshop was held
on 12th and 13th October, 2006 at the Technical
University of Berlin, Germany. Similar to the previous
eleven workshops in Lyon (1991), Manchester (1993),
Lisbon (1994), Karlsruhe (1995), Chatou (1996), Delft
(1997), Manchester (1998), Helsinki (1999), Darmstadt
(2001), Poitiers (2002) and Gothenburg (2005) some
fundamental phenomena, but also some industrially rele-
vant problems have been chosen as test cases for this
workshop. The selection of test cases was made by the

" The steering committee members are K. Hanjalic, S.
Jakirlic, D. Laurence, B.E. Launder, M.A. Leschziner, R.
Manceau, F. Menter, W. Rodi and S. Walin.

steering committee of the SIG 15. The following four
flows involving numerous features of scientific and en-
gineering relevance (complex geometry; unsteady,
(nominally) 2-D and 3-D separation and reattachment,
vortex sheets, swirling effects, etc.) were finally selected
as test cases for this workshop:

Case 11.1: Flow over a wall-mounted, 2-D hump with
oscillatory zero-mass-flux jet or suction through a thin
slot (Exp.: Greenblat et al., 2004, 2005)
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Figure 1: Cross-section schematic through the model and
isometric view showing the coordinate system used
(adopted from Grenblat et al., 2004)

Case 11.2: Flow over a symmetric 3-D hill (Exp.: Byun
et al., 2002; Simpson et al., 2003)

—

Figure 2: Solution domain schematic (Davidson, 2005)



Case 12.1: Tip-gap turbulent flow in a low-speed, linear
compressor cascade (Exp.: Tian et al., 2004, Tang, 2004)
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Figure 3: Flow features in the blade tip region (adopted
from Inoue and Kuroumaru, 1988)
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Case 12.2: Flow and mixing in a model of swirl
combustor (Exp.: Palm et al., 2005, 2006)

Figure 4: Combustion chamber model

The two first test cases, 11.1 and 11.2, have already been
selected for the preceding workshop held at the
Chalmers University in Gothenburg in April 7-8, 2005.

The 12" Workshop was attended by 24 participants from
Europe and U.S.A. (17 from Germany, 1 from France, 2
from Great Britain, 1 from Denmark, 1 from Sweden, 1
from Russia and 1 from U.S.A.): of which 4 from
industry (Rolls-Royce; ANSYS GmbH; Oil & Gas
Machinery Dynamics, Copenhangen), 2 from research
institutes (DLR, FOI) and 18 from universities.

2 Short Summary of Results and Discussion

Flow description, instructions for calculations, detailed
specification of the shape and dimensions of solution
domains, as well as of the inlet data and boundary condi-
tions for all four test cases considered, are given in the

workshop proceedings’. Here, only a short description of
all four test cases and a summary of some specific out-
comes and the most important conclusions are given.

Case 11.1: Flow over a wall-mounted, 2-D hump

This is a carry-over test case from the recent workshops
(NASA Langley, March 2004, Rumsey et al., and 11th
ERCOFTAC/IAHR Workshop, April 2005, Gothenburg,
Sweden). Experimental data are available for the three
cases: baseline configuration (no control), suction con-
trol case (steady suction rate through the slot of 0.01518
kg/s) and zero-efflux oscillatory forcing trough the slot,
with nominal peak velocity of 26.6 m/s and frequency of
138.5 Hz. The -configuration is nominally two-
dimensional, although the end plates bring some 3D ef-
fects. The hump is 420 mm long with the crest of 53.7
mm and is mounted on a splitter plate of thickness /2.7
mm, which extends /935 mm upstream from the hump
leading edge and 7729 mm downstream from the hump
leading edge. The hump with the splitter plate is placed
in a wind tunnel of 771 mm width and 508 mm height,
but the nominal test section height (between the splitter
plate and the top wall) is 382 mm and the nominal hump
width (between the two end plates) is 584 mm (Fig. 1).
The characteristic Reynolds number based on the hump
length is about 10° and the Mach number is 0.1. Results
containing base plate pressure and friction factor, and
PIV of mean U and V velocity, uu, vv and uv stress com-
ponents are available at different stations for all three
cases. Detailed description of the test case can also be
found on http://cfdval2004.larc.nasa.gov/case3.html.

The oncoming flow is characterized by a zero-pressure-
gradient turbulent boundary layer, whose thickness 9 is
approximately 57% of the maximum hump height
(Mpax=53.74 mm) measured at the location about two
chord lengths upstream of the hump leading edge (coin-
ciding with the origin of the coordinate system, Fig.1),
corresponding to the momentum-thickness-based Rey-
nolds number Reg=7500. The latter result was obtained
by applying a near-wall, second-moment closure model,
Saric et al. (2006). Only the profiles of the mean velocity
and streamwise stress component are available from the
reference experiment.

The four computational groups:

e TUD - Technical University of Darmstadt, Ger-
many (S. Saric, B. Kniesner, P. Altenhofer and S.
Jakirlic): LES, DES and a zonal hybrid LES/RANS
(HLR) method (Jakirlic et al., 2006) were used,

o UP — University of Poitiers, France (R. Manceau):
Elliptic-Blending Second-Moment Closure (EB-
SMC) model (Manceau, 2005) was used,

e NASA Langley Research Centre (C. Rumsey and T.
Gatski): Spalart-Allmaras (SA), k-o SST and
EASM (Explicit Algebraic Reynolds Stress model

Thttp://www. cfd.tu-berlin.de/ercoftac-workshop06.html
or http://www.ercoftac.org



in conjunction with w-equation) model were used
and
e  TUB - Technical University of Berlin (C. Mockett,
A. Carnarius and F. Thiele): different versions of the
SA model and the linear and non-linear, ®-equation-
based models were used
contributed to the comparative, cross-plot analysis of all
three cases. Here only the results with respect to the
main separation and reattachment locations are dis-
played, Figs. 5.
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Figure 5: The computationally obtained separation and
reattachment locations compared to the experimental re-
sults for all three cases investigated: baseline configura-
tion (upper), steady suction configuration (middle) and
oscillatory blowing/suction configuration (lower)

The effect of the boundary layer forcing on the recircula-
tion zone shortening, with the steady suction represent-

ing the most effective flow control mode, can be clearly
recognized. Both the LES and DES (apart from the
steady suction case; here, the weakness of the original
DES method, Spalart et al. (1997), with respect to the in-
advance-determined, flow-independent interface position
came into play) results are in closest agreement with the
reference experiment with respect to both separation and
reattachment locations. This is not valid for the various
RANS models applied. All RANS models reproduced a
fairly weak gradient of the shear stress components at
this location (not shown here), as a consequence of a
generally low shear-stress level in the shear layer being
aligned with the mean dividing streamline, causes a
longer recirculation region. The latter is a typical out-
come of the RANS method, almost independent of the
modelling level adopted. The investigated flow configu-
ration is characterized by unsteady separation governed
by large-scale unsteadiness (highly intermittent separa-
tion and reattachment regions, highly unsteady separated
shear layer), all the features being beyond the reach of
the inherently steady RANS approach. A detailed cross-
plot presentation of all results obtained can be
downloaded from the workshop’s web site. Some further
computational results can be found in the works of
Krishnan et al. (2004) and Saric et al. (2006).

This was the only case which was computed by more
groups. The other test cases were each handled by only
one group (the only exception is the case 11.2, which
was simulated by two groups), allowing no cross-plot
analysis. These results were displayed and discussed in
the framework of four individual presentations.

Case 11.2: Flow over a symmetric 3-D hill

The experimental arrangement is shown in Fig. 6. The
hill, of height H=0.078 m, is located in a duct of height
3.205H and width 11.67H.

Lexan window

Figure 6: Experimental configuration and topology on
rear portion of surface

The hill is subjected to a boundary layer of thickness
0.5H, this value prevailing at 2H upstream of the hill
crest, created in the upstream duct with the aid of rough-
ness elements of the kind used to represent an atmos-
pheric boundary layer in a wind tunnel. The boundary
layer on the upper wall is very similar to that on the
lower wall. While this does not interact directly with the
hill, it will affect it by potential mechanisms. The Rey-
nolds number, based on the maximum inlet velocity (U,
= 27.5 m/s in the experiment) and the hill height H, is Re
= 1.3x10°. The turbulence intensity outside the boundary



layer is reported be about 0.1/%. Pressure, LDA and
some HWA data have been obtained by Simpson et al.
(2002) and Byun et al. (2003). Field measurements are
available in the form of profiles of the mean-flow veloci-
ties and Reynolds stress components at 3.63 hill-heights
downstream of the hill crest. In addition, hill-topology
results, surface pressure, the velocity field in the hill cen-
tre-plane and some near-surface velocity and turbulence
data are reported.

This case was simulated by two numerical groups

e [mperial College London, UK (Li, N. and Leschzi-
ner, M.A.): simulations were undertaken with
meshes containing between 1.5 and 9.6 million
nodes, the finest-grid large-eddy simulation ap-
proaching full wall resolution. Results from a fully
wall-resolving 36.7 million-node large-eddy simula-
tion were also presented. Coarser grids were used in
conjunction with the zonal scheme, wherein the in-
terface was placed within y*=20-40 and 40-60, using
3.5 and 1.5 million nodes, respectively. The inlet
boundary layer, at -4H, was generated by a combi-
nation of RANS and LES precursor calculations, the
former matching the experimental mean-flow data
and the latter providing the spectral content.

e University of Karlsruhe, Germany (Garcia-Villalba,
M. and Rodi, W.): large-eddy simulation using dy-
namic Smagorinsky model was performed on a grid
containing in total 153.5 million grid cells (19 mil-
lion cells were used for a precursor simulation for
inflow generation; body force technique developed
by Pierce (2001) was applied)

The three-dimensional separation pattern being charac-
terised by multiple vortical structures in the leeward side
of the hill is far more complicated than in the previous
test case. Wang et al. (2004) show that RANS models, at
whatever level of sophistication, similar to the findings
in the 2-D, wall-mounted hump, seriously over-estimate
the size of the separation bubble and flow intensity in
this region. The readers interested in more details about
the results obtained by LES, different non-linear eddy-
viscosity and second-moment closure models and an ap-
proximate ‘zonal’ near-wall treatment applied within a
LES strategy are referred to the works of Wang et al.
(2004) and Tessicini et al. (2007).

Case 12.1: Tip-gap flow in a compressor cascade

The related experimental studies have been conducted in
a linear compressor cascade in a low speed wind tunnel
in the department of aerospace and ocean engineering at
Virginia Tech, Blacksburg with special emphasis on the
tip leakage flow development near and in the tip clear-
ance. The flow characteristics are illustrated in Fig. 3.
The tip gap flow is highly skewed three-dimensional
flow throughout the full gap. The tip gap flow interacts
with the primary flow, separates from the endwall, and
rolls up on the suction side to form the tip leakage vor-
tex. The tip leakage vortex produces high turbulence in-
tensities. The tip gap flow correlations of streamwise and
wall normal velocity fluctuations decrease significantly

from the leading edge to the trailing edge of the blade
due to flow skewing contributing to a strongly anisot-
ropic turbulent flow.

Details of the aerodynamic design of the cascade tunnel
are given in the work of Tian et al. (2004). There are two
three-quarter inch high suction slots on the upper and
lower endwall at 7.48 inch in front of the cascades and
with these slots, the inlet flow boundary layer is re-
moved, Fig. 7-lower. The flow is tripped by a square bar
mounted on the lower suction slot as shown in Fig. 7-
lower. Boundary layer trips (sand paper) are also used on
both side of surface of the blades. The optic glass insert
has an eight inches diameter. The blades have a chord of
10 inches and an effective span about 10 inches. The
blades spacing is 9.29 inches. The blades were instru-
mented with pressure taps on the surfaces at the mid-
span of the blades (#4 and #5) as shown in Fig. 7-upper.
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Figure 7: Test section of the linear cascade tunnel (up-
per) and its side view (lower)

Inserts with different optical glass access positions make
LDV measurement under the blade for multiple different
positions possible. The nominal running conditions are
the speed of 24.5 m/s and temperature of 25C° + IC°.
The bed coordinate system (Xpes, Zpeq) 1 aligned with the
suction slot and the direction of travel of the belt. The
origin of the bed coordinate is at the midpoint between
Blade 4 and Blade 5 along with the leading edge of the
blade row on the tunnel floor. For the workshop, only the
case with 1.65% tip gap height and with non-moving belt
was proposed.



Only the ANSYS GmbH Germany/NTS St.-Petersburg
computational group (F. Menter/S. Yakubov) contrib-
uted to this flow configuration. Eight solution sets were
obtained on three different grids containing 0.9, 1.1 and
3.7 million nodes by using the ANSYS CFX code. Dif-
ferent versions of the k- SST model modified to ac-
count for the curvature and reattachment corrections and
an explicit algebraic Reynolds stress model were ap-
plied. The conclusions arising from this study can be
summarized as follows:

e Both vortices — tip leakage vortex and tip separation
vortex found in the experiments were identified in
the RANS solution, but the latter was significantly
larger than in the experiment

e In spite of the fact that blade loading and lower wall
static pressure distribution were predicted rather ac-
curately, computed positions of the vortex centers
and separation line are shifted towards the suction
side of the blade, the deviation between the CFD so-
lutions and the experimental data is getting large
while moving downstream the passage

e The use of various turbulence models being poten-
tially capable to improve prediction quality of tip-
gap flows for this particular test case didn’t show
any significant difference comparing to the original
SST model

The interested readers are encouraged to contact the case

coordinator Dr. F. Menter (florian.menter@ansys.com)

for more details.

Case 12.2: Flow in a tubo-annular swirl combustor
Flow in an axisymmetric model of a tubo-annular com-
bustor with an axial, non-swirling stream (representing
fuel) and an annular swirling jet (representing primary
air) expanding into a flue has been experimentally inves-
tigated in a range of swirl numbers 0.0 < S < 1.2 and
mass flow rates corresponding to the Reynolds numbers
23500 < Re < 102000 (central stream) and 49530 < Re <
125500 (annular flow). In addition to the PIV measure-
ments of the flow in the flue (Palm et al., 2005), the pro-
files of all variables (mean velocities and Reynolds
stresses) at a cross-section (x = -40 mm) within the inlet
pipes have been measured by using the LDA technique
(Palm et al., 2006). The combustor dimensions are dis-
played in Fig. 4.

The effects of the increasing swirl intensity on the inter-
action between the outer, swirling stream and the inner,
non-swirling flow in the near field of a model combustor
is computationally investigated by the TU Darmstadt
group (Saric, Kniesner, Altenhofer and Jakirlic) applying
both RANS (using the eddy-viscosity-based {—f model
of turbulence, Hanjalic et al., 2004) and LES methods.
Both the in-house code FASTEST and the commercial
code FIRE (AVL List GmbH, Graz) were used. The in-
creasingly swirled annular jet promotes an intensive
mixing in the near field of combustor. It is manifested
through the enhanced spreading of the flow into the ra-
dial direction and the consequent strengthening of the
back-flow activity in the combustor core. The overall
agreement between simulations and measurements is

good. This is particularly the case in the shear layer and
the outer, wall-affected flow region. Some important de-
partures from the experimental results with respect to the
mean flow structure are present in the flow core. The
simulations return a ring-shaped recirculation zone with
positive centreline velocities along entire flue geometry,
in contrast to a closed, free separation region detected
experimentally. A cause of this deviation lays most
probably in the imposed outlet boundary conditions rep-
resenting inadequately the structure of the combustor
outflow. Further work on this issue is necessary. For
more details about the computational results the works of
Saric et al. (2007) should be consulted.

Schnitt A - A

Figure 8: Topology of the flow within the inlet section
(including swirl generator) and the flue

3 Conclusions

Short summaries of the test cases description and most
important conclusions arising from the computationally
obtained body of data are given in this report. Only
seven computational groups (five of them are headed by
the SIG 15 steering committee members) contributed to
the four test cases. This represents the weakest atten-
dance since the establishment of the ERCOFTAC SIG15
workshop series in 1991. There are obvious reasons for
such an outcome: the cases proposed are all complex 3-
dimensional, unsteady flow configurations whose correct
capturing requires the employment of more sophisticated
computational methods (e.g., LES, hybrid LES/RANS);
accordingly, several months (if not years) of intensive
work, which could be done only in the framework of a
funded project, are necessary.



Possible remedies to overcome the present situation can
be the introduction of some geometrically simpler
benchmarks but featured by complex flow and turbu-
lence phenomena as well as the initiation of some survey
lectures instituting appropriate sessions. Furthermore, a
work on establishment of the SIG-15 Forum (members
from industry, research centres, CFD companies and
academia) should be undertaken in order to establish a
kind of advisory board which will be actively involved
in the life of the SIG15 (e.g. test case selection in a mar-
ket-search-way, enabling the potential contributors
would be known in advance). The potential members,
also the colleagues from some non-European countries
(e.g., China, Japan, USA), have to be recognized and di-
rectly contacted.
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