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ABSTRACT

The advances made in computer technology over re-
cent years have lead to a great increase in the engineer-
ing problems which can be simulated using CFD. The
computation of flows over complex geometries at rela-
tively high Reynolds number is becoming more common
using Large Eddy Simulations (LES), as recent reviews
on the subject have shown (Piomelli, 98). Direct Nu-
merical Simulations (DNS) of such flows is still beyond
the capacity of today’s largest supercomputers, requir-
ing many millions of computational cells and excessive
computational times. In addition, traditional Reynolds
Averaged Navier-Stokes (RANS) methods fail for var-
ious reasons for many of the industrial applications of
interest. In an increasing number of cases LES is seen
as the only real alternative.

The anisotropic dynamic SGS models (Abba) have
the potential of yielding better performances, for wall
bounded flows. In this study, the Dynamic Divergence
Model (DDM) has been used. It is a novel anisotropic
dynamic SGS model (Held, 1998) (Conway, 1998) ,
with independently determined coefficients in each di-
rection. It has been designed to allow anisotropy, for
wall bounded flows. Some results for the classical tur-
bulent channel flow, while using DDM, are presented.
The results obtained compare well with the experimen-
tal and DNS data.

LES has been used to solve the flow through a bladed
diffuser positioned at the inlet to a gas turbine combus-
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tion chamber. Flows through such geometries at high
Reynolds number are inherently time dependent, in-
volve transition to and development of turbulence, fully
three dimensional boundary layers, separation, etc. A
simplified geometry has been studied previously (Con-
way, 1998). This work covers the next stage in the
study. A new flow solver has been used in the present
calculations. ParNAS3D! is a parallel Navier-Stokes
solver, that has been developed at LTH? for simula-
tions of engineering turbulent compressible flows, using
LES.

NUMERICAL ALGORITHM

The ParNAS3D algorithm is based on the Residual
Distribution Schemes approach and it has a better ac-
curacy of the solution if we compare with the classical
upwind finite-volume formulations, (Wood, 1998). It
works on an originally developed cell-vertex data struc-
ture, for unstructured meshes (Mitran, 1997). The pro-
gram uses a multidimensional-upwind, system distrib-
ution scheme, for the inviscid part of the Navier Stokes
equations, while a central Galerkin finite-element pro-
cedure is employed for the diffusive part (Paillere,
1997) (Deconinck, 1997) and for the unstationary term.
The time integration is performed using an implicit,
Jamesson-type scheme (dual time stepping). To accel-
erate the convergence of the solution at each real-time
step, multigrid iterations are performed.

The update scheme for the unstationary Navier
Stokes equations is:
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where:

U = (p, pu1, pug, pus, pE, ) is the conservative vari-
ables vector, AT is the local (pseudo-) time step, T'
is one of the cells (tetrahedral) sharing the node, V;
is the volume of the dual cell €; around the node ¢

Vi=3 1VT), BT iseia is the contribution of
TeQ;

the advective part of the Navier-Stokes eqns., ,BZT is the
upwind matrix-distribution coefficient for the convec-
tive term and gi)z;m sciq the advective-residual over the

cell T, ie. :
- / / /T div(F€)dS) @)

F¢ is the advective flux, %(F]pnj,i), the contribu-
tion of the viscous forces (central-Galerkin) where F¥
is the viscous flux, and [%—?]Eﬁg&gt is the average of
[aa_ltjlimplicit on (T'NK;), i.e. the contribution of the
unstationary term. The flow solver is second order ac-
curate in both space and time, and it has been used
for LES of flows in industrial applications ( Caraeni,

1999).

DYNAMIC DIVERGENCE MODEL

The Smagorinsky model, Lilly’s Dynamic Model
(Lilly, 1991) and the DDM model have been imple-
mented in the ParNAS3D code. While the Smagorin-
sky and Lilly’s models are well known and have been
used in a large number of LES computations, the DDM
is a novel, anisotropic dynamic SGS model, with in-
dependently determined coefficients in each direction.
Dynamic SGS models (with one model-parameter) nor-
mally require to use some projection method to con-
tract the tensorial relation for the model parameter.
Germano (Germano, 1991) contracted the tensorial re-
lation with the large scales strain rate tensor and had
to average in homogeneous directions in order to ensure
the numerical stability of the model. Lilly (Lilly, 1991)
proposed a least square minimization procedure. Mod-
els with only one model parameter implicitly assume
small scale isotropy. This requires that the flow field
should be well resolved and that sources of anisotropy,
e.g. walls and stagnation points, are absent. Since the
small scale turbulence tends to isotropy ( in contrast
to the large scale eddies) high spatial resolution is a
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pre-requisite for such SGS models. This requirement
can be a serious limitation when computing the flow in
wall bounded problems, because of the large number
of grid points required close to the solid boundary. Re-
cently, dynamic SGS models with more than one model-
parameter have been developed and used with success
for LES simulations (Abba). The DDM model has been
designed to remedy the anisotropy problem mentioned
above, in a simple manner. Since in the governing equa-
tion one encounters only the divergence of the sub-
grid scales stress tensor, we can compute these inde-
pendently. Lets consider the resolved turbulent stress

tensor L;j :

Lij = —p(iit; — Uitl;) @)

This quantity can be directly computed. Using Ger-
mano’s identity yields:

Lij =Ty =7 4)
where
Tij = —p(till; — uqti;) (5)

is the subtest-filter scale stress tensor and

Tij = —p(Uitly — uity;) (6)

is the subgrid scales stress tensor, 7;;, which has to be
filtered (at the test filter level). The divergence of the
SGS stress tensor and sub-test filter stress tensor are
modelled by taking the divergence of the compressible
generalization of the Smagorinsky expression:

Tij,j = =c® [2A2,5H1/2(Su Skkém)]u (7)

Tij = CPayj ; (8)

Tiys = CORABIYA (S, — s5mbills ()
Tijg = C9Bi, (10)
[Note that there is no summation on the index i].
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Iz = 2(SmnSmn) (12)

Hence the three model parameters C® can be cal-
culated independently as,

Lijj
Bik,e — il

These model parameters are calculated dynamically

c® = (13)

at each point from the instantaneous flow field. A
bound based on the Reynolds number and local space
average on the model parameters avoids numerical sta-
bility problems, (Olsson, 1998). Negative values of C )
enable back-scatter, which implies that turbulent en-
ergy can be transferred (intermittently) from the small

scales to the larger ones.

PARALLEL ALGORITHM

Large Eddy Simulations for engineering applications
are typically extremely expensive, requiring huge re-
sources (in terms of processor power and memory) and
long computational times. When using large parallel
computations, LES becomes accessible for many indus-
trial applications. The ParNAS3D code uses PVM for
message passing, therefore it can run as well on large
distributed memory machines (Cray T3E, IBM SP2...),
on the SGI Origin 2000 servers or on a heterogenous
collection of platforms. The parallelization of the code
has been done using the SPMD (Single Program Mul-
tiple Data) paradigm.

RESULTS

Parallel Results

The ParNAS3D code has been run on an SGI Ori-
gin 2000 platform, on up to 8 processors, and also on
a cluster of 2 WinNT PC'’s, using an Ethernet con-
nection. The results, addressing the parallel speed-up
are presented graphically in Fig.1. It can be seen that
the performance, when using the two WinNT PC clus-
ter, has been close to 75%, due to poor communication
while using the Ethernet connection. The code proved
instead to have excellent scalability, on the Origin plat-
form (95-98%).

Channel Flow Results
First, the results for the classical turbulent channel
flow are presented. The Reynolds number based on the
bulk velocity and the channel height, is 5800 . No-slip

isothermal boundary conditions have been set at the
walls, while periodicity boundary conditions have been
used both in the streamwise (z) and the spanwise (z)
directions. Computations have been performed using
the dynamic DDM model. The grid size is 276 x
x (27/3)6 where § is the channel height. The grid
has 85 x 51 x 51 nodes and aprox. 1,240,000 tetra-
hedral cells. The grid is stretched in the y—direction
(yi = 6Sin(pi)) for p; = 71'/2* (] - 1)/(N— 1)) Jj=
1,2,....,N. Here N is the number of grid points in
the y—direction), but uniform in the streamwise and
the spanwise directions. The flow has been simulated
for enough flow-through times (the domain length in
the streamwise direction divided by the bulk velocity)
to get a statistically stationary turbulent channel flow.
Data for statistics are accumulated over the last 15
flow-through times. Planar averages are calculated by
averaging for all points on planes parallel to the walls
and in time, and the results are presented as a func-
tion of wall-distance (y) only, and compared with ex-
periments (Kreplin, 1979) and with DNS data (Kim,
1987). The averaged non-dimensional friction velocity
%, = 0.06156 (i.e. u,/Up, where Uy is the bulk veloc-
ity) compares well with the DNS and the experimental
(i-e. Ty = 0.0643) result. Figures 2...5 show planar av-
eraged time averages of the mean of the axial velocity
and Root-Mean-Square of velocity fluctuations (RMS
of Favre U”, V", W?). The results are normalized us-
ing the friction velocity, u,. The results obtained using
the DDM model compare well with the DNS and the
experimental results.

Bladed-Diffuser Results

The bladed diffuser forms part of the fuel injection
system of an industrial gas turbine. The diffuser is
mounted radially on the fuel injector. Its roll is to in-
duce swirl into the primary air flowing into the com-
bustion chamber and hence enhance fuel air mixing. A
cylindrical gaseous fuel injector is placed slightly up-
stream of the blade cascade. It was found that under
certain operating conditions when increasing the blade
incidence angle, the turbine started to vibrate and that
the production of NO, increased substantially. These
phenomena are probably caused by a non-stationary
flow field and vortex shedding which develops due to
flow separation at these high angles. The vibrations are
more than likely a result of the non-stationary pressure
field and the increase in NO;, is a result of poor mixing
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of the fuel and air. It is therefore interesting to study
this problem both because of the complex flow features
and because it fits very well into the range of engineer-
ing applications which can be studied using LES. Only
a 15 degree segment of the diffuser was modelled.

The results presented here are from our simulations
using the DDM model. The LES computations have
been carried out on a grid of about 950,000 cells, us-
ing up to 8 processors. These simulations give us a good
insight into this complex flow problem. The Reynolds
number, based on the bulk inlet velocity U;y, and the
chord length of the blade, is 16,000. Grid cluster-
ing together with the van Driest’s damping function,
to modify the model coefficients, have been used at
the walls. Fig.6 shows isocontours of Mach number.
The results are shown for a cross section of the geom-
etry normal to the cylinder axis and are averaged in
time (4096 time steps). We can see that a large region
of separation develops behind the cylinder, creating a
blockage effect at the inlet to the diffuser blade cas-
cade. On the pressure side of the blade, separation oc-
curs very early and a large region of recirculating flow
develops. This flow reattaches near the trailing edge.
On the suction side separation occurs at roughly 40%
chordlength, a turbulent boundary layer develops and
vortices are shed from the trailing edge of the blade.
The blocking effect of the cylinder causes the point of
maximum Mach number to move backwards along the
blade surface. An increase in velocity near the trail-
ing edge is created by the dual effect of the developing
boundary layer and cylinder wake. The cylinder wake
is seen to be less pronounced than expected, due to the
suction effect within the blade passage. The regions
where the turbulent fluctuations attain high levels are
depicted in Fig. 7, in terms of Root Mean Square of the
fluctuations of the Mach number. Fig. 8 presents the
mean skin-friction 7,, at the blade surface on the suc-
tion side, non-dimensionalized by using the diffuser’s
inlet dynamic pressure (p;,U2,/2), ie. a friction co-
efficient, Cf. It shows a large separated boundary
layer region (C'f < 0). This separation is the re-
sult of the high adverse pressure gradient (at 40-45%
chord-length from the leading edge) on the airfoil suc-
tion side. Fig. 9 shows the high levels of the pressure
fluctuations in the separated boundary layer region on
the suction side of the airfoil, in terms of Root Mean
Square of pressure fluctuations (non-dimensionalized by
using pinUfn /2 ). On the pressure side of the blade a
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similar phenomenon occurs. Due to the large curva-
ture of the blade close to the leading edge, the flow
accelerates, and shortly after deccelerates creating an
adverse pressure gradient, leading to flow separation.
Close to the trailing edge the flow reattaches again.
Fig. 10 shows the power spectral density of the turbu-
lence kinetic energy in the wake of the blade cascade.
It proves the temporal behavior of the flow, including
the presence of coherent structures with well defined
frequencies. The results obtained from these LES com-
putations recover Kolmogorov’s theoretical -5/3 decay
of the turbulent kinetic energy for homogeneous tur-
bulence. The range of the —5/3 interval is limited by
grid resolution and anisotropic effects of the solid walls.
The results show that vortices are shed with a definite
frequency of aprox. 2 kHz. It is interesting to note
that the similar frequencies are obtained in the cylinder
wake. Most probably the flow across the cylinder influ-
ences the flow in the blade passage. Notably it affects
the flow in the separated boundary layer, on the suction
side. Similar spectra results are obtained when using
the implicit SGS model, but the inertial sub-range is
not so well reproduced. Thus, it is clear that the intro-
duction of a dynamic SGS model improved the accuracy

of our simulations.

CONCLUSIONS

Large Eddy Simulations of the flow across a bladed
diffuser have been carried out using the DDM model.
In the near future, computations using some other dy-
namic SGS models may be considered, to estimate the
effect these have on the results from an engineering
point of view (mean values, shedding frequencies, rms
of fluctuations, etc.). These simulations give us a good
insight into this complex flow problem and it is hoped
that they will be beneficial to the design of the future

diffusers.
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