4 7 | TH
IE{:@ égmu 277 INTERNATIONAL CONGRESS OF THE AERONAUTICAL SCIENCE S

NUMERICAL SIMULATIONS OF TECHNOLOGICAL
EFFECTS ENCOUNTERED ON TURBOMACHINERY
CONFIGURATIONS WITH THE CHIMERA TECHNIQUE

L.Castillon*, G. Billonnet*, S. Péron**, C. Benoit**

*ONERA , Applied Aerodynamics Department,
8 rue des Vertugadins, 92190 Meudon - France
*ONERA, CFD and Aeroacoustics Department,
29 avenue de la Division Leclerc, 92320 ChatillonFrance

Keywords: CFD, turbomachinery, Chimera

Abstract 1 Introduction

This paper presents an overview of With the increase of computational
numerical simulations performed at ONERA on resources available for numerical simulations,
turbomachinery configurations which include CFD is commonly used today for aeroengine
technological effects, such as tip clearance, hub design. Yet many efforts are still to be achieved
disk leakage, casing treatments, blade fillets to improve the results which suffer from
and cooling holes. An overset grid approach simplifications made in: 1) flow modeling, 2)
(Chimera technique) is used to simulate these boundary treatment, 3) inaccurate modeling of
geometrical effects with ONERA’s structured the geometry. If a considerable amount of work
CFD solver elsA. Calculations performed on the has been devoted in the past to flow modeling
different configurations enable to quantify the (turbulence and transition modeling) or
impact of these technological effects on the flow boundary treatment (development of specific

solution. boundary conditions for turbomachinery
configurations), significant efforts remain to be
Nomenclature achieved on the geometrical modeling. The

present paper deals with this third point. Indeed,
aeroengine designers wish to simulate more and
more accurately the very complex geometries
encountered on industrial turbomachines by
integrating in the design process geometrical
components such as casing treatments, grooves,
blade slots, cooling holes or gaps separating
fixed and rotating walls. Figures 1 and 2
represent an illustration of such geometrical
components  encountered  on industrial
compressor and turbine stages [1,2].

CFD Computational Fluid Dynamics

Pt Absolute total pressure

Tt Absolute total temperature

Ttr Relative total temperature

Pio  Absolute far stream total pressure
Tio  Absolute far stream total temperature
Mieakagel€akage mass-flow

Myt  Total mass-flow

M Mach number

Nis Isentropic efficiency



L.CASTILLON, G. BILLONNET, S. PERON, C. BENOIT

also been widely investigated. After that some
researchers studied the effect of hub disk

| leakage flow, as Shabbir & al [6], who
investigated its effect on two high speed axial
—T— compressor rotors. They observed that adding
\ the hub leakage flow to the primary passage
flow reduced the pressure rise capability of the
compressor, confirming experiments. Paniagua

& al [7] experimentally studied the effect of hub
et

Tip clearance Bleeding

Pivot clearance

\

i
| i

endwall cavity flow on the flow field of a

, transonic high pressure turbine, showing that

A _ Hub clearance Fillet leakage flow can modify significantly the rotor
Ba;(-circulat/ion N/ | X relative incidence, secondary flows intensity
Fig. 1: Meridian view of a compressor stage with and blade loadings. Another important
technological effects[1]. geometrical component is the blade fillet, whose

i influence on aerodynamic performances has

been studied through experimental and
numerical studies by Zess and Thole [8],
followed by Pieringer & Sanz [9]. Zess showed
that leading edge fillets could reduce the
horseshoe vortex, leading to a delay in the
development of the passage vortex. It was also
shown that when the profile close to the
endwalls tends to induce flow separation,
neglecting the fillet can result in considerable
errors. Finally, some technological effects have
been used to control the flow field, as casing
treatments  [10,11] for stall margin
improvement, or film-cooling holes in order to
N . . protect turbine blades from thermal stress [12].
[Fz']g)'_ 2: Cooled gas turbine stage, (figure extracted from All these studies demonstrate that knowing
which geometry detail significantly affects the
Despite their small dimensions, these flow solution and which does not is important to

components, often mentioned as “technological reduce the time and resources in order to find a
effects”, can have a significant impact on the sufficiently accurate solution to a flow problem.
engine performances, and many experimental

and numerical studies have shown in the past ~ Nevertheless for turbomachinery
the importance of such geometrical details on applications, geometrical details such as tip
the flow. One of the first technological effects to clearance, cooling slots or fillets can be a real
be taken into account in the design process waschallenge for geometry modeling. Taking into
the tip clearance gap which is detrimental to the account these technological effects in a CFD
turbomachine performance in many aspects structured solver with a multi-block approach is
[3,4,5]. It is responsible for a significant paft o indeed far away from being trivial. In order to
losses and reduction of blade loadings. It also Simulate such effects with the ONERA
produces blockage of passage flow and distorts Structured multi-block CFD solver elsA [13,14]
the flow angle distribution downstream of the @ Chimera technique has been developed. This
rotor, interfering with flow condition for the Overset grid method has been initially developed
downstream blade row. The impact of the size for simulations of bodies in relative motion
of the tip clearance gap on engine performances (helicopter rotors) [15,16], and allows for a high
and on the downstream flow characteristics has flexibility in the grid generation. It has been
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improved and is applied here to the modeling of scalar relaxation phase associated to a backward

technological effects encountered on Euler scheme. For steady computations

turbomachinery applications. convergence acceleration techniques such as
local time stepping and multi-grid method are

The aim of this paper is to give an available in order to reduce the global CPU

overview of different numerical simulations time.

performed at ONERA on representative

turbomachinery applications including a wide Suitable  boundary  conditions  for
range of technological effects. The first part of turbomachinery configurations have been

the paper describes the main characteristics ofimplemented in order to compute steady flow
elsA CFD software and its implemented applications: coincident and non coincident
Chimera technique. The second part is devoted matching conditions have been developed for
to the application of this technique to different the treatment of periodic condition frontiers and
technological effects encountered on industrial a steady multi-stage condition using pitch-
turbomachines. Five examples are presented,averaging for the treatment of the rotor-stator

each simulating a turbomachinery configuration
with a specific technological effect: axial slots,

tip clearance, casing treatment, cooling holes,
and blade fillets.

2 About elsA software features

The elsA solver, developed at ONERA
since 1997, is a multi-application aerodynamic
code based on a cell-centered finite volume
method for structured meshes. Solving the
compressible, three-dimensional Reynolds-
averaged Navier-Stokes equatiortsA allows
to simulate a wide range of aerospace
configurations such as aircrafts, space
launchers, missiles, helicopters and
turbomachines [13,14]. Therefore a wide range
of numerical tools and models are available.

tools are
turbomachinery

numerical
for

Classical
provided in elsA

interface; different types of inlet, outlet and ival
conditions are also available.

A large variety of turbulence models are
presently available from algebraic to non-
Boussinesq models. Computations presented in
this paper were performed with 1 or 2 transport
equation turbulence models, such as Spalart-
Allmaras or ke.

3 Chimera method description

For structured grid flow solvers, a major
obstacle is the difficulty in building meshes
around complex configurations. One way to
alleviate this problem is to use the Chimera
technique [17,18]. It is an overset grid approach
for which grids are generated independently
around each body.

A Chimera technique has been developed

applications such as a cell-centered spacein elsA [15][16]. It is a matching condition

discretization scheme of Jameson with artificial

between blocks which overlap. Any grid can

viscosity, and a second-order accurate Roe overlap with an arbitrary number of other grids

scheme for transport equations of turbulence
models.

Several time integration schemes are
available inelsAto perform steady and unsteady
computations. Explicit or implicit schemes, such
as a pseudo-time approach (Dual Time
Stepping) or the Gear Method, are available.
Time integration can be solved either by an
implicit residual smoothing phase with a 4-step
Runge-Kutta technique or by an implicit LU

which may overlap themselves. The RANS
equations are solved on each grid system, and
transfers are then performed between
overlapping grids, by interpolation of the
conservative and turbulent variables, first at
overlapping boundaries, and then around
blanked mesh cells lying under solid bodies. A
cell search procedure is accomplished thanks to
an alternating digital tree research algorithm
(ADT) [19] which determines the donor cell and
the interpolation coefficient for a given target

3
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cell. Multiply defined walls are treated thanks to One important drawback of the Chimera
the algorithm of Schwarz [20] for interpolation method is that it induces conservation losses.
coefficient calculations. Several hole-cutting Indeed, the interpolation of conservative
techniques have been developed, including the variables during the Chimera transfer does not
Object X-Ray technique, originally developed ensure flux conservations between domains.
by Meakin [21]. This means that the upstream and downstream
mass-flow  of computed configurations
A major advantage of the Chimera method including overset grids can slightly differ. Since
is that it significantly simplifies the process of mass-flow is one of the key parameters in
mesh generation by using overlapping grids. A turbomachinery applications, it is highly
second advantage is that this technique is alsoimportant to check that these conservation
very well adapted for parametric studies on the losses are acceptable for the interpretation of
characteristics of the technological components. results. In the presented applications, the
For example if one wishes to study the impact allowed value of the conservation losses
of the size or of the position of a technological (quantified in terms of normalized difference
effect on the flow field, one will only modify = between upstream and downstream mass-flow:
the grids associated to this geometrical (MypstreamMdownstreanyMupstrean) WaS Set to be less
component. than 0.1%. When it was found to be higher, the
Chimera grids were densified in order to reduce
Figure 3 represents an example of Chimera these conservation losses. Generally, it is
grids applied to a jet in a cross-flow advised to ensure consitency of grid density on
configuration (3-a). With a coincident matching the overlap boundaries.
grid using two blocks (3-b) one notices that the
grid densification at the wall of the cavity The following paragraphs of the paper
propagates through the adjacent domains due topresent five examples performed on different
the coincident matching of the nodes at the join turbomachinery applications including different
boundaries. The Chimera approach enables totechnological effects.
alleviate this constraint either by using 2
overlapping blocks (3-c) or by adding a third 4 Presentation of the computations
buffer grid (3-d).
4.1 Transonic rotor with hub disk leakage

@\ N N !
0 1 The first example, presented in figure 4,
UL, is a simulation of the NASA 37 rotor

configuration taking into account the hub disk
leakage flow emanating from the gap existing

between the fixed and rotating parts of the hub

\\\\\\ gt upstream of the blade. This transonic rotor is a

well known turbomachinery test-case which has

1]
o

been computed by numerous authors [22].

Experimental data were obtained at various

measurement planes using both Laser Doppler

Velocimetry and classical rake measurements of

pitch-wise averaged total pressure and pitch-

wise averaged total temperature [23].

Fig. 3: lllustration of the Chimera approach on a gt in
a cross-flow configuration; a) geometry to computeh)
coincident matching grid, ¢) chimera overset gridsd)
chimera overset grids with buffer intermediate grid
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Rotor blade 4

leading edge ™

Forward
centerbody

Fig. 4: Detailed view of NASA 37 forward center bog
and rotor disk interface [22].

Figure 4 presents the simulated
technological effect: a 0.75 mm gap located
upstream of the rotor between the stationary and
rotating parts of the hub. It is modeled by
additional grids overlapping the ones defining
the rotor channel as presented in figure 5. The
grid, including 1.5 1®points, is composed of 3
families of blocks:

- a multi-block O-H type coincident grid
for the rotor channel, (blue & black), including
the tip clearance gap at the tip of the rotor,

- one H-type block for the hub disk leakage
gap (red) at the bottom of which is imposed a
mass-flow injection condition (0.1% of the
upstream total mass-flow),

- a “buffer” intermediate H-type block
(green), overlapping the previous grids. The cell
size of this grid is adapted to the gap near the
cavity zone and gradually increases to match the
size of the channel cells far away from the gap.

1

Fig. 5: View of the Chimera grids used for hub disk
leakage simulation.

The use of these patch grids enables to
obtain a good description of the detached flow
at the exit of the hub disk leakage, as can be
seen in figure 6 which represents a view of the
relative Mach number in the interaction zone
between the main flow and the cavity jet. One

THE CHIMERA TECHNIQUE

notices the flow separation induced by the
interaction and also a good continuity of the
flow variables at the Chimera boundaries in the
overlapping zones, confirming that the node
density in the buffer zone is satisfactory.

Fig. 6: View of the relative Mach number in the
interaction zone between the primary flow and the
cavity jet.

Figure 7 represents a comparison of the
experimental and computed radial distributions
of the total-to-total pressure and temperature
ratios at the outlet of the rotor. One notices the
improvement when taking into account the hub
disk leakage flow (0.1% of the total mass-flow):
simulating this gap reduces the total pressure
overshoot which is observed on the lower part
of the blade for the calculation without the gap,
and also improves the prediction of the enthalpy
rise. These results are in good agreement with
those obtained by Shabbir et al. [6], who had
shown that the leakage flow is responsible for a
significant deficit of total pressure near the hub.

Experiment
Migakage / Migr = 0.1%
No Leakage

100 100

80 80

© HHo ©

20

il |
2.2

Q

T IR L
7.8 2 26 .28 . 13 133
PL!Pio Tt/Tio

Fig. 7: Effect of hub disk leakage injection on the
radial distribution of downstream pitch-wise averaged
total pressure and temperature.
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Figure 8 enables to understand the main
flow mechanism induced by the hub disk

- two additional patch O grids (green and
red), representing the tip clearance gap, which

leakage flow. One can observe
streamlines emanating from the hub disk

leakage gap tend to merge with the streamlines
coming from the hub boundary layer. The

pressure gradient across the blade passage
makes the streamlines migrate on the suction
side of the blade, amplifying the corner stall,

thereby increasing aerodynamic losses and
reducing the compression rate.

b

that the overset the previous grids

P

Lt | |
Fig. 9: View of patc
simulation.

h grid approach for tip leakage

This mesh approach using Chimera grids
presents two main interests. The first advantage
is that in full coincident grid taking into account
tip leakage, the grid presents a radial
densification at the tip of the blade. Because of
the node coincidence at the join boundaries, this
grid densification propagates far away upstream
and downstream of the blade, in zones where
the densification becomes useless, which
generates a waste of grid points. Therefore the
use of Chimera grids enables a local

. ~ densification in zones of interest, thus
The second technological effect modeled is gptimizing the mesh distribution. The second

the tip clearance gap, which is a key geometrical jnerest of such an approach is that it enables to
applications. In the previous computation the gjze which only requires to modify the patch

clearance located at the tip of the blade was grig corresponding to the tip clearance, without
meshed with an O-H coincident grid. changing the rotor channel grid.

Nevertheless it can be interesting to use overset
grids in the tip clearance zone to simulate this Comparisons of computed and measured
gap. To take into account the tip clearance gap performances for the NASA 37 rotor are shown
with the Chimera approach the mesh strategy i, figure 10. The total-to-total pressure ratio and
proposed by Gerolymos [24] is applied. The 1.7 the “jsentropic efficiency are plotted as a
10° point mesh, represented in figure 9, IS function of the mass-flow. Results obtained with
composed of two families of blocks: the Chimera approach is compared with those
- a multi-block O-H type grid for the rotor  optained on a full coincident grid. The
channel (in blue) without the tip clearance. This yjigation against experimental data and against
grid is only densified in the radial direction near (egyits obtained with a full coincident grid

the endwalls (hub and casing), but does not snows satisfactory agreement, validating the
present any radial densification at the blade tip, chimera approach.

‘ Mid-span streamlines

Cavity flow streamline

Fig. 8: Streamlines emanating from the cavity.

4.2 Transonic rotor with tip leakage
simulated with the Chimera technique
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- five H-type blocks representing each a

'nls . . . .
= Expermens . circumferential slot, overlapping the previous
@ L] 2] CFD - Chimera grid L ] .
X 4 CFD - Coincident matching grid Joss g rl ds .
.l @ .l .
" . e * The Chimera approach can be very useful
for such configuration in order to optimize
sopmmens o : ® casing treatments by performing a parametric
[ 4CFD-Concdentmahinggnd study on the geometry of the slots (position,
o
B — depth, number).
Mass flow (kg/s) Mass flow (kg/s)

Fig. 10: Compression rate and isentropic efficiency as a T
function of the mass-flow.

The Chimera grids enable to capture the
complex flow phenomena which occur in the tip |
leakage zone, as can be seen on the flow field -
views in the tip zone (figure 11). The interaction |
between the tip leakage vortex and the oblique

|y i
rid

shock wave, which generates a low velocity Fig. 12: Meridian view of the g
zone, is well reproduced in the CFD. treatments configuration.
Tip leakage Shock wave Figure 13 represents the impact of the

casing treatments on the compressor map. One
can notice the increase of the surge margin in
terms of mass-flow obtained thanks to the
casing treatments, corresponding approximately
to 3% of the nominal mass-flow, which is
comparable to results obtained in the literature
surveys [10][11]. For the nominal operating
point (~20.5kg/s) the casing treatment slightly
deteriorates the compression rate. For operating
points near stall, casing treatments generates a
stabilizing  effect; according to the
computations, the numerical stall occurs for
lower mass-flow rates (18.36 kg/s with casing
treatments versus 18.85 kg/s for the smooth wall

!/\\\} interaction zone
/

Fig. 11: Radial (95% span height) and axial slicesf
relative Mach number contour in the tip zone.

4.3 Transonic rotor with tip leakage
simulated with the Chimera technique

test case).

The third example presented in this paper pt/pio.
is a numerical simulation on NASA 37 - . A I
configuration with five circumferential grooves sk ® [N
placed at the casing over the blade tip and ‘e u
equally distributed in the axial direction. These b o ¢
devices, called casing treatments, are known to i Eamputaion dlveigence :
enable stall margin improvements [10][11]. L ®

Figure 12 represents a view of the 1.4 10 s EoanmEamOMEn
point grid, composed of two families of blocks: i "

- a multi-block full coincident O-H type TS e ms

g”.d for the “smooth Wa.” Co_nflguratlon Fig. 13: Impact of casing treatments on the
(without slots, blue & black), including the rotor  compressor map.
tip clearance,
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The analysis of the flow field at the - O type blocks for cooling holes (red),
interface between the main flow and the flow overlapping the previous grid,
within the grooves highlights mechanisms - a buffer intermediate grid located at the

leading to performance enhancements. The slotsexit of the holes (in the interaction zone)
generate a radial transport of low energy fluid ensuring the connection between the cooling
from casing boundary layer to the grooves, as holes and the channel flow. The size of the cells
can be seen on the radial velocity distribution within this buffer grid is adapted to the cooling
presented in figure 14. It highlights the holes at the hole exit, and gradually increases to
important flow recirculations at the tip of the match the size of the channel grids at the
blade. According to the computation the flow boundaries.

leaving the grooves to the passage tends /g\

disturb the flow within the tip clearance at
limits the extension of the leakage vortex. C
notices that the flow recirculation mainly occu
for the first slots. Analysis of the compute
results has also shown that the casing treatm
lead to a reduced loading of the blade tip.

Fig. 15: View of 'fhék‘grl in the coolin zone.

The use of specific grids for cooling holes
linked to a densified grid at the exit of the holes
enables to capture the transport of the cold flow
emanating from the cooling holes, and to

~ simulate its convection in the passage (figure
f‘ 16-right). The buffer grid also enables to

L \ . . .
Fig. 14: Radial velocity at blade tip (red : Vr > Q blue simulate the interaction effect between the
: Vr <0). cooling flow and the main flow, allowing the
capture of small flow structures, as the counter-
4.4 Film-cooling test case rotating vortices generated at the exit of the

film-cooling holes (figure 16-right).
Another important technological effect to
simulate is the film-cooling holes for turbine
blades, which are geometrical components
difficult to include in a full coincident multi-
block structured grid, because of their small=¢
dimensions. Therefore an overset grid approacf=
can be interesting for such a configuration. In
order to quantify the interest of the Chimera
approach for film-cooling configuration a test Fig. 16: View of the relative total temperature
has been performed on the Aachen turbine rotor contours.
[3][25] with 4 cooling holes placed on the blade,

2 on each part of the blades. The 2.point This test case represents a first
grid presented in figure 15 is composed of 3 validation of the Chimera approach for such
families of blocks: configurations, with only 4 holes simulated,
- a multi-block O-H type grid for the which is of course not representative of realistic
channel (green and blue), geometries, which can present hundreds of holes

For efficient film-cooling. Nevertheless this first

8
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computation demonstrates the potential capacity

of the Chimera technique to compute a film-
cooling configuration. The next calculations
will be performed on a turbine blade including a
more realistic number of holes.

4.5 Blade fillet modelling

The final example presented in this paper is
the simulation of a rotor blade with a fillet
radius. Fillets linking the blades with the
endwalls are wusually not considered in
numerical simulations, since the grid generation
with a full coincident structured approach is

complex. The Chimera technique enables a very endwalls tend to
simple meshing strategy presented in figure 17.

The 1.4 16 point mesh is once again composed
of two families of blocks:

- a multi-block coincident O-H type grid
for the channel with a smooth hub (no fillet,
green),

- an O-block type patch grid representing
the fillet of 2mm radius, connecting both the
hub and the blade walls.

The Chimera technique is once again very
useful for parametric studies (for example on
the radius value of the blade fillet), since ittjus
requires to modify the fillet grid, without
changing the channel grid.

Fig. 17: View of the computational grid.

THE CHIMERA TECHNIQUE

Two calculations have been accomplished:
with and without hub fillet. The isentropic
efficiency is equal to 0.947 on the smooth wall
configuration, and drops very slightly to 0.946
with the fillet. Figure 18 represents a
comparison of the entropy value as a function of
the pitch position, half a chord downstream of
the rotor for different span heights. Results
show that considering the fillet radius in the
CFD leads to differences on the bottom part of
the blade (0-10%). From 20% to the casing, the
effect is negligible. To conclude the impact of
the blade fillet on this configuration is small.
Nevertheless when the profile close to the
induce flow separation,
neglecting the fillet can result in considerable
errors [8][9].

H/Ho = 2.5% H/Ho = 5% H/Ho = 10%
11.88 11.86 11.85
o e N0 fillet e N fillet
s With filet — Wit filet BT | o it fillat
z 11.84 1183
(=]
=Tk 11.82
S 11.82
g 11.81
11.82
% 118 18
g 13 179
5
178
= 178 178
177
1176 176 1176
[ 05 1 0.5 1 0 0.5
8 /pitch 6 /pitch 6 /pitch
H/Ho = 15% H/Ho = 20% H/Ho = 50%
1185 11,86 1196
e N fllel e N it e N fillet
B it filet e Wit fillet e it fllet

178 1178

Normalised entropy

76 1176 1176

05 0.5 0.5
0 /pitch 0 /pitch 0 /pitch
Fig. 18: Impact of the blade fillet on the entropy
distribution downstream of the rotor.

5 Conclusion

In this paper, different numerical
simulations including technological effects have
been simulated with the Chimera technique. The
channel including the blades and the
technological effects are meshed separately in a
standard multi-block approach, and are
assembled in an overset grid system, which
eases the modeling of these technological
effects.
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The Chimera technique is an efficient and [5]

flexible method to take into account
technological effects. A wide range of
geometrical components can be treated. It

allows grid refinement in the zones where the [6]
technological effects are located. The method
has proved to be robust. It allows to quantify the
impact of each technological effect on the flow
performances: some can lead to minor
differences, others to significant modifications
of the flow field. This tool can be useful for
aeroengine designers to indicate which effect to
model depending on the problem. Parametric
studies are also eased with this technique.
(8]

Despite its simplicity, some difficulties
must not be neglected, first of all concerning
conservation losses, which must remain small,
and therefore requires attention on the grid
density. A second difficulty remains the
knowledge of boundary conditions close to
technological effects, as for hub disk leakage
flows. Finally this paper presents a first step in
the validation of the Chimera approach for [10]
turbomachinery applications. Efforts will be
pursued to deal with more complicated
configurations, such as centrifugal compressors,
pivot clearances, or realistic film-cooled turbine [11]
blades. The Chimera approach will also be used
for unsteady applications, such as non
circumferential casing treatment simulation.

9]
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