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Abstract: Different turbulence closures were used to predict the flow interaction between the wakes crea-
ted by compressor outlet guide vanes (OGVs) and a downstream annular pre-diffuser. Two statistical turbu-
lence models were tested based on the classical Reynolds-averaged Navier-Stokes (RANS) approach. Both
high-Re and low-Re (Launder-Sharma) versions of the k- model were applied to a selected test problem for
OGV wake/diffuser flows. The test problem was specifically chosen because experimentally determined inlet
conditions and both profile and performance data were available to validate predictions. A _preliminary study
was also reported of the more advanced large eddy simulation (LLES) approach. The LLES sub-grid-scale (SGS)
model was the basic Smagorinsky eddy viscosity assumption, with a Van-Driest damping‘functionfor improved
capture of near-wall viscous behaviour. Comparison between the twoRANS models showed little différence in
terms of velocity contours at OGV trailing edge and diffuser”exit,~In terms of overall diffuser performance
(static pressure recovery and total pressure loss coefficients), thé high-Remodelwas shown tq agree well with

experimental data. The preliminary LES study indicates the highly unsteady character of the OGV wake flow,

but requires improved treatment of inlet-eonditions.
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Introduction

Modern aircraft gas~turbine design requires
that the compressor produces a high pressure
rise in a minimum number of stages. As a conse-
quence, the air leaves the compressor with a
high axial velocity. Efficient and stable combus-
tion with small total pressure losses can, howev-
er, only be achieved with low air velocities. Mo-
reover, the compressor efflux, which feeds the
fuel injector and enters the combustor flametube
in several locations, should approach the injector
and liner air admission ports in a controlled man-
ner; this ensures favourable conditions to a-

chieve the target design values of flow split,
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port discharge coefficients, and primary/dilution
jet momentum ratios/jet trajectory angles for ap-
propriate depth of jet penetration'”. The cur-
rent best practice for achieving the required flow
deceleration is a combination of an annular pre-
diffuser behind the compressor outlet guide vane
(OGV) row, followed by a sudden expansion
dump diffuser. Optimisation of system perform-
ance means maximising the velocity reduction
within the pre-diffuser, whilst maintaining a sta-
ble (i. e. unseparated) flow, before the air en-
ters the dump region — maximising pre-diffuser
area ratio at fixed length implies low exit dynam-
ic pressure, hence low dump loss.

However, annular pre-diffuser flow is well
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known to be very sensitive to inlet conditions-.

This has lead to several investigations of the in-
teraction between the wakes shed by upstream
OGVs and pre-diffuser flowfields. Experimental
studies by Barker and Carrotte™" have indicated
the beneficial impact that the blade wakes, the
associated higher turbulence levels, and other
flow structures typically produced by an up-
stream axial compressor, can have on the per-
formance of a pre-diffuser and the quality of the
air supply to the fuel injector. Similarly Walker
et al. ™ have shown how, by adopting an inte-
grated approach (as first suggested in Ref. [6]),
the design of the OGV and pre-diffuser may be
considered simultaneously, with the OGV wake
flow manipulated to advantage in achieving im-
proved pre-diffuser performance. Finally, work
fluid dynamics

on automatic computational

(CFD)-based optimisation of aero-engine OGV/

7]

pre-diffuser systems‘’”, following the sugges-
tions of Refs. [5-6], has underlined the-impor-
tance of diffuser inlet conditions,~which must be
taken into account to gain maximum benefit in
reducing total pressure loss in\combustor.exter-
nal aerodynamics.

In such CFD-based optimisation, the accu=
racy of the optimised solution can only be as
good as the accuracy of the turbulence modelling
used. Since the optimum-pressure rise design of
diffusers is known to be close to incipient sepa-
ration, and Reynolds-averaged Navier-Stokes
(RANS) statistical turbulence models are known
to find accurate prediction of adverse pressure
gradient induced separation difficult, it is of in-
terest to study and compare the performance of
different RANS turbulence models for OGV
wake/diffuser aerodynamic interactions. Equally
it may be that the large eddy simulation (LES)
approach may give more accurate predictions,
and application of this approach to OGV/diffuser
flows has not currently been reported. Note, it
is not, at present, conceivable for LES models
to be used in a CFD-based optimisation method-
ology such as that described in Ref. [7], since

this requires tens to hundreds of CFD runs and

LLES would currently be prohibitively expensive.
It is these technical aspects which have formed
the motivation behind the work presented here.
Different turbulence closures are used to
predict the flow interactions between the wakes
created by a compressor OGV row and a down-
stream annular pre-diffuser. Two statistical tur-
bulence models are used based on the classical
RANS approach. Both high-Re and low-Re
(Launder-Sharma) versions of the k-¢ model are
applied to a selected test problem for OGV
wake/diffuser flows. The test problem was spe-
cifically chosen such that both experimentally
determined inlet conditions and overall system
[6]

performance data were available-™~~ A prelimina-

ry study is also reported of the more advanced
LES approach. The LES\ sub-grid-scale (SGS)
model is based on the simple Smagorinsky eddy
viscosity assumption, ‘with a Van-Driest damp-
ing funetion for improved capture of near wall

viscous behaviour.

1 Numerical'methodology

An in-house CFD code, DELTA, has been
employed for the current investigation. This
code was originally written as a RANS code for
aerospace propulsion installation applications
(Page et al. ") ; it was subsequently developed
to run also in LES mode (see Refs. [9-11]). A
brief description of the DELTA versions used in
the current study is presented in the following

sections.
1.1 RANS flow solver

The default version of DELTAM constitutes
a pressure-based, structured mesh, multi-block,
finite-volume solver for compressible flow prob-
lems. Accordingly it adopts a mass-weighted
(Favre-averaged) approach for all flow variables
with exception of density and pressure, which
are not mass-weighted. The code solves trans-
port equations for mass, momentum, energy and
turbulence model variables. For incompressible
flows such as the present problem, solution of

the energy equation is unnecessary and a con-
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stant density assumption may be made. The ding"*
conservation equations solved (now considered o k-
M= G €Y
as Reynolds-averaged) may thus be written: &
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the time-averaged viscous stress involving the
molecular viscosity g, and the turbulent Reyn-

olds stresses are modeled via:
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(3)
where g is the turbulent viscosity.

The choice of turbulence model is an impor-
tant aspect for OGV/diffuser aerodynamic inter-
action modelling. It is important to note that it
is not necessary to select a model which has good
performance at predicting separation<since, for
minimum loss, the design willalways-have to-a=
void separation. It isthe'\case\that the prediction
of boundary layer growth in an\adverse pressure
gradient is one flow characteristic that\is impor-
tant. This argues for a model such as thek-w/

1270 which is

shear stress transport (SST) model
usually regarded as performing well for such
flows. The experimental work reported in Refs.
[2-3], however, indicates that an even more im-
portant flow characteristic that has to be accu-
rately captured is the mixing out of the wake
created by the OGV in the diffuser flowfield.
This is a free shear flow phenomenon not a near

wall flow feature. This argues for a k-e mod-

el which is usually considered better at cap-
turing free shear flows than k-w. In the present
work, both high-Re and low-Re versions of the
k-e model are considered; predictions with the
k-w/SST model will also be carried out and re-

ported separately.
1.2 High-Re k-¢ turbulence closure

The high-Re model employed in this work is
the k- model as described by Launder and Spal-

production of turbulence energy P, is the product
of the turbulent component of stress and the
mean strain rate tensor:

P, =—puwu; S; )
Cq,Cs,C,,0150. are the standard empirical con-

stants as defined in Launder-and Spalding™® .

1.3 Launder-Sharma low-Re k-g¢ turbulence

closure

A low-Re-turbulence model requires inclu-
sion of viscous diffusion, damping functions,
and additional terms to improve the model’s abil-
ity to eapture neaf-wall behaviour. The model

selected-hereis due to Launder and Sharmal'* .

d(pk) | ICpu;k)
J M f)k:| -
axj[ “‘+GJ91, + P~ (et D) (8
d(pe) | ICou;e) 71“ o ﬁ}
Jt dx; o d x; T 0. ) x; ™
%ud fiPy— co frp8) + E (9)
The turbulent eddy viscosity is now written:
2
W= ('Hf‘“ka (10)
€

The quantity € and the dissipation rate € are re-

lated by:

e=¢+ D an
and the extra terms and damping functions are
defined as:
E=2p & 772—3}2 D=2y Lﬁr
p (929 x, I x;
fi=1.0, f, =1—0.3exp(— Re?),

fo=exp| +_R3el;150)2]

where Re is the turbulent Reynolds number:
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2
Re, = ika (12)
m' e
Other coefficients are unchanged from their

high-Re values.
1.4 LES flow solver
The LES version of DELTA solves the spa-

tially-filtered Navier-Stokes equations for incom-
pressible flow, by volume-averaging over the
computational cells; the transport equations are
now written (an overbar now indicates a re-

solved (filtered) variable) :

Jd(pu;
How) _ (13)
.
':)t (’);1‘]- "71',' (71*]. ':)TJ
14

where P is given by
p= §4+7%;TM (15)

and 7 is the deviatoric part of the SGS stress

tensor, given by:

1
*?‘E’MS,‘J (16)

T = T
where
T = p Uit T pUU,

The Smagorinsky™™ SGS model, \written_ in
terms of a Boussinesqg-type ‘eddy\ viscosity~as-
sumption, is introduced\to calculate-7}; . Whilst
many SGS models have’been/proposed at various
levels of complexity, it7is argued here that, as
long as the mesh resolution is such that about
80% of the fluctuating energy are captured (re-
solved) by the grid, then the adoption of a sim-
ple SGS model such as Smagorinsky is suffi-
cient. This is an algebraic model, which takes
the form.

12 = pl’S = p(CsA)’S an
and the deviatoric part of the SGS stress tensor

is then:
T{j —_— Z#S(J‘Sé;j (18)
1

Where S,']' - =

2
rate tensor, A = (AxzAyAx)' is the filter

U

Ju.
+ %J is the filtered strain
J

i

d x;

length, S = (2S,S,)"% is the magnitude of S

and Cs denotes the Smagorinsky constant; Ax,

Ay and Az represent the local cell size in the
Cartesian directions.

In order to account for the reduced growth
of small scales near walls, the value of the eddy
viscosity v has to be reduced. Thus, the Sma-
gorinsky model is modified according to Van Dri-
est® via.

(15 = p(Cs)*S =
oL Cso (1 —exp(— y" /A" HAPS D
Where Cs, =0.1, y' =% hd AT =25; u, is
1
the skin friction velocity, y the wall normal dis-

tance, and g the molecular viscosity.
1.5 Numerical details

The RANS version of-the DELTA code uses
structured multi-block grids, with all solution
variables stofed'at cell centres. Spatial fluxes are
computed-at cell faces\using a geneéralised formu-
lation(of a monetonic upstream-centered scheme
for conservation laws (MUSCL)-type scheme for
convection. A paranieter allows selection of a
range of-discretisation schemes (1st order, cen-
tral differencing, 2nd and 3rd order upwind),
and alternative limiter schemes are also availa-
ble.

Numerical modifications, as reported in
Refs. [9,11], have been introduced to increase
the accuracy of DELTA in LES mode. Second-
order convection discretisation using a total vari-
ation diminishing (TVD) principle is implemen-
ted as an explicit deferred correlation to the basic
first order upwind scheme; all diffusive terms
are discretised using central differencing. Tem-
poral advancement is effected via an explicit,
low-storage Runge-Kutta 3rd order accurate
method. Finally, modified scaling of the stand-
ard Rhie and Chow'' smoothing terms was also
introduced to take account of the very small time
steps needed in LLES calculations, combined with
the significant variations in cell volume size
across the solution domain. Previous calcula-

[18]

tions of internal flows and free shear flows

)[19]

(jet flow with this second order approach

have demonstrated that this numerical methodol-
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ogy provides adequate LLES performance. The
code has been parallelised to allow use of a per-
sonal computer (PC) cluster; the multi-block
structure allows a straightforward domain-de-

composition approach to parallelisation.

2 Test case geometry, grid,

boundary conditions

2.1 Test case geometry and grid

A test case with comprehensive experimen-
tal data has been chosen in this paper. Full de-
tails of the test rig geometry are reported in
Barker et al'™; the layout of the annular passage
occupied by the OGV row and pre-diffuser is
shown in Fig. 1, which thus constitutes the solu-
tion domain geometry for the present study. The
mean radius of the OGV blade row is 375 mm
with a passage height h of 36. 6 mm. The OGV
row consisted of 160 vanes each of 39 mm chord
and with a thickness/chord ratio of 6 percent.
The OGV row was preceded by a single stage ro-
tor and an inlet guide vane (JGV)~row with_a
long annular passage upstream; there were 160
OGVs and 80 IGVs, so the azimuthally repeating
sector for this geometry is 4\ 5° corresponding to
1IGV and 2 OGVs. At OGV\exit\the blade-row
is connected to an annular diffuser ‘with an area
ratio and axial length-typicdl of current aero-
engine designs. In\this-test case the OGV blades
have a two-dimensional (2-D) cross section with

no blade sweep or lean.

Fig. 1 OGV/diffuser geometry, annular passage view

The computational domain for the numerical
predictions (Fig. 2) extended from just upstream
of the OGV leading edge to diffuser exit, and
covered a 2 OGV sector. Experimentally meas-

L6]

ured conditions were available at the inlet

plane of the chosen domain over this 2 OGV sec-

tor; for the present study, this data was pitch-
averaged circumferentially to produce radially
varying profiles only, so strictly speaking only 1
OGYV passage could have been considered. A fu-
ture study will attempt to capture IGV wake
effects and so the full solution domain has been
retained for this work for simplicity. Mesh gen-
eration was carried out using the Rolls-Royce
parametric blade meshing software PADRAM™,
This provides a structured multi-block grid de-
signed specifically for meshing blades within an-
nular or linear cascades. The mesh for high-Re
predictions consisted of approximately 8 million
cells. A near wall refined mesh was also genera-
ted for low-Re RANS-approximately 10 million
cells with 32 nodes in thefirst 1 mm normal wall
distance, with y" <20, 3 for the first node. As a
first step-this low-Re grid has also been used for
LES:

2.2 Boundary conditions

For the RANS simulations the inlet profiles
corresponded to” piteh-averaged measured radial
profiles of all three components of velocity;
these were specified to be uniform azimuthally
over the whole 2 OGVs inlet plane. Ref. [6] had
also carried out hot-wire measurements that al-
lowed estimation of the inlet profiles for k and e.
A zero gradient outflow condition was employed
at diffuser exit. Periodic boundary conditions
were applied in the circumferential direction on
the azimuthal side planes. For the high-Re mod-
el, a standard wall function method based on the
logarithmic wall-law was adopted. For the low-
Re model, integration down to the wall allowed
simple no-slip conditions for velocity and for tur-
bulence variables, fixed conditions: & = 0 and
g = 0.

In the LES predictions, for this preliminary
study, the same radially only varying profiles of
all three components of velocity (as employed in
RANS) were used at domain inlet with no super-
imposed fluctuations. This is recognized as a
gross simplification and is currently being im-
proved. At the diffuser outlet a convective out-

flow condition was set, and at the side azimuthal
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boundaries, the same periodic boundary treat-

ment as used in RANS.

Fig. 2 CFD geometry (solid model) and

multi-block topology

3 Results

3.1 RANS results

Fig. 3 presents axial velocity

to the vane (suction) surface| (le

normal distance) for both high-Re and low-Re
models. The flowcover the leading edge is seen
to be 2-D over much of the span, but the interac-
tion of the end-wall boundary layers and the ac-
celeration over the leading edge creates three-di-
mensional (3-D) secondary flows that give rise
to two regions of low momentum near the vane
hub and tip endwalls. These features can be iden-
tified with two peaks in the inlet swirl velocity
profile associated with the rotor characteristics.
Both models predict rather similar flow de-
velopment, with the low-Re model producing
slightly greater acceleration around the leading
edge, and hence stronger secondary flows. The
near hub low momentum region appears earlier,
but the velocities are smaller in the upper re-
gion, which is close to separation near the trai-

ling edge.

Axial veloeity/(m/s)

(a) High—Re model (b) Low—Re model

Fig. 3 Axial velocity contours on vane suction surface

Predicted contours of axial, radial and cir-
cumferential velocity components at OGV exit
from both high-Re and low-Re k-e model solu-
tions are illustrated in Fig. 4. The two low mo-

mentum regions identified abovecan be seen to

Cireumferential veloeity/{m/fs)

-8-64-2024 68 10

(a) High—Re model

Axial velocity/imfs) Radial velocity/{mfs)

Cireumferential velocity/{m/fs)

-5 515 253545 55 65 -8-6-4-2024 6 8 10

~5-4-3-2-101 2 3 4

(h) Low=Re model

Axial velocity/{m/s) Radial velocityf{m/s)

Circumferential veloeity/{m/fs)

| _LEE. G |
-5 515 25 3545 55 65 -5-4-3-2-101 2 3 4

() Experiment data ®!

Fig. 4 Predicted OGV exit velocity contours
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mount of residual swirl remains, predominantly
associated with the low momentum regions iden-
tified in the axial velocity field. It can be seen
that the predicted wake thickness from the low-
Re model is thinner (particularly over the central
portion of the vane span) ., and the regions where
the vane has not taken all the swirl velocity out
of the flow are smaller. In general comparison
with the measured velocity components shown in
the bottom part of Fig. 4 shows very good agree-
ment in terms of the pattern of velocity distribu-
tion in all components, and good agreement in
terms of magnitude. The thinner wake and more
concentrated secondary flow regions predicted by
the low-Re model are closer to the measured be-
haviour, although the underturning predicted by
the high-Re model in the central part of the vane
is also seen in the measured data. The develop-
ment of the OGV-created velocity field as it pas-
ses through the annular pre-diffuser (axial com-

ponent only) is given in Fig. 5. This fi indi-

ing. The secondary velocity field leads to curved
distortions of the axial velocity contours (prinic-
pally in the hub/tip regions); the contour levels
generally decrease in magnitude as flow passes
down the diffuser, associated with adverse pres-
sure gradient effects. The secondary flows also
lead to the low momentum fluid in the two
thickened wake regions combining with the end-
wall boundary layers to form two distinct low
velocity regions next to the walls. These regions
are where separation would take place first, but
for the diffuser length/area ratio considered no
negative velocities are predicted. Both high-Re
and low-Re models show esentially the same

The

stronger secondary flows noted above for the

characteristics of the wake development.

low-Re model produce more curved contours.

The two near-wall low velocity regions have

¥

Axial velocity/(m/s)

(b) Low=Re model

Fig. 5 Predicted axial velocity contours

through the diffuser

merged by diffuser exit in the high-Repredic-
tions, but these remain distinct in the low-Re
solution. In the experiments of Ref. [6] the ve-
locity field was measured at pre-diffuser exit and
this is compared to RANS predictions in Fig. 6.
The agreement is good. Although the flow has

remained attached to both casings over the whole

Axial velocity/(m/s)

#

6

4

2
(a) High—Re model () Experiment data ®! [’_.{

(b) Low=Re model

Fig. 6 Axial velocity contours at diffuser exit
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sector, circumferential variations in the flowfield
caused by OGV wakes are still clearly evident.
The 3-D velocity and turbulence conditions pro-
vided by the upstream rotor and OGV row have
enabled the low-energy flow adjacent to each
casing to survive the pressure rise in the pre-dif-
fuser of area ratio 1. 6. The near-end wall flow is
predicted to be in a worse state than observed in
the measurements by both models. Note also
that the different nature of the two high velocity
regions in the measured data is due to the fact
that one OGV has an IGV in front of it and one
does not. At present the pitch-averaging ap-
proach adopted for the inlet profiles in the cur-
rent RANS predictions do not allow capture of
this effect. Solutions are underway using full
2-D inlet conditions. However, there is still
some evidence that the secondary flows seem
stronger in the experimental data than the cur-
rent predictions.

A detailed comparison of predicted—and
measured wake capture is best-examined-from
circumferential profiles at fixed radial height,
and this is shown-for the\midtannulus height in
Fig. 7 at OGV ‘exit: It can be seén that compared
with high-Re model predictions the low=Re mod-=
el shows a thinner wake, which is\closet to the

measured data at the OGV exit.

70 y
F —a— Low—=Re model
60 E - High—Re model
L » |‘:x|u-|'1'm|‘nl data
50 by " =;l | = ,“. "’l‘*::‘ .-’5-5-—.“
a0f a4 5
z .t A
= 30 - ;hl E'
= : a
20F A" i
I =l A7
L Al JF»
10} ‘}ﬁ’ M
oF . 1
10 t [T B P R
0 0.5 1.0 1.5 2.0

Circumferential location (OGVs)

Fig. 7 Wake axial velocity profiles at OGV exit

Fig. 8 shows circumferentially-averaged axi-
al velocity profiles plotted against radial height

at OGV exit and at diffuser exit. The agreement

between both RANS models and experimental
data at OGV exit is very good. Due to the ad-
verse pressure gradient, strong deceleration and
boundary layer growth occurs throughout the
diffuser, although, as noted above, the flow
does remain attached on both endwalls. Com-
pared with the measured diffuser exit profile,
RANS predictions from both models predict the
endwall boundary layers to be in worse condition

than measurements, particularly on the outer

wall.
121 | | | |
| ‘_2-;4_1-4-‘_@.-*% |
L0 g™ 71T T T T
| | | |
0.8 ——1———|———|—*‘r——§
= [ J I I
S 06F - —lme=mim =T = + + —
—#— Low—Re model
| 4 High-Re model = |
04+ I\_ Y I‘prrrimrnl_(lam 4
1 | [ | I
o2 — —1— — - — & - — 4 - =
J | [ | [
i - s 1
0 0.2 0.4 0.6 0.8 1.0
R-R,
Rﬂ_RI
(a) OGV exit
14 | | | |
| e, | |
12 — —'— A= e, — — — —
| ‘-‘ I‘Ib > .|":"‘-?|
' X
o — | | e
y I | i
0.8'1’_,-?'%" — - — -
;—__; ¥ I I |
S 06HgE— —1—— — = = = = - !
’*’* l—l— Low—Re model ’
0.4 [ s High—Re model = |
: | —» Experiment data |
0.2 I T R R B
| | | |
i M - A - i
0 0.2 0.4 0.6 0.8 1.0
R-R,
R -R

(b) Diffuser exit

Fig. 8 Circumferentially averaged axial velocity

Fig. 9 presents an overall picture of flow de-
velopment through the diffuser as represented by
static pressure and turbulence energy character-
istics. Only the high-Re predictions are shown as
the low-Re solution is similar. The stagnation
region at the vane leading edge is evident. The

boundary layer growth and the pressure/suction



2310 it

¥

5]

1o AR %26 &

surface boundary layer merging to form the
OGV wake can be seen best in the turbulence
energy field. The double-peaked nature of the
contours in the wake is evidence of two boundary

Within the the

steep velocity gradients in the wake generate

layers. downstream diffuser,
large turbulent shear stresses, which reduce as
the wake mixes out; the pressure forces associ-
ated with the increasing area duct then start to
dominate flow development. The pressure rise
occurring in the downstream diffuser is enhanced
by the mixing out of blade wakes, and it is nota-
ble in Fig. 9 how the increasing static pressure
field quickly becomes spanwise uniform. Final-
ly, high-Re k- model predictions of the overall
performance of the OGV/diffuser system are as-
sessed against the mass-averaged static pressure
rise coefficient (C,) and total pressure loss coef-
ficient (1) defined and measured in the experi-
mental study'®™. Table 1 shows that the high-Re
model provides good agreement, underpredicting
overall loss but only by about 2%. This_pro-
vides good justification_ for\the adoption-of a
high-Re model in-the optimisation methedology
as described in\Ref:['7]; on the'basis'of the evi-
dence in this study, it\seems a low-Re model is

not required.

Pressure/Pa
| . |
103500 103820 104140 104460 _A4TE0 105100 105420 105740

L

(a) Pressure

Turbulence energy/(m*/s?)

[ NN D 1

3ni 23é‘)35 41 4753596571 77 B3RV 95

(b) Turbulence energy

Fig. 9 Predicted flow contours at annulus mid-height

(high-Re modeD)

Table 1 Static pressure rise coefficient and

total pressure loss coefficient

Experiment data-") High-Re model

Cyovane 0.419 0.371
Avane 0.111 0.102
Gy diffuser 0. 550 0.541
Adiffuser 0. 055 0.070
Co.overall 0.676 0. 657
Aoverall 0.141 0.139

3.2 LES results

The DELTA flow solver was run in LES
mode for the OGV/diffuser problem.
preliminary study the same mesh was used as in
the low-Re RANS-predictions; \in addition the

inlet boundary conditions were sét as the same as

In this

used”in the"RANS predictions. \ It is recognised
that both these-assumptions will need improve-
ment before a direct|comparison between LES
and RANS predictions is possible; thus here on-
ly illustrative indications of the LES solutions
are provided. The LES calculations were run
with a time step of 4 X 107" s and 900 000 time
steps were performed to obtain statistically sta-
tionary mean values. Contours of instantaneous
axial and radial velocity components through the
entire OGV/diffuser flowfield on a mid-annulus
plane are presented in Fig. 10. The unsteadiness
in the wake can be clearly seen, and there is evi-
dence of large scale eddies also towards the vane
trailing edge on the suction surface.

The origin of the trailing edge large scale
unsteady motions can be seen in Fig. 11, which
shows time-averaged axial velocity contours on
two planes close to the vane suction surface, one
at just 0. 25 mm normal distance and the second
at 0. 9mm. A separated flow on the suction side
of the blade is produced; this is extremely thin
(see Fig.11), but, as all separation zones, is
extremely unsteady. The consequence is that
large turbulent shear stresses are produced asso-
ciated with this flow region. These are illustra-

ted in Fig. 12. It can be seen that the high shear
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stresses lead to a small separation in the trailing
edge wake and also rapid mixing of the wake in
the downstream diffuser. These features are in
contrast to the non-separated behaviour observed

in the experiments.

(a) Shear stress
Axial velocity/(m/s)
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quate (for LES)

ane surface. Work is

onditions, o an\ inad
nesh resolution on the

underway to remedy /both these issues and only

then can—a propér comparison of LES with

RANS-performance be made.

Summary/conclusions

A comparative study has been made of two
RANS turbulence models (standard high-Re and
Launder-Sharma low-Re k-¢ models) applied to
the prediction of the flow interaction between
the wakes shed by a compressor OGV row and
an annular pre-diffuser of area ratio 1. 6 and non-
dimensional length 2. 23. A test case was cho-
sen"” where inlet profiles were readily available
for CFD inlet boundary conditions, as well as
flow development profiles and overall pressure
rise/loss coefficients for wvalidation purposes.
The results of the predictions showed that, al-
though differences were observed between the
two models (for example the low-Re model pro-
duced thinner OGV wakes in better agreement
with expt. data), the high-Re model provided
good agreement with flow development and o-
verall performance data. The choice of a high-Re

model for use in CFD-based optimisation of such



2312 o7 @

1o AR

55 26 &

flows was thus justified by the present investiga-
tion, with no need for the more advanced low-Re
model, which requires much finer mesh resolu-

tion. Preliminary calculations were also per-

formed using the LES approach for the same
OGV/diffuser flow problem. Whilst these pre-
dictions showed promising capture of large scale
unsteady wake motions, the accuracy of the LES
is currently hampered by the adoption of simplis-
tic (steady) inlet conditions and also possibly
the need for better mesh resolution of the OGV
boundary layers, which lead to unrealistic flow
separation on the OGV suction surface. Future
work is underway to apply more realistic inlet
conditions, refine the LES mesh, and also study
an alternative LES SGS model.
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