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APPLICATION OF SIBYL2 TO THE AGARD WGI8 COMPRESSOR TEST CASES
by

W. J. Calvert

SUMMARY

SIBYL2 is an inviscid-viscous blade~to-blade method for calculating the
detailed aerodynamics and overall performance of compressor blades. It may be
applied either on its own to predict the flow for individual blade sections, such
as the mid span of a2 liuear cascade, or in conjunction with a throughflow calcu-

lation to predict the performance of a complete axial compressor.

A previous AGARD paper by the author described applications of SIBYL2 to
most of the compressor cascade test cases which have subsequently been selected
by AGARD Working Group 18: generally good agreement was obtained. This current
paper presents new predictions for the V2 and ARL SLI19 cascades and for the high
speed compressor cases. It is hoped that this will be one of many sets of calcu-
lations for these cases, so that an improved understanding of each case may be
obtained, together with an appreciation of the strengths and weaknesses of

different computational approaches.

Copyright
©

Controller HMSO London
1991

This Memorandun is a faesimile of a paper preparved for the 77th Sumposium

of the AGARD Propulsion and Energetics Panel on "CFD Techniques for Propulsion
Applications” to be held in San Antonto, Texas, USA, 27-31 May, 1991.

UNLIMITED




LIST JF CONTLNTS

] INTRODUCTION
2 GENERAL DESCRIPTION Q1 METHORS
3 COMPRESSOR CASCADE TLST CASES

3.1 V2 Subsonic Compressor tascade
3.2 ARL SL!19 Transo'ic Compresso. (uscade

4 HIGH SPEED COMPRESSOR TEST ¢.'GES

4.1  NASA Transonic Rotor 67
4,2 RR HP9 Subsonic Cowprescor Stige
4.3 DFVLR Transonic Compres:.: Stage

5 CONCLUDING REMARKS

References

Illustrations

Report documentation page

Accession For

NTIS GRA&I
DTIC TAB

Unannounced 0
Justificat Lo

e

By.
_Distrivution/ |
Availabiiity Codes
7 Avatl and/or
Pist ' Speclal

4

Figures

[Ce B R o Il B e R

1-8

inside back cover

™ P

1204




P

Application of S1BYLZ to the AGERD W38 Compressor Test Cases

W J Calivert

Propulsion Lepartmeat
Royal Aerogpace Establisimzut
Pyestock, Farmborougi.
Hampshire, UK

SUMARY

1BYL2 is an inviscid-viscous blade-to-blade
n2thod for calculat. ¥y the detailed aero-
dynamics and overall performance of compres-
sor blades. I- may rw applied either on its
own to predict .ne flow for individual blade
sections, such os th2 mid span of a linear
.as nde, or an conjuction with a throughflow
calialation to predict tt  performance of a
conplete axial campressor.

A previcus AGARD paper by the author descri-
bed applications of S1BYL: to most of the
carpressoxr cascada test cases whicu hawe
subsequently been selectea .oy AGARD Working
Group 18: generally good agreement ~as
obté.ned. This currert paper presents new
pre d~*tsons for the V. and ART. SL19 cascades
and 10r the high speed compressor cases. [t
is hotel that this will be cne of many sets
of ca:culations for these cases, so that an
improved understanding of each case rmay be
obtained, together with an appreciation of
the strengths and weaknesses of different
camputational approaches.

LIST OF SYMBOLS

blade chord

boundary layer shape factor §+/8
Mach number

static pressure

flow angle, degrees

boundary layer displacement thickness
boundary layer momentun thickness
loss coefficient based on upstream
conditions

strean tube contraction (upstream/
downst ream)

0 goypUIxxo

Subscripts

: conditions at upstream boundary of
cascade or inlet to blade row

2 conditions at downstream boundary of
cascade or exit from blade row

1. INTRODUCTION

Validation/calibration of coarputer codes
against suitable te st cases is a highly
important area of Carputational Fluid
Dynamics which is rightly receiving increased
attention, as shown for exanple by Ref 1.
The current state-of-the-art for turbo-~
machinery test cases is indicated by the
selection made by AGARD Working Group 18
(WG18)2. These cover a useful range of
practical cascades and rotating machines,
arxl provide a reasonable amount of data on
the flow fields as well as measurerernts of
overall perfommance. However, as noted hy
WG18 in Chapter III, neither the experi-
mental data nor the flow codes are perfect.
Also it is not generally possible to obtain

™ P 1204

experimental data of many impor-ant areas of
high speed flows, due primarily to the
relatively small scale of turbamachuery
blading. Thus sare aspects of the codes
cannot be adequately validated. Given this
situation, there is ruch to be gained by
applying codee Lo a wide range of test cases
and by comparing the results from different
codes for the same test cases. An inportant
contributica of WG18 is to have identified a
suitable sut oi test cases to initiate this.

The main cxde employed in the present work is
tie RAE S1BYI2 method 2. This is an inviscid-
riscous interaction technique for predicting
the blade-to-blade performance of axial
corpressors. It can be applied either on its
own to indivicual biade sections, such as the
mid span of - linear cascade, or linked to a
streamline curvature throughflow method in an
S1-82 system to give a carplete quasi-three-
dimensional prediction of the flow and
overall performance of one or more blade
rows.

A brief description of the S1BYL2 and $1-S2
wethods is 7iven in section 2 of this paper.
Section 3 tlen reviews the resulty from
previous applications ¢ of S1BYI2 to the
campressor cascade test cases chosen by WG18
and presents further predictions for the V2
high subsonic cascade and new predictions foxr
the ARL SL19 transonic cascade. Results from
the RAE 51-S2 system for the turee high speed
carpressor cases are then given in section 4.

2. GENERAL DESCRIPTICN OF METHODS

The RAE S1BYL2 method is an inviscid-viscous
interaction technique to predict the blzde-
to-blade perfocmmance of axial compressor..
The inviscid part ccnsists of a time marching
Euler calculation, based on Ref 5, so it can
handle transonic flows: shock waves can be
captured and the losses due to them can be
predicted. The calculation takes place on a
specified axisymmetric stream surface, and it
includes the effects of rotation and of
varying radius and stream tube thickness in
the axial direction. The viscous calculation
is an integral technique consisting of three
parts to estimate laminar boundary layer
development, transition point and turbulent
boundary layer development respectively.

The inviscid-viscous matching procedure
enploys mixed modes to allow a valid solution
to be obtained even when there are reginns of
separated flow due to shock wave/boundary
layer interactions or to excessive diffusion.
The viscous calculatio.s contirue in the wake
downstream of the bladed region, and a
coapressible flow mixing calculation is
carried out on the downstream boundary to
method provides both details of the intemal
flows, including boundary layer devzlomment,
and predictions of the blade section cverall




performance, such as exit flow angle and
lesses.

In crder to enploy the SI1BYLZ method to
precict the performance of conplete blade
rows, .t must be linked with a throughflow
calculation which detemmines the spanwise
variations of the flow and ensures that
radial equilibrium is satisfied. A somi-
autanatic $1-S2 procedure for this is descri-
bed in Ref 6. This procedure has now been
automated, with both the S1BYL2 calculation
for the blade-to-blade sections amd tue
streamline curvature calculation for the hub~
to-tip flow incorporatud into one prograt
together with the blade gecmetry ana data
link reotines. The streamline curvature
routine 7 is an improved modular version of
that. previously enployed. It allows curved
calculating planes to be svecified to give an
accurate match to the leading and trailing
edges of each blade row. Spanwise mixing
temms have been added to sare versions of the
routine, but these were not included in the
present, §1~582 calculations.

The basic pirinciples of the $1-S2 interaction
remain the same. Essentially there are three
parts to each loop:-

i the performance of the blade-to-

blade sections is predicted by S1BYL2 -
this involves calculations for up to 9

sections on each blade row.

ii the hub-to-tip flow throughout the
whole carpressor is calculated by the 82
streamline curvature method, using the
pitchwise averaged data frcm the Sl
solutions.

iii the relative flow angles and
stream tube gearetry fram the S1 and S2
parts of the calculation are campared to
see whether the solution has converged -
if not new blade gecmetry for each
section is found by calculating the
intersections between the stream
surfaces from the current S2 solution
and the blade aerofoils.

Target convergence crateria for the camplete
$1-S2 solution are typically a) S1 and S2
relative flow angles agreeing to within 0.1°%
and b) S1 and S2 stream tube thickness
variations agreeing to 0.1%. The nurber of
S1-52 loops required to achieve this depends
on the difficulty of the blade section
operating conditions ar.x the nuwber of blade
rows involved. ApO.. £.G.. loops are
generally sufficient f«. one or two blade
rows, but more wiil ke -oeded, for example,
if blade choking i~ -~ jmificantly affecting
the flow distriu cion. The solutions fram
the previous loop provide the starting
conditions for calculaticns on the current
loop, so that the procedure is quite
efficient. For exanple, a sosution for the
HES Lype RD stage (see section 4.2) requires
about 6 hours CPU on a Stardent 1500 mini~
supercamputer.

It should be noted that, in order to cbtain
realistic lesses towards the blade ends,
empirically derived extra losses must be

specified as an input to the S1-52 system.
Thes» additional losses are modelled by a
coustant deag force in the S1 calculation and
Je effects are feri to $§2 via the nommal
S$1-82 linkirg. Although the need for such
input 18 one of the limitations of the §1-82
approach, the ease with which such correc-
tions can be incorporated in order to ture
the model for a given campressoxr can be a
distinct advantage in practice. It is
emphasised, however, that apart from the
stated end losses and annulus wall blockage
factors no other corrections were employed
for the cases presented here.

3. COMPRESSOR CASCADE TEST CASES

AGRRD Working Group 18 selected four
copressor cascades suitable for inviscid-
viscous blade-to-blade methods:-

i E/CA-2 V2 High Subsonic Cascade

ii E/CA~3 ONERA 115 High Subsonic
Cascade

iii E/CA-4 CFVIR L030-4 Low Supersonic
Cascade

v E/CA-5 ARL SL19 Transonic Cascade

S1BYL2 has previocusly been applied to the
first three of these and the results are
given in Ref 4. There was generally good
agreement between the test results and
predictions, in temts of both internal flow
details such as blade surface pressure
distributions ardl overall performance para-
meters such as static pressure ratio and exit
flow angle. The only significant problem
area was that increases in losses at high
incidence were not predicted directly, but
relied on the user noticing the high effec-
tive incidence indicated by the solution and
specifying revised starting conditions for
the surface bourklary layer calculation. For
cases near optimum incidence, deviation
angles were predicted to about * 1° static
pressure ratios to X 4% and overall loss
coefficients to + 2% of inlet dynamic head.
These levels of accuracy have been confimmed
in applications of the code to other cas-
cades, such as the supercritical designs
described in Refs 8 and 9.

The test conditions chosen by WG18 for the
CQNERA 115 and DFVIR 1L030-4 cascades are the
same as, or similar to, those previously
studied. Therefore only calculations for the
V2 and ARL SL19 cascades will be presented
here.

3.1  Vz Subsonic Carpressor Cascade

The V2 cascade is a high canber (56.8°), high
solidity (2.22) design with 7% thick DCA
blade profiles. Twelve test conditions were
selected by WG18, covering inlet Mach numbers
from 0.3 to 0.85, inlet flow angles from
47.5° to 54.5° and stream tube contraction
ratios frem 1.08 to 1.39.

s noted in Refs 2 ard 4, the axial variation
assured for stream tube thickness between the
reasured upstream and downstream values is
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crit..cal, but also open to uncertainty. Two
plausibls. assumptions could be (a) a linear
variation with streamwise distance between
the two measuring planes, and (b) constant
values upstream and downstream and a linear
variation between the leading and trailing
edge planes of the cascade. For the V2
cascade, wnich has a high aspect xatio of
3.75, the former is more likely to be correct
ana this is confimmed by the calculations for
the test condition with values of M/, /Q of
0.80/54.5/1.39 (Fig la). Assumption (a) was
therefore adopted for all subsequent calcula-
tions for this cascade.

Tne choice of stream tube thickness variation
is a good example of a situation where there
15 uncertairty in the experimental data; and
hence where camparisons against other methods
run with the same assurptions wouid be parti-
cularly useful,

An 89 x 16 calculating grid was enployed for
all calculations of the V2 cascade, with 51 x
16 points equally spaced in the axial and
tangential directions within the blade rmw.
Outside the row, the axial spacing was
increased by a constant factor to give up-
stream and downstream boundaries for the
calculation damain 0.8 axial chords from the
blade row.

The twelve WG18 test conditions can be
grouped into three categories: (a) choked
flow, (b) operation near optimum incidence
and (¢) stalied flow. The three choked flow
conditions are:- 0.85/49.5/1.20,
0.80/47.5/1.17, and 0.80/49.5/1.27. They
denonstrate that, relative to a nominal
unchoked condition of 0.80/49.5/1.20, choked
flow can be produced by small changes in M,
o, or Q. S1BYL2 successfully predicts this.
For example, the predicted Mach number
contours, blede surf{ice Mach nurber distri-
butions and d:velcpment of the boundary layer
displacement ithickness and shape factor at
0.85/49.5/1.20 are shown in Fig 1b, togzther
with the test data. There is good agreement
between prediction ard test, except for the
levels of shape factor near the trailing edge
of the suction surface.

The point at 0.80/49.5/1.12 is typical of the
seven operating conditions near optimm
incidence with measured loss coefficients
below 5%. The predicted Mach nurber
contours, blade surface Mach number distri-
butions, and boundary layer development are
shown in Fig 1lc, together with the test data.
It can be seen that the overall performance
parameters match quite well, although the
discrepancy of 1.3° on exit flow angle is
higher than usual. There is also close
agreement between the predicted inviscid Mach
nutbers on the blade surfaces and the values
decluced from the measured surface static
pressuies. The agreewent between predition
and test for the suction surface boundary
layer cdevelopment is reasonable cualitati-
vely, hut the predicted values of shape
factor are higher than the test values in the
separated flow region near the trailing edge,
while the predicted values of displacement
thickness near mid chord are lower than the
test values. These differences could be due
T™ P 1204

to many reasons. Scame of the more obwious

ones are:

i errors in the prediction of tians-
ition between laminar and turbulent flow

ii the effect of high free-stream
turbulence on the turbulent boundary
layer - this is not included in the
present calculations

iii the general uncertainty in predic-
ting separated turbulent boundary layers

iv errors in measuring very thin
boundary layers - the measured displace-
ment thickness is only 0.4 mm at 42%
chord

v errors in measuring unsteady flows
with a pneumatic probe

vi errors in measuring reverse flows
with & forward facing probe

The level of agreement achieved in this case
is typical of tnat for the test conditions
rear optimam incidence.

The remaining two operating conditions -
0.80/52.5/1.12 axd 0.80/54.5/1.23 - are
stalled, with measured loss ccefficients of
over 10%. As previousiy noted, such
conditions can be identified by the fact that
maximun blade loading occurs at the leading
edge. The user can then specify that the
suction surface boundary layer starts as a
turbulent layer, with a momentum thickness
Reynolds number of about 500. A solution
with the boundary layer tripped in this way
for the ccndition 0.80/52.5/1.12 is showa in
Fig 1d. The results for surface Mach nutber
and suction surface displacement thickness
agree quite well but the predicted shape
factors for the suction surtace are much
higher than dednced from the boundary layer
measurements.

In this context it is interesting to consider
the loss produced by applying a catpressible
flow mixing calculation to the neasured
suction surface boundary layer parameters at
8% chord. At the two stalled flow condi-
tions this loss exceeds the total loss
deduced from the wake traverses .oy about 25%.
Assuming that the suction surface logs should
be about the same proportion of the total
loss as at the other test conditions (ie 80%)
inplies that the momentum thickness should be
about half of the stated value. This would
obviously be in much better agreement with
the predicted values of mamentum thickness
and shape factor.

An alternative approzch to tripoing the
boundary layer would be to employ a grid with
much closer axial spacing near the leading
edge ard to assume that all boundary layers
are turbulent  This would give solutiona
broadly comparable with the Navier-Stokes
solutions for the V2 cascade shown in Ref 10.
Howevexr, a grid giving better modelling of
the leading edge region weculd be needed to
obtain grid-independent solutions. Also the
process of laminar separation, transition and
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turbulent reattachment for high incidence
flows needs to be understood better go that
more realistic models of the viscous flow
(either integral boundary layer calculations
or turbulence models) can be developed.

3.2 ARL SL19 Transonic Compressor Cascade

The ARL SL19 transonic compressor cascade was
derived from a rotor section of a single
stag? campressor @ with a design point
pressure ratio of 1.9. It is a thin, high
stagger (56.9%, low camber(-1.9°) section
with a design point inlet Mach number of
1.616. Cascades with similar blades have
been tested in facilities at Detroit Diesel
Allison (DDA) 2, DFVIR » and ONERA M, and
one test point from each series was selected
by W518,

A guide to the relevance of each operating
condition can be obtained by camputing the
pressure ratio and efficiency of a corres-
ponding rotor section from the measured
overall cascade performance - for this
purpose the rotor section was assumed to have
zero inlet absolute flow angle and constant
stream surface radius. The results for all
the DDA test points taken at the design inlet
Mach number 2 were as follows:=

Cascade tor Rotor
static total adiabatic
pressure pressure efficiency
ratio ratio %
1.220 1,086 67.8
1.468 1.180 77.0
1.672 1.318 81.8
1.870 1.489 84.0
2.036 1.674 84.8
2.097 1.727 83.8
2.220 1.801 81.1
2.300 1.868 82.2

This clearly shows that the points with
higher statac pressure ratics are of greater
practical interest to the campressor engi-
neer, and it is these which the S1BYL2 method
was developed to predict. Of the WG18 test
conditions only the DFVLIR point falls into
this category.

For the S1BYL2 calculataon of the DFVIR test
point the stream tube thickness was assumed
to be constant upstream of the cascade
leading edge and to reduce linearly with
axial distance to the measured value at the
traverse plane 47% of gap axially downstream
of the blade trailing edge. A 119 x 21
calculating grid was employed for the time
marching part of the calculation, with 81 x
21 points within the blade row equally spaced
in both axial and tangential directions. The
test value of inlet tangential velocity was
specified and the operating condition for the
solution was chosen such that the main
pressure rise on the suction surface occurred
close to the measured position.

The predicted Mach nunber contours, blade
surface Mach nurber distributions and bound-
ary layer development for the design blade
shape are shown in Fig 2, together with the
Mach nunbers deduced fram the measured

surface static prossures and the predicted
inviscid total pressures. The agreement
between prediction and test is generally
good. Note that the calculation indicates
the presence of strong shock wave/boundary
layer interactions on both the suction and
pressure surfaces of the blade. It is
possible that the pre-shock boundary layer on
the pressure surface could ke laminar,
although transition has been forced upstream
of the shock in the S1BYL2 solution, and this
might explain the discrepancies between
prediction and test in this region. The
agreement between measured and predicted
overall performance paramiters is reasonable
- the predicted unique incidence inlet angle
and the exit flow angle are both 1° too high,
static pressure rise agrees to about 5%, and
total pressure loss is 10% compared with a
measured value of 12%.

The predictions are quite sensitive to the
assurptions made about stream tube thickness.
For example, taking a constant value upstream
of the initial shock wave reduces the predic-
ted inlet flow angle by 0.8° while assuming
a linear variation between the plane of the
upstream static pressure tappings and the
downstream traverse plane increases the value
by 0.8°. There is also scme uncertainty
about the appropriate blade shape to use for
the calculations, since the two instrumented
blades in the cascade both differed slightly
frem the design intent and same blade deform-
ation due to the aerodynamic loads was
observed during testing 5. Using the measu-
red shape of the suction surface blase given
in Ref 2 reduces the predicted inlet flow
angle by 0.7° whereas the shape for the
pressure surface blade is much closer to the
design intent.

Once again calculations with a number of
different codes would be instructive and
might enable a consensus view to be reached
of the appropriatz boundary conditions to be
applied.

4. HIGH SPEED OOMPRESSOR TEST CASES

As mentioned above, the S1-52 system
incorporating S1BYL2 has been applied to all
three high speed campressor test cases
selected by WG18 viz:

i E/C(~2 NASA Transonic Rotor 67
ii E/C0~3 RR HPY Subsonic Stage
iii E/00-4 DFVIR Transonic Stage

The system was kept the same throughout and
similar calculating grids were applied. Nine
S1 sections were used to model each blade row
and the grids used “or the time marching pact
of the S1BYL2 calculations were similar to
those used for the cascades in section 3
above. The S2 solutions typically employed
21 streamlineg and there wore 4 interblade
calculating planes between the leading and
trailing edge planes of each blade row.

The inlet total pressure profiles for each
corpressor were based closely on the measured
data, except that no attempt was made %o
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achieve zero values of velo:ity at the walls.
Small amounts of annulus wall blockage, about
1% for the two transonic fans and 2%% for
HP9, were included to allcw for this. The
losses used to model end effects were assumed
to affect the outer regions of each row: the
loss coefficients were specified to drop from
15% at the annulus walls, to zexo at a
distance of 1/3 rotor chord fram the walls.
This agsumption is in line with that made for
previous $1-52 calculations of the rotor row
of transonic civil fanss . If more than

one stage were being considered, it would
obviously pe necessary either to include the
effect of spanwise mixing within the S2 part
of the calculation, or to use a more even
distribution of extra loss.

4.1 NASA Transonic Rotor 67

Rotor 67 is the first stage rotor of a two
stage fan. It was tested as an isolated row
to provide dsta for campariscn with numerical
predictions which were free from circum-
ferential variations due to stationary blade
rows. The rotor has an aspect ratio of 1.6
based on average span/mid height chord, and
at inlet the tip diameter is 514 mm with a
hub/tip ratio of 0.375. The design point
conditiore are a tip speed of 429 m/s, an
inlet tip relative Mach nunber of 1.38, a
rotor pressure ratio of 1.63 and a mass flow
rate of 33.25 kg/s. Laser anemometry was
extensively used to measure details of the
internal flcw fields, and radial traverses
with a carbination probe were carried out to
determine the inlet and exit variations of
total and static pressure, total temperature
and flow angle.

Two operating conditions were selected by
WG18 - one near peak efficiency and the other
near stall. The flow at both corditions was
predicted using the S1-52 system and sam of
the results are ghown in Figs 3 and 4. Con-
sidering firstly the overall perfommance, the
mass flow rate at the pressure ratio for the
peak efficiency condition was predicted to be
34.0 kg/s, about 1%% below the test value.
Predicted adiabatic efficiency was 92.3%,
campared with a test value of 93%. At the
mass flow for the near stall point, the
predicted pressure ratio and efficiency were
1.727 and 91.6%, compared with test values of
1.728 and 90.1%. There is also good agree-
ment between the predicted and measured
radial profiles of total pressure and
tenperature at rotor exit, as shown in Fig 3.
(The values plotted are relative to the inlet
conditions at mid span.)

The predicted Mach murber contours at the two
conditions for the blade-to-blade sections at
30%, 70% and 90% span from the hub are shown
in Fig 4, together with the predicted blade
surface Mach nurbers and boundary layer
development. The contours may be compared
dircetly with the coriesponding plois Jeduded
from the test data given in Fig 17 of Ref 2.
The agreement is quite good for the outer
sections, with the 51-S2 system correctly
predicting the dual shock system noted in Ref
17 at the peak efficiency condition, and the
single normal shock wave just detached fram
the blading at the near stall condition.
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However, the calculation predicts a more
distinct shock in the un~overed passage at
30% blade height for botl. conditions than was
measured with the laser anemcmeter.

The predicted boundary layer development for
the suction surface indicates a trailing edge
separation for the sections over the inner
third of the span, with the shock wave/
boundary layer interaction near mid chord
becoming significant and causing same separ-
ation over the ocuter half of the blade. The
interaction is sufficiently strong at the
peak efficiency condition to cause corplete
separation of the boundary layer downstream
of the shock for the tip sections.

4.2 RR HP9 Subsonic Campressor Stace

The Rolls-Royce .'P9 rig is a single scage
model of one of t e later stages in a civil
HP campressor. it therefore has a much
higher inlet hub/tip ratio (0.84) and lower
rotor aspect ratio (0.9) than the other two
WG18 compressor cases. Inlet spoiler rings
are enployed to generate a suitable inlet
velocity profile. The type "RD" case
selected by WG18 has conventional blade
profiles, a design stage pressure ratio of
1.24, a mass flow rate of 9.1 kg/s and a tip
speed of 251.3 m/s at ISR inlet conditions.
Tip diameter is 518.2 mm.

All three operating conditions - maximm
flow, mid chic and near surge - were studied
using the S1-S2 gystem. 'The predictions at
maximum flow and mid chic were straight-
forward, but the initial attempts for the
near surge point failed. The high incidences
for the Sl sections nearest the hub caused
very high levels of profile loss to be
predicted for this region: these resulted in
even more arduous flow conditions being
calculated for the next S1-82 loop by the S2
part of the system and eventually the S1BYI2
calcuintions failed to converge. The present
$1~82 technique is prcbably over-sensitive to
local fiow problems like this, since there is
no alina nce for spanwise movement of low
energy oowary layer flows - inclusion of
sparwise mixing in the S2 calculation should
help in this regpect. Also, the assumption
that stream surfaces remain axisymmetric
means that the relief of the endwall flow
conditions due to three—dimensicnal flows
is neglected, a fundamental limitation of the
axisymmetric $1-82 approach. To enable a
solution to be cbtained for HP9 at the near
surge mass flow, S1 calculations were carried
out only between 10% and 90% blade heights
(the other 51-52 solutions included
calculations for sections within 5% height of
the walls) with extrapolation used to obtain
the conditions for stream surfaces closer to
the walls.

Predicted Mach number contours and distribu-
tions and boundary layer developrent for the
rotor and stator mid height sections at the
three operating conditions are shown in Fig
5. These demonstrate the range of operating
incidences which are to be expected at diffe~
rent points along a constant speed character~
istic for a single stage campressor - high
positive blade loadings at the leading edge




near surge, roughly zero loa linq at mid chic
and high negative loadings at swaximum flow.
The predicted boundary layer behaviour is
typical of blade sections with circular arc
camber lines. On the suction surface the
shape factors are relatively low over mosc of
the chord, indicating attached boundary
layers. However, there is rapid growth near
the trailing edge where the boundary layer
has become too thick to withstand the
constant diffusion associated with the
circular arc camber line and separates. On
the pressure surface the boundary layer
remains attached throughout, apart from a
possible laminar bukble near the leading edge
at the maximm flow point. No interblade
measurements are available for camparison
with these data.

There is same uncertainty about the rotor
exit conditions for this case 2, and s0 the
comparisions shown between prediction and
test (Fig 6) are for the circumferentially
averaged conditions downstream of the stator,
The main discrepancies are that:-

i the temperature rises near the

outer casing are overestimated - this
could be due to the relatively crude

allowance for end wall effects, or to
neglecting spanwise mixing effects in
the S2 throughflow calculation.

ii the predicted efficiencies at tbhe
near surge condition are much higher
than measured = this is probably
associated with the problems in
predicting high incidence flows noted in
section 3.1 above. Improved agreement
could be obtained by "iripping” the
suction surface boundary layers at the
blade leading edge.

Apart from this the agreement obtained is
reasonable, particularly when the uncertainty
due to the manufacturing tolerance of 0.75°
on blade stagger angle is considered. If the
prediction at the maximum flow point is
repeated with the rotor and stator rows
restaggered open by this amount, then at the
same exit flow function there are increases
of 0.9% on mass flow, 0.012 on pressure ratio
ana 1.2% on efficiency.

4.3 DFVIR Transonic Compressor Stage

The DFVIR transonic fan has an inlet tip
diameter of 398 mm, an inlet hub/tip ratio of
0.5 and a rotor aspect ratio of 1.7. The
design point pressure ratio is 1.51 at a mass
flow rate of 17.3 kg/s and a blade tip speed
of 421 m/s. The rotor has been tested with
two different stator rows: the laser a)emo-
metry measurerents of the rotor flow field
were taken with the NACA 65/60 stator row and
this is the configuration which has been
studied using the S1-52 system.

Predictions were carried out at the same exit
mass flow functions as the two test condi~
tions selected by WG18 and the predicted and
measured radial distributions of performance
are compared in Fig 7. The agreement is ruch
poorer than for the other two ccnpressors

The main problem seems to be that the 51-52

system over—estimates the rotor efficiency by
about 4% at both conditions, and this results
in significantly higher pressure ratios being
oredicted at a given mass flow. The magni-
tude of this discrepancy is disappointing,
givan the level of agreement on owverall
pactormance for the other two cases and for
otier transonic fans. In particular the
S1-$2 system has not identified any reason
¢ tne peak efficiency of the DFVIR rotor
beirg over 5% lower than for NASA rotoxr 67,
whichh has a similar pressure ratio, tip speed
ar”? agpect ratio. It will be interesting to
see whether other CFD methods can explain
chis difference.

Despite the poor agreement on overall per-
formance, the predicted Mach nunber contours
for the rotor at 18%, 45%, 68% and 89% blade
reighvs ar? in close agreement with those
given in Figs 10 and 11 of Ref 2 (See Fig 8).
At peak efficiency the solution correctly
predicts an ablique leading edge shock near
the rotor tip with a maximum suction surface
Mach number of about 1.4, At 68% height the
sheek is becaming more normal, and by 45%
height it is detached from the blade leading
edge. The predicted diffusion of the flow
within the blade passage also matches the
test data well. The predicted suction
surface boundary layer development shows a
gradual progression with blade height,
rouwhly similar to that for NASA rotor 67.
Near the hub, separation occurs only near the
trailing edge; by about 45% height the shock
wave/poundary layer interaction has became
strong enough to cause a small separation
bubble at about mid chord, and the extent of
the separetion at the trailing edge has
reduced; at 68% height the mid chord separa-
tion has inc.eased and the trailing edge
separation has disappeared; and at 89% the
shock wave/boundary layer interaction is
strong encugh to cause carplete separation
for the rear part of the blade.

At the point nearer surge, the shock wave has
moved forward and it is just detached fram
the leading edge at 89% height in both
pr.dicted and measured results. The shock
becames further detachex at 68% and 45%
heights, and at 18% there is only a small
region near the leading edge where the flow
is supersonic. The predicted boundary layer
behaviour is similar to that at peak effici-
ency except that the shock/boundary layer
interaction near the tip is predicted to be
slightly weaker and the boundary layer
reattaches before the trailing edge. How-
over, given the high effective incidences
indicated over the inner half of the blade,
it is likely that the actual suction surface
boundary layers are rather thicker.

5. CONCIUDING REMARKS

The S1BYi2 inviscid-viacous interacticn
rethod has now been applied to all the high
speed compressor cascade test cases selected
by AGARD WG18, and, linked with a streamline
curvature throughflow method in an S1-52
system, to all the high speed campressor
cases. The predictions cbtained are
generally in encouraging agreement with the
experimental data, both in tems of the
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features of the interal flows and the
overall perfommance parameters.

For the conpressor cascades the blade
choking/unique incidence angles and deviation
angies are predicted to about & 1° the
static pressure rise to & 4% and (less
satisfactorily) the total loss coefficient to
+ 2% of inlet dynamic lead, for operation
below stalling incidence. The increased
losses which occur at high positive incidence
are not fully predicted autcmatically, but
such situations caa be detected by examining
the effective incidence predicted for the
blade. It is believed that irprovements are
needed both in the viscous modelling and in
the numerical resolution of the leading edge
region before this type of flow can ke
predicted correctly.

For the coarpressor test cases, the predicted
results for the NASA rotor 67 and for the HPY
stage agree well with the measured results.
In particular, peak efficiency levels are
estimated to within about 1%. The results
for the DFVIR stage are less satisfactory:
the rotor efficiency is over-estimated by
about 4%, despite close agreement between the
measured and predicted blade-to-blade Mach
numbers. Thus the present method fails to
explain the difference of over 5% in neasured
rotor efficiency between the NASA 67 and
DFVIR rotors. It will be interesting to see
whether other methods are more successful.

The present applications of the RAE S1BYL2
code to the WG18 carpressor test cases have
been valuable, both in evaluating the code
and in gaining further understanding of the
test cases. The author would like to
congratulate the Working Group for taking the
lead in identifiying this set of cases, and
he would encourage others to carry out and
publish corresponding predictions.
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Fig 4b
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Figs 6&7
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Fig 8b
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Fig 8b SIBYL2 predictions For DFVLR rotor near surge
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