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In receat years izprovexents in algoritkzs 2nd cozpuring power have a2lloved
the regular uvse of three-dizensioz=al wviscous flow programs to 2nalyse the flowsin
turbines. Before these progra=s can be used with coafidence by tbe turbine
designer, bowever, they must be validated by cozparison with high quality experi-
menta2l data tzkea at realistic conditiozs.

e

A transonic turbire nozzle guide vane has been tested in zn amnular cascade
with two different endwall geometries. The measurements were taken at engine-
representative flow conditions and include surface static pressures and a down-
strean area traverse of total pressu:ze.

The flow through these geonetries has been modelled at the test conditions
using a three-didensional viscous flow program. The effects of different mesh !
densities and two turbulence models have been studied. Predictioas of secondary ’
flow and loss have been obtained and are cozpared with the experimental
zeasuredDents.
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effects of differens fpsh derzities 2nd to
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poogzass to 2nalyse the Tiod in-tusoo-

ing desizs o to check specific-featrres of
a e« desizn in the finad-stages of the
design process. If these mexhnds a2 to
realise their £ul)-perential for zadically
izproving tuzborachinery Gesign they rust ke
used mxch e2rlier in the design process.
in the capability of the'progrzm and also a
good dezstanding of the effect of the
availaetle cprions, such 2s resh size axd
density, or different turbulence rodels.

5o help preve this confidence, a tuzbine
nozzle guide vene (ngv), designed-for
transonic £flows, has been tested in arz
cascade forn with two different endvall
shapes in the Isentrepic Light Piston Cascade
(IPC) facility at RAZ Pyestock. The-saxe
nozzle gecresxy has been analysed using a
three~dirensional viscous f£low progran with
different reshes and turbulence rodels. This
paper reports the results of these canputa-
cicns and makes conparisens with the experi-
rental results.

2. THE NGV DESIGI

The ngv tested was desigred at the Royal
Percspase Establistrent as gpart of a high
work capacity, high blade specd turbine known
as the Hich Rim Spead furbine. The design
philosophy and test perfozmance have been

-
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:’q:_sme::s
‘peofited bix slapes were 2230 coarsideved.

saried betusen the two desises.
3. T2 2C FACTITY-

The Isemtwxpic Light Piston Cascade, or II2C,
(Fef 3) is a short dematicn facility desised
0 2llow hich quadity neat tramsfer and
aexoymaxi s to be taken for a
£a)l-gize azxlar cascade of tuxhine veoes.
irs desiga axd cperaticn has been 3
in an X370 paoer preseted in 1935 (Ref 3).
A majr extensice of the facility, to exable
heat transfer data to be taken £ a
xotating rotor soemted dosestrean of the
nozzle row, has been designed and will be
insralled in 1591. The aerodynamic coorli-
tions vpstreas of the cascade, to mutch the
i of exit Mach mrbes,

achieved, a fasts ~cting plug valve cpens
allowing the 2ir to flow through the cascade
giving steady operating conditions for
approxirately 0.5 second, curing which time
aerodynamic and heat transfer data can be
aguired,

For this series of tests the instnmentation
censisted of static pressure tappings at a
total of 188 locations on the vane surfaces
and endsalls. An area traverse of total
pressure was perforned ca 2 plane 0.2 axial
chord downstrexn of the trailing edge. This
was built vp from a series of 27 circunfexen-
tial sweeps at different radii, each sweep
requiring a separate nm of the IIPC
facility, The ciramferential extent of a
sweep was approximately 1.5 vane pitches. As
it was desired to traverse through two vane
wakes on each aweep and the vane wakes were

epralim
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pchanisn ed save difficnlvies wen
mezsering neas the kb, 7o cvercame these
d:(‘:cq‘.:355 T 3 ££; “k‘.‘.‘-e -.':..*: R
used: a sszaishy tip for the traverses dowe
=id-heiste and a “swen-necked™-tip Loz those
be'ow (fiszme 2). By using these two probe
tips it was possible to traverse to within
7.5% wene height of beth exdaalls,

4. AJLYSIS METHD

The mexhod tsed to analyse the flow is the
three-dimensicnal viscows flow progzam of
Dawes (Ref 5). This solves the wnsteady
Reymolds averaged Kavier Stokes:eguaticns for
a steady soluticn using an irplicit tive
ching aloorithm, Tuzbulent-st are
sodelled using an eddy viscosity cenoept.
o formlaticns of eddy viccosity are-
available: an algebraic rethod doe-to Baldwin
2 Lerax (Ref 6): and-a.cne-eqation method
pattemed after that of Birch (Ref 7). The
latter model includes an additicnal transport
ecuation for tuzbulent kinetic energy which
is solved using a space- rarching algorithm.
In the Baldsin-Lorax model laxinar-tudbalent
trensition is modelled by specifying loca-
tions for the start and end of transition on
both suction and pressure surfaces. A value
of intermittency is'then calculated for each
mesh point by linear interpolation between
these specified transition locations. .For
the current series of talculations tran- =
sition cn the suction surface was set to
start at 25% axial chord {Cax) and end at 60t
Cax. The correspending figures for the
pressure surface were 40%-and 90%. The
one-ecuation method models transition through
a low Reynolds muber desping term.

Spatial discretisation is achieved using a
sheared, - cell~centred H-mesh. Two different
dencities of mesh were enployed; calculations
with meshes 1 and 2 used 25 points circum
ferentially, 25 radially and 89 axially, a
total of 55625 mesh points, while those with
meshes 3 and 4 used a 33 x 33 x 119 mesh
(129591 mesh points). In each case the mesh
was refined considerably near solid surfaces

leading and t=ailing edges £oT the sane
oves2)1 mrber cf mesk: points. Resals
alx diffprpct mesh denaizies ad dist=i-
Yeions aze P od

tel Yese. AS this point the s valve of
axial oomentim residoe wes 2.6 x 10% oo zesh
4. mmmmmamm
mini-scpercanprres 2ad 2000 tine steps
mesh £ recuived sperocmetely 43 Boers ofou
e, )

S. = MESH CMPARESON

The fouz meshes esployed for modelling the
bellaxeh profile aze caypared in figures 3
axd 4. The cifferect mesh refinerents a2t

£ €8 anmming height, This resulted in 6
points in this inler bondary layer for
reshes 1 and 2, axd 8 points for reshes 3
a3 4.
'Ihe:‘d-heig!::dist:ih:‘.icmof:bm::opic
¥ach mnber predi with the different’
meshes are conpared in figure 5. “The m2in
variztions occur oo the pressure surface
between the leading edge and 60% axial chord

pmbablycbetoﬂxediffemtmdemngof

-the trailing edge flow with the ‘various

meshes. This shock is modelled best with
mesh 4, which has the finest spacing at the
-trailing edge. Contours of Mach maber near
the trailing edge are illustrated for meshes
2 and 4 in figure 6. The pressure sucface
‘boundary layer upstream of the trailing edge
is considersbly thinner with the finer resh
leading to delayed separaticn and higher peak
Mach mxmber at the trailing edge. This
produces the stronger shock evident vhere it
inmpinges on the suction surface. On the
forward pressure surface the isentropic Mach
mober is higher with the finer meshes than
the coarser. %Tne differences appear to be
associated with the finer cross-stream mesh
rather than the axial refinement, suggesting
that they are due to the inproved modelling
of the pressure surface boundary layer a2s a
result of the finer spacing of reshes 3 and 4
in this region.

Figure 7 compaves the secondary flows near
the suction surface for meshes 1 and 4. The
manner in vhich the endwall crossflow was
swept onto the suction surface can be clearly
seen in botl, cases. The finer mesh (4) has
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resslved w0 sesazzre points of Ipingereny
co2o the soction smface for each exddell 2t
2oproxrizetely 508 Cox 22 £5% Cox with the
£1o ne2zly pasalle) o the exdall between
the . The coezser mesh has codelled the
£irer ipimgorpes weoy ainilarly to th. fizes

The develorest cf zess-evezeged loss 2log
tle pessege is shown for each mesh in figure
8. 7The results £z the £ines meshes heve a
lower cvexall lcss than theee £ the
cearser meshes reflaczing the iprewed
modelling cf the blade and endall boudasy
1zzers with the £ines zeshes. Also they
exhibic a2 zome re2listic growth of lcss

throuch the blade passage; the 1oss with the
coarser meshes grows £mom the leading edoe to

azain towands the trailing edge. AT the
tz2iling edge zesh 4 shows a very recid
growth ¢f loss with little fizther gxowth
dowastrea hezezs the cther aits,
particularly zeshes 1 and 3, show less gxowth
at the tzailing edge but significant further
growth cowzstrean. This is attrilbeted to the
increased mixing of the £low at the trailing
edge with resh 4 cue to the £iner cesh
spacing in this region. 7he tctal losses at
the exit plane (1.0 axial choxd downstzean of
the trailing edse) for meshes 1 and 4§ aze
0.081 and 0.052 respectively.

Contcuss of tetal pressure on a Cross-stream
plane at 120% axial chord are ceepared for
all four zeshes in figure 9. 7The distinctive
edge ard the radial variaticn of exit angle.
In each case the peak loss (minim=m total
pressure) occurs in a thick regicn arownd

3 ight, the level of this peak loss being
similar for all the meshes. Meshes 1 and 4
give narrower wakes than (respectively)
reshes 2 and 3 swyesting that the finer resh
in the trailing edge region has changed the
modelling of the flow in the mixing region
downstrean of the trailing edge. Alse, the
wake with mesh 4 is narrower than with mesh 1
indicating that the inproved rodelling of the
suction and pressure surface boundary layers
due to the finer near-wall mesh has resulted
in thinner boundary layers being predicted at
the trailing edge.

6. TURSULENCE MODEL COMPARISON

The above results were all produced using the
Baldwin-Lamax turbulence model with the
specified transition locations. Calculations
have also been perforred using the one
equation turbulence model on meshes 1 and 4.
The develogment of the mass averaged loss
along the vane passage is compared for these
meshes with both turbulence models in figure
16. There are only small differences between
the results with the two turbulence models,
particularly with the coarser mesh. This is
consistent with the findings of Dawes (Ref 8)
which he attributes to most of the loss being
generated very close to solid surfaces,
within a laminar sub-layer region which is
common to both rodels.

T™ P 1205

7. COERIESN: Wi ZEmDB T

The toral presente traces cotained fom the

These
largely recoved by further analysis to allew
for the vazizticn in upstzean total pressuze;
the zesults at 10% a=d 50% height aftes this
additional processing are show in figuve

The individual experizental sweeps, after
processing, have been cicbined to form a
ca:ple:eaneatnve:seandma::soft&al
pressure are shown in figure 13 together with
the predictions using both tuziulence models
cn resh 4. The predictions both show wakes
which are wider at mid-height than near the
enxdaalls. The wake in the predicticn with
the cne-equatica model is wider (23% pitch at
mid-height) than that with the Baldsin-Lomax
model (20%); the experimental results show a
wake which is slightly wider than either
predictica (253)." The cne-equaticn model
predicts a similar deficit of total pressure
in the centre of the wake to the experirental
valve but the Baldwin-Lorax model does not
capture the full deficit. In camon with the
experimental results peither prediction has
identifiable regicns of secondary loss though
the Baldwin-Lamax results do exhibit some
thickening of the wake near the hubd. The
experimental results show greater curvature
of the wake near mid-height and a more acute
anglebetweendxewakeandﬂxeerman,
particularly near the tip, than either pre-
diction, with again the one-equation model
giving a slightly closer result.

8. COMPARISCN OF ENDWALL PROFIIES

Measurements of surface static pressure were
taken for both che bellmouth and S-bend
endwall profiles. These are shown on figure
14 in the fom of isentropic Mach nurber
distributions at 10% and 50% span, together
with predictions for both endwall profiles,
using mesh 1 spacings. At 16% span the
S-bend hub profile has increased the Mach
nuber on the early part of the suction
surface and slightly increased the strength
of the shock at approximately 70% Cax. The
effect on the pressure surface is small. At
50% span there is very little difference
between the two sets of experimental results,
though the S-bend does still have a slightly
higher Mach nimber over the early suction




. Each ¢f these &iffemeces bas been
well sxdelled by the Slow progTesy
e iorim caotzmes the full shock

:.‘:emmzs-ﬂwmtbbkbi:pi:gzsm
to the suerim susface sdighrly fxmthes dowa
strezm with the S-beid profile bt that it

doasoa:ama:zag’.emﬂ:ingina
s_z:nd:eg:z::cft}:embeing

2
either enc2ll profile. The total loss is
0.021 of exit &maxi head for the bellmcuth
profile and 0.084 for the S-berd.

S. CRLTEUSIOS

A transenic turbine nozzle Guide vane has
veen tested in an ammular cascade facility
with two different encall profiles. Vane
sucface static pressures have been measured
and a tzavesse of the total pressure field
doxnstrezs of the trailing edge has been
perfommed for coe of the profiles.

he new area traversing technicue has given
Good results. It has been found necessary to
process the results to rescve the effect of
pisten oscillatien.

The Dawes three-dirensicnal viscous £low
p:og:znbasbem‘sedtomdelthe £low
through the nozzle. A variety of resh densi-
ties and distrilkutions have been investigated
as have two different turbulence modeis.

Good agreement has been obtained for the
pressure distributicas and realistic

ary flo«s have been predicted. It was found
that the finer meshes gave better predictions
of the static pressure distributicns and
rechxced levels of loss as a result of the
inproved modelling of the vane surface
bandary layers.

The different turbulence models were found to
have little effect on the predicted overall
loss though there were differences in the
distribution and the shape of the vane wakes.
The cne-equation turbulence model procuced
wakes which had similar levels of total
pressure deficit to the experirent and had a
more similar shape than those with the
Baldwin-Lomax algebraic model.
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Fig1
¥esh 3 jMesh 2 {Mesh 3 |Kesn &
4x313] scacing at leading-ecge (% 2xial chord) ) 0.35 | 0.43 | 0.20 | 0.0
Axjal-spaczing 2t trailing esge (X axial chord) | 0.35 0.43 0.30 0.0
Spanwise spacing at eagwall (% blage height) | 0.35 0.43 0.24 0.24
Tangent§al spacing at blage surfaces (X giten) | 0.35 0.33 0.24 0.24
Tadle 1. Mesh spacings fo~ different zeshes
Leading Trasling
ecge egge

Mig-heaght
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“Bellmouth” hud profile
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Suctien
surface

Pressure
surface

Hud
Trailing edge
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Fig 1 Illustration of ngv design

“S-Bend™ hub profile
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Fig 2. The two traverse probes
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Isentropic Mach no. %
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Fi1g 5 Comparison of mig-height isentropic Mach nurber
distributions with different meshes
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mesh 2

Fig 6 Contours of Mach number near trailing ecge
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17, Abstract oo
In recent years improvements in algorithms and cumputing power have allowed the regu-
lar use of three-dimensional viscous flow programs to analyse the flows in turbines.
Before these programs can bé used with gonfidence by the turbine designer, however,
they must be validated by comparison with high guality experimental data taken at
realistic conditions.

A transonic turbine nozzle guide vane bas been tested in an annular cascade withtwo
different endwall geometries, The measurements were taken at engine-representative
flow conditions and include surface static pressures and a down-stream area traverse
of total pressure.

The flow through these geometries has becen modelled at the test conditions using a
three~dimensional visc. is flow program. The effects of different mesh densities
and two turbulence models have been studied. Predictions of secondary flow and
loss have been obtained and are compared with the experimental measurements.
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