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ABSTRACT

Gasturbinesfor power generation are required to operate more
effidently than ever before for bath economic and environmentd
reesons. Because of this dtuation, an advanced multistage turbine
design and optimization system isrequired to improve upon exising
turbine designs where visoous CFD codes had dreedy been gpplied
on asnglerow or sngle dages bass An advanced CFD code for
multigage design gpplications has been devdoped a Mitsubishi
Heavy Indugries (MHI) and has been gpplied to the redesign of a
four gage dngle shaft turbine The front 3 dages of the turbine are
highly cooled usng about 20% ooding ar. The outdanding
performance of this redesigned turbine has been demondrated at
MHI’senginetest fadility.

This paper focuses on the customization of the Denton code [5]
for indudrid usage the veidaion of the cusomized code
employing expaimenta data, and findly the use of the code in
executing a sucoesSful redesign. . Code  devdopment and
vaidation are discussad in terms of prediction accuracy for the
bedc agrodynamic desgn parameters such as exit flow ange and
cascade losses. Through-flow design parameters such as pressure
ratio and readtion of each dage are d<0 addressed. Espeddly
important in modern high temperature turbines is the location and
digribution of codling and leskage ar being introduced into the
man gespeth. The proper trestment of these flows is very
impartant because of the mixing losses and the temperature
migration downdream. Thee important condderations in any
andyss approach are discussed and it is shown how they are
treated in the cusomized CFD code  Condgtency between the
cugtomized CFD code and other parts of the exiging aerodynamic
design procedure are carefully examined. Thisisimportant because
aerodynamic parameters have different modding fiddities in the
different parts of the design sysem. Computer execution times are
avery important cond deration when utilizing advanoed CFD codes
Thisissueis addressed from the pergpective of an indudtrid design
organization.
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In vaidating the customized code, spedid attention was placed
on tip dearance leskage flow behavior and sed ar migration from
the hub wall. Locd dhanges of totd pressure and tempeaaure
digributions affet the loca veodty trianges and locd ddic
presure didributions on the arfall and endwal surfaces. Airfail
section geometry and three-dimensond  gacking to maximize the
turbine effidency ared so conddered and discussed.

The vdidated code was subssquently used to execute a
redesign of alarge frame indudrid turbine  Thisis discussed in
ome ddal. The redesgned turbine has completed full scde
engine testing and has been shown to have met dl design goals The
CFD predictions are compared with spedid measuraments taken in
the engine such as the inte-gage goan-wise tatd pressure and
temperature didributions as well as the dfidency trend versus
engne load. These compaisons prove the capability of the
advanoced multistage CFD code

NOMENCLATURE
Pt totd pressure
m meassflow rate
Y padfichest ratio
M Mach number
T tota temperature
Vv vdodty
) angle baween main flow and sedl ar injection
n cod coded turbine efficiency
P turbine power
Ubscripts
adud  actud work
s s ar

0es main gasflow
idedl  igentropicwork besad on expangon ratio of each flow
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INTRODUCTION

Many numeicd modds introdudng higher and higher
fiddlities have been proposad for the computationd fluid dynamics
(CFD) andyds of turbines to improve the Smulation accuracy. In
these reports, dready designed turbine geometries were andyzed
and vey detailed flow phenomena were sudied. Severd of these
papers (references) focusad on the design paint of view rather then
on detaled flow phenomena have been found. The fdlowing are
someexamplesfor thispoint of view.

It is known that turbine flow capadity, epedidly of the firg
vane, is important to not only the turbine agrodynamic design but
a0 to the cyde matching of the compressor. It is nated thet in the
design process, a full turbine performance andlysis is necessary in
order to predict accurate flow cgpadity of theturbing, because of bath
the flow channd geometry and 3D flow phenomena [1]. Thisisan
impartant congderation in the design of a high temperaure turbing
dueto the high flux of codling air addition. Here the mass flow rate
a any axid location of aturbinemust be d osdy accounted for.

Sed o leskage flows from a secondary air system changes the
flow fidd of main sream aswdl and can have significant effects on
the reaction and work qolit in aturbine The effect of secondary ar
injetion on the paformance of a trensonic turbine dage is
invegtigated. Improvement of the paformance by optimizing the
direction of injection into gas peth is shown to have an eficiency
impact of from 0.3% to 1% for one peroant of sed ar [2]. This
indudes two aspedts. One is a change of tangentid component of
injected vel odity which gppearsin the Euler turbine equetion end the
ssoond isthe changein mixing lossduetoinjection.

Also, film coding impact on turbine eficdency have been
diretly messured and ass=ssd in the blow-down tegt rig [3].
Effidency drops of 0.5% with one percent additiond codling flow
have been reported.

In goplying CFD to a multigage turbine with or without
codling ar addition, gas property change through turbine from inlet
to exit is not negligible Propealy accounting for ges property
changesis essmtid for the prediction of reer dage ges temperatures,
dthough it is conddered to have amdl efect on effidency. Thishas
been sudied [4].

Each of the above well executed gudies wes focusad on an
impartant phenomenon in the turbing, however very few dudies
have focused on thewhad e turbine design gpplication.  Theauthors
in this paper have taken aturbine design point of vien.  They have
deve oped an advanced turbine aerodynamic design method utilizing
acugomized verson of Denton’swe | known multigage CFD code

After a careful udy it was found that Deton’s code is the
mog slitable code for this purpose because important cascade
parameters and through-flow parameters had dreedy been veified.
Also the codeis nat a“black box” code, so customizing the code to
the usars goecid requirementsis possible

DESIGN SYSTEM UTILIZING MULTISTAGE CFD
Figure 1 is a work flow chat that shows the comparison

between the conventional design procedure and the advanced design
procedure utiliziing the multigage CFD. To dat the engine
devd opmert, the cyde is sHected emplaying a one dimensond
turbine through-flow code (meanling) with an initid coding flow
ghedule edimaed from exiding engine expaiences In the
conventiond design, turbine optimization was done with mainly one
dimengond loss modd which is incorparated into the one
dimensond dedgn tod. Then desgnes would go to an
axissymmetric through-flow code to esadish the vortexing of the
desgn. This would be folowed by the designing of the arfall
sections. Although initid design trid goes through this procedure, it
goes diredtly to the multistage CFD andyses to confirm feasibility of
the design conogpt from athree dimensiond flow standpaint.

3D Row or Single 3D Full Stage Design

Stage Design ‘ Mean-line/Axis-symmetric

Mean-line design dezign '} Combustor
Full Stage CFD Secondary flow
Axis-symmetric Gas System
. | femperature g cavity flow
Profile design Work split distribution ! Y
Reaction analysis
Profile desi i r "
rofile design | Seal air Internal cooling
3D-Row CFD Heat transfer Span-wise :
" . - - flow design
; + i 3D design
! 3D-stage CFD | ‘ Cooling ‘ optimizagon Tip Heat transfer B.C.
D i H design
3D desion J,g Performance | Clearance - -
Thermal evaluation Cooling design

Performance
evaluation

stress/life
evaluation

Perfor'mance Thermal stress/life
evaluation evaluation
Fg.1 Conventiond design procedure (Ieft)

and advanced procedure (right)
utilizing three dimendond full-gage CFD

In thisaerodynamic design procedure, rapid turnaround timesis
the key to firg establishing the feashle effidency levd and then
refining the agro design before detailed design begins Jud after
meanline design and axissymmetric design, udng the prdiminary
vane and blade with typical geometries, coding flow schedule
should be eadly tranderred to theinput of thefull-gtage codling flow
schedule without detaled heet trandfer design, because heet trander
design fdlows agrodynamic design execution. Theefore a
prescribed sandard modding which randformsa previoudy defined
secondary flow schedule design into atypical digtribution of coding
flow on the profile surfaces and end-wall surfaces. Then the ddtailed
design study of codling scheme can be garted by using theinitid 3D
heat trandfer boundary condition which is automatically outputted by
the sysem from the muitistage CFD computation (SseFigure 1).

In teems of agrodynamic design, work-galit and reection, which
are egtablished by the spanwise loss and flow angle are compared
between the meanline and axissymmetric desgn smulations and
design iterations are executed to asaure conggency.
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MULTISTAGE CFD CODE

Feetures of CFD asaturbine design tod which isincorporated
in the above mentioned design procedures are destribed here in
detal.

Hra of dl, flow phenomena to be solved are & leadt three
dimendona geady viscous flows with the multi-gage environment.
And they are sometimes aritical o beyond seady design guiddine
time-accurae phenomena are solved. How capacity is the key to
lve gage work-gplit and reaction. Epedidly secondary air sysem
like codling/sedl/leskage flows should be modded and flow mixing
with main flow should be cdcuaed for loss prediction. And in
full-gtage condition, gas property should be properly consdered.
And predicted efficdency should be about within one percant of
meesured effidency and most importantly, effidency change should
be predi cted againg design modificationsand operaiond conditions

Secondly, turn around time should be well less then one day to
perform design refinement sudies. Mesh Szemay be preferadleif it
is less than computer memory to avoid data trander betwean
machines dthough it is nat the limitation to a pardld code In case
that these conditions cause the computational mesh to be too coarse
for important flow phenomenaiin the design, additiona confirmation
with finer grid may be necessary.

Theabovetwo features here are the requirements that were sdf
impasad for the new CFD code for the design procedures described
in Hgurel

As the CFD code which stidfies the above reguirements
Dentan’s Muitip code is sdected. Multip isafinite volume solver of
Reynolds Averaged Navier Sokes which beses on the explidt
SCREE gtheme[5]. Thegrid is structured H type mesh and mixing
plane goproach is adopted. Thee fegtures are wuitable for
cugomizing the code as the dedgn system, because pre/post
processing of designs and analyses can be topalogicaly Smilar for
each row. In terms of the codling/sed flow addition, a smple modd
isadopted which described below.

The computationd mesh genegatar for the new code was
devdoped in-house and connected to the exiding design system.
Thismesh gengratar isbasad on one previoudy used in asnglerow
viscousflow andyds code

Coding ar and Sed ar modding are impartant aspects of the
cugomization. In the high temperature gas turbines about 20% of
codling flow is necessary to assureturbine durability. Thisamount of
addtiond ar affects the turbine through-flow parameers such as
presaure ratio of each gage (work split), reaction and tatd flow
cgpadity determined by flow capadty characteridic of each row.
Therefore, with the high flux ratio of codling ar, the mass flow rate
a any axid pogtion (or locdly, if necessary) from inlet to exit of
turbine should be Smulated accuratdly in the design. Moreover, tota
efidency is affected by losses generated in the mixing phenomena
withman flons

In the code, these codling ar and sedl ar are treated as the
source teem from the surfaces of the airfoils and end-wadls Totd
presaure totd temperature, injected flow angles of the coding and
sed air are spedified as the input. Then the coding and sedl flow
rates are cd culated with the surface gatic pressure of main flow fidd.

In the cugomization, mass flow rate can be chosen as the input
paramde in the iteration between aerodynamic design and coding
design. In arder to reduce turn around time, disreterows of codling
hdes are modded as dats in thismodd and arees of codling holes
are Padified shown in Hgure 2. Secondary flow cavities and gaps
are modded as anoath surfaces and dope with the exact radii of hat
operating condition a leading edge and trailing edge to keep the
connectivity with conventional design conoept.

At this paint, it should be noted that consarvation of energy
should be kept for the codled turbine sysem in the scope of design. It
is dependent on the inlet boundary location to be andyzed.
Usaudly, detaled heat trander desgn comes after agrodynamic
design of the vane and blade geometries. So, before the heet trandfer
design dated (concurrent design beng dudied), boundary
conditions from sscondary flow sysem desgn which usudly
prooceeds side by Sde with cyde study are convenient to be used.
Mot smple modding is that totd temperature of coding ar is
edified as the vadue a the inlet tempearature into intemna coding
gructure like serpentine passages, and cooled surface of the vanes
and bladesaremodded asadiabetic surface In thissmplemodding,
whde energy bdance is consarved and whoe coded turbine
efidency is eadly assessad without detailed codling dructure
However, locd gas temperature near codling hales may be too low
because input temperaure of codling ar does nat indude the heat
exchange with cooled metd surfaces Ancther modding is that
cooled surface is modded using enthapy source term and codling
ar temperaureisinput as the codling hdes exit temperature. In the
latter case, input is more complicated and total energy conservation
depends on the exactness of the codling modding but in the authar’s
experience doesnat areate any significant problems.

Leading Edge
Tip

——
v

Film cooling holes on the
pressure surface
modeled as slots

Shower head cooling
holes modeled as slots

Fig.2 FIm coding modd of CFD in the design iterations on firg
vane pressuresurface (Cdor: Totd temperature)
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Tip dexrance modding is dso vey important because
dearance flow changesthe downdream flow fidd.  Themogt bedc
modding is to didribute severd goatwise meshes in the tip
dearance to dlow the leskage flow from pressure Sde to suction
ddedf thetip. These are currently investigated by many reseerchers
For example, most recent work wasreparted by Rosc et d(2005).

VALIDATION OF CFD

In asmilar gpproach to that usad to veidate Sngle row CFD
codes two dimensond cascade data was usad to verify bedc
cacade prediction accuracy such asexit flow angle, profilelossleved
and loss due to mixing between coding flow end main flow are
confirmed. Secondly, mass flow capadity.  using annular cascade
tes data In the range from subsonic to transonic region which
covers single shaft heavy duty gas turbines, mass flow rates are
predicted within about 1% accuracy in Fgure 3 which is good
conddering the uncartaintiesin the engineassambly.

1.2

- O - Measurement

Calculation

”//Qy)
c/

0.6 0.7 0.8 0.9 1
1st Vane Exit Mach Number

11 —

0.9

Normarized Mass Flow Rate
—

0.8

Fig.3 Messured and predicted mass flow rate for an annular cascade
of fird vane

The CFD modding for multisageturbinesis verified usng two
dageturbinerig data. (sse Figure4 and Table 1) Thiscdd tet rig is
the scded modd for thetypica front dages of the high temperaure
gas turbine which have the high hub-totip raio 0.85. Spanwise
presaure and temperature rakes are used at the inlet and exit of the
turbine to messure the effidency charadteridics againg verious
operating conditions. Extracted power isabsorbed and rotating gpesd
is contralled by a dynamometer. Pressure raio is contralled by the
inlet pressure from the air source compressor with the amospheric
turbineexhaud.

a = o —

Fg.4 Schematic of Modd Turbine

Table 1 Geometricd and Operationd Parameters of Modd Turbine

1st Blade Height(mm) 47
2nd BladeHeight(mm) 65
1st Blade Hub to Tip Ratio 0.85
Design speed(rpm) 7500
Number of Stages 2
Inlet Pressure(Mpa) 0.4
Inlet Temperature(K) 480
Mass Flow(Kg/s) 13

Impartant measurement itemsfor therotating rig tes arefirst
of al span-wise didributions of pressure, temperature and swirl
ang es, and secondly effidency change againg the operationa
conditions Span-wise didtributions predicted by the CFD with
computationd mesh in FHgure5 arecompared with therig datain
Figure 6-8. These comparisons verified the capatility of thetodl.
Most important itemisthe capahility of effidency changewith
design change. Ingtead of this Effidency trend curves are plotted
agang messured datain Figure 9. Thisfigure showsthat the code
predictionsare quite accurate even for off design conditionsanditis
confirmed that themodding and mesh Szeare acogptablefor design

pUrposes.

FHg.5 Computationd grid of CFD
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90 Inlet
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% 60 Inlet
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S at Turbine Exit
X 40
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ﬂ — Calculated Pt
20 * at Turbine Exit
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0 9\ L I
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Total Pressure/Inlet Total Pressure
Fg.6 Messured and predicted tatd pressure
100 —| m Measured Ttat
90 — 2nd Vane Inlet o /(
80 —
70 — Calculated Tt at *
2nd Vane Inlet
£ 60
k=)
£ 50 | @ Measured Ttat
S 40 Turbine Exit
30 —
20 — —— Calculated Tt at #
Turbine Exit t
10 —
’ o«
0.4 0.5 0.6 0.7 0.8 0.9 1
Total Temperature/Inlet Total Temperature
Fg.7 Messured and predicted tatd temperature
100
e
90
(o |
80
® Measured ||
70 Flow Angle
£ 60 / g at Turbine [
'g 50 { o Exit i
S 40 .( — Calculated ]|
30 ® Flow Angle
20 \‘ at _Turbine i
10 ) Exit
° ¥
50 -40 -30 -20 -10 O 10 20 30 40 50
Flow Angle(deg)

Fg.8 Measured and predicted turbine exit swirl angle

In addition to the above verifications, severd important flow
phenomena which a muiti-dage CFD can predict to improve
aerodynamic design are discussad here Oneis the effect of blade
hubinlet sedl air on the cascade flow. Anather isthe effect of thetip
dearance flow on thedoangream vaneflow.

® Measured Efficiency at N=100%

B Measured Efficiency st N=80%
=O— Calculated Efficiency at N=100%
= Calculated Efficiency at N=80%

&)

&

Turbine Efficiency Difference
o
ﬁ)

N
o

3 35 4 45
Pressure Ratio

FHg9 Messured and predicted turbine effidency at different
operationa conditions

Effects of blade hub inlet seal air migration on
cascade flow

Inthehigh temperature gasturhing, it isimpossbleto reduce sl
ar to zeo to prevent hat combugtion gas into the rator cavity.
Interaction of sscondary flow sysem and main flow, and flow fidd
in cavity itsdf are gudied by many researchas Recently, analyses
which can compute main dream and cavity flows a the same time
areintroduced for reseerch work.  In the Multip code discussed in
this paper, secondary flows are Smply modded with source tarm
from ampleditson theimaginary surface between gator shroud and
blade platform. Smilar to the way of input of film coding air, input
direction or tangentid vdodity can be spedified. Importance of
method isexplained. [6] Potentid interaction between vane exit and
bade LE dagndion can be andyzed by ungesdy CFD
computations

Seal air

1st blade ’
Main flow

Fg.10 Image of bladehub sedl ar

1stvane i

Seal air

Impartant phenomenon from the agrodynamic view is the effect
of thesed air amount on the gage performance
Usudly, sed ar mixing loss is assessed by the Smple Shapiro’s
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modd [7] Equation (1) is very good modding and verified
empiricaly. Thisiswiddy used in indudry in themean-line codes.

Vseal

cos® J
Vgas

— y M? (1

Pt m y M ,Tseal
2= )

2 Tgas

@
However, thisloss is only for maindream loss and loss of sed ar
and effect of the disurbance of the flow fidd should be teken into
account [8, 9]. Thisis extremdy difficult to express by the Smple
egution. In arder to assessthese effects, cooled effidency isdefined.

Pactual_total

N cool = — ; -
Pmain_ideal + X Pseal_ideal + X Pcool_ideal

e

Inthis coded efficency, film codling air and sl air aretreated
as the mass flow and energy injection which expands from injected
pressure to turbine exit pressure. Al of injectionsare summed up in
the dfinition.

In the ratating rig tedt, for example, in case of blade inlet hub
sed ar, messred dfidency drop is someimes larger because
suction surface flow fidd is disgurbed by the locdly negative
inddence Itisthought duetothelow temperatureand low tangentia
veodty of the incoming sed flow. In this cass, Shapiro’s modd
under predicts the effidency drop. With goplying Multip code, this
effect can be counted with better accuracy showed in Figure 11 This
is plat for a Sngle dage cooled efidiency. It should be noted that
difference between messured data and a smple modd  becomes
larger with amount of sedl ar injection. Thiseffect of course depends
on the cavity sructure and sedl location in the sscondary flow
sysem. For each location of incoming flow, goedified input modds
should be examined carefully.

—O— Multistage CFD
---m- - 1-dimensional mixing calculation
® Measurement data

NN

; ‘ o
0.0 0.5 1.0 15 2.0
Seal air amount (% of turbine inlet mass flow rate)

Stage efficiency drop(%)
=
u

Fg.11 Coded efficiency drop dueto thesed air injection at hubinlet
of ratating blade Comparison between one dimensond mixing
modd and CFD

Effects of tip clearance flow on the downstream
vane flow

Tip leskage flow of ron-1 blade is a negative incidence jet on
the suction surface of ron-2 vane tip region like Figure 12. With this
flow impingement, suction surface gaic pressure digribution ishigh
locdly and this pressure didribution drives the surface boundary
layer from tip to hub Sde due to the pan-wise presaure gradiant a
trailing edge Thisis confirmed by thepicture of therow-2 vane efter
operation from an exiding power plant. It is seen that the flow trace
on the suction surface which was driven from the leading edge tip
region to downward (see FHgure 13). In comparison with the
obsarved flow trace on the usad vane and the surface dreamline
computed by the CFD, the tip leskage effect on the surface flow
direction on the downgream vane ssamsto be Smulated well.

2nd vane
S 2nd vane

1st vane .1st blade 1st blade

Fig.12 Imege of tip dearance flow and effect on the downdream
vane

Radial pressure
garadient due to
vane exit swirling
flow

Leading

edge

q

Suction
~surface

edge | -" =

High static pressure region on a suction surface of the vane
due to stagnation of tip leakage flow from the upper blade
row (Multistage CFD)

Fig.13 FHow trace of suction surface of second vane after operation
and CFD prediction of sreamline

Thistip flow phenomenon makesit difficult to contrd the Satic
pressure didribution and cauises the srong secondary flow. As well
as agrodynamic difficulties, “hat jet” through tip dearance without
bang extracted of turbine work i.e with higher tatd temperature
than that of flow through row-1 blade throet, gpecid care should be
taken to heat trander design. Operationd evidence of the surface
traceis ssen onthe TBC coeting hown in Fgure 14.
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Pressure
surface

Hub

Trace of the tip leakage flow
from the upstream blade row
on the Vane

Fig.14 Trace of theimpingement of tip desranceflow
on the suction surface of second vane

M701G2 TURBINE DESIGN GOALS

Full-stage CFD design is gpplied to M701G2 design which is
redesign from arigind M701G. The design taget is to incease
efidency by 0.5%. Dedgn spedfication is shown in Table 2
Pressureratioisinareased by 24% and massflow rateisinareased by
+13 % from M701G1 with the same turbine inlet temperaure. In
addition to these, design regtrictions are to use the exadtly same gas
path geometry and to try to use the same vanes and blades as much
aspossbleto medt thevery tight design schedule and to maintain the
reiahility which hasbeen proven by M701G1.

These gedfications and redrictions cause an inceasad
aerodynamic load fadtar. In this condition, usud approach is to
inarease the axid chord of ariticl rons. However, because of the
regriction of usng the same gas peth geometry, very tight axia geps
are limiting the posshility of this approach. Moreover, to use the
same vanes and blades as much as possble, mismatching of loca
veodity triangles cannot be avoided. Conssquently, it becomes a
very difficult aerodynamic design.

To medt the reguiremant, it is necessary to smulae and
undergand the full sage three dimendgond turbine aerodynamic
matching. It is because of these demanding requirements that a
validated multistage CFD design todl isstrongly required.

Table2 Desgn Conditionsof M701G2

Performance M701G | M701G2
G/Tpower(MW) 271 334
Pressure Ratio 17 21

Air Flow Base |Base+13%
G/Tthermal Efficiency
(h-LHV) 38.7 39.5

APPLICATION OF FULLSTAGE CFD TO THE M701G2
TURBINE DESIGN

After these preparations M701G2 turbine design was done
with the boundary condition of the sscondary sysemsin Figure 15.
Full-gage CFD gridsis shown in Fgure 16. All coding flows are
modded as dits on the surface of profiles and dl sed and leskege
flowsaremodded asdats on the surface of end-walls.

PeF

Filter ~ Cooler Bleed Valve

]

\L]: j ? ; ; ; ; ; j; Row 1 Vane Inner Shroud|

Torque Tube Casing

Fg.15 M701G2 turbine gas path and secondary flow sysem [10]
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Fig.16 Computetiond grid for desgniteration

With multigage CFD code, design iterations were done on a three
dmensgond beds by changing the each profile geomery
congdering the multigtage interactions and matching. Some design
results of interest are shown below.

Reduction of tip leakage loss

Clearance leskage flow and vortices are driven mainly by the
presaure difference between pressure surface and suction surface. So
it is conddered that reducing the aerodynamic loading is preferable
So vortex design which reduce thetip loading and wide chord design
areadopted.

Fig.17 Dedgned firg blade
geometry [12]
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Reduction of tip clearance flow effects on row-2 vane

Conddeing the tip leskage effects shown in Fgure 13 and
FHgure 14, geomery of tip section of the ron-2 vane can be
optimized. Frdly, inlet metdl angle of thetip section is designed to
match the tip leskage flow direction from row-1 blade. Secondly,
the leading edge wedge angle of the tip setion is designed larger
than usual to achieve robug charadterigtic againg ungteady indidence
change among leskage. Thirdy, leading edge radius is larger then
usud to reduce heat load of the hat jet impingement. Designed
sscond vaneis shown in Figure 18. Smilar gpproach isteken in the
firg bladehub geometry againg the sedl air migration.

o Large leading edge wedge angle
** | of second vane

Fig.18 Optimized geometry of second vane

ENGINE TEST VERIFICATION OF DESIGN

Figure 19isthe designed turbinerator of M701G2 on thelower

cadng. Although it isimpartant to condder the codling flow in the
full-stage CFD dmulation, verification in laboratory test is very
difficult dueto the complexity of codling schemefor ratating rig test.
Inthisdtuation, enginetest isan only opportunity to acquire the data
like Fgure 20. Spanrwisetota temperatureand totd pressure overdl
performances of the turbine, like a flow capacity and pressureratio,
reaction and effidency are confirmed.

Engine deta in Figures 21 and Fgure 22 show that predicted
accuracy isin quite good agresment with meesurements. At the
inlet of thethird vane, meesured tatal temperature data are cattered
in the drcumferentid locations This effect can be andyzed by an
ungeady CFD.
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Fg.19 Turbinerator of M701G2[11]

Fig.20 Shoptest of M701G2[11]
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FHoure 23 is a pidure o the firgd vane which opgraed in
M501G1in commerdd operaion. M701G2(50Hz engin€) firg vane
isaso usad in the M501G1(60Hz engine), and flow fidd around the
vaneisvery smilar. How traces from the distrete film cooling holes
ae observed. Comperison with the suface gas temperaure
digribution in Figure 2 shows that even with thedats modd of film
coding hdesin an iterdive design period before the detailed codling
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design is very good. Fulldage CFD agrodynamic design results
predicted more than 0.5% improvement in efidency. Enginetesing
confirmed these predictions

Fg. 23 Trace df film coding air onthe pressure
arface of thefirg vane[12]

CONCLUSION

Denton’s multigage CFD has been customized in tems of
codling flow and sed flow injection and gas property to apply to the
design of high temperature gas turbine as the CFD design todl. The
code has subsequently been verified employing cdd flow rig tet
data In order to gpply CFD to an iterative agrodynamic design
optimization before the detailed heat trander design, it is necessary
to assumeaproper codling scheme by reviewing the exising engine
from the smple secondary flow schedulein the cyd e deck.

Inamultisage environment, important flow phenomenawhich
affect on a turbine agrodynamic paformance are discussad and
compared with the conventional design.

To compensate these phenomena, new design concepts are
withdrawn from full-sage computation. These conoepts are gpplied
to the actud engine aerodynamic design and adopted to the large
scdehigh temperature gasturbine

Engine testing has demondrated that dl performance gods for
the turbine redesign were met. These realits dso show tha the
multigage CFD prediction is in reasonadly good agreement with
meesUremants
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