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1;/ SUMMARY
A historical review is presented of the influence of cauputgtional' £fluid
dynamics on the development of UK compressors and turbines. The ability to

predict pressure distributions has led to increasingly successful attempts to
tailor aerofoil shapes in such a way as to optimise performance. Once proven,

new computer programs have rapidly been put to use by Rolls~Royce and by some non-

seronautical firms. Examples sre given of improvements achieved by their
application.

The present state of the art is assessed, and the prospects for future com-
putational developments are discussed. The need for detailed experimental test
cages is emphasized. The economical representation of viscous effects remains a
key difficulty, especially when heat transfer predictions are needed. ( G eyt
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1__Istretwtion

One of the eoxpanding sress of scientific
resestch in the 1980°'s has been computatiomal
flutd dysamics. CFD presents s wost stimulating
intellectusl challenge to the usthemstically-
gifted, svd offers & way for the fluid dynsmicist
to develop his art despite the facreasing coet sad
timsscale of Wigh speed aeredynsmic experiments.
But dess CFD rveally help the desigmer produce
better enginsering predusts, or teduse development
tise sad coec?

The purpsse of this peper s to give s clesr
affiraacive reply te that questieon, based upen
revioviag the histery of eeteongine turbeasehisery
vesssrch in the UX over the past 25 yeavs. It is
true that sther fields con bo seen in which CFD
has wet yot damenstradly Nelped. A study of the
particular ci of this i y leads te
sems gewsrsl u.cluu- shost uuuu- nooded
for the > and ion of
cro.

The peper o written from the point of view
of a “sser” of turbomachimery CFD vather than a
develeper of 1t; no attempt is msde to review the
snalytical end computstionsl echemes weed, or to
uake judgensuts abeut their relstive scientific
serits.

It is isportaat to note thet im citing thie
Uk case hutory. ic u aot suggested that the UK
has uniquel 4 CTD Sisilar papers
afight well be vritten sbout mmpnlln unrl-
ence other 1es.
noh1th{l) have already done so for the USA.

The paper begins by owtlintag the broad
pattern of evelution of servengine turbomachinery.
A historical iew of the devel of turbo-

hinery CPO hods follows. The role these
setheds have played in isproving escoengines is
then described, with exsuples; further exsaples
ave taken from cturbomechiwery i applications
other than sero emgines. After comments on this
history, the future weeds and possiMlities of
turhbomachinery CFD sre considered.

2__The Patters of Agrosngive Rvelssife

’

It {e first secessary te obsarve G
of sero engine development, which is sign! ﬂuldy

different from that of afrcraft or of pover -

gomevation plant. An engine is firec destywsd
using the best techunslegy svailsble at the time,
and soms prototypes ave made ant tested. Despite
the best efforts of the designete, these proto~
types exhibit defects 1a tho fora of premature
fellures or inad pert: Por 8l
years, i.-unln developaent thea follovs,
corvecting defects watil & formsl type

test s passed and engimes ars put imto service.
The develepaent process dees mot end thers.
Progressive improvemsats fa bdoth dursbility emd
perforusnce continme to We tried out on develop-
sent eagines, and, 1f aspprepriste, {mcorporated
iate production. Usually, the 'lu!t of an air-
eraft 1 in a8 wore
passesgers are provided for or wmete wespoms
carcied; this requires wmore power from the
enginss. The econemtics of beth civil snd milfcary
aireraft opevations juetify far were changes in
engine bladiag then could ever be jJwetified in,
ssy, the design of sa aivcreft wing. I the power
gomsration imsdustry, the questities of otess
turbiass or gas turbines oeld are met suffictent
to Justify a development pregramme of the asere~
engine type. It is clesr, therefors, thet ssre~
ongines have ®ush move frequent oppertuatties to
istveduse asv techuelegy thas wmesy other fleid
dynssle deviges. -

Losking back at the histery of sereengine
turbomachinery an the UK, it is possidle to
ideutify a onell ewmber of msjer advemces {n
sompressor teshnelogy end turbine Cctechaolegy
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which, 1imn combination with new matarials and

ng p » have enadled engine
standsrds to wove shead. In between these steps,
the prog reft of individual designs
has {eproved them to the limit of the current
techaclogy. Development is the process of climb-
ing up the asywmp : h 1s the p of
moving the asymptotes themselves.

The breed pattern of evolution of axial
compresser techmology in the UK is fllustrated in
Fig 1. Deth the resesrch strees (oun the left) end
“the developuent stresn (ea :%fint) s from
the nu! work of Griffich . Constsnt‘”’, and
Nowell in the 1930's and 1940°s. The mejor
achievement of the 1950’s was the improved under—
standing of stage matching, etall, rotating stall,
and blade vibrstion os vhich sulti~spool engises
vers based. The next msjor aschisvement wes the
svolutien in the late 1960's of the stressline
cur hod tor lysiag meridionsl flow (of
which wmore later) which allowed designs to be
prepared aloag etresmlines, and so emabled tran-
sonic feas cto be desigaed and developed to far
highet stendards of efficlency than previouwsly
achieved. Wo major new seredyvemic sdvances came
after them until the 1900°s vhen the idess of “ead
bends” (lecal profile wodificstions near end
wvalls) aad gupercritical profiles ware first
applied and when 1t becams paossidle to include
viscous effects i blade=to~blade calculatioms.

The origin of UK cesmtrifugal compressors
(Pig 2) lies in the superchargers of aircraft
piston eugines between the wers. These were
developed by Whittle's tesm to a state of relis
bility and, for the time, high effictency(3). &
aajor step forward was made possible ia the 1960's
by the evolution of methods for the anslysis of
inviseid, meridionsl flow and these formed the
basis of considerable sdvances, especially in the
USA and Canada. Swept-back bdlades were intro-
duced.

Tutbines for esrly jet engines (Fig 3) were
designed using stesm turbime practice, but adepted
for vortex flow by Whittle sad others. The first
sajor ressarch advance arese from Alnley r’l
Mathieson's performasce pradicticn methed(%),
bacause it ewsbled optimmm welocity trissgles to
be selected for the specified duty. The mamt
sigatficant advance came when methods of calcelac~
ing the velocity diatributien around the blade
surfaces were employed. Then later came the
streanline curvature through-flew method, perticw=
larly balpful for turbinmes with highly flared
annulus lines. Wew sdvamces are new eserging in
the 1990°s, ia the form of esnd wall shepiag or
blade stacking changes with the object of reducieg
osecondary lesses.

Losking back, meny of the msjor edvences i
turbomsshisary technolegy eover the last thirty
yoars have ccgurred vhew desigmers were sble to
estisate pressere distridutions en wetted
surfeces, and o0 omp quentitatively the
intuitive understanding of turbemschimery flews
which ceseareh werkers developed first. The
sethede for doing oo will new be reviewed.

RESEARCH OEVELOPMENT

FIGURE 1. Axial Compressor History

RESEANCH OEVELOPMENT

5
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FIGUARR 2. Centrifugal Compressor Nistory
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AND WA TEAM
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PIGURE 3. Axial Turbine History

Teurbomachinery has always bdeen designed on &
“quasi-three~dinengional etesdy flow" basie
(Yig 4). The desiga p heseing &
“through=flow” patters en s seridienal plane - &
crose~-section of the engine facluding the axis of
rotation. The through~flew f{s conceived o0 &
circunferential average of the resl flow, or as &
typical stresa serf. » g W :: :luu
Secondly, the design of the blade 1. erese™
settions) is comsidered fn s !:I’:u—u-bu‘c'
streas surfese, aseuning the flew te be steedy i
tims. This iapliss thet the useteadinses of the
flov lesving previews rows is suddenly time
averaged. This ..n“* sppreach was firvst
tormally Justified by W ts 1931,

The throwgh=flev calculation firet geserstes
the sxnisyametric otress surfees for the blade-te~
blade pregras. That im turn gessretes the tetal
pressure lose ond flew direstion required for the
threugh~flow pregran. Fisally, after {tevatiea if
nesded, the threugh-flov pregrsn caleulstes the
overall charasteristics of the turbsmnching: flew,
preseute ratie, ond officiency. The rele of the
blade=te~blade pregran s te supply leesl flew
sagle and pressure less, sad te predist blade

! [ diotribued oeBe pregrams slee
predict boundery layers. The vele of the threugh-
flew pregrem 19 to prediet radisl flew dietribe-
tion and eversll perfermsmes.

Ustil velstively recently, turbemsehinery
snalysis eould smly be dene on this quesi-thees-
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PIGURE 4. The Quasi-Three-Dimensional

Approach

dissnsions]l stesdy flow dests, dut now many tully
throo~dinensional and some dy flow p
tiens are possible. 1t ie therefore cemvenient to
reviev the history of turbomschisery CFD wader the
sub-headings of blade=to-blade methods; throwgh-
flow wmetheds; quasi~30 wetheds; and fully-3D
metheds. For the purpese of this paper, a CFD
sethed is defined o8 & selution of the iaviscid or
viscous equations of fluid mstien ia two or three
disensions (as distisct from ome dimension).
Integrsl beundary laper hods sad hest tremsfer
asthede asre encleded to keep the length of the
a ton within bouwnd

The precess oo far descrived is the calcwle
tion of the flew-fisld withia & turbemschine of
opacified gesmetry. It s slse desirsble te have
CID design pregrame, which will cempute the shape
of Vlading required to achieve & specified
perforusnce (s on optimum way. Desigs pregrams
are sonsidoved wnder & fimel sub-hesding.

Thers has, bpyy & stesdy susessston of bosha($-9)
papers = s and Cor?terences sad Lesture
Ser1es(20-22) foveted entively teo tusrbomnchinery
CI9. The resder fs referred teo them for detailed
onpevitions of the oquations weed, the seluties
sethede sdopted, sad the justiffieation of the
resuits by comparisen with epeeific enperimsnts.
The pury of the p paper fs te stend bask
fvon the dotai’s snd review the histerical wee and
oft of the hods .




lld%t;:b%ﬁ methods
earliest calculstions of flov through a

cascade of cambared Dblades of fianite thickness
vere by Howell(23), and Merchant and Collar{2%),
both in 1941. They esolved the finviscid incow
pressible stesdy plane flow equations (vhich
reduce to Laplace's equation) by conformsl trane-
formation. Many othars followed (see p268 of
vef 7) including the extension to linesrised
coapressidle flow. The alternstive classicsl
sethod of solving Laplece’s equation {1s the
singulerity sathod, and mesy such methods were
evolved becsuse they could ssmalyse arbicrary
profiles. The first method adopted ﬁ sh Ux for
practical use was that of basu- edepted
for compressible flow by Price

In the 1960°s, more versstile ways of sclving
coupreseible flow equations ware developed, as the
growing power of cowputers mede such methods
practicable. They wvere generally elaborsted to
solve the subsomic compressible flow around
cascade blade profiles omn a streem surface of
arditrarily-varying thicknees and radius, as
required for the quesi~3D approach. Four types of
aethod evolved: finite difference, finite differ-
ence using matrix { iom, 1line cur
and fiaite element.

By subsequently employing asy coavenient
boundary layer wmethed, predictions of total
pressure loss cowld be sttempted. The varylng
st be thick snd radius could easily be
ntond ”r in an integral boundary layer
sethed! Outlet angle prediction proved
troublesoms, because the trailing edge of
practical turdbomachine blade {e mot sharp eaough
to apply the Kutta coadicios siwply. 1Instead, &

convergsnce of [ & common
trailing edge pressute was sdopted.

Thare ves sueh discussion at the tise of the
relative computstionsl and prastical merits of the
four types of ssthed listed. The smowat of uuu
noeded st the leeding sad trailing edges, esp

Still, the flow th h & d
with supersonic faflow could mot h reslietically
nodelled. The lesding edge shock impinges om the
suction surface end either sep the bouadary
layer or brings it close to sepavation. The
anstural way of sodelling the bousdary layer is to
compute the boundsry laysr displacement thickness,
add it to the bdlade matsl thickness, recalculate
the velocity dietridbution, snd iterste to converg-
ence. Unfortunstely amy attempt to 4o so 18 fousd
to be unstsble vith a seperating ot nearly sepera-
ting boundary layer. ‘Shu difficulty was st last
ovarcons by Calvert(32) 1a 1962, by taverting the
aorder of itearation alosg the suctios suefeace after
the shock wave. obut-d ennr‘od solutions
to ecases with ry
layers which agreed well with anumu(

None of the mathods s0 far dascribed sn
aised at computing uneteady flow. Whitehesd(
has developed a finite element method for this
purpose, which has been used as e design ‘end
anslysis ssthod for stesdy flow, as well as form-
ing the basis for a flutter prediction systes.

These methods of Dantom, Cslvert, and White-
hesd have been adopted by Rolls-Royce, axtended
vhere necessary, snd spplied regularly to smalyse
and design compressors.

Attention has also turned in the 1%80's to
solving the viscous equations, now that euper-
computers are more widely svailable. The probles
is hov to model the turbulence econocmically and
yet sufficteatly muutua!) for the turbo-
sachinery spplicatiom. sdopted a simple
aixing length model vith some success.

!
satiiest through-fiov assumption was that
the flov was uatiform fros hud to tip. This was
ded by the ption of “radisl equilid-
riwm” vhich provided snalyticel vsluwes of radial
varistions. The first CFD sethod evolved was the

ally at off-design incidence, wae highly relevent.
In the UK, the stresaline curvatute methed was the
only ems te emerge ot this tine 88 a vegsular
dosign tosl. It {s probably trus thet this wus
dus net oo such to the relative scientific serits
of the four methods as to the fasct that Rolle-
Royce had ¢ a lorge of effort within
the y ioto develeping streesline curvatere
programs into practicel tools cspedle of being
applied by epecialists other than the progras
originater.

The sesingularity and matrix bdlade-to-diade
methods have also h(? applied to 1 tucbo~
sachines, by Railly } and Coulsel

ter disc apy! » in which the axisymmetric
flew field equations f{n the smmulwe _were solved,
while the blade rows were rep
diece gemerslly located st the trailing edge of
the actual bullu These wsetheds, firet
suggested 1is 1944¢ were developed mainly by
Inths’ Worlock, Ringrose, Levis, and Railly in
3 Although some trial calculatioms on a
teal ongine wevre dome withia Rolle-Royce, the
{uitial restriction to iacompreseidle flow in
parallel amaulus, and the sheer labour involved in
completing the calculations om the electro-
sechanical desk~top calculetors of the day,
precluded the adoption of dteec hod:
for design use. By the time these drawbacks had
boen

tvely.

Although the metheds so for ‘ucuud osm
gonerste selutions with sup
turbosnchings contata shock waves and unnule
tegions. It wes therefere a grest -t-. fervard
when Denten

move 1le msthods had evolved.

The mev methods of the 1960's fell fato the
seme categories ss the blede~to-blade methods:
finice differemce, fintte difference uwsing matrix
inversion, stressline curvature, and finite
alement . Only watrix and stresaline curveture

preet,
setheds for turbemachines( °). follewiang
MacCornschk’'s appresch, which wers sspebls of
conputing flow fields with embedded shoek waves.
Ne uood o finite velume ¢ tion, which he has
since substantislly japroved « Ws netheds are
wov woed by many firee threugheut the werld.

hode have been developed {n the UK snd of these
only the streemline cumtun wsthod has been
widely used for axial tu—h bably for
the reasen given 1ia the previous section.

so-uu curveturs idea came as early
s 1!63(!‘ but prartical methoda were firet

9801 d WL
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loultn’ aearly sisultaneously by klth(::’ and
Novak! n the USA and by Metherfogtoa(él) and
Ringrose in the UK. In its original fors, calcu-
lation planes were located st every trailing edge
plang, so that locsl outlet sagles and total
pressure losses could be inserted frow cascads
correlations. The Hetherington sethod wvas adopted
dy Rolls-Royce and has been widely used ever since
tor the design and snalysis of both compressors
snd turbines.

The sddition of calculating planes within
rous caused much discussion 1n the early 1970's,

The universally ted method was first
suggested {n 1951 by Wu'?’, who derived the basic
equations. It davolves iterative soletion of
blade=to-blade flow snd through~flow, as described
ssriier. This process converges in only s fev
icerations. 1In principle, it does not allow for
the effects of stresmwise vorticity, which die-
torts the assumed blade-to-blade stress surfsces.
Goulas has preposed extrs tarme for streas
wvise vorticity effects in centrifugsl compressors.
However, the Dbasic wethod (s used for design
purposes, snd has besn limited primarily by the
quluy o( the blade-to~blade and through-flow
P d fato ft.

vhen it became clear that the radisl of
blade force (mot accounted for whean only trsiling
edge planes sre used 1d fafluence the flow
considerably. Smith , using a matrix sethod
with a grid withia the bdlade rows, demonstrated a
much better prediction of the redial varistios of
static pressure in s turbine (vhich would affect
eoouq( B,rﬂ.ov predictions). More recently,
Ginde has shown the fmportance of the extra
planes in a stresaline curvaturs program spplied
to a tramsoaic faa.

Through-flow aethods have also been developed
for r: turbomachines. In 1967, Wood and
Marl applied the 1ine cur hod
to & pump fmpeller. At the Natiomsl Gaes Turbine
Establishaent, an wﬂln Computer Design
Package” was evolved which combined s matrix
through=flew caleulstion (with aa approximate
blade-to-blade asswmption) with stressing and
ouserically-coatrolling machining elements. At
the Macional Engineering Laboratory sn tneoq””-
ible flow pump design package was produced »
also usiag & matrix method, and making use of
Railly's lh.nlz”;y msthod for blade section
design. GCoulas has also developed the matrix
sethod for ceantrifugal compressors.

One of the festurss of multistage compressor
performance which imviscid throughflov methods
cannot predict, and which throughflow methods with

lus wall bownd, Y layer all also fatl
to predict, is the zmuu stage” phenomenon
tdentified by L N Smicth The radial distribu~
tion of axtal velocity settles down after s few
stages to & !ﬁs constsat pettern. Ia 1981
AMkins and Suith proposed an explanation baged
essentislly om secondsry flow phencmsna, and
iatroduced semi-empirical terms iato their stress
line cervature progrsa to calculate the sscondary
flow effects. Their cesults were consistent with
unrtn,“; observations. More recently,
Gall d an al ive explana~
tion based on uuu theory. Thie provides aa
aven sore conviaciag explenation h the nrtlculn
cases tested, though as in sll =t ies the

Fully th inensi sethods
nce ther uton(”) and Oliver
and Sparis firat proposed fully three-
disensionsl smathods fn 1970/1, at least sixty
papers have been published, most of them based on
the KacCormack time-sarching approach. The main
eoutrt?g”n of favi sch t 3nn besn
Denton » Thompkins +» Bosman 59 {(who all
first published in 1976), and Rirsch(50) (1980).
The feature of all these mathods is that the
convergence in time i{s slow - needing of the order
of 1000 steps - and this has to be controlled by
selecting the rizht grid shape, snd the best time
step, and the best relaxation factors. The Denton
finite volume formulation has been fmproved and
extended(61) over the years since 1976. This
numsrical scheme conserves sass flow exactly but
does not sutomatically coaserve stagnation
Thompk4 uses s finite difference
scheme and Hirsch a finite element schese.

One of the first attempts at a fully three
dimensional viscous gﬂculuim appears to be that
of Carrick (1975) who added simple vizgeul
terms to Stuart and Hetherington's method
This was not pucsued, howsver, and the major
contrlbu:tonl have been made Walict (from
1975)(63), 22"' (from 1977)(68) 4ng the Moores

(from 1979)
The Walitt and Dodge hods are tally
ive ions. The equatious are

vritten wich iaviscid terms on the left hand side
and viscous terms on the right hand gide. Start-
ing from an laviscid esolution, the viscous terms
can then be calculated, and further solutions
obtained successively. Both axial and centrifugsl
flow fields have been calculated dy these sethods.
The Moores use & finite difference scheme, which
is confined to subsonic flow in prtutp{u An
iaproved version has recently been devised{(®®)

lce-uuy. Duton“” and Ihvu(”) have

prediction of effective turbulent eddy viscosity
is problemacicsl. The full implicatioms of sixing
on turbomachinery desiga have yot to decome clesr.

m‘-tlﬁmﬁ sgthods
ntil larger sad faster computers were devel-

oped, it wes esseatial to svoid having to solve
fully three-dimensional equations vuh :ho propor
boundary coaditioms. Oune app vas

ally an disc app h, {ia that fully
three~dinsnsionsl solutious we atned o-(.! C]
nnblct“ ducts (lnvnonoa gkbu-hu ’
Levis ). This approsch has not led te .
practical workiag sethod.

for extending the time~
urehh. am to viscous flows. Dswes uses s
aizning leagth wodel as in his two-dinewsionsl
code, and Denton has tried aveiding sodelling eddy
viscosity by wsing empiricsl blade force ctarms.
The essentisl difficulty with all the viscows
sethode 1s, of course, ascemmedatiag & euffici-
ently fiae grid. To resoclve the flew mear walle
it is essential to have sufficient grid 1lines
actually within the beuadsry layer; this requires
a huge computer store.

[ !omf ufnuoa has been found for the

design prodlem vhen it {s expressed in the most
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differant varisbles unknown. The inversion of

for a specified duty. The o

varisbles is effectively infinite, and the number
of desiga objectives is coasiderable and their
relative importance unquantified (in general).
These design objectives can de stated as follows:

1. mechanical integrity

This sets lisits to leading and trailing
adge thickwess, and thickness in general
(especially for cooled blading). It also
tequires freedom from significant vibra~
tion of any kind over the rumning rauge.

2. efficiency over the running range.

3. surgs margin (for a coepressor) and low
susceptidbility to inlet flow distortion,
over the ruaning range.

4, low size, weight and cosc.
5. winimum design and development cost.

When undertaking a design, proposals must be
assessed against each of these abjectivas so as to
resch a final compromise; this f{s still 2 human
Judgenent.

It is necessary to start by asking an arbi-
trary trisl choice of woet of the independent
varisbles. 1In practice this h done by selecting
a through-flow p ng to  optimum
values of eotage loeding parameters known fros
pravious experience; that is, the “optimus” uloe-
ity triangles are lected Any
optimisstion {8 undertsken in the blulc-to-hhdc
calculatfon, where the designer sctesple to fiad
the optinum blade profile for the required inlet
and outlet flow angles sud velocities. Even this
19 not easy.

Most spproaches involve prescribing a “good”
velocity distridution (PVD) and computing the
blade prosg” required to generate it.

Lighthill proposed s PVD mathod in 1943, uzm
a conforaal trsasformstion. In 1952, Stantcs
introduced a linearised compressidle PVD aethod,
vhich wes developed by Payue aud spplied
vithin Rolle-Royce t? design turbine blade shapes.
Murugesss and Rallly ° wrote a “”B version of
Nartensen’s msthods(? . and Levis also wrote
a design wethod using dhtrnutd singularicies.

The fundemental difficulty in using the PVD
approach is cthat the selection of the pressure
distridution requires experience (aad trial-and-
error) if an wnacceptably thin serofoil (or even
one of “negative thickuess™, since the Stanits
wetheod asctuelly dntm s passsge) iz to be
svoided. Wilkiason adopted aa interesting
schane to evold cthis difficulty; his wmethod
designed the succion eurface (with the wmore
eriticel velocity distridution) to satiefy a
prescribed velecicy discridutfon but them pre=
seribed the sevofeil thickness and cslculated the
resulting pressure surface velocity distributiom.
A streemling curveture wethod on these lines has
been developed within Rolls-Royce, and used to
design turbines.

The faversion of a eingularity sethod into
PY0 form involves golviug the seme equstions with

aore wod: analyrsis wathods (using grids) is wore
complicated and "'nlj'“ iteration of the saslysis
progras. Paige has written a PYD finite
volume me tm using s hilleclimbing echeme. Cedar
and Stow have vritten & PVD finite element
method based on Ref (34), using a locsl transpira~
tion msodel to avoid changing the grid.

Recogaising that tthl-nnd-c"or u nccnury
in applying even a PVD , & al

tive is to provide a flexible shape dueupuw in
the form of ocae or more gebraic expressions
involving srbitrary parsmeters. Then the choice
of shape is contrelled by the choice of & fixed
aumber of parsmeters, say 8. Starting fros guide-
1ines established by axperience, the parsmeters
are varied until a satisfsctory pressure distribu-
tion and mechsnical shape are obtained. A method
of thlz ch for turbine design was proposed by
Dunhasw' 7 and this spproach is slsc used by RAZ
for transonic fans.

A ’orc radical app vas prop d by le
7011¢76) yho took the further step of prescribing
the desired boundary layer development snd hence
working back to the profile shape. This method
would presumably encounter the same difficulties
as PVD fa arriving at s wechanicelly acceptabdle
shape; it has apparently not been sdopted by any
sanufacturer.

4 _ Applicacions of CFD to Isproving
14 “!I

Ia this section, the historical role of CYD
in fwproving turbomachinery is examined, and
1llustrated by sows specific exsmples taken from

iesl and industrisl applications.
Ax{al Compressors

rly axial compressors \mre designed using
“standard” profile shap d froe s {e

cascade testing, and sssuming siwple u‘ul squil-
ibriva conditicns. Although incompressibdle blade
to-blade design and snslysis wethods were svail-
able in the 1%40's, and later compressidle oues,
they were never used to design engine blades,
because of their fnability to predict the key
festures of outlet flow angle snd total pressure

loss. The used in engt designed in
the 1940's, 19so'¢. aod early 1960's were devel~
oped to ptable P-( and religbilicy by

meane of long pensive test prog! Xany
cascade tests on standard section shapes wers
undertaken, in which the varistions of outlet flow
angle and total pressure loss were measursd over &
range of incidence. Tasts of this kind remained
the basis for blade profile selection tight up to
the 1980°'s.

The advent of high bypass ratio engines
necensitated the development of the single stage
ttansonie fan, which was very difficult doch
because of the supersomic rslative inflow ou the
outer radii snd M of the ply curved flow
path, The sssumption of staple radiel equilibrius
aud the use of traditionsl ubz”i’e profiles weare
entirely hadcqun.' Coplin presented the
history of ¢ ic fan fon in the form of
Fig S. Before 1970, chia eerofoils with relat-
ively sharp lesding edges were introduced, but
agsin only of arbitrary (double and later sultiple
circular acc) shape. A wmajor sdvance was made
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wvhen the streamline curvature through-flow method
was {ntroduced. This ensbled blade profiles to be
defined slong stresa surfaces. As can be seen in
Tig 5 this improved the performsace of RB21ll-type
fans by some 3T and enadied tha RB211-228 to be
introduced at a satisfactorily competitive per-
formance level.

ononcT s SvTinch rans
™ /
——
- \\m‘”\
" o REIN- $3584
- \ fude \.-um-ncu /............_
»Ean-228 I
- Nee \ —
- AN -
\ ™ wsusse s e emsros
bad Vi e Ve ] To
PRAESOURE RATIO PER STAGE
FIGURE 5. Transonic Single Stage Fans

It was not until the last few years that the
next step improvesent bacsme possidle, described
in Pig 5 as “"reduced shock loss”, as a result of
the possidility of designing high epsed blade
profiles by computationsl wmethods (rather than
using circular arcs). The principle of the
“supercriticsl” aerofoil for a high subsonic
inflow, with a shape tailored to provide a shock-
free slightly supersonic surface velocity distri-
but{on sod & delayed diffusiom, had baen cvoH”
for wings. Bauer, Garabedian, and Korn
published a computer program providing the corres-
ponding solution for a cascade. Coplin reported
the result of applying their method to an RB211
fan outlet guide vane. The number of vanes was
reduced ~ saving weight and cost - and the effici-
eacy improved by § to 1% 1in thet case.

Por a rvotor blade section with supersonic
relative iaflow, no purely iaviscid method proved
effective, as expls, earlier. The spplication
of Calvert’'s sethod » which sllowed for separa~
ting and nearly sepsrastiag bowndary layers as well
as the sheck pattern, emadled blading with lower
shock and separsticn loeses to be designed. Two
quite different fan totor blades (one military and
one civil) have rvecently bdeen designed using
Calvert's sethod and tested by Rolls-Royce. Both
displayed efficiency improvements st design speed
over designs undertaken prior to the avsilability
of the new computstional toel. The gains ranged
from 2 to 4% and were, in the sultistage case,
pertly sssociated with more sccurste wmatching.
Indeed, this 1s s good example of how s well
proven cowputational method can reduce trial-and-
ercor; ouly one build vas needed. This firet time
success was also dus to soother computational
improvement, mot this time im the fluid dymsmics
sres: the aspplication of & new Rolle~Royce method
of calculating the deformation of s fan blade
under cestrifugal end serodymasic loading.

The successful civil rotor desijn vas under—
caken by o proper quasi-three-dimensionsl proced-
ute. The esrly 1900's designs bhad been done by
first calculating the throwgh-flow ueing calculac~
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ing planes between blade rows (not within thes)
and then blading selong the resulting stress
surfaces. This nev design was resched by iterst-
ing Dbetwveen the blade-to-blade calculation (on
stresm surfaces) and through-flov calculations
vith planes within the blade source, isplementing
the Wa approach fn full. Cinder{33) had shown
that simply tnterpolsting conditions within the
rov (knowing those between the rows) could lesd to
signifizant errors, as the radial components of
blade foree are thea unsccounted for.

CFD has played s less sigaificant role, so
far, 1im core compressor improvesests. The
through-flow 1is first calculated by s stressline
curvature method, using planes betwveen the blade
rows oaly. With much straighter ansulus wall
lines than in a trassomic fan, {t seeme less
necessary to consider planes within the rows; aad
of course the computational grid for a multistage
uight b too large with the extra

pl:nu.

The selection of blade profiles, for meny
years taken from “standard” shspes, 1y
followed the “supercritical™ route previously
described for fan outlet guide vanas, with checks
using other inviscid sethods. Aerofoils of this
type have consiscently shown efficiancy improve-
wents around 1X, (equivalent to reducing the
actual loss by the order of 10Z) and reductions in
the aumber of blades by wmore than 10Z. This
reduction 1in blade numbers accounts for the
efficiency gain and economises directly {an cost
and weight. The nev shapes could not have been
generated by any simpler method. They are checked
by finite difference or finite element methods.

Centrifugal compressors
e early UK centrifugal compressors were

designed by essentislly one-disensional methods.
In the late 1960's and early 1970's, finite
difterence, matrix, asod stresmline curvature
methods became available to compute impeller vane
surfsce velocity distributions ou the assumption
of unseparated flow. NGTE(43) and WEL(46) mgde
their {wpeller design schemes available to UK
1industry in the late 197C's. The WEL methods were
applied there to design various pumps and fans for
commercial customers. Por exsmple, a quiet cool-
ing fan wes designed in 1973 which had & wmsuch
better performsnce than its competitors. The NCTE
pucnpmuu& Comp Alr to design a most
satisfactory fan 9 » and was adopted and tn;o«d
by Noel Penny Turbines for various designs .

The application of sctentific design princi-
ples to centrifugal pumps can have s startling
effect on performance. Pisher(®1) quotes the case
of an sutomotive water pusmp ot least three tises
as efficient as its predecessor.

In the aeronsutical field, the first applice-
tion of a wmodern through-flow calculation was
worth some 4% in efficiency. A more notable
exsmple occurred when the opportuaity came to
Rolle-Royce to redesign the Dart impeller, phich
had originally been developed from pre-war super-
chacgers long befors CFD had been introduced. The
fuel consumption of the engine was reduced by »
remarkable 842.

It e dateresting to note that sll the
mathode actually used, so far, assumed uaseparated
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flow, wh later have confirwed
that weet impeller flows appearsd to have local
seperations wost of the time. The fully three
dimessioss] viscous methods now becoming availsble
should cater for separatiocas. Will it becoms
possible then to design aven better {spellers and
overcome the relatively lov efficiency of wmost
high pressure ratio units?

Zurbines

arly turbines were designed assusing uniform
flow from hub to tip, ot later soea Sorm of radial
equilidrium. The outlet gas angle from a turbine
blade row ie fairly well approximeted by coe=
(throat/pitch), so the blade profiles were
designed on a drawing board by marking out the
throat circle (to suit the required outlat angle)
then fitting several circular ares to blend into a
smooth stresmlined shape. Conctinuous contrsction
of the passage vidth up to the throat was emsured.

As 1in the case of compressors, the early
conformal mapping methode were not used to design
engine blades, though some exact solutions gener—
ated by these methods were used as test cases for
validating spproximete nusericsl sethods.

CYD mathods were first applied in the 1960's,
to design better aerofoil shapes. _Initially, the
iacoepressible Martensen method was used at
NCTE. One lesson that the theory {lluminated vas
that surface curvature (uot slope) is the geomet-
tical property appearing directly in the equations
decernining surface veloeity. So to get a smooth
surface velocity the curvature must be continuous.
This conflicts with the fastinctive feeling that
only slope needs to be continuous. 30 profiles
designed using contiguous ecircular arcs did not
shos favourable surface velocity distributions.
The effect of using the Martensen approach was to
ifaprove effictency. la one case, blading designed
by NGTE for a small industrisl turbine manufsct—
urer showved a 7% tmprovement over a traditional
design.

Rolls~Royce adopted the Stsnitz PVD
n’pruch(“) and {c vas videly used to design
turdine profiles. The method designs a psssage,
using a linearised comwpressidle flow calculation;
leading and trailing edges avre sdded afterwverds.
It wes first applied to the Olympus turbines, and
direct compsrison between old and new designs
(conducted om various configuraticns) showed
immgdiate gains of up to 6% in efficlency(82),

In the 1970°s, Rolls-Royce adopted stresaline
curvature mathods for both through-flow and bdlade-
to~blade design snd anslysis. The principle of
design wes to siart with a favourable pressure
distribution and iterste sanuaslly until a coolable
shape (that is, an aserofoil with sufficient thick-
ness, lesding and trailing edge radii and tralling
edge wedge angle) was resched.

In the 1980's, both NCTE and lollo-‘gﬁt
tuened to the Denton two-dimensionsl progrem .
which enabled locally supersonic flows (as norw
ally encountered in che trailing edge tegion) to
be calculated. Unlike a compressor passage, a
turdine pessage s not greatly affected by the
telatively cthin boundary layers on the blade
surfsces (except near the annulus walls). So an
inviscid method provides e good basis for design.
There is, unfortunately, s caveat to this. In

1983 Puuc”"duzgmd a nozzle guide vene profile
which was “better” than an existing profile n
that the pressure distribution looked better and
calculation of the surface boundary leyers led to
s lowsr loss prediction. When tested in csscade,
the design velocity distribution was achieved buc
the overall loss was nevertheless higher thaa the
old design because the base pressure was lover.
The Dase pressure cannot bde predicted by an
tnviscid wmethod and the change was not in sccord~
ance with base pressure correlstions. Thie
experience sounded s note of caution.

In the last few yl‘Sl, the fully three
disensional Denton wethod(®l) hes been employed by
RAE and by Rolls-Royce to help design new
turpines. The proximity of an annulus wvall can
significantly change the asrofoil surface flow.
The availsbility of a chree-dimensional method
allows the designer to explore changes in blade
stacking (the way serofoils at each radfus are
relatively polltlgnld) and changes in end wall
shape. Morgan{83) has described che effect of
changing the stacking of the RB21ll hp nozzle guide
vanes, guided by CFD wmethods, which increased
effictlency by around 1X.

Another method used in recent yesrs by Rolls—
Royce is the Moore Cchree~dimensfonal viscous
pro.n-(“). This is formally restricted to sub~
sonic compressible flow, but it can be used to
assess possidle secondary flows. A particular
example in which the 1aviscid and viscous three
dimensional wmethods were used to guide a design
change was the RB211 IP nozzle guide vane. These
vanes are wounted in a duct of rapidly incressing
radius, vhich cannot adequately be catered for in
a qQuasi-3D weethod. The ngv used 1in earliar
engines was redesigned to remove a local three-
dimensional flow separation, and the engine
specific fuel consumption laptoved by some 13Z.

Turbioes are of course widely used outside
the aircraft industry, sad the same CPFD methods
are available, for example, to stesm aﬂ"’“‘
designers. It has recently been npor:od( that
the LP turbine in one of the three Parsons 500 MW
sets at Didcot Power Scation wves wmodified by
Parsons for the Central Electricity Generacing
Bosrd at & cost of £3M to incorporate a new last
stage rotor blade designed with the help of o
Deaton 30 progran, and new diaphragas. The unic
efficiency rose some 3%, snd the resulting saving
in the cosl bill {a £1.7¢ per annum on that one
set slove.

At the other end of the size range, Coanor
and hyu(”) have descrided hov the application
of PVD sethods has increased the sfficlency of s
turbocharger axisl turbine by over 3% at design
poiat, {ncresasing to over 10X at off-design.

3 __Comments on CFD Ristory

Looking back at wvhat has happened, a nuaber
of genaral commeats can be made:

{1) The f{aventlon of & fund 11y new hod
{s rare and is done not by a team but by a gifted
{adividual. It cannot be “scheduled” by a
Research Manager; all he can do is to create the
conditions under which a suttable resesrch worker
is attrscted to the problem and equipped with the
tine and facilities to tackle ft.

Y8Ur 4 WL




Py}

TM 1 JO8K

(2) The fmplementation of a nev msthod is s long
hard 3job which can be greatly helped by less
gifted vorkers than the originator. When it comes
to converting it 1into & “user friendly” program
capable of being used by designers who do not
understand the ssthematics, thers fe a great desl
of work to be done by a team, properly planned and
professionally managed.

(3) The validation of a nev program against
experimental vesults {is vital and requires a
comwplicated (and probably expensive) experiment
planned and executed with the help of the CFD
analyst. Especially for high speed turbo-
machinery, the necessary experimental facilities
can only be found at natfonal Research Establish~
sments or {n {ndustry. It sust be the function of
a Research Manager to plan such work.

(4) The decision to commit & nev design evolved
by CFD methods, first to an experimeantal demon~
stration and later to a production engine, is a
Chief Engineer's decision, and a proposal has to
be justified ro him by unequivocal validstion
achievements, carefully planned.

(5) Many more methods have been evolved than have
ever been put to good use. It 1is probably not
true that “only the fittest survive“. Much seeas
to depend on the sccidents of history: which
computer was used, how eloquent the originator
was, vhich organisation he happended to work in.
The most marked progress occurred when two or more
aethods were actually competing scientifically on
the sane problea. Research Managers should
encourage such competition {n developing new
=athods.

(6) The visual presentation of three-dimensional
flov patterns, to enable the research worker hia—
self to grasp them, and later to ensble hia to
explain his results to others, presents some
difficulty. Considerable effort has needed to be
devoted to computer graphics.

6 Future Needs and Prospects

Fig 6, shoving three generstions of combat
aircraft engine acaled to the same thrust,
1llustraces the oversll schievements over the last
twenty yesrs in engine design and the target for
the iamediate future.

Axial compressors
Despite the wuch iaproved ability to predict

the design point flow field snd performance of a
transonic compressor stage, described earlier, the
relisble prediction of off-design perfarmance -
and especially surge prediction - remains elusive.
The first sissing element is the accurate predic-
tion of the total pressure loss of a sharp-
leading~edge transonic profile at off-design
conditions, and this seems achievable by the
improvement of existing methods. A much wmore
diffieult prodblem - requiring & fully three-
dimensional viscous method - is the prediction of
flow sepsratfon (poseibly leading to rotating
stall ot surge) in the end wall regions, including
tip clearance effects. Another resson for needing
a 3D viscous method s to predict the radial
wigration of aerofoil boundary layer fluid which
effectively “transfers” loss from one radius to
another, and may on occasions accumulate low
energy fluid sround part-span shrouds.

I e —
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SPEY 1969 21 Stages

FUTURE Late 1990°'s 9 Stages

FIGURE 6. Combat Engines - Scaled to the
Same Thrust

The trend of compressor design hes been not
80 much towards increasing efficiency ss maintain-
ing efficiency at progressively increasing
prassure ratio per stage. Fig 6 shows how this
trend has reduced the size and weight of military
engines and {s continuing to do so; the three
engine drawings illustrated have been scaled to
the same thrust. The principal element (n
increasing stsge pressure rvatio is of course
{ncreasing bdlade speed as imwproved materisls are
developed; but the inevitable consequence {s wore
and more supersonic flows. 1If a military engine
is ever to have a single stage fan to achieve fits
pressure ratio of J or 4, it would be & fully
suparsonic compressor. A great deal of effort was
devoted to abortive attempts to produce effictent
supersonic compressors in the 1950's and 1960's;
could the CFD tools nov befag developed enable
auch more successful attempts to be made in the
1990°'s?

Turbomachine flows are assumed to be steady
in wost analyses and designs. Unsteady calcula-
tions have been concerued prisarily with flutter.
It 1s not yet clear vheth the develop of
unstasdy flow computatioas (ae computers becoae
fast enough) will reveal a need to alter design
philosophies to improve performence. Reliable CFD
predictions of flutter and noise appear very
difficult and distant targets still.

Turning to multistage core compressors, there
i{s again s difference betwsen the priority targete
for civil engines (efficiency) and wmilttary
engines (compactness and low weight), but the
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technology required to achieve them {s common.
The flow in the end wall regious, including the
tip clesrance flow, has s dominant influence on
the anaulus vall boundary lsyer blockage and hence
stage watching. It also plays a large part in
generating total pressute losses, and perhaps in
surge initistion. Three~dimensional viscous
prograss sre needed to give the designer a batter
insight into the phenomena, and especially to
guide the evolution of “end bends”.

The iaportsnce of afxing within a multistage
compressor, by both secondary flow and turbuleat
eddies, has been explained, and further research
in this area should coatribute eubstantially to
design techniques.

In addit.on to improved performance in the
final version, the application of CFD will signi-
ficantly reduce the number of trial builds
required i{n development, so saving tise and aoney.

Finally, the vesponse of cowpressors to a
distorted inlet flov (typically due to combat
asnoeuvres) has been extensively studied experi-
mentally ”t to dste only two-dimensional
theortes(3 (allowing circusferential and axial
flow variation but no radial varfation) have been
employed successfully for analysis. A three
dimensional theory (sllowing radial variation) is
clearly essentiasl for a low hub/tip catio trans-
onic fan, and poulb!.‘ also for a core compressor.
Attempts to date(32,88) pgve produced methods toc
restricted in scope or too difficult to apply. A
solution of this problem appears possible using
modern numerical methods and should be attempted.

Centr{fugal cuquuon
In the 1%60'e, exteasive research was

devoted, especially in Canada, to high pressure
ratio units, which were successfully developed
only st the expense of lower effictency. The
losses appearsd inevitable because of the high
supersonic inflow to the narrov diffuser ring.
Most small aseronautical gas turbines have there~
fore chosen to use several axial stages followed
by s lover pressure ratio, more efficient, centri-
fugal stage. The other problem of high pressure
ratio centrifugal stages was of course stressing,
but {improvesents in wmaterials will presumadly
continue. S0 there appesr to be two lines of
advance for centrifugal cowpressors, both heavily

4.

P on CFD {mpr .

The first is the low pressure ratio unit -
around 3 <~ vhen the flow reaches the diffuser
subsonically. As already mentioned, the {mpeller
flow 1s probably separated, and it seeas a reason-
able target to evolve unseparated designs and
hence {ncrease overall efficlency to axial com
pressor levels. A centrifugal stage could then
becowe sttractive even for a large civil engine.
The diffuser introduces considerable loss decsuse
the wetted surface srea is lstge, and there
sppears to be scope for the applicatfon of 3D
viscous codes to {mprove diffusers,

The second line of advance could be a return
to higher pressure ratio unicts (10?) to reduce
engine weight and cost, bdut reducing the effic-
iency loss by tatloriag the shock patterns with
the help of 3D codes.

Axial turbines

Although the equations are the same, there
are significant differences betwaen compressors
and cturbines for the CFD analyst. The fi
that the turbine blade surface boundary layers are
small fractions of the passage wvidth, so that
inviscid sethods give a good guide to optimum
shape and predict the flow well, until near the
trailing edge. The second difference is that cthe
blade camber and hence the secondary flows are
very much greater than in compressors, and are
sccentusted by the tip clearance rather than
reduced. A third difference is that heat trsasfer
is a key element in turdine desiga.

Most seronautical turbine nossle guide vane
rows and many rotor rows have sonic or supersonic
relative outflow, wvith a shock structure impinging
on the boundary layer just shead of the trailimg
edge. The resulting lambda-shock controls the
base pressure. Currently, the base pressure is
predicted empirically and it seems possible that,
on a two-dimeansional basis, a viscous-faviecid
intersctive method or a fully viscous method might
be able to predict it theoretically. Because
turbulence modelling of separated regions is sttil
difficult, the f{interactive wmethod seess wmore
likely to succeed ia the short term. Howvever,
there are two serious complications; one 1s the
need to model some form of radfal equilibrium (n
the nearly stagnant base region, and the other {s
the effect of cooling air discharge iato the base
region. Both phenomena appear to offer scope for
improved overall afficiency if they could be well
enough understood.

Considerable quantities of experimental data
have been smassed on end wall and secondary flow.
The secondary flov tends to etrip the incoming
wall boundary layer fluid off the wall and
discharge it {nto the mainstream via the bdlade
suction surface trailing edge. A new wall
boundary layer starts. The abdility to predict
this type of flov depends upon the development of
& 3D viscous code able to cater for the corners
between wall and blade, and in due course also for
tip clearance. The zerc clearance case seems
likely to be solved quite soon. It is generally
accepted that end wall effecie of this kiad
account for around half the totsl pressure loss in
& turbine; surely that loss can be reduced by
scientifically-chosen end wall profiling or “end
bending” of the blades, when those CFD tools
become available. FYor a multistage turbine, the
type of mixing analysis described for axisl
compressors ie surely also needed.

The prediction of external heat transfer is
largely a question of boundary layer prediction,
which becomes particularly difficult {in the
presence of filam cooling or Girtler wvortices.
However, 1t has been desonstrated that the passage
of upstream wakes (or aven of downstream blades)
has a nfor sffect on the boundary layers(89,90),
Robson(?1) ghowed the boundary layer switching
from laminar to turbulent aud back sgain as wskes
passed. It 1is clear that an analysis of this
situation requires an unsteady CFD wodel. At
least on a two~dimensional viscous basis, this
should be alresdy possible.

As for compressors, CFD will not only {wprove
turbine performance but also reduce developmsent
time and cost.
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Radial turbines

al {nflow curbines have not been used in
UK sero engines, not oo account of tnefficiency
but because of the mechanical design probles of
aaking a cooled high apead rotor of adequate
strength and life, and not too high a rotational
inertia. As a result, they have not received the
attention of asny CFD specialists in the UK.
There wmust be scope for aspplying the methods
developed for centrifugsl compressors, without the
worries gbout large local flow separations. Some
vork of this kind hz‘ g«n done for application to
large turbochargers(86),

The possibility of advanced cerasaic
naterisls, not needing cooling, could promote the
radial turbine as an option for small aeronautical
applications.

1 Cnel_glm

Computationsl fluid dynamics wethods specific
to turbosachinery have been developed since 1940
withir the UK, They have ususlly employed the
same mathesmatical methods used in other branches
of CFD, as and when computeras becsme large and
fast enough. Iaitially, the models used were too
siaplified (incompreseible inviscid planar or
cylindrical flow) to bde realistic and toc labor-
ious to apply and were not used in practice. The
practicability of achieving realistic design and
analysis results using the quasi-three-dimensfonal
(Wu) approach mgant that CFD could however be
usefully employed as early as the 1960's although
computers then could only calculste two-
dimensional flow flalds. By the 1980's, three-
dimensional f{nviscid flow fields could bBs computed
and the present decade 1is seeing great advances
including viscous calculations.

The UK aesroengine tirm (Rolls~Royce) has been
quick to adopt CF0 methods and to employ them to
design asnd develop better cosmpressors and
tyrbines, just as other aeroengine manufacturers
have done. The first key requirement for this to
happen is that the firm should have a “core CFD
tean” latge encugh not oaly to develop its own new
sethods sosatimes, but essentially to take a
chosen method from any source and develop it iato
a proven working tool capsble of use by s designer
who does not understand the msthemstical or
programming details. The second requirement 1is
that research managers in the firm or essoctlated
Research Estsblighments sust orgacise a eystematic
methods validation progrsmme, capable of convinc~
ing the most hard-headed Chief Engineer to commit
a CFD design to his engine.

Exaninstion of the history of UK turbo-
mschinery technology since 1960 gshows that sows of
the major advances in product quality were made as
a direct result of the spplicatfon of CFD, which
arguably could not have been achievad without f{t.
Typically, 1960's wmethods improved on 1950's
methods by some 5 to 10X in efficiency, that is,
reducing losses by 30 to 50X. The subsequent
isprovements have incressed the stage loading
levels at which high efficiency can be maintained.
Three-d{mensional flow field tailoring - only
imperfectly understood and not yet predictable in
CFD zul'm = has proved generally wvorth another 1
to i%.
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The future trand in CFD {s inevitably towards
3D viscous flow, and uasteady effects. As
computers fLuprove, these nev wathods will wmake
available to the turbdomachinery designer onm s smore
rational hasis a wide range of options prisarily
in the end wall regions: wall profiling, end
bends, varying stecks, winglets, tip trestment,
cesing treatment. There {s obvious scope for
reducing end wall region losses which smount to
around half the total losses. The possibility of
significant savings 4n the nuabsr of bdlades and
stages - and hence in weight and cost - vwill ari e
from a better understanding of how to coatrol
supersonic flows. Pinally, the escalating cost of
sngine develop way be reduced considerably by
getting the aerodynamics “right first time";
vis{ble progress has already been made in this
diraction.

Exsmples of su~cessful application of Cro
mgthods ¢o non=Aercnautical turbomschines have
also been given. There are two industries - sero~
space and power generation - with a major sconomic
justification for perf =p through
undertaking CFD research. The sethods they gener—
ate will coatinue to be asdopted by other turbo~
nachinery industries.

It is concluded that the further advance of
computational fluid dynsaics for turbomachinery
should be vigorously encoursged because it has s
msjor role to play in advancing technologicsl
standards and reducing the time and cost of devel-
apsent.
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