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SUMW~RY

A review of the achievements of research ef for t  in centrifugal
compressors is presented and its ef fec t  ~~ current desi~ r methods is
discussed. The paper concludes with recommendations for t~ tu re research.
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1.0 Introduction

The use of L~i~ cr n t r i fu g a l  comprensor in gas turbines  for a i rc ra ft
propulsion dates f rom t’m first jet cngine designed by Whi t t l e .  The develop-
ment of the cent r i fugal  for this role was con t inued  both in Britain and in the
United States into the nid-1950s, and very commendable stage performances were
achieved at pressure ratios of up to 14/i . Following this period of development
of the centrifugal compressor a growing preference in many a i rcraf t  gas tur-
bine designs for the axial compressor with its higher efficiency and smaller
frontal area (an argument recognised earlier by the German jet-engine design-
ers) caused comparative neglect of the technology of the centrifugal
compressor. It was not until the mid—1960s that the United States Army
requirements for small engines for advanced helicopters result ed in a rapid
revival of interest in the centrifugal ’s inherent advantages of stability of
opera t ion and high pressure ratio from a single stage, which, with sufficient
research, might also be complemented with high efficiency, an essential improve-
ment if usefully low specific fuel consumption was to be achieved. It was this
impetus arising from the needs of the helicopter engine that gave birth to the
current high levels of development and research which are being maintained in
many parts of the world today. Britain has been no exception. It was
undoubtedly the helicopter application which created renewed interest is the
centrifugal compressor am is evidenced by the ES 360 engine, whilst the manu-
facturers of small gas turbines for other aeronautical applications (eg
auxiliary power units, starter—generators, and remotely-piloted-vehicle
propulsion) have also been directing attention towards the possibility of
improving centrifugal compressor design technology.

Although the preceding paragraph has identified the small shaft-engine
as being the first home of the centrifugal, it is worth noting that in the
cores of some of the smaller by-pass thrust engines the centrifugal is also
being utilised - in combination with axial stages upstream - because of its
lesser vulnerability to losses associated with the very small dimensions of
the high pressure turbomachinery.

Widening the field even further, the new technology of the centrifugal
compressor for aeronautical application has inspired renewed efforts from
designers of compressors for many other applications, for example, gas turbines
for road vehicles, diesel engine turbochargers, chemical plant processes, large
air conditioning plant, and factory workshop air supplies. A very thorough
account of the historical development of the centrifugal compressor is given by
Dean in Reference 1. Figure 1, which is reproduced from Dean’s paper, shows
how target pressure ratios have increased in recent years and the efficiencies
with which they have been achieved.

In spite of the recent effort which has been directed towards improving
i.’ tho performanoc of the centrifugal compressor and towards the understanding of

the flow within it, there still remain many difficulties in the design and
comprehension of these machines . Assuming that these difficulties may be at
least partially overcome by means of sufficient research, then there are fur-
ther performance gains to be achieved. The bulk of this paper concentrates
on what is known and also on what is not known concerning the sources of
inefficiency and instability in the high pressure ratio centrifugal compressor
(Section 2.0). This is ~ollcweJ by a liscussion of the requirements of a• modern compressor design procedure ~n~ ch uses the NGTE computer package as a

‘f-
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model , whi le  the f i nal neet ion  hr~~ f ly  ( u t l ines  reco mmendations for future
research necessiLit~~.

2.0 The sourc~s of nefficiency in a high preuoure ratio centrifug~al
compressor

2.1 Identify ing the loss scur~

It has naturally been a basic assumption in the preparation of this
paper that the reader is familiir with the ~r rci ple of operation of the
centrifugal compressor. In an ex~iri*r~ition of the sources of inefficiencies of
the compressor, however, it is urually hel pful to remind oneself of the role
of each component. Figure 2 illustrates the particular nomenclature of
components chosen for this par r. Referring to this figure, the impeller
imparts a stagnation enthalpy i nput to the air by increasing its angular
momentum. The rise in stagnation enthalpy (in the absence of parasitic losses,
to be mentioned later ) is given by the Euler equation:

— 113 = U5 V~~ - 153 V~ . . . .( i )

This stagnation enthalpy rise consists of both a static enthalpy rise
and a dynamic head rise. The latter is so great (evrrn though attemp t s to
increase impeller diffusion may be made by the use of certain design features,
as is discussed later~ that further diffusion is required after the impeller
in order that the energy increase of the air may be obtained in its most use-
fu]. form, namely a static pressure rise. In a high pressure ratio compressor
this can be achieved within a practicable diaxnetral constraint only by the use
of a varied radial diffuser (Figure 2).

Between the impeller and the vaned diffuser it is necessary for both
mechani cal and aerodynamic reasons to have a vaneless space in whi ch some
i r t e r mediat e d i f fu s ion  takes place. I)o wnstrearn of the varied d i f fuser  the ~low
is usually turned to the axial direction before entry to the combustion chamber
by a radial-to-axial bend and a row of de-swirl stator vanes.

An additional component may be featured upstream of the impeller ; should
the impeller design result in the relative Mach number at impeller shroud entry
being much in excess of unity it may be preferable, in order to avoid shock-
associated losses (as is discussed later), to incorporate ~rewhirl vanes whichimpart to the air a tangential velocity component in the direction nf rotation
of the impeller (Figure 2) thus reducing the relative inlet velocity vector and
hence Mach number.

Having r~ -~~~~~ t u la t el  the terminology and functions of each component we
Can now proceed to identify and , approximately, to ~uantif~ the principal loss

~rc’~ appearir~ in each component . Fi~~uce 3 presents a pictorial breakdown
of the losses occurring within a compressor of 8/i pressure ratio (designed
~~t h i r  realistic aircra ft gas turbine engine constraints) and was obtained
using the computer program described in Reference 2. Outstanding in Figure 3
is the dominance of the impeller loss and it is because of this dominance that
it heads the following Sections in which the losses in the major components are
discussed in detail. Also discussed are the steps taken in recent years to
understand and to reduce the losses.
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T’ .2 Work i npu t  n: t he  impeil cr

As was m e n t i o n ed  above the  primary aim of the impeller is to give a
work or enthalpy input to the airflow. As indicated by Equation ( i ) , the
useful work input  der ends only upon the blade speed at inlet  and exi t  of the

L l e r  and u ,~~~. he abn olu t e  tangential  ve loci ty  components at those
stat io~ e . 3 t n .~e spee h~ are’ lL n i t e d  only by impeller  centr i fugal  stresses ,
the re~~nred tangential velocity component at inlet is easily obtained (ar~c

~s fr e~~~~n L ~ y ‘~~ro , ~~ ~ ±r . p r e w h i r l) ,  w h i c h  ioave~ only the ex it  t angent ia l
vel ocity component as a matter for some comment owing to the phenomenon of
“s l ip ”. This term refers to the inabi l i ty  of the vanes to give perfec t
di rectional  guidance to the f l u i d , ar important e f f e c t  especially at impeller

~x i t  where the re la t ive  flow angle is forced by slip to be greater than the
van e angle (Figure k ) . In an inviscid flow slip is present due to the relative
ro ta t ion  of a f low having a radial velocity component , while in a real flow the
inv i sc id  e f ’f e c t  is augmented by the mixing of viscous boundary layers with the
ma~ri flow as it leaves the impeller. Altnough slip is a complex phenomenon (as
is ~~- rd ence d  by the many detailed t reatments  of the fluid mechanics, eg
Re f ~ ren-’es 3, ~ and 5) the quan t i f ying of i ts  ef fec t  on the exit velocity
L r i a n ~~1e has largely been resolved , for pract ical  purposes , by emp irical or
semi-esninical correlations of slip wi th the impell er design parameters on
which it primarily denen~ic, as described for example in References 3, 6 and 7,
o f which th e last s due to Wiesner , is among the most widely used. Wiesner
deduced that the increase in the tanRential component of relative velocity V51~~
is given by the simple correlation (referring to Ficure i-1 ’ :

vs1~ p 
— 

Jcns s~— 0.7 .... -

Although the correlation from which this expression arose was subject to
rose scat ter , it is to i t s  credit  that agreement bet ween experimental and pre-
l l Ct P d  work input such as that shown in Fi~ ure ~ can be obtained (se e also

~~ 2 .

Tb~is or imp eller  may be designed ~:t th  some c e r t a i n t y  to g i v e  th e
r e n ~i red  Eu~~~r ~t c m~~t ion er.thalry rise. The e~~th n l ry  rise is accomp an ied by
a rtagnation nr~~-- n-~o r o e  whose na~ c~~tu ’n . de n enor  ~nc r: the  e f f ~~~ i e c c y  of  tOe

or n nrps~~~or :  
~h’ I -om en ~ :‘~ ch i-’ecuce thy - c f r ’i c cccv an d  t h ; s  i h  si t  the  nr e s—

am’  d~~m - : n c n-e - o J 0 L~~~ fo lj c ,wj r i g  e ct i o~~.

‘.~~~ t r ~r~ losses

As was mentioned  earlier considerable d i f f u s i o n  inevitably takes place
wi th i n the  impeller  and thus appreciable f r ic t ional  energy dissipation is
incur red  through the growth and possible separation of boundary layers subject
to  adverse pressure gradients  on the many ‘w e t t e d ’ c nr f o rer  o~ t h e  irmeller.
If boundary layer growth in the presence of the  adverse pressure g rad ien t  were
t w o -d i m e n s i on a l  an d th e  o n ly  source of loss , the impeller  woul d be a comnor-
at iv e l  v ~asy moch~ ne to oro  yr~ o rd , c’~l at i v e  t~’ t h e  real  I ty ,  n h i  m v

~ ‘~~~ i / t ~e — ‘n I ~ n o~ ~ a r ~ ‘
~~

-

c o r n t i c o ~~p-1 n o d , r~ ~ b’ ~ose u n i n t  n~ v i ew  wo”sen ’:i . Ov a nu mbe — e~~~

a d d i t i o n a l  fo~ tcrn , root .  n~ w h i c h  or e  pecul ia r  on ly  to the c e n t ri f u~ nl rr’l1~~( i - ’ ~~~~~~ are i b n * ’ t  or rr~L oLi -/ - Lv ~~ i~~n i f i r t  r . ~‘or xo r r ~~~, t }~ ’ a x i a ~
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compressor) and w h i T h  ar e only v ery  r ecen t ly  beg inn ing  te  be unders tood  as a
result of widespread r’scnrch e f f o rt .  These addi t ional  l o s s —c on t r i b u t i n g
factors will now be di cussed under separate sub-headings :

Secondar j  f low

As in an axial compressor the  r o t a t in g  v a r i e r :  o! a - c t  r i f ~ ga~ L n ip e l i e r
produce the required increane in. angular momentum of tne a i r f i o ’ by m ann of a
l i f t  or s t a t i c  pressure ~j f f e r e n c e  ‘ p between th’- pressure surface  (l ead ing )
and suct ion surface ( t r a i l i n g 1 as is p i c to r i all y represented  in  Figure 6.
Temporarily con f in ing  the  discussion to that  part of the impeller flow which
has l i t t l e  or no axial ve loc i ty  component (ie flow which  is main ly  towards the
impeller t ip ) for the sak e of  simpl i c i t y ,  we f ind  by exars ining the  t angential
equilibrium of a f luid par t ic le  that the blade-to-blade stat ic  pressure grad ien t
in fact provides the Coriolis acceleration of the  par t ic le,

2~ W

For a particle somewhere near the mid-he ig ht of the channel  (ie in the
freestream remote from both hub and shroud boundary layers) Equation (3) ic
satisfied and the particle follows a radial path re la t ive  to th e  rotor. A
particle within the hub or shroud boundary layers is subj ec t  ~c t he  same
tangential pressure gradient as the freestreaxn particle whilst having, however ,
a lower relative velocity W ’. Thus, the otherwise rad ial relat ive motion o’
the particle is disturbed and the particle moves throucri it s  boundary  layer
towards the suction surface of the neighbouring vane (Figure 71 n - h e r e  i t  lo ins
the suction surface boundary layer. There is thus c o n t inu a ’ t r an np ort  of Ion- ’
momentum flaid from the hub and shroud boundary layers which feeds and
thickens the suction surface boundary layer. The nu r e ly  radial part of the
impeller in which Equation (3) applies was chos en for ill ustrat ion sinc e the
tangential momentum enuat ion may be w r i t t e n  in very simple form. ~~cendary
flow occurs throughout the impeller , however , under the  infI’ienc ~ of a blade-
to—blade static pressure gradient due to both Our-h is forc~ s arn i the forces
imposed by vane curvature. (Although secondary f l o w s  also om - ur in axial
compressors their e f f ec t  is less marked because of the shorter passage I - ~~gt h o
and hence reduced opportunity for low momentum feed ing .~ Moore~~’9 , in an
excel lent  -series of experiments at MIT , explored the  flo. ; wi tl t n a’- isolated
rotating radial channel and f ound that the suction side boundary layer was
caused to thicken into a wake , the radial development of which is reproduced
in Figure 8. Moore modelled the boundary layer growth and the feeding of the
suction side layer by the hub and shroud bou ndary layers and , from the r ooi
agreement between theory and experim ent , conclud ed that secondary f low
accounted for the suction surface wake formation.  There was l i t t l e  or no
entrainment from the free—stream as shown by absence of reverse f l o w  in the
wake region (Figure 8). As Moore himself has commented , the  c e ncep t of a th ick
suction side wake and a rr e r su re  side f ree -n t r ’- a r n  or jet --as m e n t io n e d  i n  the
literature as early as 1923 (Reference ii)) and iii more recent years has bee n the
subject  of considerable theore t i ca l  a t t e n t i o n  by )ean an d Senoo 11 and ntherm .
Lately Eckardt 12 using advanced i ns t r u m e n t a t i o n  has observed the exis tence  of
the jet/wake pattern in a nigh speed centri fugal ir- rCi ler. It n - ill be clear that
the e f f e c t i v e  blockage of the impeller  exi t  l i m i t s  th e  s ta t i c  nre ssur e  r i se
achieved by the impeller.

I’.— ‘ ~ ;~~~i .. e~ 
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In spite of general acceptance of the growth of a thick suction sur-
face wake in the imp ell er and in spi te  of the c o n v i nc in g  e v id e n c e  of Moore ’s
work , there s t i l l  e - : istn  r ons ide r able  doubt tha t  secondary f low is th e  only
ca~ ”e , or indeed the primary cause, of this flow pattern as the next Section
qLll show.

Effect s of rotai.ion and streamline curvature on the turoulerce
s t r A - c t u r e of L :e boindary layers

let  on f o r  s1nn~ i c i t y  con sider the f low in a ro ta t ing ,  rectangular,
r a i i a l— f l o w  chann-~l such as the one shown in Figure 9. The sketched d i s t r ib u —
tio r i s show how The r e l a t i v e  ve loc i ty  W and s ta t ic  pressure p are assumed to
var ,’ i :r c u s  the  - -ru th of the channel. Ootside the suction and pressure side
boundary  layers ~n the free-stream ther e  is a tangential pressure gradient
set up by the rotation of the channel ~s is represented by the following
e-~u at i o r~:

= 2~ 4P a~
Foilowing t he  mechanism described by Moon13 and by Johnsto n~~ , a f luid

par t ic le  in the suction side boundary layer momentari ly displaced away from
the wa .i without change of velocity will experience a tangential pressure
fo rce  in a sense such that its movement away from the wall is discouraged. It
may thus be said that the tangential pressure gradient  has a stabilising
inf luence  on the suction surface boundary layer through discouraging the
turbulent exchange of energy between the free-stream and the boundary layer.
By similar arguments it may be sho wn that the reverse occurs on the pressure
side where the boundary layer is de—stabilised by the pressure gradient. Thus
it is argued that the suction surface boundary layer will thicken and possibly
form into a wake with a Moore-type9 profile, while the pressure surface bound-
ary layer growth is inhibited , the whole once again supporting the experi-
rectally observed jet/wake flow pattern.

This influence of rotation upon the boundary layer structure in radial
ro ta t ing  di f f u s e r s  (ie impellers), which has been treated above in a simpli-
f i ed  manner , has teen the subject of consider~ble research by J P Johnston l4
and his colleagues at Stanford U c i v er n i t y 1~~ ~~~~~. Jo~iaston has ‘ievelope ~i a
generalised theoretical analysis which includes both the rotation effects and
also the analogous e f fec t  of streamline curvature. To illustrate the latter,
consider for exampl e a curved , stationary channel (Figure 10). Here again a
cross-channel pressure gradient exists, this time due to the curvature of the
streamlines: -

‘

By the same type of argument as was applied above to the effect of the
rotational nrenrrnrc r radierr t on the boundary layers, it car he sh~wo that t h e
convex side boundary layer in  Figure lfl is s tabilised (g rowth  rate encouraged)
wh i l s t  the concave side  bow:darv layer i_ s de—stab i l i sed  (ie growth rate
discouraged).
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While the simpl e geori~-tr’ies of F: -: ~- -’r - , -~~ an d 10 nerve to illustrate the
prinr-~ pies , it is pertinent to no t- - n t  :. :s n o i r t  how tr~en-~ two analogous
effects may play important car t?  in d - ~ - !- l r :r t re r : a t u ~-e of t he  fl  ow in an
ectual ~mce 1 er. Ficuru h a  cho’. ’n a b - -  ~h n n r : r H  of or :  cmpeller having
radio] ty sta~ ked bIn ~en throughout an -n~- - i r ’ : - -al l~r niov:ng zero “n’:ren-back”
(~ ~~~~~. b o t e  t i :  cor:~~ i t i o - r s  of r -~tio:. n-H ctr-~-ar : ire curvature ohta incn g
- no’- tn - S inn Ic” ex~ t: n ne- rone i r o c t  ion no--face is alno a or)nvex surface a-i
thus is cnh ,’- ’~ ~t tn - t o  n t ah i l i s i ng  or ctn of both rotation and curvature --bi le
tn-~ re’ierne is tm of the nn~ nnure ::ur-fa-’ e since it in concave . It can be
:-ibowr: by ‘o’-isidn-r-irig sirr~ e examn~ er-; that the rotational and curvature effects
in a high rrensu r- ~~~~~~ imo-rl ler are of s imi la r  order of magni tude  and, there-
fore tb- ahs~ rn ~e or rc - ’~ - n - - - : ~~~~ of either in a given imp eller ‘ill be s i g n if i c a n t .

It is n-io r~ h ‘--onr ”nti ng that Figure 1- ’-~ also app lies to the meridional bend
of t hr ~ huh an I shrou d  contours. Thus the n:orst ‘conv ex ’ situation occurs at the
center- of the :n-brou-:I sorfa- -’- and the- vane suction surface.

:1- have ru -  -Th ~uns e t n - n  c o s s ih l ~ suspects - secondary  f l ow
turbul ence struct~ - c ’~~e- -ts  — in th e t ra i l c f ev~ dence concerning the forma-
tion 0 C the  r~~— c - . -: n a t t e r r i  in a r o t a ti ng  radial flow passage. The work of Rothe
and Jolunutor: sugg-:enn thut in the lu:-.- aspect rat:o passage of a centrifugal
lr:ne~ Ier both ~-ffects are ~moertant. It is clear that both are caused by the
presence of tne blade-to-b1a~ e pressure gradient. $ince the Coriolis accelera-
tion is the greater contributor to the pressure gradient and since the magnitude
of the Oorio1i~s accel- r~ tes increases t-~wards the impeller tip , any method of
off-settir.g the Cor~ olis contribution may help to reduce the consequent
secondary flow and turbulence effects. Thus one of the three advan tages of exit
vane ~~~~~~~~~~~ comes to light. F rur cr lib shows a sketch of an imrelle~
having swpn t—hack vanes — ie vanes leaning away from the direction of rotatior..
It is seen that the Coriolis acceleration is now o p p o s e d  rather Lhan reinforced
L~~ the acre] c-ration due tn streasli :- c.cr’;ntume , L niun reaucing the blade—to—
blade pressure gradient near the impeller exit , and , it is thought , t ending to
inhibit tho U -:nlrcl~ ie e f f e c t s  on the suction cide boundary 1aye— ~ due to
seconnlnry flow an due to the rotatio~:al a.Th curvature er f ects on turbule nc e
structure.  The widespread adop t ion of sweep—back In r :u’Icnoi inscller  designs
has been i n part due to these conside rations although, as h in ted  above , th is
desi gn feature has two fur ther  contr ibutions and these are discussed in the
later sections of this lecture. We shall now continue to examine f u r t h e r
sources of l oss - ‘r i thin  the impeller.

I~ sses at Irnpell rr inlet (inducer~

I~~sses car arise upstream of the indu cer throat in three ways

a Boundary layer growth on vane and annulus walls due to
l i f f u s n o : .  (at  zero i n c i d e n c e) .

h increpop ot vane surface diffusion rates due to incidence. 
-‘

and c Shocks.

It is convenient to think in terms of these separate components although
— - t h~ actual loss-producing process in a high speed impeller will in fact be a

complex combination of all three. Temporarily imagining that the losses due

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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to b and c are negLi g l i l e  ( ir  both  i n l e t  r e l a t i ve  Mach number and i r . c i d e n r c ’
are small) , subsoni c d i f f usi on and bounda ry layer grow th would occu r upstream
of the throat, t h e  amount  depending  on how much change in vane camber angle
occurs ahead of the throat. Progressing to the case where the approach Mach
number is in fac t  i n -  excess of unity, a bow shock will occur ahead of the vane
leading edge (Fi gure 12a) . The shock will  result in a d i rec t  s t agnat i on  cr 05-
nure loss in the free—stream but this ‘-i-ill he cma2~ (ec , f rom shock tables ,
1 per cent s tagnat ion pressure loss for a pre-shnck f ree-s t ream Mach nurn h~- r or
1.2) .  More serious may be the  e f f e c t  of the  shock on the al ready ~ro ’ .’irg
boundary layers whi ch , on encountering the sudden pressure rice ‘~-nili t~nick er.
and , if the shock is strong enough, may separate. It is also to be noted that
if the vane camber angle is reducing ahead of the shock where the flow is
supersonic , accelerat ion will occur and the shock when i t  comes will  be
stronger still.

If , addit ionally,  there is positive incidence a leading edge separation
may occur. In this case supersonic expansion takes place around the separation
bubble. Even though re-attachment may follow, the suction surface Mach number
will have been increased, thu s leading to a stronger shock (Figure 12) . In the
presence of negative incidence an oblique shock will occur at the leading edge.

In a high pressure ratio machine it is possible for all these e f f e c t s
to be present at once. ~~sitive incidence at supersonic approach Mach numbers
will result in additional net supersonic acceleration as the f low rounds the

- 

‘ leading edg er on to the suction surface of the van e , thereby i n c re n n in g  the
strength of the terminal shock. These loss sources are known to e x ist  in tb --
inducer but the calculation of the increase of boundary layer thickness
through the shock is not yet possible, though much has been gone t owar d s  the
study of this subject in connection with isolated aerofoils 1 

. Pn’-]q t i v - 1 y
simple models have been proposed for the effects of a and b in sob~ or.. flow ,
one of which is contained in the performance prediction program described :n
Reference 2.

~~
ving brie~ LI’ descrih~ d th e i nducer ~osses , -c rost  corrI d~ bat ~~~

estimation of their contributio— towards the total impeller loss must at
present be chiefly qualitative. Ho w’~ver , there -i F’ ~u~~f i c i e r i t evi d~-r-~-e f~-er

axial transonic fan exoerience to suggest that wb-~re an icpeller -~-~sign
-: requires that the apnroach Mach number is greater than or equal to soy 1.?

steps should be taken to coun ter  the potent ia l  m r u t ~ or- - : .  3’- 4 c r— ex o r i n :  r
what measures may be taken , let us f i r s t  look at the condi t ions  under  whi ch
high inducer Mach numbers may arise.

t Figure 13, taken from Reference 19, sho~.s the vari~ tioii of ir-,1 u - ’ -c
shroud approach Mach number for varying stage pressure ratio and pre-wllii
angle for a constant value of specific speed , NS. (The parameter snecif:c
speed is fully defined in the Notation (p25) and represents the ratio of
impeller mass flow rate to “wetted area”, a high value of N~ imp lying a high
value of th i s  ratio. For low Mach number impellers Bai ,lc ’s elansIc ~ap-’IIerloss study~~ indica ted  that there exists an optimum value of NS (~~i~~~) at which
the impeller efficiency is maximised .) Referring to Figure 13 , it may he s~-~ :
that inl et relative Mach number increases rapidl y with pmnc:-cire rot’ o, a -‘a] :~
o~ about 1.5 being reach ”- : at a pressure ratio of lfl i1’ the nrc—whirL is zcrc- .
It may also be observed that in ‘rease of pre-whirl angle reduces the auproa-’h
Mach numb er and the reason for this is apparent from the velocity triangle-  

- - ‘ - - — ~~~ - c - ~~~ - - -  a
— - -- .- a - — 

- — _ a  S—.   - - - 
.- ‘ -
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shown in Figure 2. Thus one possible solution of the Mach number problem
appears, but it is not wi thout drawbacks. The pre-whirl vanes will incur a
loss of their own but this is very small (see Figure 2). More importan t are
the added weight an-i complexity due to the presence of the vanes themselves
and the add i t iona l  impeller  vane and disc stresses arising from the ~ncr ’~-ased
t i p s-need which  is required to compensate for the  pre-whirl  angular momentum
deficit. (Equation (i~~.) Increased diffuser approach Mach number with con-
sequent increase in diffuser loss (see later ) also follows from the increased
tip speed.

A second method of attacking the Mach numb €~’ problem is to reduce
specific speed below the Balj~ ‘optimum ’ as is illustrated in Figure 14 (also
taken from Reference 19) the intention being that the reduction of shock-
associated losses should outweigh the increase of low—specific-speed-
associated losses (increased “wetted” area). Calculations of the opposing

• leases are not sufficiently good at present for an optimal choice to be made.
It should be noted that, in a gas turbine application, the designer is in any
case forced to select a value of specific speed of a high pressure ratio
centrifugal impeller which is well below the ‘optimum ’ because of stress
limitations on the driving turbine. The physical disadvantage of a low
specific speed impeller is its larger tip diameter and hence larger frontal
area and weight.

In concluding this section on inducer losses, it will have become clear
that , for the two methods of reducing the losses that have been described ,
our theoretical knowledge is at present too poor to permit an op timum cho ice of
pre—whirl and specific speed to be made without resort to experiment or
development. Well—controlled comparative impeller tests in which only the
parameter of interest is varied are extremely difficult to set un because of
the many parametric interrelationships which exist. What experimental evidence
there is tends to be random and not entirely conclusive. However, for illus-
trative purposes two items are worth mentioning. Firstly, at the Rolls-Royce
Helicopter ~~1girie Group (ex—Small Engine Division) tcsts of a 5/1 pressure rat io
high specif ic  speed impeller ?l were conducted with and without pre—whirl. In
the tests without pre—whirl the shroud inlet relative Mach number was 1.25 ;
with the addition of 200 of pre—whi rl the Mach number dropped to 1.1. Somewhat
surprisingi~ and in contradiction to the predictions of the best available
efforts at loss prediction , there was no d i f f e r ence  in - stage e f f i c i e n c y  at the
design pressure ratio. It is possible , but not very probable , that d i f f e rences
in matching of the diffusers could have spoilt the comparison.

As a somewhat subjective illustration of the possible benefits of low
specific speed, an impeller-alone calibration recently carried out at the NGTE
on a zero pre—whirl compressor designed for PR = 6~ and N S = 68 (a very low
specific speed resulting in an inducer Mach number of just less than unity)
has indicated impeller efficiency levels which could well be competitive with
the alternative design philosophy of hi gher specific speed in conjunct ion  with
rr~ -’--hirl. This compressor is discussed again in Section 3.2.

Effect of impeller velocity ratio

The preceding sections have drawn a p i c tu re  of the i m p e l ler  f low as one
which is dominated by th ick  boundary layers whose growth is in general augment .— ’i
by incidence , shocks , secondary flow, and boundary layer turbulence

r suppression. Even in the absence of these effects, substantial boundary layer

~
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growth would of course take place , encourage by the adverse pressure gradient.
A parameter which usefully describes the overa~ l impeller diffusion is the
relat ive velocity ra t io, VP :

(It should be noted tha t d~ ~s the tip relative velocity amsurn.n~
i::ntar~. banenun mix 

— 0” :,o-,:r:-:c :: ~s f -  :: - Us co~-e or- :r -- -:—stc - aL,. ‘‘a-  - U
ent ry velo ci ty W3shr is used in the denominator  in p r e f e r e n c e  to the hub or
mean value, since in most imp el ler designs Woshr > W3hub~ 

implyi ng greatest
d i f fu s ion  along the shroud.) In the absence of boundary layer separation , the
resultant e f f e c t  of boundary layer growth on the one hand and of the m ixing
of boundary layers with the free-stream on the other indicate that VP should
be minimised (for a given inlet velocity) for maximum inneller efficiency.
Figure 15, which shows the results of calculations of impeller efficiency for
varying VP performed using the program of Reference  2 , i l lus t ra tes  the po in t .
Unfortunately, it is certain that the reality is more complicated. The
separation that would in any case occur due to large local pressure gradi ent s
is certainly precipitated earli~ r on the suction surface by the eff ects which
encourage wake formation as described earlier. There is thus a limit on the
amount of diffusion (ie the value of VR) which the impeller will stand , and it
is almost certain that there is in fact an optimum value of VP as suggested in
Figure 15, although the value of the opt imum will be str ongly relat ed to other
design parameters (eg blade loading parameters, Mach number level etc). As
yet there is no evidence on which to base estimates of optimum VP. Comparative

- :  experiments on actual impellers are extremely d i f f i c u l t  to set up wi thout  the
comparison being spoilt by other parameters changing as well. The development .
for actual impeller calculations, of boundary layer methods such as Moore ’s8
which attempt to account for the fa ctors a f fe cting wake formatio n may enabl e
the optima to be estimated theoretically. Values of VP cur. r t lj in use range
from about ) .5 to about 0.8.

2.~+ The d i r fuser

Under this heading we shall cover both  the  vaneless space and tne van ec
diffuser. The vaned diffuser has three primary requirements:-

I To convert as much of the inlet kinetic ~ne i ’gy as po~-:~ bl~
:. into static pressure.

2 To achieve this withsn as small a radial d’~stance as pos~~ h Je
to comply with engine overall radius limitations.

3 To have its throat area correctly matched to the irripeller
exit conditions.

Covering requirement 1 first , we f ind  that the d i f fu s ing  abil ity ray be
conveniently described by two parameters. The first is the i d e a 7  nr c-sur e-

-
~~ recovery coef f ic ien t :

— 
rise in static pres ure between throat arc exit

Pid eal throat dynamic head

a-a. - ‘ 
- ,~~~~ - ,.--J. ,- - - - -~ . 

- - -‘ 
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assuming an isentrop~ c dL f funior - . 0p1 al 
is a f unc t ion only of the area rat io

of the diffuser and the throat Mach nu~~ er , as is shown in Figure 1?, and
represents the po ten Lini diffusing capability of the diffuser. The second

parameter is the actual pressure recovery coeff icient C~ (ie as defin€~d abov e
but wi th  irr eve rsib i i ty )  ond th e value of th is paramet er , or if p refer red , the
ratio Cp/Cp . - ,  a measure of the e f f i c i ency of the d i f f u s e r , ie how much
of the pote~~~Ii -iiffusing capabilit y the designer has made use of by the
minimisation of losses.

The los~~ s w i t h i n  the d i f fuser  channel naturally depend upon the
behaviour of the boundary layers on the channel walls. Their behaviour , it
transpires, can vary between very marked extremes. Fox and Kline22 usefu l ly
classified the flow within two-dimensional diffusers into regimes which are
best expressed on a map whose axes are the length/width ratio (~?-/w) and the
area ratio (AR) which together fix the divergence angle of the channel

• (Figures 17 and i8) . It is qualitatively clear from Figure 17 that pressure
recovery must vary a great deal over the map, but exactly what is its variat ion
and on what other parameters if any does this variation depend? A creditable
method of ca lcula t ion of the unstalled recovery of two-dimensional , s traight
walled, subsonic diffusers was developed by Reneau et al23by solving the momentum
and continuity equations of the boundary layer. Their meth9d lacked a separa-
tion criterion , however , and Cocanower , Kline and Johnston 2’

~ produced a similar
calculation metho d which included a separation criterion and also extended

- 

- 
coverage of the geometry to conical , annular, and three-dimensional diffusers.
Comparison with measurements was impressive, but Runstadler and Dean25, recog-
nising the need for high Mach number data for diffuser design for high pressure
ratio centrifugal compressors, produced a vast experimental data contribution
which is probably the most widely used source of diffuser design ic-formation.

Using a straight centre-line, isolated , di f fus ing  channel , Runstadler
systematically varied the val ucs of the five parameters wh ich he considered to
be the most in flu~’ntiai (throat blockage, length/width ratio , area ratio ,
throat Mach r crt-cr and  throat  aspect ra t io)  — and measnr’~ n~ essure re~ nvery
for large rangec of th--s e paranietcrs , the result of ws ich is a:. extremely us~ ful
set of r’er form ance graphs expressed in terms of C~. RunsL a-ii~ r found tha t of
the five parameters teste’l the most significant were the throat blockage, the
length/width ratio (&/w) and the area ratio (AR), the last two of whi ch f i x  th e
divergence angie of the channel as stated above. For fixe d values of hroat
blc o~:ace , aspect ra~ t o and Mach number , a t yp ical R ur~cta-c1er- c-er iorn,an- -e ~rarn.
is as g~ven in Figure 1~~ wher e C~ is expressed as a function of ~i/w and AR on

:-t the type of map proposed by Fox and Kline. It may be seen that the graph
exhibits both a ridge of high recovery (following ~iivergence angles be t - ;r~er. 6
and 8 degrees) and the beginnings of a peak towards the top right—hand corner.

- 

. Clearly the designer wou ld l ike to aim for peak recov ery but if  he di d
so the large ~/w involve-i might easily contravene engine-imposed radial con-
straints, which was one of the three primary considerations mentio ned at the -
beginning of trus Section. Possibly the best choice of position in~ on tn~

• Runstadler plot is the tangency point of the line of maximum ncr ss’~b~~ e/wand a Cp contour (Figure 20~ . This maximiner - C
~

, for a fi’— -i radiaJ lim itation .
on tie diffuser and for fixed (near unity) aopebt ratio. Factors s~ f~~-t inr th t
selectio n of the kr: ’ ~-r ra-:lus of the -di ffus:-r- are las cur ned later.

-
-

- .
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The reader should riot be it t with the irrrmrer -s~ or: t hat the Runn~ —~d l ~-r
data provide a perfect method of diffuser geometry s-1e~ ton and a faril tli-nsl :-
cot -oct ‘-aLue of nrcssuro recovery e-ocffi~~~en t  m r a c-b r -ncr :  geom~-~~ry .  ~~~
accuracy of the  C~ contours is hampered in the real stage design by doubt
abou t the  value  of the channel throat b locka~ e (al t hough q u i 4 e- nro m~ sinr
d mensional” methods of blockage growth calculation through vanel -ns nra -n - arni
ser-:i-vaneless space are now a v a i l a b l e  eg Re ron’- ’- 2)  and also by tbr -  f f e r ’

of unsteady and circumferentially non-uniform flo..- which the- diff ine-r coarn m IS

rece-i”e from the impe].l or. The- 1 
~t t . er e-~~f e - ’-t nlnc ’- r e c t n~ n] -J ri : : - - ‘ -  n-

dif f u s er recovery ~nd may also promote surge. i~o t n u o r y  exists f-in t r:1- trr-nt-

ment of the unst eady approach f low.

As a means of increasing the Cp obtainable within given radial Lrrr:ts
some designers have used mild inward centre-line curvature so that ~/w may ~- ‘-

increased. Very s ignificant  gains are probably proh ib i tec  ho-.~r-v—- r , s i r . cm tb - -

• gains in t/w produced by high centre-line inward curvature will be par tiac . ---
offset by increasing secondary losses vising from the effect of st r e - a r i~~i c---
curvature on the wall boundary layers2O. Thus curved diffuser channels --:ill
have C~ values lower t han those given by Rtmstadler for straight channels hav-
ing other parameters the same.

We shall now consider the losses arising in the vaneless space ar:-:
semi-vaneless space and go on to discuss how consideration of the losses may
affect the choice of diffuser inner radius. As was described in Sectior-; 2.2
the impeller develops a very non-uniform flow profile at exit. Most theoret-

• ical models of the vaneless space flow assume that the non-uniform impeller
exit flow mixes out instantaneously to a uniform flow, whilst Eckardt’s
experimental observations 12 show that actual mixing is much less rap id. In
any case, on the walls of the vaneless diffuser new boundary layers --‘ill
begin to grow and appreciable blockage may be incurred up to ts  d i f f u ser
leading edge station (eg a typical blockage of 5 per cent could gro w -

~~~ th~ r . a
radius increase of 5 per cent , even assuming rapid mixing of the impeller flo- . .
Remembering that , according to the ~~nstadler plots , throat blockag€ c-an a
strongly undesirable effect  on C~ , -it could appear that ‘;a: e ess space bo~ n-i s~ ~layer growth should be minimised by reduction of the extent  of the vaneless
space. Two factors limit such a move, however. Firstly, close prox imity  o f
impeller arid diffuser vanes has been known to cause excessive vibration-al

- 

- excitation of the impeller vanes leading to subsequent fatigue fa ilure o f t h e
impeller. Secondly, since impeller absolute exi t Mach numbers above unit y ar’~encountered for pressure ratios in excess of about 1~4 , the design er may wis h t o
take advantage of the shock-free transition to subsonic flow which is orovided
by an extended vaneless space, with the intent ion of eliminating sho~ k-
associated losses and blockage increase in the vaned diffuser pre-throat
region (or semi-vaneless space) . There are thus two philosophies app lying to
the selection of vaned diffuser inner radius (as illustrated in Figure 21).

1 Short vaneless space and low blockage growth coupled with
high vane diffuser approach Mach number and relatively i-arIa niocKan-
growth across the shock.

2 I~ nger van eless space and consequently  greater  boundary
layer growth, but resulting in subsonic approach Mach nnmhi- ’-.

—a. 
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The f i r s t  ~n :  - o- :orhy has the aiva::tn~’;- of e~ t re r h~ gbec ch~~ c- r~l pressure

recover ’i  i f  the o::ter- radius is f ix c u  (due  to ~ar;~~-r Z /w~ c r  of r~ ’j u c€-d ou t e r
m u s s  (an :-ho w:. in 21); ir: the lottor -~i”losooh~i 

i h m throat Mach number
may be i o-*er ar:/ o’,’ :;o that good channel recovery :s not so v tai.

I - . tb:- -r- offc-rt to overcome the m-r:y - o . na -; i  e. to son i ‘— c--very of
00; - ‘ nt ional ‘n ; a. di ffusern , some -li’- ~gners hr. ‘e ~. ‘- -~r t - r c - r  to Icoir to the

r o n ; -  ntior~c:l ssl it ,mn- , t or - exar!Ipie:

~-‘v :-l-ined ry Un~~t~~d A :rorn ’t o’ gana:~a
in ~~ - h vn-~ ‘ ac--i cr:arnel are reti~ aced b’.’ d iscre te  dr i l l in ss  or
p p es Tv~ nc- -.~~th t h e -  ~r axes tangential to the rmp elle-r tip circle
in the plane of the vaneless spare (Fisur- .~ ci~~. The pipe d i f f u s e r
r~an resulted in significant isprovern c:tc- in stage efficiency operating
in tra on: -- approach flow; it is said to be lion sensitive to hi- ~h.
Ma--h numhe -rs, high inlet blockage and circumferentially distorted
fio ’~. I t also offers ease an~ economy of manu facture.

the  fr-r-o~ rn tating vaneless diffuser tented by Rodgers et ai28

or Solar in w~rich the hub-side of the vaneless diffuser ‘nrms part

~f an i:~~- r’-’r i -ri t ly rotating dis c, concentric with the impeL er , and
t:- . yen by the drag of the air flowing across its surfaces (Figure 23).
~~ss in tb” vaneless sra’-e is reduced by v ir tue of the  red u ced
relative velocity. The success of the rig trials in improving pres-
sure recovery of the total diffusing system (including a vaned
diffuser) tends to be marred by the inevitable mechanical complexity.

iii the l -3ndem diffuser investigated by Pampreen29 in which two
rows of aerofoil  ~anes were demonstrated to give improved surge margin
and sl ight ly improved e f f i c i e n c y  :~hen operating bet:’cen the same radial
limits as a single-row diffuser. The improvement is brought about by
disco rit~ r.u-nu ; boundary layer growth from inlet to ~xit. The only dis—
advac-toic-en ar,near to be the slightly greater cnrrpl ’-’xit-.- an cost of
mans f—r o~ nre , and the relative scarcity of design dnt— i .

2.5 Surge

T~ ‘-~-ei aring n cap~ r or: high pressure ra t io  cen t r i fugal compres sors
one feels oh iged to include a discussion on surge. I :.r ~~ -tc:.a,u~ v 0 r:ce
ignorance c-till far out1le-Lghs knowledge in this top ic such a discussion is no
easy matter.

i omg ara t ive tests of the same im peller w i t h  both a vanel ess d i f : u ner
and a varied diffuser invariably result in a smaller surge margin in the van-ed
diffuser test (eg Figure 214). The implication is that the vanf - i h.i -~c-- er, if
present , is the surge_controlling component in a comnrcc -rcr stase. rarr-n

7

has made a theoret ic-al study of the mechanism of stnl ~n lonr ‘- -ir r-l~ -ns
‘~i ‘‘n r-rer-s . Hr- nttri hston stall thl ~ nr ~

— r  f
~~ - - :c: .n~~~n c - - o : : - - n ’ - :  c - a — :  :~~1

- • fJo ’-: in th~ ~all :~osr.sary la’rern due to irnbalan-e b m t - ~re n  the  r~’n r i n l  r ’- - -cn : i r’-’- t: - nn -~e- r’~~inl v c l o — i k y n~’ the low s n n e - r . t s —  : i s i c  ~~:. tb  houn --ia rv
l aye r  ~~ so’-’ ~r.dorv ~‘l c - x ’) .  It is r r n c - ~~van e tha t tli - :- r - --- tyno of flow

G A  00 ~i var- e- s- ac-” he~ a ;a d “ — a
stal l be~ n - c-n ic-ed tb’- -rore s-’v’~re pr~-ss-ire sm -h c — c -  i’— s-- .~ -ih~-ut  i - i th -~ore-nc’- Ce of tn von th-’mse--lves (‘ç- F rsre i’b . A c-n :  ‘: it -

~~~ 
- - 

- n-c e u~ ,€- ~ ’ - -~
t b-n ’. t he  c i r c - :’f ~-: r e - n t i a 1 ly n o n — u n i f o r m  radial  n r e s m u r r  - :-a- i r n t  caun ’ ; hi t e -  
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less isa: -.- , c-n - r-h v ~ tb b—os I boundary 1- -c - r. Tn’- hn -trflos- - t -m m i t ’ - :.tly

i— c ru i. !‘r aune-s a tyru: of r- ,tnt r i .  - - to wh [oh f~ ~i]  ly
results ~n tn-- Ia - ‘u - -c sysr -ri u~~ t -a  : : n e s n  assoc ‘ - - ~- : tn - re-- .
hyi~or . sin in t--ir-Yv ’- - - t o - ~’- r - ~ 1- - ’ h - h — s - i : - ’ c- -

~ r - mc - n ’ n ii. ‘I s -  var io l e : ;
- : ‘ nc- - . Kc- n’ :~~~no , n c r i I - ’r; th’-tt t v-u - ‘-n, “ ; : i a ; :  0!.

sole- in h’ : - -  - :on o ’ c- t : 1 , b.~ h~ : m-- ac-c-- nir:s in altos-:t’ : ’-: ‘-I
Right Lv ro :rgnising trio I f-ices :ir’o t bJ oc-kn~ - - a~. ha’;: r.g a: - c - n c -t a r t
‘-t ’ f’-’-~ on tb ’  sm~ il Is. o ’ t° - c - o u r - e l  b — ’ r - 1 - - - ’- :  c r -  -i m c- :- r - t . ‘ h- i t  t h r-
sr- -sr - un-- i i  ic-u r -  -r  is: lie :-  t 

~~ 
to siff u~-;— r thro—~t - -:~~ l in -cc-ac-c t b - -  hI on- -is-

as the t i r ~~ t c_ r .: : i n  -l~~f” c-c -ion nrc -es with “all moor f l o - ,: , the  n -r o - c ’-i -- .
eventu al 1 ‘~ r-~-: ni t : :g in : - -p aration. and loss of r’- -rov ’- -r -y in t~ Ii f~
channel. Frgr: r- ,6 ( t ak - - ’s  f rom R e f e r e n c - -  30) i-bows tn’- c- xn emi r c - utnl ‘-v -i ’- -r. - c - .

The si ’att ~~r am’- - . : t n- --imrr- nded love  of nr e -c - : ir ’-  r i se  r -or --~rc- ’--~ r- ( . , r i  
~~

l a rg e , ho~. --v -~r , :5.-I tm c -aL s of Kenny ’s or . ten or, on ot h ’ r data c-m o r u c - - t-vo:
wider d~ s’-r’-nau ” ‘ - ;. Tb: n does not necessarily ::Par . That  tue  n r n r o n c - ~ mo d ’- l
of stall is - ,:~-on - . I’ could ii m ol y mean t hat  ot :oe-r a-- mo :-ir~asic or -e-orn~’tn:’-
featur~s, of - - i h i - h tb ’- c- t ’- -~ ~y a: circ irterentially -or -uniform fl o- -- arouno
tb’- c-rn ’-] 1 - r  s-u; b” am’-:,’ ‘-h- r’~o:t likel-i e-nn en h-n ; , ar-i also m r—c - no ’ t. Tb’
same qual ‘-i -n~ or- appl i es to -th ’-r m”e-ba’-i:;ms and cci’- — c-ia whi  ci . h-i -,”—
n-- ce -n t y bc’c’c- - ‘- - ‘ ed W1~~nl onl y 1 mite-’i su’-~~e-- ;~ i~ t ue 2 ; - ’ I ’ O - -  of t h m -  ievelor- —
ment of tn’- - I’~ off- i-n :  s:. ner- -o cr’rance pm’- - Ii ot ion “ j 5 c - ’ ’~ . l’h’-’--e j ‘-1’: : e - :

Macrh r. jrr r~ r ratio betw-:e : d r. ffuc - ’-r - or; :-o-~ : . - _ h r ’ oat  ; ii ne-kag’- rat:o L o t -  Ce:.
the cam e  :ta :o’- ‘-oH -1: fr” ir- er inc - i den-c . Th~- iri ce- ’- t c - v - ~ o - ‘1 :1’! - : ‘~

parac-r’~te-r I~~n-~- -i : ‘-: t nor ’ -. - ffrn:on up to tb ~~- t  is c-t:’—,r,r , n i- r e - c -  ::n o 1
a: l 5 : , t r n r n t  to i :  - :n’-m throat arsa have b - ~ 

- ho ‘r > c - p ’ - r m n - e r , t n l  ly to ic-flu—
-in ‘i nrijs-- s imne mann— flu;-; (as well as st ge rh~~~~ e - je - -

- -Toe t~~>-~~-snok exnla :atron of surge on any t yp o  or  ~nc -o r c-c -nr  ( c - I -  . e - a n -~~ -

suggest .: t h a t  :-u’--re occurs at the peak of ~hr- m e-c-si r’- m a t : o / r c -r inc -  t I e -  - -

‘-hacact”r:c-~ 1c , the nn’hiive rad~ ent part of the curve- ~--f:n:n c- ~h- i. ‘- n c - I ’-
or e rat ’  ci~ n- ’ - — ’  or. o~ the  compre ssr -t” . Th c- . - ‘- xml  o ’ n t r o n , ‘--; -n if
cthi o t - ’  t h ’-  c - t o t e  rn’- krr ’ -~ l ’--lg-r ‘- ci c-m ::’--rnl’ng ~h’- c--f ‘--‘ o’i I ‘. - -
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evidence dccc - n o t  ar-pr-or to be strong enough t i ‘-inabl’- th’s- ‘-‘-- a~ i’- ’ to n— I n c h
as a r e -  ‘-ri ~- - -‘ion - o, for e- ra: - 3’--, the r n--i : ction- of per ”orrn— - ‘

r h a r a c t o ’- i t m - s .  Ti’s- we - ’ - - -  f T ht  rrna rac -t ’r- c-ti -s ot re-’--’- ‘-em : o’-- L- - -‘ ‘ ‘- ‘,

l i i  c--nr’t m e - - - a:’, - - nr - o - ’ :  s~~- - , ; - -- .‘ ‘-n L I — :  ~
-
~~ r-~~ t e -:~ f—- : - c- - - -

Tb- - or: - - n -1: -II- ,. - o~-nvc ’ cor :c’-r-nc-ng the slope of ~hc’ pressur’-
chara—t - - - r o t  - - i  I- U;; to o r -  of  t 1o--’ b ’-tten acc’— r”c’h rr,-fhr in ii i s . r - m o v i r ’-

-u -ge mare - i n , arc-c’T:;, i-cs -- i 1 s  vane n ~-e- epha’-k. 3y ‘;c-rtu-r of t ’le n r s ~ .c- o:
t i p vel o : ty rr- s-i ,glcer: it happens that reduction of mass fThw incre-sne-n ~ne-work i~~ p f l t  : nec- prom sum ’c r t s c ’  o ’ a swep thack impell— r (F:suc- 2 ’-7~~, - -ii:is t
in a ra- ira l out r 1cr - i ~ P~~e - i  I ” -n the-r’-- is l:ttle ‘-f f e r t  of flo’,: reducti on on .~~rLi
input. Tb;,: t b - - - - ‘n:- ,r i’i r~~t and pressure- ratio -harofer~ r-tics of the- former
t- nd t.- fent r’- s~ - r n - -’r n’ -c-- iv-- —Ia ’ ’-: t1’a— thc-~ - rr~ - h’ c-at tcr . so Jeia’ :c-rc-
to a lower c-ac--. - t n- .- tb— rc si t -c -o c-f peak p”e-ss- :rc’ riot-’ and , accorh;n~- t e - -  t b

• ‘-an 1 en a g n i ~~ t • m l ” , - - .
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~~~ Mach number at rn—i icr tip (Fi ‘-Ire 27) and l ’-n c- e
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frr tor in h - l ot - ru c-:ir5e (if any of the “dI ft ” ,n:’n -:’r- -to_ dj ff-icer _ th~~,at
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mechanisms ” rire be l i eved) , but  it may al so be a c o n t r i b u t i o n  towards r e d u c i n g
diffuser loss and hence improving stage efficiency.

Amann et al~~ took more unorthodox steps to improv e surge margin.
Cirected by hi s hypothesis of the mechanism of vaneless space periodic stall
describ ed earl ier i i .  this Section , he reason ed that , I f the lowe r mome n tum
fluid leaving the impeller (the sake) when confronted with a reak in the dif-
f user vane pressure gradi ent f ield , could be all owed cir cumfere ntial comm un i,ca~
Lion ‘, lt l i  a troi;1,~h in t ha t  f i e ld , toe f lu id ‘sh:c:i c-thenw; se would he-- turn’-d
ba ck into th e rotor mig ht flow c i rcumfe ren tial ly via the communicating flow
path. Amann tested the theory on a 4/i pressure ratio compressor ir: which tb
communicating flow path took th e form of a slot and a chamber as show n in
Figure ?8. The surge margin was indeed improved as is shown in Figure s’~.

Another type o ’ circumferent ial communication which has apparently
resulted in improvements in both efficiency and surge has been patented by
United Aircraft of Canada. Figure 30 shows the arrangement of a successior: of
circumferent ia l  slots in the shroud casing of th e impeller and th e result on
performance is shon-.’n in Figure 31. The mechanism would appear to be based on
th e reduct ion of secondary f low f eedi ng of the wak e by the e f f e c t i v e  removal of
the blade—to—blade  pressure gradient at the shroud.

In conclusion , very significant success in improvements of surge marg in
must now depend upon a better understanding of the mechanism of stall and surne.

3.0 The requirements of a centrifugal compressor design system

This section begins by summarising the essential requirements of a syotem
for the desi gn of high performance , high pressure ratio , centrifugal comrressors.
Every group or organisation active in this field today will have developed or
adopted the constituent parts of such a design procedure although clearly t he -

exact form and degre’- of sophistication of these tools will vary f rom one
omg~ri imc-ation to another. We shall then continue by using the IVITE Impeber
Compu ter Desig’i Package (ICDP) as a means 0:’ describing the more i ptailel u~ e
of mooenii design methods , and finally present briefly Lhe design and Lest
results of a centrifugal compressor which has recently been designed using the
IC DP.

The essential requirements of a centrifugal compressor c’-sigri  sy s t em  may
be summarised as follows :

Preliminary design procedure for impeller and diffuser (with
means of off—design performance prediction , if possible .

2 Impeller vane geometry definition procedure.

Aerod yr oini.i -: analysis of impeller flow .

Impeller ntr’nc-s analvrnc-n.

5 Imoell~~r 
- u ”acturing pror’-riizr-e .

r.
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~ .i The IJOTE DesiL~m. ~~ ;tern

3 .1 . 1  Pr e l imina ry  desi gn

R- --rui r ’-ment 1 (the preliminary design ~ ‘ocedure ) is, i: th i-  ‘-rime of ‘ ri’-
‘. ITE ~osign S y m t - - , s~ t hy -a computer nr’-g:-on~~ which ‘-‘ill , unarm tb ’- r:rn’,’isio :
of a n u m b - - n  of  parameters  that  hencribe the’ ccw~ui me d u t y  of the ~hi c-- - ,
calculate su ff i c i - ’rt parameters for the overall impeller

t o  be det’in - -d .  The progr am co] . ve: ; the  “o:w- - hi m ’-n s io n a l ”  r-~ ma ’ i ons
descr ibing thcr wo :-k i npu t , cor:tir: c-mit y , and v e - l o c i t y  t r i a - w l - - : - .  ~ igu~’e ~L
schematically represents this preliminary design program with i ~c - c - ;t a : i
out put. There are many possible forms in which  th is  calculation may he--
arranged with some of the dependent variables exchanged f-o r c-on” of t b
independent variables, but the part icular arrangemc-nt c-:hown ‘c-arc- proved ~~‘-

an extremely useful tool in the initial stage of examining a large- ::-mru .e--r of
candidat e compressor designs.

Having obtained in th is  way the dimensions arid fl ow con~ itions o~
imp’-ller inlet and exi t i t  is then possible to solve the t w o - d i m e : ,n  ional
boundary layer equations in the vaneless space, as implementt-’i in the computer
program of Reference 2, to obtain diffuser approach conditions inclu -ri nt -’
boundary layer blockage at any radial station (for example , a radial station
chosen on the- basis of diffusion to a pre—specified level of Ma’h nurrr b ’-m~ .
Knowing the approach conditions, the channel d i f f u s er throa t area may be
selected and , with the additional specification of diffuser vane c-umb e-r and
exit radius, the diffuser  channel geometry may be def i ned , its lec-gth/w~ hth
ratio and area ratio being optimised by reference to the Runstadl er data2
which also of course provides an estimate of the pressure recovery of th e --
final choice of channel geometry .

The “one-dimensional ” flow path geometry (le d~am’--ters, ar.null;3 hei~cl: t s,
throat areas and inlet  and exit vane angles) nay thus he est a b ] im h ei .  The
performance predic t ion  program may now be used to c o n m u c - t  a I m n i gn  m o i n t  c-mr -

o f f -des ign  analysis of the selected onc- -d imenniona i  geometry . At tn’- design
point this calculation wil l  merely serve as a check on the work -a- c o m r l r r r c - e d
using the preliminary design program , but extra in format ion  at o f f -des ign
condit ions such as inducer choking flow may be computed. If desired , a
complete set of compressor characteristics may be predicted. So far, however ,
no sat isfactory means of predicting the surge l ine has been found .

3.1.2 Impeller van e geometry de f i n i t i on  proced imr e

The impeller desi gn has reached the stage as described in the last
section where only the inlet  and out le t  geome t ry has been def ined .  It is now
necessary to clothe the impeller wi th  a hub and shroud meridional shape , vane
camber angle distr ibu t ion , and a van e thickness d is t r ibution .  Tradit ional
methods of geometry de f in i t ion  have emp loyed relatively simple shapes (eg
circular arcs and straight lines) for the specification of hub , shroud , and
van e camber d is t ribut ion , usually described on a manufacturing  drawing. These
methods have proved satis ”actory for the representat ion of impeller  vanes
which were radia l l y star ,ked, but the requi rement  to design vanes which were
non-radial  (eg backwar d swep t at o u t l e t)  resul ted in the clevelopmer . t of a ne~technique at NOTE (Requ i remen t  2) .
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The essence of the new techn ique is to describe the impeller geometry
precisely by analytic surfaces.  An initial skeleton, defined by the impeller
axial lengtn and ti~ width , and by the inlet and exit  diameters and vane ang les ,
is clothed wi th  three analy t ic  surfaces (camber surface , pressure surface and
suction surface)  which then entirely define the impeller shape (see Figure ~~~~~,.

The mathematical details of the technique are given in Reference 3~. I’his
me t hod -. .f geometry repx-esentation has bee: arranged fo r  use c- in a grap hical
storage tube t e r m i n a l  workLig in an i n t e r ac t i ve  mo-~e w~ t h  a t ime-sharing
computer.  By v i r tue  of the analytic nature  of the vane geometry modelling
system it is relat ively easy to compu te and disp Lalr ium eciia f e ly  ~ rapl~ical ie - ’ r
numerical ) distributions of the paranteters of interest. Figures 34+ and 35 for
example show a computer—generated distribution of camber angle and views of the
inducer channel shape , respectively. Figure 36 shows two perspect ive views of a
computer—defined outline geometry of a sweptback impeller — a ‘~fr i ll”  which
becomes surprisingly useful in a system where the manufacturing drawing has no
part to play. There are a number of additional benefits which stem from the
analytic nature of the geometry model and since these benefits are directly
rela ted to the requirements 3 to 5 mentioned above they will be described in the
following Sections in conjunction with the method chosen to satisfy those
requirements. It is, of course, vita], tha t the shape of the impeller channel
should be selected such tha t the efficiency loss, as far as the designer can
predict , is minimised. The next section therefore describes the methods used
for analysis of the impeller flow.

3.1.3 Aerod~ynamic analysis of impeller flow

Section 2.0 will have given the reader an appreciation of the complexity
of the flow within the impeller passages. Unlike the flow in axial turbo—
machines, which may with some optimism be analysed with potential flow methods,
the flow in a centr ifugal  impeller apparently exhibits such strong three—
dimensional effects, and such large boundary layers (which become towards exit
as prominent as the free stream itself) that there would appear at first sight
to be little point in attempting to apply potential flow analysis to such a
aaunting situation. These are the considerations which have led Dean to reject
the notion of using ideal flow solutions1. This argument is, nowever, halted
abruptly when one discovers that there is as yet no practicable alternative.
As far as is known all impeller flow analysis methods in use today are based on
the solution of the inviscid flow equations although certain refinements have
bee n intrnduced to a greater or lesser degree in a t tempts to simulate the most
significant of the centri fugal impeller ’s flow peculiarities. ~~~ is well—known
the two—dimensional turbomachinery potential flow equations as expressed by Wu3
are written in two stream surfaces — a hub—to—shroud , or S2, mean—stream—surface
in which the flow is assumed to be axisymmetric , and a blade—to—blade or ~1
stream—surface which requires a previous S2 solution for full definition of the
surface geometry. Both problems have traditionally been solved by one of two
methods - the matrix approach or the streamline curvature solution.

While at tempts to predict the blade—to—blade flow continue to be worth
pursuing (eg References 37 and 38), at NGTEA although an investigation of the
applicability of ~ blade—tc-—blade solution

3’
~ to the impeller problem has been

made , it has been concluded tha t the best and quickest pract icable  approach is
to obtain only a hub—to—shx -oud mean—stream—surface solution whilst  the  condi-
tions obtaining at impeller vane surfaces are calculated only approximately from
a knowledge of the mean—stream—surface velocity vector  and e i ther  angular

- - ~~- . 
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momentum or absolute circulation considerations . The particular program in
use iç~ the lCD? is the matrix throug h—flow program originally ytritten by
Marsh”~ and recently modified for use in centrifugal irnpellers

’
~~. The

modifications , which are relatively crude , are as follows:

1 Redistribution of mean—stream—surface camber angle towards
the radial portion of the impeller in order to simulate the effect
of slip.

2 killowance for simulation of boundary layer blockage
(calcula ted or estimated external to the program ) to be incorporated
on hub , shroud , and vane surfaces; the unblocked flow is isentropic.

3 The ability to cater for intervanes in the calculation of
vane surface flow conditions.

A n an alternative to 2 , which is essentially a crude model of Eckardt ’s
obse rved flow or Dean’s postulated mod el , the blockage can be ignored and the
impeller inefficiencies simulated by a distribution of polytropic eff ic iency.
More refined throughflow impeller calculations attempt to incorporate boundary
layer development within the iterations of the potential flow solution.

The geometric data preparation for this program is fo rmidable but
thanks to the analytic geometry model it has been possible to arrange
automatic data preparation via an appropriate interface program .

The mean—stream—surface and vane surface velocity distributions for a
particular trial impeller geometry can thus be obtained from the matrix
through— flow program. These must then be assessed and , if considered unsuit-
able, appropriate revisions may be rapidly made to the trial impeller geometry
and the aerodynamic analysis repeated. In the absence of an in—built boundary
layer calculation the criteria ~t present used to assess the predicted
velocity distributions are:

1 Minimisation of pressure gradients (for avoidance of two—
dimensionnl boundary la~’er separation).

2 Avoidance of peaks in the distribution of blade—to-blade
pressure difference (in order to minimise secondary flow and
rotational/streamline curvature effects on boundary layer
stabil i ty) .

3 Avoidance of near—zero velocity on pressure surface.

The predicted blade surface relative velocities have been found to be
unreliable upstream of the throat (because of unavoidable discont inuities in
the specified mean—stream—surface geometry at the leading edge ) and near the
t railing edge where , owing to the approximate nature of this part of the
calculation , the aerodynam ic vane loading does not fall to zero. Examples of
the use of these flow predictions in the design of an impeller are discussed
in Section 3.2.

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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1 ,4 Imrelter stress analysis

Th~ thcd of str~ cs analysis chosen to meet requirement 4 is a three—
dimensiQnal f i n i t e  eLemen t  progran~

2 wh i c h  is a m o d i f i e d  ve rsion  of an ori g inal
program~~1 obta ined  frorc Swansea U’~ivernity . As with the aero~~:n acic analysis,
comniex geometr i c  ~ata are requi red , bni ‘-:i~~h tin - use of a fur her “~it~ inter-
face program , also d~- -~nib~ d in Reference 1+2, the tra~u~formation from tne
analytic surface -dencr~ pt i on  becomes re la t ive ly  easy.

!
• 1.5 Impeller m anu f a c t u r i n g proc e - iu r e

The carabi l i ty  for  in-house m anu f a c t u r e  of impellers (requirement 5) was
achieved by tue addition of two cam—controlled rotat ional and tipp ing axes to an
existing 3-axis, non~ r ical1v control~~~d , mi l l ing—machine .  The compl icated
calculation of the numerical  data requ i red  to d e f i n e  the path of the cut t ing tool
is performed by a computer program which once again is able to draw upon the
precise vane description of the impeller geometry.

3.2 Use of the Impeller Computer Design Package for the design
and manufact ure of a research impeller

Prior to tho introduction of the ICDP work had been commenced on the
design and manufacture of a compressor of 6~/i pressure ratio , th is  being a
duty which was considered to be relevant to small engin es for aircraft
application. Other design parameters for this compressor (to be known as
Compressor ‘A’) are as follows:

Specific speed (Balj~ de f in i t i on)  - 68

Rotational speed - 40,000 rev/mm

Mass flow - 1.82 kg/s

~esi~~r. overall stage eif ic i~~ncy —

Design impeller e f f i c i e n c y  -

Ihe - ent characteristics obtained from the final build of Compressor ‘A ’
are shown in Figure 39. An overall isentrop ic efficiency of 79 per cent was
achieved at a pressure ratio of 3~ , falling to 75 per cent at the peak pressure
ratio of 5.9. Good flow margins (choke-to-surge~ were obtained at all rotational
speeds covered o{ the tests. The shortfall in peak pressure ratio at th e design
speed is found to correspond almost exactly to that in efficiency, the assume d
and measured slip factors being in very close agreement. Figure 38 shows the
test characteristics obtained from a test of the impeller  alone , the e f f i c i e n c y
and pressure ratio being measured at a station close to the impeller  ti p. It
will be seen that the impeller e f f i c i e n c y  has been largely responsible for  the
low stage efficiency. Choke flow is uncomfor tably  close to cesign f low.  Fo4-
lowing the completion of the ICDP, the impeller of Compressor ‘A ’ was analysed
with the mod~ fie’~ matrix through-fl ow program. An iLLuminating sample of th e

- - 
results of this ana~ vsis is shown in Figure 59 which presents the variat ion of
b lade- to-bla-~e pressure d~ f feren~ e plot ted  against meridional  arc length  through
the impeller  for both hub and shroud stations. It is clear that hig h vane load-
ings exist in the inducer and these may have caused unn ecessarily early
formation of a suction surface wake.
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The first  impeller to be designed using the ICDP (and known as
Impeller ‘B ’)  was selec ted to have the same design point in every respect as
its predecessor , impeller ‘A ’ , but the vane camber d is t r ibut ion and annu lue
shape were to be designed from the outset with  the guidance of the throug h—
flow analysis. The vane sweepback angle was chosen to be 300 , to give good
stabili ty of uperat ion.  ifig ure 39 compares Impellers ‘A ’  and ‘B ’ in terms
of their meridional view and distribution of the vane camber angle whilst
Figure 40 compares the predicted blade—to—blade aerodynamic loading distribu-
tion for both impellers. It is clear that the loadings of Impeller ‘13 ’ are
much reduced compared with those of Impeller ‘A ’ . These predicted improve-
ments are supported by the experimental observations. The impeller—alone
calibration shows clear improvements over Impeller ‘A’ in terms of both
efficiency and flow margin as is shown from a comparison of Figure 41 with
Figure 38. A stage test is to follow. It is hoped that the apparent
improvement in impeller performance will be maintained in the stage cali-
bration.

4.0 Future research in centrifugal compressors

The centrifugal compressor offers a relatively inexpensive , simple ,
and robust means of obtaining high pressure ratio and good flow range from a
single compression stage in gas turbine engines of up t o abou t 2000 shp ou t-
put. Present stage pressure ratios in current production engines are u ni ted
to about 8 because at higher pressure ra t ios the e f f i c i en cy and surge ma rgin
become unacceptable. In order that  stage pressure ratios may be increased ,
thus offering less dependence upon boosting from LP axial stages and therefore
even greater simplicity and cheapness, means must be found of reducing the
losses which have been the principal subject of this paper. There would be
a natural “spin—off” to the lower pressure ratio duties. It appears that the
most promising paths of research to meet this need should include thc
following :

1 Further experimental investigation of the impeller flow ,

a in high speed , high pressure rat io machines using
fast response instrumentation such as laser anemonetr -L anc
piezo— electric or strain—gauge—type s tat ic  pressure probes ,
the forerunner of which is the wo rk of ~ckardt 12 at DFV Ll~. —

b in low speed impellers whose scale is su f f i c i en t ly
large tha t measurements of boundary layer development may be
made.

2 Development of the impeller flow models for application in
the real impeller environment , with the use of data gained from 1.
The most likely path seems to lie through boundary layer methods
such as Moore ’s9.

3 The design of eff icient  transonic diffusers  (approach Mach
number > 1.2).

4 Efficient diffusers of smaller r-~dial extent (possibly using
boundary layer suction). 
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S Und -~~tardLn 11 of the  e f f e c t s  of unst eady  approach f l ow  on
diffuser r€-covery and surge.

6 ~nd .-r rtan ~~nr of the causes of ntau~e—s ta1l and surge and
further deve]jnr’~nt of means of delay i ng sorg~ (eg labyrintnn ,
slots Pt—) .

7 f~ -- i - ~~ :n ~ is-n~~ nrt cf  di ~~w~i— ~ ~- - --~-e~ — hrnud and h- -~h.

8 The d~ sign of efficient transonic in—i u r-- r s (M3~~~ > 1.3)
including ‘separate inducers ’ or ‘tan1’~m ~ndnr~ rn ’

~nd
( the  a l t e r r n t i v ~- soLu tion to the high  inlet Mach number probiem) .

9 The invro~tigat1on of etac’-e performonce -.-;itb very b . -,
speci~~ic snoed (

~ < 65) and hi; -h pressure rat i o  (P R  >
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No tat ion

d i f fu se r area ratio (Figure 19)

C inlf s~~ pressure r~nnvery coefficient (see text , Section 2.1+)

C
pideal ideal reco very coeff ic ient  (see text , Section 2.5)

H stagnation ezithalpy

-~ diffuser channel centre—line length (Figure 19)

M Mach number

a co—ordinate direction perpendicular to streamline

N 8 specific speed ro tat ional speed vol fl ow~

isen

whe re rotational speed is in rev/mm

vol. flow is in fta/s

~J1. is in ftisen

p static pressure

Pi~ stagnation pressUre ratio

Q mass flow

r radius ( fro m compressor axis)

R radius of curvature of streamline

~~ U blade speed

V absolute velocity

V~11~ tazi~ -~ntia1 velocity def ic i t  due to slip

V1~ impeller relative velocity ratio

~shr

w d i f fuse r throat width

y co—ordinate  directi-o i from blade—to—bl ade  of rectangular char:nel

Z vane nu mber

absolute air angle (relative to meridional d i r ec t ion)

— —--.. - - 
- 

~~~~~~~ — .  _ • .,
— 
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~3 ) vane ~ ~-~-~mr angle 
(relat ive t~ me ridional n~ rect i~Ofl ;

,-vlipdrical co~ordiflate

ciensit’

angul ar ye ’ ci t~

Subscripts

Upstream of prewhi rl vanes

2 
Downstream of prewhirl vanes

3 
Inducer approach

4 
Impeller tip (pre—mixing ) see Figure 2

5 
Impeller tip (post—mixing )

8 Diffuser approach

7 Diffuser exit

shr shroud

hub hub

w tangential component

r radial component

isen isentropiC

~~~ erscript

relative to impell’~r

*2
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