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SUMMARY

The performance of axial flow compressors is known to be affected by
the cholce of aspect ratio (the ratio of blade height to axial chord length),
An analysis of the inviacid, incompressible flow in axlal compressors of
different aspect ratlos is given in this paper, The main analysis is based
on aotuator disc theory, but a comparison 1s made between caloulations based
on this theory and the more recently developed streamline curvature analysis,
This comparison shows close agreement betwsen the caloculations based on the
two theories,

List of Contents

1.  Introduction

2. Analysis
2.1 General
2.2 The design problem
243 The off-design problem
2.3,17 The single-stage compresasor
2.3.1.1 High hu?/tip ratio (0+750)
2.3.1.2 Low hub/tip ratio (0°555)
2,3,2 The two-stage compressor (high hub/tip ratio)
2,3,3 The multi-stage compressor (hlgh hub/gip ratio)
2.4 Numeriocal sclutlons

3. Presentation and Disoussion of Results
3.1 Aspeot ratio effects for stages of hub/tip ratio 0750
3.2 Detalled study of single-ntage performance

L, Conclusions

Notation

References

Appendlicss

I"Reple‘;l,ces A,R,C,28 187,



1, Introduction

The performance of single-atage and multi-atage axial flow compressors
has been chserved to be adversely affected by an increase of aspect ratiec
(blade length to half stage length)., This deterioration in perfarmance appears
to be related to & reduotion in the operating range of individual blade rows
which results in a lower surge pressure ratio in multi-stage compressors.

Such differences in performance of compresscra with different aapsct
ratlos have been known to exist for some time, but the published literature on
this subject 1s limited, Some experiments which show the effect of aspeot
ratio in two-dimensional cascade tests have been reparted!s»?, but these tests
have mainly been carried out at design point incidence and have not been
extended into the stall region., Most of the multi-stage compressor tests on
the effect of aspeot ratio have been obtained by ailrcraft engine companies and
have not been published.

Several suggestions have been madse %o explain this "aspeot ratio"
effeot - differences in the three-dimensional axisymme trle flow, varietions in
the, secondary and tip clearance flows, the differing performance of the blade
rows acting as diffusers of different aspeoct ratlos, It has even been
suggested that the effect is a simple Reynolds number one, since compressor
tests with low aspect ratio are usually made at the same blade speed and blade
helght, but larger chord?, However 1t appears that differences in performance
exXist even when the Reynolds number 1s maintained oconstant as the aspeot ratioe
1s changed, No firm conclusion on lhe dominant effect has yet been drawn,

In this paper an attempt is made to investigate the first of the
effects listed above - the change in the three-dimensional axdsymmetric flows
with variation of aspect ratio, using actuator-disc theory. In the course of
the investlgation, caloulations based on actuator-diso theary have been
compared with calculations based on "streamline ourvature" analysis, first
suggested by Smith, Traugott and Wislicenus® and developed by the research
establishments and the engine companies (L, H, Smith, General Electric,

W. Stubner, Pratt and Whitney, J, Ringrose, National Gas Turbine Establishment,
R. Hetherington, Rolls Royce Ltd,)., A programme developed at Rolls Royce by
Hetherington and Silvester was used in the oomparison glven in this paper,

Three different examples were calculated ~ a single-stage compressor
(high and low hub/tip ratlo), a two-stage ocompressor end a multi-stage
compressor (both with high hub/tip ratio). The aspect raetio was varied in
sach of these three examples, but the blade design (of the "exponential" type)
was similar,

2e Analysis

2,4 General - The actuator—disc analysis is developed here for single-,
two- and multi-stage compressors, excluding all losses due to annulus wall
boundary layers and associated secondary flows, The problem is reduced to one
of three-dimensional axlsymmetric, Incompressible, inviscld flow, The
limitations of this approach are recognised, but since 1t is known that
"aspeot-ratio" effeots occur in compressors in which there are relatlvely small
changes in annulus area, it 1s cansidered that the present simplified approach,
of studying the three-dimensional axisymmetric effeots alone in an annulus wilth
oylindrical walls, 1s Justifled,

Solution/
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Solution of the flow equations, at and off design, involves setting
up differential equationa for the axial velocity that would exist far
downstream of each blade row, if radial equilibrium were attained.
Essentially, the tangentlal vorticity, the radial gradient of this "infinity"
velocity distribution, is obtained.

The differential equation is obtained from the Bragg-Hawthornae
expression

dh 1 640
—_— = —-(T]I"I"—""'—) . 00‘(1)
ay r? ay '

If 1t is supposed that radial displacements are small, that the flow
deviates but little from a free vortex and that the gradients in stagnation
pressure are also small then the tangential vortiocity remains unchanged at a

given radius downstream of the ith disc (see Ref. 5). Hence

xi
Mgy = Mg = Mg = — eee(2)

where 01, le, 1 refeor to locations immediately downstream of the diaso, at the
tralling edge, and at the lmaginary "far downstream” location respectively.

The tangential veloeity ls controllsd at the trailing edge and also
remains unchanged at a glven radius between the disoas.

Coot = Co1o ™ Cos-

For the design problem Ce 1s speclified, and in this case for
"exponentlal™ blading,

b
c = B 4+ — downstiream of rotar
0ls R
ees(3)
b
ce(i+1)e = A - E dovwnstream of‘stator

~

where a and b are constants,

For the off-design case, «

v

ie and ﬁ(i+1)e are specified mo that

c = U= Bt&n ﬁie downstream of rotoer

0le xi o)

d of stator,
Co(as4)e = Cx(1+1)e™®® %(141)e ovmstroam of sta

In the solution of both design and off-design problems, the
Bragg-Hawtharne equation (1) is linearised by writing dy = C_,r dr,

Substitution/
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Substitution of (2) and (3) or (2) and (4) into (1) then gives the
differential equaticn for cxi’

c dﬂxi + Ceie d(rcaie) - dhoie

dr r dr dr

. vos(5)

2,2 The design problem

For the design problem, in which there are no gradients of
stagnation enthalpy, equal work being done at all radii, the equation four
axlal velocity becomes

a ,c? (a i
___<.__3__C_> ] ..l(6)
dr 2 r

The "infinity" axial veloclities are then obtalned analytically

(see Ref, 6) and the trailing-edge veloeity distribution from interference
equations of the form

x X

. -0 - - C - G - -
R A = S - 1 T W ZU (e =~ NG =Y PR ¢ eee(7)
xle xi 5 2

allowing for interference sffects fram adjacent discs only. (It is showmn in
Ref, 7 that if the first root only of the actuator disc equations for the
perturbation in axial velocity is being taken, then it is Justifiable to
consider interference effects from adjacent rows only.)

The design angles are then deduced from

tan a = for a stator
\ cxie
...(B)
U - (a + %)
tan f§ = ——m—m for a rotor,
Cxie

This method of design was used for the single~stage and the
two-stage compressors (both with hub/tip ratio = 0+750), For the multi-stage

design (U,s,F.) the 1h rotor exit air angle was as that for the second-stage

rotor, and the 1% gtator exit air angle was as that for the first-stage
stator,

T+ was assumed that the angle distributions with radius were
unchanged "off-design", at all flow goofficienta. These distributions are
glven in Appendix k4.

2.3/



243 The off-desiegn problem

For the off-design case equation (5) has to be solved directly at

the traliling edge of a stationary row, say the ith row, *The tangential
componentas of the velooity “Ce" are given by equation (4), with the flow

angles now known from the design calculations of Section 2,2,
Again the axial veloeity 1s glven by an equation such as (7), or,
Gie = %0 A0 Y30 ees(9)
where a, B, y are constants and 1 = 1, 2, 3 wes..

Three cases are considered below, a single-stage, a two-stage and a
multi-stage machine,

2+3s1 The single-stage compressaor

2.3.1.1 High hub/tip ratio (0+750)

The first example considered is that of a single-stage axlal flow
compressor - an inlet gulde vane row followed by a rotor row followed by a
stator row - of hub/tip ratio 0+750,

Each row of blades is replaced by an actuatar dlsc placed at
mid-chord of the blades, and the tangential velocity 1s controlled at a
trailing-edge location midway between the actuator dises, 1,e., 1t 1s assumed
that the blaede rows have the same axial chord and the axlal clearance 1s zero.

For the three rows the three equations to be solved become:

for the gulde vane

o dcx1 N (aicxo * ﬁLCxi * Yicxg) tan «
X1 ar . 1e
d — — —
- (r(aicxo + ﬁicxi + yicxg)tan a1e) = 0 e (10)
for the rotor
. ac, \ v - (ﬁaCxi * Y0, + E;Cxa)tan'ﬁZe]
s ar r
E; {r[u - (ﬁ20x1 + Yﬂcxh + S;st)tan ﬁze]} =

d — —
Er— (U - (ﬁacxi + Yo ng + Eacxa)tan Bog

- (;103:0 + Eicx:. + ?1Cx2)tan a1e] 000(11)

for/



for the atator

dc (y.c. +5.¢_) d
¢ X3 '8 Xg 8 "Xg s -
X o + . ton oy = [r('yscxz * ESCXQ)tan a}e]
d _ -
b (v - (ﬂgcx1 + ¥aly + E;cxa)tan Bog - (micx0 + B0+ 7,0, ) ten a 1o
(12
In non~dimensional f'orm these eguations beocome
a.nvi +9,12V2+D1 2 0
321V; +a V +a V +D = 0 eeo{13)
a V +a V +2 V +D = 0
31 1 32 2 33 8 a3
where
d c
vV = _<_ﬂ>
* dR \ C
Xo
d c
v ()
2 dr \ C
Xo
d C
v = —(-—&x )
® ar \ C
x
: _r
and aij’ Di are functions of non-dimensional radius R = ;; ’ Cxi’
d
£, = tan(aorﬁ)ie, F, = ai(fi) and aspect ratio A.R,

A canplete statement of the equations 1s given in Appendix 1,

2,3,1.2 Low hub/tip ratio (0555}

The problem of a low hub/tip ratio single-stage axial flow
compressor was also considered. Solutions of the equations were ocarried
out in a simllar fashion to that in the previous section. Flow sngles at
exit from & row were obtained from the design of the high hub/tip ratio
stage by means of extrapolation,

2.3.2 The two-stage compressor

The next example considered is that of a two-stage, flve row
ocompressor-inlet gulde vanes, first rotor, first stator, second rotor, second
stator, Again all rows are replaced by actuator discs located at mid-chord
of the blades and interference effeots due to adjacent discs only are
considered, Five equations are derived for the "infinity" distributions of

axial veloocity, /
The
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The general form of these equations 1s

aE1V; + a.iaV2 + D1 = 0

a V +a V +a V +D = 0

24 4 23 2 23 a 3

ahiv; + aaava + abavs + ab4V; + D3 = 0 veo(14)
a V +a V +a V +a8 V +D = 0
42 3 43 8 44 4 48 8 4

a8 V +a V +a8 V +48 V +D Q.
52 2 83 8 54 4 65 B B

A complete statement of these equations is glven in Appendix 2,

2.3.3 The multi-stage compressor (ultimate steady flow)

Finally, actustor-disc theary is applied to obtain the flow through
a stage in a multi-stage machine in which the stage is deeply embedded, i.e.,
there are many simllar stages both upstrsam and downstream, In the
actuator-disc analysis this stage is replaced by two actuator dises, and the
flow entering the stage 1s identical to that leaving the stage.

The squation for the axial valoclity that would exist in radial
equilibrium upstream of the rotor dise is

dcxs cese d dhos
st-—-.}.———-—(rcese) = . coo(15)
dr r dr dr

The equation for the equilibrium axial velovity that would exist
downatream of the rotor disc is

dC c d dh
xR 6Re —_— (I‘ CBRQ) = R . 000(16)
dr r dr dr '

Downstream of the stator disc and upstream of the rotor diso of the
next stage

Trs , Cos0 T ) - ) (17)
¢ + N = —— (h + AW esel17
*8 g r dr Ose ar 9

since the velooity distributions are the same at entry to and exlt from the stage

and hdR = hos + AW,

From (15) end (17)

bl (aw) 0. ees(18)

I

But/



But
= e - G,
then
d da
—(rcC, ) = —(rcC,,) ..(19)
ar ;LT ar 6 Re .
or a a
E; (ersatan ua) = ;;-(U - sttan pe)
and
r(Cope = Ogge) = TU = Cppgtem gy = C.  ten a )
= GConstant, ...(20)
From equation {15) and (16)
dac c d d C d
Qe ORe
¢ 8 4 . — (rC,. ) = C, —C._ + — {rC., ), vee(21)
X8 an r ar Qae xR ar xR r dr 6Re
From equation (419) and (21)
' 80, Cop Core = Cose ) ¢
dr dr r dr
] ( U - chetan ‘Be - statanae) i wc. )
r ar GETS

Equations (19) and (22) now form the required two differential

squations for the unknosms C <R and st. They ere re-wriiten in a

non-dimensionsl form in Appendix 1c,

2.4 Numsariecal solution

This seotion ocutlines the general method of solution that has been
adopted throughout. Each of the three ceses consldered in the previcus
seotions ylelded & set of simultansous linear first-ordsr differential
equationa,

The Runge-Futta nmumerical technique for the integration of a set
of first-order differentiasl equatlons was chosen,

The/
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The equations to be solved must be written in the farm

d qx Cx Cxg Cx
.....(—-1-) = g(R,———-—’l,—-—-, eee —2 , other factors)
dr c 1 C H C

X0 X0 X0 Xo
d cxn cx ,

i

-—(——-) = g:!(R’ Ty ewew y " " ) '..(23)
dr c c

Xo Xo

C
() e (n )
—_— = = 8 3 Ty ees ’
dr C 3 Y

X0 Xo

where other factors include such quantities as ¢, £, F, ¢, f, ¥y and K,
n represents the number of rows in the machine,

Numerical solutions of these equations requires an initial assumption
of the values of the dependent variambles at some radial station Ro (usually

the geametric mean section), and a knowledge of the values of the fluld angles
at exit fram each blade row as a functlon of radius. These are known from the
earlier design anslysis, and are assumed to remain unchanged with flow
coefficient, With the blading design chosen and the dimensions of the

machine fixed, the values of the constants (K, &, B, ¥) are known,

As a first approximation, values of unity for the dependent variables
are assumed at radial station (Ro)' When this and the values of exit fluid

angles and other oconstants corresponding to the radial station are substituted
into the set of equation (23), sach of the equations will yleld new values of
c C c
x x x;
E—i ’ E_E y o8 E;E at Ro + AR. This process is contimed and new values of
X0 X0 Xo '
c C

x X
== e E—E are then ocaleculated at Ro + 2AR  and Ro + 3AR and so on until
the outer diameter 1s reached, Similarly for the inner diameter,

The final axial veloocity profile behind each row of blades 1s thus
produced, A check on the initial values that were assigned to the dependent
variables is contalned in the continuity ocondition whioh must be satisfied at
the trailing edge of each row, Thus at any flow coefflclient (¢ ), the masas
flow at entry to the stage 1s

1 - R;
¥ = K( ) where K, = thpr”c
: 2

and should be equal to the mass flow behind the nth row,



1 - R + 0y
i = A and the Integral E—ERQR = Xn (n = 1, 2’ 3 -oo)

2 o’
R, O
CXi ’
then a new initisl velue of 6—— at thoe mean ssotion 1s taken as

Xo
C A

( ﬁ) ond - 2
c
x, | 8PPTOX. 7\1

whilst the initlal values of the profiles that satisfied contimity will remain
as they were for the flrst appraximation,

With new initial values, the whole caloulation is carried out again,
and the profiles obtained re-~checked for contimuity, This process, for the
cases investigated, was found to be rapidly convergent and only two
approximations were necessary.

By speoifylng the space chord ratlio at all radii in the design
Eaee Appendix L) it was possible to obtaln the nominal values of deflesction
€*) and inlet-air angle (a* or B*) for each blade section, Fram the
off~-design caloulations, it was possible to calculate the inlet angle
(¢ or B) to each row at the inter-blade locatlons and the corresponding
values of (L - 1*) = (a = a*) or (8 - B¥). The off-design performance

Y
oould then be plotted on the Howell chart of (&/e¥) against -(iﬂli—l for

€
the local blade seotion,

The computer program devised for the numerical solutlon of the set
of differentisl equations thus has the special feature of predicting the
design and off-deslgn performance of the compressor stage over a wlde range
of flows up to stall and for different aspect ratios, by the mere changs of
value of two quantities, namely, aspect ratio and flow coefflcient,

The solution for the single stage was checked against streamline
ocurvature caelculations of the performance provided by Rolls Royoe Ltd,~.

3. Preosentation and Discussion of Results

The caloulations are presented In the following way:~
A = Single-stage compressor,
B - Two-stage ocompressar.

C - Multi-stage compressar (ultimate steady flow),
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In the main body of calculation (Section 3.1) & comparison betwesn
the performance of compressors of different aspeot ratios (AR = 1, 2, 3) but

of constant high hub/tip ratio (0+750) is given for each of the three example s
A, B, C.

These comparlsons are shown on two main plots:-

(1) (Trailing-edge axial velocity)/blade speed vs,
non~dimensional radius, at exit fram inlet gulde vanes, rotar

and stator, for two flow coeffioclents (0+662 - higher than design,
0*475 - off design),

(11) {(Incidence - nominal incidence)/nominal defleotion va.
(defleotion/nominel deflection), (Howell's curve), for rotor
and stator, at root, mean and tip diameters, and for three
flow coefficients (0+662, 04527 - at design, 0+475).

A more detalled study 1s then made {in Section 3,2) of example A,
the single stage:-

(a) The ocalculated performance of the high hub/tip ratio stage is
compared with caloulations based on streamline curvature
analysis,

(b) Actuator-disc calculations are given for a lower hub/tip ratio
&
stage (0¢555) and for a wider range of aspect ratios
(AR 1, 2, 3, 4, 5). :

3.1 Aspect-ratio effects for stages of hub/tip ratio 0+750

A - Single-Staprs Compressor

The "off-design" axial velocity profiles at the trailing edge of the
blade rows show noticeable differences for the three aspeot ratios (Fig, L),
The atator blade row receives the flow at Incidences that differ with the
aspeot ratio (Fig, 5B). The first stall in the stage appears at the statar
tip, occurring earlier for AR = 1 than far AR = 3. This later stator
root stall for AR = 3 1s achieved at the sxpense of an earller rotar tip
stall (Fig. 5A) although rotor root stall, occurring first, appears little
affaected by ochange of aspect ratlo,

The difference in axial velocity profile at the trailing edge of the
stator for the three aspect ratios suggests that the performance of followling
blade rows would be affected substantially,

B - Two-Stage Compressor

The axlal velooity profiles at the trailing-edge locations of the
two-stage compressor are shown in Fig, 6. The operating polnts on the Howell
ourve for each blade row (Fig. 7) show substantial aspect-ratio effects,

Stall in the two-stage machine appears to ocour
(1) for low aspeot ratio, at the first-stage statar tip,

(41) for high aspeot ratlo, simultaneously at second statar root and
all along the first stator,

There/
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There are two other Interesting features of the calculations:

(a) The caleculations for the two-stage compressor show a definite
trend for the pattern of axial veloclty at blade row trailing
edges to repeat in the second stage,

(b) The presence of a second stage hastens the stall of the first-stage
stator and magnifies differences between the performance of
compressors of different aspect ratiocs.

C - Multi-Stage Compressor

The "ultimate steady flow" analysis developed for the multi-stage
canpressor strictly applies only to deeply embedded stages of identical
geometry, through which the flow patterm repeats, However the solutions
obtained (Figs, 8 and 9) are similar to those for the second stage of the
two-stage design, Thils suggests that the ™ultimate steady flow" profiles
are sstablished after the stator of the first stage,

These "ultimate steady flow" profiles are different for different
aspgct-ratio blades. Again 1t appears that for the low-aspect-ratio machins,
rotor tlp stall is delayed at the expense of early stator tip stall,

3.2 Detalled study of single~stage performanca‘

(i) Predictions of the axial velocitles at the tralling edges of blade
rows, based on actuator-dlsc and streamllne ourvature calculations, have been
compared for the three aspect ratios, The maximum difference between these
velocities is some 1% , and to all intents and purposes the two analyses give
identical results,

(11) For a lower hub/tip ratio (0+555), calculations were made of
single-stage performance, using a wider range of aspect ratios
(AR = 1, 2, 3, 4, 5). These results are presented in Fig. 10,

These results show the larger aspect~ratio effleots expected in a
low hub/tip ratio machine, but it 1s significant that the greatest differsnces
in velocity profiles occur between A R = 1 and 2, and that the differences
diminish with lincreasing aspect ratio,

L, Conclusions

An sctuator-disc analysis for predioting the performance aof
single~, two- and multi-stage axial-flow compressors of varying aspeot ratlo
1s described, Calculations based on this analysis have been compared with
streamline curvature calculations, The comparison shows excellent agreement
between the two sets of calculations,

Results of these theoretical investigations confirm the existence of
differences, small but signifilcent, between the performance of machines of
different aspect ratios. They suggest that in single-stage, two-stage and
milti-stage machines of low aspect ratio, local stall first occurs at the
stator tip, For higher aspect ratios, a complete stator stall (root to tip),
usually occurs, although in the two-stage machine there is a tendency towards

stall/
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stall of the second astator root, In genersl rotor stall follows statar
stall, with 1little difference between aspect ratio, at the hub and mean
regions of the blade., The rotor tip tends to stall earlier when the |
aspeot ratio 1s high, These results suggest severse stator stall and early
rotor tip atall in high-aspect-ratio machines and appear to be consistent
with the experimental results that show the range of performance of
high-aspect-ratio machines is narrower than that for low aspect ratio,

These general conclusions are emphasised in the calculations of
performance of the low hub/tip ratio compressor stage.

An extension of the analysis 1s at present being carrled out,
introdueing losses into the flow equations, Detallsd experimental travarses
on a single-stage axial-flow compressor (AR = 1 and 2) are planned in the
near future.

Notation
r, 0, x oylindricael co-ordinates (Fig, 1)

Cr velocity in direotion »

velooity in direction @

]
Cx veloclity in direction =x
R = %L non-dimensional radius (= radius/tip radius)
t
a fluid angle at entry or exit from a stator row (absolute)

(Fig., 2

g f%uid angle at entry or exit from a rotor row (relative)
Fig, 2

U = 0Or  blede speed (1, angular velocity; r, radius)

h stagnation enthalpy

¥ stream function

¢  flow coefficient (= Cro / Um)

AR  aspeot ratio (= blade helght/axial chord length)
K  constent (= tip radius/mean radius)

v non~-dimensional gradient of axial velocity in r direction
f tangent of air engle at exit from a blade row

F = df/dR

AW work done on the fluid by the moving blade row
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mass flow of the air

mean density of the alr

Interference coefficients

distance fram actuator dise (alwsys positive)
blade helght

vortiolty component in tangential dlirection
r.CB

Subsoripts (see Fig, 3)

o

1’2! 3’1&!5

o1, 02, 03, 04, 05
1e, 2e, 30, he, 56
S, R

03, OR

Se, Re

t,m, h

entry conditions

radial equilibrium conditions (that would be attained
far downstream of a blade row)

posltions of the motustor discs replacing blads rows
positions of the tralling edges of blade rowa

radial equilibrium conditions (ocase af ultimate steady flow)
positions of the amotuator disos (case of ultimate steady flow)
positions of the trailing edges (case of ultimate steady flow)

tip, mean, hub

Apgendicea/
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Agpendioaa
{1 - The Single-Stage Compressor

Equations (10), (11) and (12) may be expressed non~dimensionally
by dividing sach of these equati ona thrcugh by Gx tha inlet axial velocity,

o

and replacing r, the radius, by ‘R(= o ), the non-dimensional radius,
t

After some rearrangement, the equatlons becomei-

for the gulds vans,

d c Cx Gx - d C C _
drR \ C G C dR \ C c
X0 Xo Xo .Xo

for the rotor,

(e e D) [ () 2 e T

Zo Xo
da ¥ C c 2 f
*[—( ’“)] s, (22) 4 (%)
drR \ ¢ c 23 c 2\ ? =r
Xo Xo Xo

C
(? + —-) - 2 - 123 f = 0
s xS

for the stator,

a Iy KR KR d c c KR KR
l:--(—’iiﬂ{ — 5, +~—-f§]{———(£>][ X3 g2y +_f,g+_f;1]
dR c & I ¢ 174 ar ¢ ¢ 3 ¢ ¢ i

Xo o Xo
d G C Gx KR
+|:—-(—h)][-’fi+ 3o f:'53+—f='52]
&R\ ¢ c. G ¢
Xo X0

Xo
c 2 f Kr C i
(B D) T D)
CXo R ¢ Xo
KR C K*R
+ — xle (?1 4 — =2 — = 0
2
¢ Cyy R ¢

where K = r%/fu , ¢ = Qxdﬂﬁn° 2 - The Two-Stage Compressor/
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2 - The Two-Stage Compressor

Equations similar to those for the single-stage compressor are formed
for the inlet gulde vanes, first rotor, first stator, second rotor, second
stator. Expressed non-dimensionelly and with some rearrangement, the
aquations become:~ '

for the guide vane,

a Cx Cx G a x, C
[ 2 ean) g2
dR Cxo C.xo Gxo aR cxo C

Xq

(o]

+
TN
Lop ]
Ky
[e]
~—
/)'{t;\
W
+
w |
B
o

for the first rotor,
&, C _ RK_ a ,C_ Ce, © - K _
G R U REIC) Enatiai it
ar \ € c. T ¢ 7 dr \ C C C ¢ !
Xg Xq Xo ()
a,c c c a £ C. RK £
{_._(_za)]{_&af:ga] +(_sz) fg@ . _’,)*_’m_@ R _1,)
dr cxo c;“Eo cx0 R Cxo ¢ R

K
_2_3529_{2_ = O

¢ ¢

X0

for the first atator,
a_,C RK RK d ,C_\cC _ kK _ K _
(@) an gl L) g ohe oo
dR Cxo ¢ ¢ Xo Xo ¢
d ,C C ¢ RK - C C, B
. ‘: — ( _aa_)]{_%_ o 232 25 4 — faga} o — g&.)][__a fzm,}
C
dR cxo Cxo cxo ¢ - & cxo Xo
C ? Ty RK C £, RK C £,
(B 2) T ) TS
C R ¢ G R ¢ Co

o

for/
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for the second rotar,

i, RK a,c c RK
Lo T el e 5 o8
Xo ¢ R X cx ¢

(o] L ¢]
d ,C ¢ c RK d C C
Ll e i) o[ g ()] 2om]
c c
Xo Xo Xo ¢ ) dr CxO Cxo
C 2 £ C__ =K fa c K
,,(_&g)f‘(];‘+_4_>+_==1_e._<1?,+_)_2ﬂwf4__ = 0
c
o R cxo ¢ R cxo ¢

for the second stator,

c c

(R e [ () e )

thJc C _ K RK
+[: — ( ):]{ X5e fo +—Ffw +—fw
ar \ ¢ c us¢44 qb’s
Xg x

0

4 ., c RK RK
+l:—(—£ﬁ):[-f—'-+-—-23x Py +—f£¥ +—f$]
dR c C c 8 & ¢ 4 4 ¢ I |
Xo 0 0

G 2 f RK C f RK C f
+(——i-x° fs(F +-—-'—->+—-ﬂii’(1? + - +——519-(FB+—a)
cxo Xo

3 —= The Multi-Stage Coampressor

The two differential equations in their final non-dimensional form are:

BEquation {22)

a,c c KR c c
[_<f§>i|[ﬂ+pfg__pf:_xlﬁ+qfi_.§2]
ar \ ¢ ¢ ¢ ¢ c
0 Xgo Xo X0
d H c R C
+[-—-—<—ﬂ)][--—x5+qxfa——qﬁ Re , pr? xs"]
dr GO Cxo ¢ ¢ Cxo
K f C RK c c c f c
- (__iﬁxz_-m TRe _ FRe p | . _*Se 1[121? Se , ¢ ’%}
2 F i
$ R C ) Ceo O J ¢ , R Cro e

Equation (19)/




-18 -

Equation (19)

S [ 2o e

RK C
= 2—- 0 pr 4+ £ ]- 58 [rF 47 ]
¢ Cxo cxo
vwhere
fi = t&nae, fa = ta.nﬁs
d d r'l:
F, = —1¢,, F, = —f,, K o —
Tm
and c ¢
C = + P
XSg x5 xR
c QC + PC
XRa = X3
where x
P = @ ’ Q = 1~P,

4 - Mr Angles at Exit from the Blade Rows - The design values are

presented as functions of redius (R) and space-chard (S/C), These values ars
also used off design in the high hub/tip ratio calculations.

Ay angle at exit from:

R s/C I.G,V. Rotor 1 Stator 1 Rotor 2 Stator 2
0750 0754 25+6° 1241° 20 9° 12+0° 2529
0+800 0+80k. 27+4° 190 3° 27+0° 19+2° 27+2°
0¢850 0+854 29+2° 26+4° 29+0° 26+4° 29e4°
0900 0+ 904 30.9° 33.3° 3.0° 33+3° 3049°
04950 04955 32.5° 39-8° 33+1° 39+9° 32+8°
1+000 14005 34.2° L5-9° 35+2° L6+ 0° 3he7°

These values were extrapolated for the low hub/tip ratio stage.
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