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ABSTRACT

An analytical investigation was undertaken to determine the appli-
cability of a two-dimensional linearized flow theory to axial compressors
with severe asymmetric distortions in the approach flow.

Using the assumption of zero axial gap between blade rows, the sim-
plified theory was applied to three compressor configurations: an ex-
panded single stage, a normal single stage and a three-stage configura-
tion. The three-stage configuration was analyzed for two values of the
mean flow coeffiecient and}at two radial pesitions.

The simplified theory was not adequate for describing experimentally
determined total pressure profiles in an expanded single stage éubjected -
to strong asymmetric inlet flows. The theory gave good agreement with
experimental data for a normasl single stage subjected to small asymmetric
inlet disturbances. Appliecation of the simplified theory to a three-
stage compressor with severe peripheral distortions in the inlet flow
showed that good agreement could be obtained between theoretical and ex-
perimental total pressure profiles. However, the loss coefficient re-
guired to attain this agreement resulited in theoretical predictions for
other flow functions which were in error by as much aSVSO per cent at
the circumferential position corresponding to maximum flow distortion.

The present theory is capable of providing fair qualitative agree-
ment between theory and experiment for axial compressors with severe
asymmetric inlet flow distortions. However, this simplified théory does
not simulate the flow processes in such compressors accurately enough to

provide good guantitative agreement.
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I. INTRODUCTION

Performance analysis of axial flow compressors with severely dis-
torted inlet flows is particularly important in the design of turbojet
and turbofan engines. The axial eomprésser in a turbojet or turbofan
engine may be subjected to entrance flow distortions caused by flow sepa-
ration in the diffuser inlet during certain aerial maneuvers or by irre-
gular ducting on the aircraft which may be necessitated by independent
design criteria. It is important, therefore, to have the capability of
quantitatively predicting compressor performance under these abnormal
conditions.

Compressor inlet flow distortions can be di#ided into two general
types. The distortion may be considered to be axially symmetric and
vary in the radial direction only, or it may be considered to extend

.over a certain segment of the compressor circumference and have no vari-
ation in the radial direction. The latter occurs more commonly in air-
eraft applications and is the type of distortion which is the subject of
this investigation.

An experimental investigation of axial compressors with small asym-
metric inlet disturbances has been conducted, and a two-dimensional
linearized flow theory has been developed to describe this type of flow.
A detailed discussion of these experiments and the adequacy of the sim-
plified theory has been published by Rdbért Katz (1). It was found that
the simplified theory correctly described the flow processes which were
experimentally determined for small inlet disturbances.

More recently, experiménts were performed to détermine axial com-

pressor performance with strong peripheral distortions in the approach

flow (2). These experiments were conducted by William H. Heiser, using
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the same compressor employed in the earlier group of experiments reported
in reference 1. As would be expected, a comparison of the experiments
using small inlet distortions with those using strong inlet distortions
revealed some changes in the flow process. Qualitatively, however, these
differences did ﬁot seem to be of a gross nature. Similar circumferen-
tial displacement of the disturbed region downstream of the various blade
rows and attenuation of the inlet disturbance through the three compres-
sor stages were evident in both groups of experiments.

The possibility exists, therefore, that the simplified flow theory
might be adegquate to qualitatively describe compressor flows with étrong
peripheral disturbances. An estimate of the degree of accuracy obtain-
able with the simplified theory would give some indication as to the na-
ture of the analytieal refinements required to more accurately describe
compressor flow with strong inlet distortions. The purpese of the pres-
ent research is to establish the applicability of the linearized flow
theory'wheh strong flow distortions are present.

For completeness, a brief discussion of the two-dimensional linearz;
ized flow theory will be presented. Three separate compressor configura-
tions are considered: an expanded single stage configuration, a normal
single stage configuration and a three-stage configuratién. In each
case, certain flow parameters are calculated, using the simplified flow
theory, and compared with the available experimental data. The test
data for the expanded single stage and the three-stage configurations-
were obtained for strongly distorted inlet flows. The experimental data
for the normal single stage configuration was obtained for an inlet flow

with a small peripheralldistortion.
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II. THEORETICAL ANALYSIS OF COMPRESSOR
WITH ASYMMETRIC INLET DISTURBANCE

2.1 Theoretical Model

The theory will be developed by considering a two-dimensional, iso-
lated cascade located at the origin of the x' axis and extending from -mr
to nr along the y' axis. The flow field is confined to the infinite
strip of width 2mr, (figure 1). This two-dimensional flow field approxi-
mates the flow through an isolated cascade in a cylindrical duct of very
high hub to tip ratio amd infinite length. The X' coordinate is along
the axis of the duct and the y' coordinate designates the circumferential
direction. The asymmetric inlet distortion is assumed to be a small dis-
turbance superimposed upon the known mean flow. The flow is assumed to
be incompressible and inviscid.

2.2 Basiec Equations

With these assumptions, the basic eguations describing the flow are

dm!t |, dv!
sx7 Ty = O (1)
- du ¥
BT I (2)
g v v 2 p!
u ax'+'v83y'" 3y' p (3)

The velocity and pressure terms may be written as

ut = + u ()4”)
vi=V+y (5)
p'=P+0p (6)

vhere U, V and P are the mean components of u', v' and p' and u, v and p
are the perturbation components. Thevquantities U, Vand P define the

known meanbflow and have constant values upstream and downstream of the

blade row. The variable quentities u, v and p define the perturbation
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to the mean flow and have zero average values.
Substituting equations 4, 5 and 6 into equations 1, 2 and 3, linear-
izing the resultant equations and rearranging the terms, it can be showm

that the followling expressions result:

sZr Wy - W) =52 (1
5o (Uv = W) = - 2 B (8)
U2y S lP-+Uu+Vv=’=O (9)
ox! oyt
'Introducing the definitions
@=Uv - W (10)
=R
P2 (a1)
H=§+Uu+Vv (12)
= X
x =3 (13)
A
y =% (%)
equations 7, 8 and 9 can be written
20 _ of | .
20 _ _of
ox oy (16)
2.velu.,
Uax”*Vay)ﬁ"o (17)

The quantity H is proportional to the perturbation total pressure, (P is
proportional to the perturbation static pressure and O is proportional
to the perturbed flow angle. It will be noted that equations 15 and 16
are the Couchy-Riemann conditions. Therefore, P ana O are éon,jugate

harmonic functions snd must satisfy the two-dimensional Laplace equation.



2.3 General Solution

Equations 15, 16 and 17 describe the flow upstream and downstream
of the cascade. The cascade, at the 6rigin of the x' axis, divides the
flow into two regions of different mean flows. Let subscript 1 refer to
conditions upstream of tfle cagcade and subscript 2 to conditions down-

stream of the cascade. The boundary conditions are

Lin P, (x,y) = Lim @l (x,y) =0 (18)
b - . K= = 0
Lmﬁ’E (x,y) = Lim @2 (x,5) =0 (19)
K= 00 X —» 0 )
£ (xy) = £ (x,y + 2n) (20)

In the comstruction of the general solutions for H, P and ®, it is
assumed that Hl is known and that it can be represented by a Fourier

series. Therefore, assume that Hl is given by

<
= &, cOos n
),

V. V'
1 1
y--xU——-)+bln sinn(y-—xU——

(21)

=
: V.
It can be determined that H is a funection of y - x ﬁ—ll from equation 17.

A solution for @l which satisfies the Laplace equation and the boundary

condition is

[+
. nx
= v .
@l E (c:L cos my + d; sin ny)e (22)
n n
n=1
Having assumed a form of solution for @) 1’ it then follows from the

Couchy Riemann conditions that

i@l =Z (dln cos ny - eln sin ny)e™ . (23)

n=L
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Similarly the functions downstream of the cascade are

(<]

V2 V2
He = a, cos n(y - X ﬁ—) + b2 sin n(y - X ﬁ") (ok)
n , n
n=l
[+ ]
@2 =Z (c2 cos ny + d, sin ny)e ¥ . (25)
n n
n=
o0
P = (-4, cosny + ec. sinny)e = (26)
2 2 2 .
n n
n=

Equations 21 through 26 are the general solutions for the functions Hl,
@1,0)1', HQ, @2 and 632.

2.4 Matching Conditions

Having constructed the gemeral form of the solution for the fumc-
tions upstream and downstream of the bladé row, it 1is necessary to con-

struct a set of matching conditions across the blade row in order to re-

late the downstream functions to the upstream functions.

2.4.1 Rotor Blade Row

Three matching conditions across the blade row can be established
by making use of the comtinuity eguation, a relation for the downstream
flow angle in terms of the upstream flow angle and the Bernoulli equation.
The ecomtimuity equation requires that

w, (0,¥) = u, (0,5) (27)

It will be assumed that the dowmstream flow angle is known as a
function of the upstream angle from cascade tests. Then a curve such as

the one shown in figure 3 would be available and the slope of this curve,
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Br, could be established at the mean operating point. Then, for small

perturbations
AB, = 5 OB (28)

The Bernoulli equation for the flow through a rotor is

N SR Y- BRI U )2
P1+§p["1 * (v ‘“r)]‘P2+§p[“2 * (vp ‘“r)]

+2ow? L (tanp) B (29)

The Lr is a loss coefficient referred to the upstream axial velocity and
is a function of the tangent of the relative inlet angle. For the pur-
poses of this investigation, a linear loss representation, shown sche-
matically in figure %, was used. The loss coefficient at the perturbed

operating point can then be approximated by the expression

- ‘ 24 1 :
L, [tan (B, + ABl)] =L, [tan *81] + 4B sec” BL! [tan 61:, (30)
where Lr [tan Bl] is the loss coefficient at the mean operating point

and L; [tam,el] is the slope of the curve at the mean operating point.

The Bernoulli equation for the mean flow is

[U2 + (v, - cnr)e]

M_AI—-‘

1

N

p +3'-p[u2+(vl-mr)2]=P2+

+2p UL (31)

Substituting equations 4, 5, 6, and 30 into equation 29 and subtracting
equation 31 from the result, yields the Bernoulli equation for the per-

turbed flow
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2

- 4 T - - = - :
Uul + (v wr) v + Uu; + (V2 wr) v, + UL Uy

LI
+ U° gec® B % 4B (32)

which is the third matching condition. The three matching conditions
can be written in terms of the variables H, (P and @ as follows:
2

2
cos @ cos @
1 1
By + (cos 92) tan 0, @ + | — @2)6)1 - ‘tan 9, @2'032
cos Ql
= (cos e ) H1 (33)
2
cose B8 c052 e, tam © cos2 B
1, 1 1], _g 1
r 2 2 1
cos 52 ¢ eos (.'32
2 2 2
cos™ © cos” B cos © cos” B
+ Lli-s LR -8, - -8 | ()
@ cos” P ¢ cos B
2 2
' 2 '
1 Lr cos Ql tan Gl M ()
H2+‘C—P--2——+ (tan 6, - tan 6, + 5= -@L ) ©
cos2 Gl L} 1
+ | ——= (tan 92'— tan 91 t 5 -(er) 631 _(.{3@2
¥
0052 Gl L;
= 1+T(tam92-tan91+-é——(er) Hy (35)
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Assuming that Hl is known, we have three equations and five unknowns. At

this point we can make use of the Hilbert transform which shall be defined

by : . \ ~
fz (x,y) = % f‘fn (x,f?) cot (z—é-a} dT( o (36)
; ‘ - ‘ ~ '

where f¥ (x,y) indicates the Hilbert transform of £ (x,¥). It ecan be

showvn that
P,* (xy) = O (xy) (37)
O.* (x,y) = ‘@1 (%,¥) (38)
Pox (x,¥) = - 0, (=) (39)
0,* (x,y) =P, (xy) ()
[ @op-mren (42)
=, <x,y>]* SE % (xy) (h2)

Substituting equations 37 through 42 into equations 33 through 35, the

following relationships result:

cos 6. \° cos 9, 1%
1 - 1 _
H* + (cos 92) 0, (cos 92) tan 916)1 + 0, - tan 0,P,
cos Gl 2
_ *
(cos 9) H1 (16)
2
cos~ © c0328 : coseﬁ cos® @ tan ©
1 1 1 1 1
11 -5 5 @1 - |8 5 * 1
I‘P cos B T cos ) 4
2 2
2 B ; )
cos B " |cosT © cos B
1 1 1
-] ———— P -63 = | 1] e B s * (Lk)
r cose Be 1 2 (P r c052f32 Hl
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2 1
cos Gl Lr
* .- - £ .
H2 + 5 (tan 6, - tan 0 +3 L'OLr) @l
1 Lz" cos2 Gl tan © 1, L:;‘ 1
o oy - + ——— oo - —
¢ 2 " ¢ (tan @, - tan 0, + 5% -@L ) |{) cpPg
cos2 @l Ll"
- S . - —_ . * 5
/ 1+ % (tan 6, - tan 6, + 3 (,DLr) H (45)

We now have six unknowns, ¢ ,@ 5 C) ’ @ ,» H, and H_*, and six equa-
171 27727 "2 2
tions. Hl and Hl* are known.

2.h.2 Stationary Blade Row

The matching conditions across a stationary blade row are obtained
by an analysis completely analogous to that given in the preceding sec-
tion for a rotating blade row. In terms of the variables ©@ ( and H,

b

the matching conditions are

2
cos @ cos ©
1 1
H2+(cos 5, ten 6, @l+(cos R 6):L"Jca’ng2@enp2
cos 912
=(cosg) Hl (%)
2
2
cos ©
5 l - - =3
s(cos 92) @l @2 0 (W)
Lig 2 2
]
H2+ —gm-cos Qltan@lLS @l— cos glLs 631

= [l - 0052 9'l Ls] Hl (148)
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cos © 2 cos © 2
B* + | oos Gi) 1 cos GZ) tan Ql@l " @2 - ten 9292
B cos 91 2 N N
ggg—gg) L*  (49)
cos @
" s |cos 9 63 P (50)

' L!
2 8 2 @
¥ . - — o
H [cos Gl Ls] ()l [ 5 cos Ql tan Gl L ] 1

= [l - cos® o, Ls]Hl*(5l)

2.5 Zero Axial Gap Approximation

It will prove convenient, in the analysis that follows, to write

the matching equations in matrix form. The following notation will be

used.:
Subsecript Axial Position
0 ’ directly upstream of inlet vanes
1 _ directly dowmstream of inlet wvanes
‘2 directly upstream of rotor
3 directly downstream of rotor
b directly upstream of stator
5 directly downstream of stator

In each case, the matching equations have been solved in terms of H
and H¥ upstream of the respective blade rows. In matrix form, the

matching equations for the three blade rows become:
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Inlet Vanes

0 0 1
0 0
,_)\h .
1 "/1)4_
-1 0
0 - 1
J L
Rotor
-
-#8 0
0 -,LL8
../15 -1
1 s
- 1 ¢
0 -1
Stator
0 o ][
C 0
_Zju -1
1 -U),
- 1 0
0 -1

[ (1—/\6) H
(1-Ag) B,




] B

The constants in the preceding matrices are defined as follows:

2
cos ©
o
/\l cos Ql /\h = tan gl
A, = tan ©_ /\5 =5 A

AB =/Il/\2 A6=cos2 6, L,

cos @2 2
Lil = lcos © ) tan 92
3
2
LL ) cos @2)
2 lcos 93
= t
LL§ an 95
cos2 B cos” ©_ tan 6 coszf3
_ 2 2 2 2
My =8, —5—=+ A 1-% 3
rcos 65 LP rcos ﬁ3
c052 e, 0032 5]
ll 2 1 -3 5 2
5 % r
e
08 55
L I cos® o, tan 9, L!
u6r=¢'§'+ ¢ (tanGB-tan92+-é——-(er)
c052 o) Lt

2 r
Uq = 5 (tan 05 - \ta.n 6, + 5 ~PL)

1
Heg =5
cos Gh 2|
Ul= cosGB) U3=U1U2
U, = tan 6, Uh=ta.n95
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Simplifying the coefficient mé.trices and finding the inverses we have

the following:

Inlet Vanes
] {2 e An A o ofladgn
0¥ 0 + Azz Axy (1"/\6) Bo*
O, |=1|° 0 )Ll3 A Alh '/\10 H,
030 0 0 Al\h 'AlB '/110 Ho*
0, o 0o Ay Ay 0
I 6)1 11 © © A:1.6 Aw ] ©
hers Ng=2s-Aq- Ay A,
Ag=Ap+As+Ag
Ao =1 - Ay - A

A = Qg Ag - A;Ag) / (A + A
Ao = Ag Ag+ Ag Ag) / (Ag® + Agd)
Az = Ag / (Ag" + A

A= Ag / (Ag% + A

Ays = As Ag /(A + AP

Asg = -As Ag/ (A + AGD)



r
O M My 0 0| () B
Lo Mys o Mgy 0 o ) Hy

0 J28Y; g © © Mys8p - U H*

0 /'(17 -'ulé 0 0 [151{2 - /'(13112*

0 Mgty 1O “UsE,
0 /l19 :u18 0 1 -M5H2*
g =Heg = Ky Mg

/llo = [17 - )u5 u8

Pay = Py - Bg - s + Ly, (g - U5)

Moo =g = Jhog + Moy + [hs (g - [hs)

Uz =1+ Uq - Yo - s (Ug - L)

Uy = - Ug Py + Ky Uyp) / (Uyy® + u122>
s = Ug Mg = Mao Uan) / Cly® + ")
/lié = Uy / Ugy® + ")

My = Uyp / (ullg * #122)

Pag = (o Uog * Mo Myp) 1 Clyy® * ")
Pag == (B Hyp - Us fhyy) / (Uyy® + Uy
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Stator
[ By 17 1 0 Vi, ~Usp 0 o |f (1-1) &, |
™ ° 1 Vio Vin 0 0| Q-1 By
@LL = ° Uhs Upy 0 © - Uit
P, °© 0 W -l 00 Uy oy
@5 0 0 Uy U 1 0 0
035 0 0 Vig U15 0 1 0
L J L JL J
where U8=U3-Z/7-U4U5
Ug= Uy + Us* Vg
Vip=1- Uy - Vg

Sy 2 2
_ 2 2
_ 2 2
2 2
c 2 2
- 2 2
The intfeduction of the zero axial gap approximation at this point
in the analysis greatly simplifies the task of computing functions down~
stream of a compressor stage, given the total pressure distribution up-
stream of the stage. Hand calculatlons would be extremely prohibitive

if this approximation were not made. It is assumed, therefore, that the

variation of the functions between blade rows can be neglected and that
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effectively a zero axial gap exists between blade rows. This is equiva-
lent to the statement that functions with subscript 1 are equal to fune-
tions with subscript 2, and functions with s&bscfipt 3 are equal to

funetions with subscript h; The following notatien will now be adopted

and used throughout the remainder of the analysis:

Subseript Axial Position
' 0 upstream of inlet vanes
1 between inlet vanes and first rotor
2 between first rotor and first stator
3 betweer first stator and second rotor
ete.

2.6 Analyticel Expressions for Functions to Be Compared with
Experimental Data

2.6.1 Total Pressure Coefficient

The total pressure coefficient,l#f; is given by the expression

Py - By
W= 2 (52)
30 (or,)
The total pressure, Pt’ can then be written as
P =Dp'+ %‘-p (w? + v'®) (53)

Substituting equations h, 5 and 6 into equation 5%, the expression for

the total pressure becomes

P, =P +p+ %p [(U + )2+ (V o+ v)e] (5k)

Expanding and linearizing equation 54 and meking use of the definition

of H, gives the following expression:

P, =P+ %p (U2 + V2 + pH | (55)
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Therefore,

P+—§-p(U2+V2)-Pa

= + H = + B (56)
4 2 (or) % (ar,)? ¥ T (or,)?

where \P is the mean total pressure coefficient. Let i refer to the

0, 1, 2, "'"")5

fl

particular axial position being investigated (i.e., i

then the total pressure coefficient at axial position i is given by
Hi
wi = \Pi + ;i-""—""""'(mr )2 (57)
2 t

But Hi can be solved for in terms of H@ and. Ho* ; the solution being of

the form
H.=7mﬂ+7ﬂ* (58)

where 7111 and 711 are constants. Substituting equation 58 into equation

1 2 1 2
5 ; : - = * oo = ¥*
57 and using the fact that H, 5 (wr,c) WO and H@ 5 (Obrt) )7[[0 5

the following expression results:

wi 2‘\1/1 * 7m¢m N Vnwo*

wl -.~.\;[/1 * ?’lwe+ YQWO*

bet - gﬁeg\]:jg+73wo+7hw0*
| WB=\I/3+75¢/0+76WO*

» . - 3 * 3 " .
The quantities \Pl, \IJE, % 59 w and w@ are assumed to be known. The
8ix constants are eguivalent to the following expressions if the zero ax-

ial gep approximstion is used.

%.“l"’\6‘/110/\11
72=/\10’\12
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Ty= (= Ag = Ay Agp)@ + Uy = flas Moy - Mo )
- (g0 Ayo)Uys Mas - Us gy
= (=g = Ayo AgWlyy s - I M)
* Agg A @+ fyg = s Moy - Hs Uas)
1= - Ag - Ao A= Uy = Uy Ur)@ + g - My Uy,

" M5 Uys) + (W Vi) s fhyy, - Hys :u15>]
- (/\10 /\12) [(l - U6 - UlO Ull)('uls “15 h ,(,(5 ulh)
* (Vo Vi) + Uyg - s U5 - Uys [j‘llb)]
76 =@ - /16 ) /110 /\11) [(l = Vg = U Un) g5 Hys - sy
Y (Vo V) + Uyg - g g5 - Ky ulh)]
* (Ao Ase) [(l - Vg - Vho Un)(+ oo - Hoys oy,
“ Mg Uys) + C Uy Uso) (g My, - s /'(15)]

2.6.2 Relative Rotor Inlet Angle

One of the parsmeters which is helpful in detemiqing the validity
of applying the simplified flow theory to strongly disturbed compressor
flows is the magnitude of the change in relative rotor inlet angle (Aai),
ca;used by the disturbed flow pattern.

Combining equations 10, 12, 27 and 32, the following expression can

be derived:

- G - o - -
B, - K =% (0, @l)+uU[ L (ten 0 - tan ©) Lr]

L' ;
- v® secggl --Ié'- Ag (59)
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The produce wU is elinminated by using the relationship

cosgﬁ:L 0 ol
OB, = - —— - 6
1T T [ 17t cp] (60)

Combining equations 59 and 60, and rearranging the terms, the following
expression for ABl results:

1 1
Aﬁlzﬂl-ﬁe+¢@2-(tan@z-tanel-(erJ(ﬁ)@l ()

e : i
U —’can@l—(er+2)

2
sec ‘Bl (tan 6,

Equation 61 can be put in a more convenient form by using the relation-
ships
H

T = 71 % * 72 wo* (62)

(mrrt)2

i

H

2= Vo T (63)

| (ar,)?

L AT o

2 (ar,)?

e
"’“’“’"2""2‘ . 79 Wo * 710 Wo* (65)

1
‘ P (w't‘t)

i

o1
1

{

The constants 7 5 7 R 73 and 2; have already been defined. The con-

stants 1., { g ?/9 and 710 are given by the following expressions:
77 = - Ao /\15
% = A10 Ase
7 =-@- Ag = Aro Ap)Wys Mag *+ Mg tyg + Us)
) ()‘10 )Lle)(/ll} Pag = Us Hyg)
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2/10 = (1 - Ag - Ago A1) (U5 Uag = Mg Uig)
= (Ao gy Boyg + s Mg * L)
For convenience, define two additional constants, Cl and 02 as follows:

= 1
Cl-tangz—tangl-(.er+(P

2 2 L

= : - - X

¢, =2 (D) sec By (tan © tgn CN Ler+2)

2 2

The expression for AB_L can now be written in the following form:

_ %.wo+ %Wc)*' 73%' %L//o*%( 79%+ 7;LCDL»ﬁoae)"(jl( %WO-!- %(ﬂo*)

48
(66)
2.6.3 Loss Coefficient
The loss coefficient, Lr, is approximated by the expression
2
— ) - .
L, [tan (B + Ael>] =L, [tan al] + L] sec” B, O/ (67)

where Lr [t&n (Bl + Aﬁ_L)] is the local value of the loss coefficient,

Lr [tan Bl] is the mean value and -

LsndLr[tanBl]‘
T dta.nBl

A1l terms appearing in equation 67 are known or assumed, with the excep~
tion of Ael which is caleulated as a functlon of circumferential angle
using equation 66. | |

2.6.4 Rotor Work

Due to the distorted inlet flow, the blade forces are composed of a
mean value plus a variable component. The wfa.riable force parallel to the

blade row is given by



el
= 5 A wg t -
= (p)(8) [@1 - @2 2 cos” 6, {(tan 6, - tan @2)(}31 - @3,

- tan o @1>] (68)

where 5 is the distance between blades and & unlt dimension in the
radisal direction is implied. The increment of work done by the rotor

per unit time as a result of the disturbed flow would then be given by
Ay = (p)(8)zw) |@, - @, + 2 cos® 0 (ten 6, - tan 0, )(H, - P
rotor 1 2 1 1 TR Hi 1
- &~
- a6, )] (69)
where my 18 the averege rotor speed over the small increment of length

in the radial direction belng considered.

Defining the constant C, as

3

C. = 2 cos® N (tan @

3 l-»tan@g)

and using the relationship
e B T
(ax'f)

equation 69 may be written in the form

Ay

fotor = %? w@ + Z% wg% - 2/9 WQ - 71{} ch’

= (wr)? (0)(8)(w)

o [T s Tolor Lol - T
- o (7Y, + 75 W@“‘] (70)

2.6.5 Perturbation Flow Coefficient

Solving for the perturbation axial velocity from eguation 6@, it is

found that



D%

uag 0,

%~ (71}

U = = =
oo, 7

The perturbation flow coefficlent is defined ag

¢= = (72)

o
L

Dividing eqguation Tl by ar, and using the definition of the mean flow

coefficient, it Ffollows that

N L - o
G, = -¢ T Sy (73)
cos By 5 \ary ,

Substituting equation O into equation 73, the resultant expression for

the perturbation flow coefficient is

Gy =-¢ w%&%ﬁz@%wm%wﬁ (74)

' cos
By
where, as before, OB is calculasted ss a function of circumferential
=

angle using equation 66.
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IIT. EXPERIMENTAL EQUIPMENT AND PROCEDURES

For convenlence, & brief deseription of the test compressor asnd the
method for obtaining asymmetric inlet flows is given below. Hore de-
tailed discussions are given in references 1, 2 and 3.

Three sources of experimentsl date were used by the author, and
each of these three sources made use of the large, slow-speed, three-stage
axial compressor of the Turbomachinery Leboratery, Californis Institute
of Technology. The compressor blsdes are removable so that a‘variety of
configurations cen be investigeted. In its normal configuration, the
compressor consists of a row of inlet vanes, three stages of rotor and
stator bléées and two rows of stationary straightening venes located
downstream of the last stage. There are thirty blades per rotor row snd
thirty-two blades per stabtor row. The compressor hag & constant outer
dismeter of thirty-six inches and a constant hub to tip ratio of 0.6. A
schematic drawing of the compressor is shown in figure 5. Alr enters the
compressor through & bellmouth whose inlet sres is &bout twenty-one times
as large ass the area of the compressor annulus. The compressor is driven
by & dynam&metér from the downstream end. After flowing through the two
str&ighﬁening'vanes, the flow is turned upward and discharged through an
ad justable orifice.

The compressor is &esigne& to permit measurements at several circum-
ferential positions upstream snd downstream of each blade row. The ro-
tational speed can be adjusted to an sccuracy of 2 vpm in 1000 zpm by
using & revolution counter and timer. The flow rate through the com-
pressor was cbtained by calibrating a band of static pressure taps down-
stream of the bellmouth inlet. This flow rate messurement should be ac-

curate to within 1 per cent.
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Total pressure measurements were made by means of & convenbional
shielded impact tube carried on a remotely controlled csrriage. FPres-
sUres were ﬁetgcﬁ&& by & high response Statham strain-gage pressure
pickup. The strein-gage unit was calibrated against a conventional
micromanometer.

Small asymmetric inlet disturbances were produced by partially
blocking a portion of the inlet flow with a series of superimposed
screens. These screens were uniform in the radial direction and ex-
tended circumferentially over approximstely one quarter of the inlet
ares. A similar technique was used to obtain more severe asymmetric in-
let disturbances. In this case a ninety-degree section of the inlet
ares was blocked by using three layers of fine screen covered in the
center by a sixty-degree segment of cardboard. In each case, the edges
of the blockage screens were feathered off to suppress the development
of vortices. In order to more easily obltain circumferential surveys,
the measuring probe was held Tixed, and the blockage screen was rotated.
To accomplish this, the screens were mounted on & wire framework about &
inches ahead of the inlet vane row, and the sngular position of this wire
framewarkbwas externally controlled by & pair of selsyn motors. A sche-
matic drawing showing the installation of the blockage screen is given
in figure 6, and a schematic drawing showing the blockage screen posi-

tioning device is given in figure 7.
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IV. COMPARISON OF THECEETICAL RESULTS
WITH EXPERTMENTAL DATA

4.1 Genersl Anslytical Procedures

All,ealculations were based on the zero axial gap approximation and,
in each case considered, all funcitions were calculated as & function of
clrcumferential angle using the experimental total pressure coefficient
upstream of the inlet vanes as the known variable. The following sec-
tions list the assumed mean flow paremeters and the resultant analytical
expregsions for the various eompressor configurations, mean flow coeffi-
cients and radisl distances investigated. The values of all the con-
stants appearing in the matching equations are tebulated in the appendix,
Pp. 95 = 99. Values of mean flow parameters were taken from reference 3
-for the particular mean flow coefficient and radizl position under in-
vestigation. The experimental total pressure coefficients were approxi-
mated by Fourier series containing twenty-one terms. The corresponding
Hilbert trensforms of the total pressure coefficients'were obtained by

using the relationships

i

(cos ny)¥* = sin ny

(sin ny)* = - cos ny

(coﬁstant)* =0

The eriterion which was used to establish the loss coefficients, L,

and the slopes of the loss coefficient curvés, L', was the experimentally
determined total pressure coefficient at the particular axial position
under investigation. Various combinations of L and L' were tried, and
that combination of L and L' which gave the best agreement between theo~
retical and experimental total réssure coefficients was selected. The

values of I and L' determined in this menner were then used in the
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analytical expressions for the other flow functions which were investi-
gated. Depending on the severity of the inlet flow distortion, the flow
processes may oy wmay not be adequately described by the linearized two-
dimensional theory with & zero axiasl gsp approximetion. In addition ho
listing the wmean flow parameters and the analytical expressions, the
fellowing sections also contain discussions of the sdeguacy of the sim-
plified theory for each of the six flow cases investigated.

k.2 Expanded Single Stage, @P=0.35, E=0.9

A schematic drawing of the expanded single stage, showing the sur-
vey planes at which measurements were tsken, is presented in figure 8.
Toval pressure coefficlent as s function of circumferential angle was
experimentally determined directly upstream snd directly dowastreasm of
the inlet vanes, second rotor and third stator. The axial spacing be-
tween rotor and stator centerlines in this configuration is 7.625 inches,
or 1.059 blade lengths. Figure 9 shows the experimentsally deterwmined
total pressure coefficient and the Fourier representation which was used
to approximate it. Figure 9 also shows the Hilbert transform which cor-
responds to this Fourler series.

The experimental data for this configuration ls reported in refer-
ence 2. The peripheral disturbance upstream of the inlet vanes is res-
sonably strong, although not as severe as the distortion to which the
three-stage configuration is subjected. The following mesn flow psrame-
ters were used:

g = O@ & o= 056

0, =0, = 16° I, =0.2
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@? = 25 8{' == 0;6
By =By = 68° L. =0.3
Bé‘.i. o2 86 = 5};;@ in = 100} 2.0; 5.0

\I/L% ‘:\Pé = 0.200 5, =0

Py = 0.200 L =0
@=0.389 L!=0

Three values are listed for L; due to the fact that this was the only
configuration where the analytical expressions proved inadequate to ap-
proximate the experimental data. The three walues of L; illustrate that
no value of L; exists which will give reasonable snalytical results. Be-
cause of This, %ﬁe following functions were the only ones investigated

for this pariicular configuration:

Ur =5 = 0850 Y1, - 0.056 Yl x

% :Wé 0.200 - ogc%l[g - 0,582%%—% for L' = 1.0
Wi = Y
Y = Y

The simplified flow theory is sble to give excellent sgreement with

i

i

i

0.200 + 0.297/] - 0.508%% for L) = 2.0

it

0.200 + 0.715% + &062%% for L} = 3.0

[

the experimental results at station 1 (Ffigure 10) and fair agreement at
station 3 (figure 11). The slight contraction of the disturbed region
at station 1 is predicted guite well by the theoretical results. Be-
cause of the zZero axiasl gap approximation, the theory does not take into
account the chénges which occur between blade rows; hence, it fails to
predict the widening of the disturbed region seen in figure 11. The ex~

perimental flow coefficients at stations 4 and 6 are shown in figure 12.
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It was not possible to obtain agreement between theory and experiment at
station 4. Had the theory been able to give good agreement with the ex-
perimental results at station &, it would not have been sble to predict
the significant changes which are seen to occur between stations 4 and 6.
Because of the severity of the flow distortion, the dip in the theorebi-
cal pressure coefficlent at the trailing edge of the disturbed region
and the peak at the leading edge, which vere present to a lesser degree
in the theoretical results ghown in figure ?6 of reference 1, are seen
in figure 12 to be greatly magnified, resulting in gross disagreement
between theory and experiment. Theoretical total pressure profiles are
shown Tor three different values of L%; which is The prime factor af-
fecting the shape of the theoretical curves downstream of the rotor.

This particular configuration was subjected to an assymmetric inlet
flow distortion which was spproximately twice ag severe as the one used
oy Katz in reference 1. Katz was able to show good sgreemesunt between
theory and experiment for the small inlet distortion which he investige-
ted. The strong distortion investigated here has evidently given rise
to flow processes vwhich exceed the limitations of the simplified flow
theory.

4.3 Normal Single Stage D- 0.4, & =0.8

A gchematic drawing of the normal single stage configuration is
shown in figure 13. Thie conflguration consists of the inlet vanes,
first rotor row and first stator row. The asymmebric inlet distortion,
the Pourier series used to represent 1t and the corresponding Hilbert
transform are shown in figure 14. The asymmetric distortion imposed on
the flow for this configuration was relabively smell; however, there are

two reasons for including it in this anslysis. First, it allows one to
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compare the analytical results for a normsl single stage configuration
with the results for the expanded single stage and three-stage configu-
rations. Second, it shows that the flow processes resulting from a rela-
tively small asymmetric inlet distortion sre sdeguately described by the
gimplified theory and hence do not exceed the limitations imposed by the
linearization of the basic eguations. This will be seen to be in con=-
trast with the results for extremely severe inlet flow distortions. The
experimental date for this ﬂanfiguratian is reported in reference 1. HNo
experimental dats was avallable for the normel single stage configura-
tion with strong peripheral inlet distortions. The following wean flow

paraneters were used:

€ =0° 8 =0
o v
o - atd -
o, = 20 LV O
= W7 7,0 =
@2 = 47 Lv 0
6, = 25° 5 = 0.6
7 EA
— ° - )
Bl = 59 Lr 0.2
82 = hp° L' = 0.9

= 0.330 3 = 0.6

1=
i
in

P = 0.500 L =0.2

Using these mean flow parsmeters, the following snalytical expressions

result:

il

wz 0.330 + 0.39.6% - &353(700%

~

op, = - 0.yl + 002829%%
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Lx = 0,200 + 3.39% AR

e

A}
Rotor
= - 0.6&1@0 + 0.035/f *
2 (o, )2(0)(8) (x) ° Y

¢1 = -.0.754 AR

The theoretical and experimental total pressure coceffTicients at
station 3 are shown in figure 15. It will be nobted that the dip in to-
tal pressure at the trailing edge of the disturbed region and the pesk
at The leading edge are still present, although to & much lesser degree
than was noted for ﬁhé more severe inlet distortion in the preceding
case. Reasonably good sgreement is achieved between theory and experi-
ment, although 1t is clear that the present theory is Incapeble of pre-
dicting smell, localized losses approximetely one blade spacing iln widih.
Figure 16 shows the amount by which the relative rotor inlet angle
changes ag predicted by the simplified theory. The mean value of the
relative rotor inlet angle is 59°% and the maximum value as predicted by
theory would be approximately T70%°. This would oecur at s circumferen-
tial angle of about 52° which is where the inlet flow is most severely
depressed. Figure 17 shows the variation of the rotor loss coefficient,
Br’ as & function of clrcumferentisl angle. It is significant that the
rotor loss coefficlent slways remalins positive, because & negabive loss
coefficient would indicate that the assumptions inherent in the lipeari-
zation of the basic eguations are po longer valid. It will be seen that
the rotor loss coefficients, caleulated for the three-stage configuration
with severe inlet distortions, do not remein positive throughout the dis-

turbed region.
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h b Three-Stage Configuration

Four flow cases were investigated with this particular configure-
tion since it is the three-stage configuration which most closely simu-
lates the operation of normal multiple stage axlsl compressors. A sche-
matic drawing of the three-stage configuration showing the location of
the survey planes is given in figure 20. Figures Z1 through 26 pertain
to a mean flow coefficient of 0.4 and & dimensionless radius of 0.8.
Figures 29 through 36 are for a mesn flow coefficient of 0.4 and a dimen-
sionless radius of 0.9. Figures 37 through ki and 45 through 52 refer
to dimensionless radii of 0.8 and 0.9 respectively with both groups
having the same mean flow coefficient of 0.45. The experimental data
for these four cases 1s reported in reference 2. In each of these cases,
the peripheral inlet flow distortion was extremely severe. The mean flow
paremeters and the resulting analytical expressions are listed separately
for the four combinatiocns of mean flow coefficient and radial position

investigated.

D= 0.40, €=0.8

6 =0° 5 = 0.6
o v

- < = 0,
@lwzo ﬁv 0.3

o her @ | I =
@2 = Wy LV = 1.5

= O5° 5 = 0.6
@3 25 - 0.6
o e 103 =
B, = 59 Lr_oele‘
B, = k2 L! = 1.7
2

- & =
\Pg 0.200 5 =0

- 0.200

=
%
o
o]
il
O
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0.809Y/( - 0.1023(*
= 0.200 + 05581/]0 - o.,gss%%

0.200 + 0538% - 0,25817[/0%

= - 022871,//0 - 0.302;%%

0.400 + 6.409 [Zs@l

N |
NSRS
i i H ]

i

-t

P
Rotor
= - 0.795Y/ + o@l&oll/%
% (or,)%(p)(8) () i °
0.072Y/ %

¢1 = - 0.754 Ag + o.og,zgwo

D= o0.50, B=o0.9

9, = 0° 5, = 0.6
6, =16° L, =0.5
6, = u3° L' =1.5
oy = 20® 8, =0 6
B, = 63° L =05
By = 51° L! = 2.0
\Pg = 0.180 8, =0

0.180 L =0

=
i
w

0. hlih Lt = 0
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Figure 21 shows the extremely severe ssymmetrie inlet distortion to
which the three-stage configuration was subjected, slong with the Fourier
series approximation to 1t and the corresponding Hilbert transform.

Fi e 22 gives & comparison between the theoreticsl and experimentsal
gur g



total pressure profiles downstream of the inlet vanes. The slight con-
traction in the disturbed region is reasonsbly well predicted by the
theory . In figures 23 and 2k, the experimentsl total pressure coeffi-
cients khave been shifted circumferentislly in a direction opposite to
the rotor motion in order to csuse the centers of the disturbed reglons
downstream to coincide with the center of the inlet disturbance. This
was done so that The adequacy of the simplified theory could be more
easily determined. The theory is clearly incapable of predicting cie-
cumferential displacement of the disturbed region. Figures 235 and 24
both demonstrate good agreement betbween Theory and experiment although,
8s before, small localized logses gpproximately one blade spscing in
width cannot be predicted. The mean value of the relative rotor inlet
angle was 59°. Therefore, using the theoretical curve shown in Ffigure
25, the meximum predicted value for the relastive rotor inlet angle in
the disturbed region would be approximstely 98°. This is clearly impos-
sible. However, with an inlet flow distortion as severe as the one im-
posed in this case, a very appreciable decrease in magnitude of axial
velocity would be experienced in the disturbed region and very high rela-
tive rotor inlet angles would result. HNo experimental date was available
to indicate what this sngle should have been, but an indication of the
order of megnitude of the ervor involved in this caleculation can be ob-
tained by reconsidering the normal single stage configuration examined
earlier. In that case, it appeared that the flow processes did not vio-
late the assumptions made in the simplified flow theory and hence the
theoretical results for the normsl single stage configuration are prob-
ably reasonably accurate. Assuming, therefore, that the maximum rela-

tive rotor inlet angle of 70° calculated for the normal single stage



configuration is reasopably correct, 1t follows that the corresponding
angle in the present case should lie between T0° and 90°. It should be
larger than T0% because the axial veloeity is smaller for the more severe
inlet disturbsnce observed for the three-stage configurstion, and it must
be less than 90°. Therefore, we know that the predicted angle is in er-
ror for the three-stage configuration, but that the error ig of the or-
der of 15° or 20°. This means that the maximum error in Aﬁz is probably
less than 50 per cent. The rotor loss coefficient is shown in figure 26.
The Tact that this coefficient assumes negstive values between 0% and
30° indicates that the flow processes induced by the severe inlet dis-
tortion do not completely satisfy the assumplions inherent in the sim~
plified analytical treatment which wes used. This is seen to be in con-
trast with the results for the normal single stage configuretion with
smell asymmetric inlet distortions.

The results for different mean flow coefficients and different di-
mensionless radil were essentially the same as for the case discussed
above. Agreement between experimental and apnalytical total pressure co-
efficients was not as good for The higher flow coefficient. It was
stated in reference 2 that the inlet total pressure distribution weas
substantially the same for mean flow coefficients of 0.40 and 0.45;
hence, the same inlet total pressure distribution was used for both mean
floyw coefficients in the present caslculations. Part of the disagreement
between theory and experiment at the higher flow coefficient msy there-
fore be due to slight variations in the inlet total pressure distribu-

tions at the higher mean flow coefficient.



~28.
3

V. CONCLUSIONS
1) Baged on the results cbtained for the normal single stage configu-
ration, it 1ls concluded that the theory, as it has been presented, is
adequate for predicting performence of axial flow compressors with nor-
wmal blade row spacing and small asymmetric inlet flows. The inlet dis-
tortion which was used to investigate this perticular configuration was
small enough so that the flow processes were adeguately similated by the
mathematical model inherent in the linesrized two-dimensional theory.
2) The results for the three-stage configuration indicate that the
simplified flow theory can adeéquately describe total pressure profiles
of axial compressors which are subjected to strong asymmetric inlet Flow
distortions. The loss coefficients required to obitain these predictions,
however, sppear to be extremely high. Also, some of the theoretical re-
sults for this configuration are known to be phyeically impossible. It
is coneluded, therefore, that the present theory is capable of providing
fair gqualitative agreement between theory and experiment for axial com-
| pressors with severe asymmetric inlet flow distortions but does not simu-
late the flow processes in sueh compressors accurately enough to provide
good quantiﬁative agreement .
3) The two-dimensional linearized [low theory with the zero axial gap
gpproximation is not adequate to describe the flow processes in an ex-
panded single stage configuration subjected to severe asymmetric inlet
distortions. Changes in the experimental functions between blade rows
cannot e predicted, aﬁd the total pressure profile downstream of the
rotor is such that i1t cannot be predicted by this theory.
k) It is necessary to mske & simplifying assumption, such ag the zero

axial gap spproximation, To facilitate hand calevlation of several flow
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functions. If the complexity of the mathematical operations was in-
creased beyond that reguired for the present anslysis, the calculations

would have to be done by a computer.
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VI. SYMBOLS
Constant
Constant
Constant
Constant
Funetion

Perturbation total pressure = % + Uu + Vv
Constant

Total pressure logs coefficient

Slope of the total pressure loss coefficient curve
Wave nunmber

Perturbation static pressure

Static pressure

Mean static pressure

Atmospheric pressure

Total pressure

Hormonic pressure function = %

Radius

Hab radius

Tip radius

Blade spacing

Perturbation axisl veloci%y

Axisl velocity

Mean axial veloeiby

Perturbation tangentisl veloclty
Tangential velociby

Mean tangential veloeity



Subscripts

-

[eZ Q;Q W o ed

>

w = >0 @

SIS ° B S

W

e

Xﬁ

Dimensionless axial coordinate = —~—

Axial coordinate

r

1
Dimensionless tangential coordinate = %w

Tangentisl coordinate
Relative flow angle

Constent

Slope of leaving vs inlet angle curve

Incremental change

Flow asngle

Angle perturbation function = Uv -« W

Constant

Constant

Constant

. . e r
Dimensionless radius = =

Fluid density

Flow coefficient = u
wr

Perturbation flow coefficient = W2

wry

Mean flow coefficient = U

t

Py - Py

Total pressure coefficient = %

‘;ép (‘*E‘Q

Mean total pressure coefficient

Rotational speed of the rotor

Flow region
Rotor
Stator

Inlet venes

*

Superscript

Denotes Hilbert transform of
function
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Fig. 2. Mean and Perturbation Flow Angles.



Fig. 3. Flow Angles at a Blade Row.
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APPENDIX

CONSTANTS IN THE MATCHING EQUATIONS

The constants listed below are required to obtain the analytical

expressions listed in Part IV and are based on the mean flow parameters

given in Part IV.

Expended Single Stage, © = 0.35, B = 0.9
Ay = 1.082 /\5 = 0.649 )Lg = 1.931 /\15 -
Ay =0 A g = 0.200 Agg = - 0.282 A =
/\5 =0 )L?, = 0.500 Aqq = 0.7k
A, = 0.287 Ag = - 0.686 Aqp = 0197
L! = 1.0
Ay = 0.570 [,(5 = 1.79% [,L9 = 0.915 /1;13
U, = 1.987 K = 2.866 Ypg = - 1.853 Uy,
My = 1.072 U = 22715 Lqq = = 2.954 s =
MK, = 0.759 Ug =2.57 Ui, = 2.663
Li = 2.0
[,Ll = 0.570 /,L5 = 1.79 #9 = 0.756 /113
Mp=2.987  Hg=2.707 Uio=-0655 [l =
[,(5 = 1.072 l[,[,g, = 3.96% /,(ll = - 2.795 [,(15
Ky, = 0.759 g = 2.57 Uop = 1575

i

§

0.106

0.298

§

0.904

g

= - 0.190

0.28k

0.308

g

0.072



0.570
1.987
1.072

0.759

0.566
1.072

0.608

1.132

0.364

0.691

1.899

1.072

0.566
1.072

0.607

/15 = 1.796 Ug = 0.596 /113
Mg = 2547 Moo = 0-533 Uy,
oy = 5150 Kqy = - 2:635 U5
u8 = 2.571 Uqp = 0287
V), = 0.466 Ug =0 Uso
U5 =0 Vg = 0.608 Vi
Vg =0 Vg = 0-566 Vo
Normel Single Stage, @ = 0.40, B = 0.8
)L5 =0 )(9 = 1.132 )L15
Ag=0 Ao = - 0132 A
Aq =0 Agq =0
/\8 =0 Agp =0
[i5 = 1.257 ﬂg = 0.738 ul§
Mg = 2.230 Uy = - 0.6k U,
MT = 1.868 /,Lll = - 2.10k _/,L15
Mg = 2.000 Uy, = 1953 Uig
U
UL; = 0.466 U7 = 0.350 Ulo
Us = 0.3%0 Vg =0.099 Vi
Ué = 0.093 Ug = 0.999 2)12

il

i

1.h7e

0.202

0.22k

0. 43k



1.132

0.691
1.899

1.072
0.746

0.566
1.072

0.607

1.082

0.287

0.495

1.727

0.933
0.723

m97ﬂ

Three-Stage Configuration, © = 0.4, & = 0.8
A5 = 0679 Ag =211 Avs =
Ag = 0.300 Aqg = - 0-132 Ay =
/\7 = 0.750 /\11 = 0.25%
Ag=-09T7 X, =0.2%

[15 = 1.257 /lg = 0.531 [,(13 =
Y = 2.025 Uyo = - 0.116 Uy =
/,L,.( = 2.398 /11_1 = - 1.897 /115 =
Mg = 2.000 Yoo =123 Uig =

Kig =
U, = 0.466 Yy =0 Vo =
Us =0 Vg = 0.608 Uiy =
Uy =0 Yy = 0.566 Vo =

Three-Stage Configuration, @ = 0.4, B = 0.9
/\5 = 0.649 /\9 = 2.2351 ,\15
/\6 = 0.500 Ayg = - 0-582 Aig
/\7 = 0.750 Aqy = 0311
Ag = - 0.9 Aqp = 0-206
[,{5 = 1.h432 /,(9 = 0.h7h ﬂ:;_;
Uy = 2.102 WUy = - 0.262 Uy,
.U? = 2.963 Ly, = - 2.085 Mg =
Ug = 2.252 hqp =1.376 Kig =

0.12k

0.263

333
.209
<095
065

0.615

L3k

0.104

0.2y

J3h7
._23_6
017

LOT7h

0.638



bt

N

>J>,m>,>g

=

1

2

TR T

0.622

0.933
0.580

1.152

1.0382

0.287

0. kot
1.488
0.781

Uz% = 0.404 U7 = 0 UlO -
Us =0 Vg = 0.580 Uy, =
Ug =0 Uy = 0.622 U, =
Three-Stage Configuration, @ = 0.45, E = 0.8
/\5 = 0.679 /19 = 2.111 /\15 -
Ag = 0.300 Ao =-02 A=
A = 0.750 gy = 0-253
Ag==-0997T A, =026
/,L5 = 1.041 /19 = 0.380 u15 -
Mg = 1.650 Ui = - 0135 Uy, =
/,(7 = 1.7l g = - 1.887 Hl5 =
LLS = 1.776 My, =1.530 Uig =
Hig =
V), = 0.425 Y, =0 Uy -
Us =0 Vg = 0.589 Uy =
Vg =0 Uy = 0.651 Vip =
Three-Stage Configuration, P= 0.45, & = 0.9
A5 = 0.649 Ag = 2.051 /\15 =
A = 0.300 Ao =-0382 A=
A = 0.750 Ayy = 0-262
Ag = - 0.9 Ay, = 0.248
My, = o0.701 U, = 2.39 Ui =
K =127 Mg = 2.000 Uy =
116 = 1.686 /,(9 = 0.284 Ui, =

378

12k

0.263

0.121

D.06k



[

i

0.7L2
0.781
0.556

My, = 0.100
lfg = 0.384
U5=O
U/SO

Ltlﬁ = 0.103
Uq = 0
U8 = 0.556

it

i

it

0.085

- 0.678

0.288



