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ABSTRACT

An experimental and analytical investigation was undertaken to
determine the influence of asymmetric inlet flows on the performance
of axial turbomachinery.

Overall performance measurements and circumferential surveys
of total pressures, velocities and flow angles were obtained in an axial
compressor with inlet disturbances covering approximately 25 0/o of
the inlet annulus area. Three configurations were tested to find the
principal effects in a single rotor, a complete stage and a multi-stage
machine. A two-dimensional linearized theory was developed which
includes the effect of losses and leaving angle deviations in the blade
rows. The analysis may also be applied to propagating stall so that
this theory allows a unified treatment of the two phenomena.

Introducing the inlet disturbances did not alter the two-
dimensional character of the flow in the compressor. Considerable
attenuation of the disturbances occurred through a single rotor and the
disturbances were almost completely attenuated downstream of a three
stage configuration. The mutual interference of the blade rows with
small axial spacing was responsible for significant stator losses. The
overall performance deteriorated primarily due to losses occurring
in the blade rows. In the three configurations tested the inception of
propagating stall, as based on the mean flow rate, was essentially
unchanged. The theory qualitatively described the flow behavior and a
simple application of the theory would give an estimate of the blade

forces.
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Constant
Constant
Constant
Constant
Function
Blade Force

Perturbation Total Pressure = f *~ Uwu + Vo
(Section 2:1) .

Constant

Total Pressure Loss Coefficient

Slope of the Total Pressure lLoss Coefficient Curve
Lioss Function (Section 2:2. 1)

Wave Number

Perturbation Static Pressure

Static Pressure

Mean Static Pressure

Atmospheric Pressure

Total Pressure

Harmonic Pressure Function = (Section 2:1)

i
/0
Radius

Hub Radius

Tip Radius

Blade Spacing

Survey Plane (Figures 28 and 40)

Perturbation Axial Velocity

Axial Velocity
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Whirl Velocity
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Dimensionless Axial Coordinate

Axial Coordinate
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Whirl Coordinate

Relative Flow Angle

Constant

Slope of the Leaving vs Inlet Angle Curve (Section 2:2. 1)

Incremental Change

Fraction of the Cascade Stalled (Section 2:2. 1)

Efficiency = Z—/
y

Flow Angle

Angle Perturbation Function = Uv -Vu (Section 2:1)

Dimensionless Radius =

YN

Fluid Density

Blade Chord

Cascade Solidity = = Spacing

Flow Coefficient =

wr
Perturbation Flow Coefficient = (T)Cj'—
t
Mean Flow Coefficient = —l
Wh
Total Pressure Coefficient = —i—i_
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I. INTRODUCTION

The design of axial compressors usually presupposes a uniform
flow at the inlet section, however, in practice this is not always realized.
The installation of a compressor normally involves some form of ducting
to direct the flow to the inlet. Due to the entrance design, bends,
boundry layer build-up, and even obstacles in the flow path the flow
entering the compressor inlet may be far from uniform. There is con-
siderable interest in the distorted inlet flow problem primarily because
of the use of axial compressors as a component of turbojet engines. The
installation of turbojet engines in aircraft involves design compromises
which entail at times complex induction systems. Common aircraft
induction systems include the twin sides ducts, bottom scoops and
nacelles with center bodies. These systems have various character-
istics as to their ability to tolerate off-design conditions of pitch, yaw,
flow-rate, etc. In any case the flow distortions which result from the
induction systems impose great demands on the compressor to handle
the distortions not only as it involves performance but also as it
involves the fluid forces acting on the blades.

The flow distortions at the compressor inlet would, in general,
be quite complex. However, the inlet distortions may be divided into
two classes. Omne would include distortions which have a radial dis-
tribution but are axially symmetric and the other would include the
distortions which have a circumferential distribution but no radial
variation.

The first known work which was undertaken to determine the

effect of inlet distortions on axial compressors was in 1950 by Conrad
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and Sobolewski (1). They determined the overall performance of a
complete turbojet engine with various radial disturbances. One example
of an asymmetric inlet distortion which was to similate a twin-duct inlet
was tested. Some test configurations had a slight detrimental effect
while others a slight benefical effect on the performance. In general the
compressor efficiencies were reduced. Their conclusions Qere that for
the range of distortions tested the effect on performance was not serious.

Alford (2) also conducted an experimental investigation of a
complete turbojet engine with variéus radial and asymmetric inlet dis-
tortions. He recognized that a non-uniform inlet condition may effect
the propagating stall limit, but for the two asymmetric disturbances
tested he found no effect. The disturbances tested were small and the
efficiency and pressure ratio suffered small decreases. Strain gages
were employed on the rotor and stator during the tests but no serious
stresses were noted until the compressor entered a stalling condition.

There is a striking analogy between propagating stall and the
asymmetric inlet distortion and the free and forced oscillations of a
vibrating system. The propagating stall corresponds to a free or self-
induced oscillation and the asymmetric inlet distortion to a forced
oscillation. This analogy was first recognized by Rannie and Marble (3).
In their paper they treat the two phenomena from a unified theoretical
point of view.

Since propagating stall and the asymmetric inlet flow may be
considered from a unified theoretical approach the various assumptions

in the propagating stall theories may be compared with the assumptions



-3-

to be made here. All the theories make the same initial assumptions,
namely, a two-dimensional small perturbation type of flow of an
incompressible and inviscid fluid. A single blade row is considered
and this is replaced by an actuator line. In order to solve the problem
two matching conditions are required across the blade row in addition
to the continuity of axial velocity. The assumptions for the two
remaining blade row characteristics are as follows:

1. Emmons (4) assumed the static pressure is constant
downstream of the blade row which essentially uncouples
the regions upstream and downstream of the blade row.
The stall is a result of a partial constriction of the blade
channel due to flow separating from the blades. The
available channel area is a function of the inlet angle and
these are connected by a time lag.

2. Stenning (5) extended the theory of Emmons but
differentiated between the boundary layer separation
time lag and a time lag due to the inertia of the fluid in
the blade passages.

3. Sears (6,7) assumed small turning through the blade row
and a constant leaving angle. Two cases for the remain-
ing blade row characteristic were considered: {a) a lift
dominated case where the total pressure across the
cascade was conserved and the blade circulation and
incidence angle of attack were connected by a time lag

and (b) a drag dominated case where the total pressure
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drop across the cascade was connected to the incidence
angle by a time lag.

4. Marble (8) considered general relations for the variation
of the downstream angle and pressure in terms of the
upstream conditions. To obtain a solution he simplified
the conditions and assumed small turning through a
cascade of infinite solidity. ~The remaining condition was
a non-linear one. Marble assumed that there was zero
pressure rise downstream of the stall cell and normal
pressure rise elsewhere.

5. Falk (9) extended Marble's theory to include a time lag
between the incidence angle and the pressure condition
across the stall cell.

6. Benenson (10) following a theory proposed by
Professor W. D. Rannie assumed a linear relationship
between the total pressure loss across the cascade and
the incidence angle. The leaving angle from the cascade
was assumed to be constant and finite turning through
the cascade was allowed.

The theory to be presented here differs from the propagating
stall theories, with the exception of Benenson's, in that the turning
through the cascade is permitted to be large. The leaving angle from
the cascade is assumed to be a linear function of the incidence angle.
Two cases for cascade loss characteristics are considered. The first

case assumes a linear relation between the total pressure loss and the
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incidence angle as in Professor W. D. Rannie's theory. The second
case assumes a non-linear relation between the total pressure loss and
the incidence angle similar to Professor F. E. Marble's treatment.

The solution of the asymmetric inlet distortion problem involves
an inhomogeneous set of equations. The inhomogeneous terms are
functions of the total pressure disturbance upstream of the blade row.
From the solution the characteristics of the entire flow field may be
found, and the overall performance and additional blade forces may also
be computed.

The analysis may be easily extended to the problem of propagat-
ing stall. The coordinate system is fixed to the stall cell. That is, a
uniform velocity equal to the propagating stall speed is superposed on
to the flow field so that the stall cell is stationary with respect to the
coordinate system. Since the total pressure is uniform upstream of
the blade row the solution is in the form of a homogeneous set of
equations. A non-trivial solution of the homogeneous equations
determines the propagating stall speed in terms of the parameters of
the flow field and the blade row characteristics.

This investigation includes both a theoretical and experimental
study of the effect of the asymmetric class of inlet flows on the per-
formance of axial compressors. The theory is developed first in
considerable detail in order that the physical processes may be
indicated. Example results for a particular inlet disturbance are
included to illustrate the theory and to allow the experimental results

to be more readily understood.
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The experiments were performed in a three stage axial com-
pressor. Since it was possible to remove blades the compressor could
be operated in a number of arrangements. In order to determine the
influence of blade row spacing and multi-stage effects three arrangements
were tested. These were: a single stage configuration with the blade
rows axially displaced by two chord lengths, a single stage configura-
tion with normal spacing between blade rows and the three stage con-
figuration.

The inlet disturbances were introduced by means of screens
blocking a sector of the inlet annulus. Downstream of the blocked
area there is a total pressure loss which defines the magnitude of the
disturbance. The magnitude and extent of the inlet disturbance could
easily be controlled by varying the size and solidity of the blockage
screens.

The test results consist of overall performance measurements
and detailed circumferential surveys of total pressures, flow angles
and velocities. The detailed surveys were made at several radial
sections upstream and downstream of the blade rows. In addition the
effect of the inlet disturbances on the inception of propagating stall was
also determined.

A direct comparison of the theory with the experimental results
for one case is included to illustrate the influence of losses and the
leaving angle variation. Discrepancies between the theory and the

experimental results are discussed in some detail.
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II. THEORETICAL MODEL OF THE ASYMMETRIC
INLET DISTORTION

2:1 Description of the Flow Field

Consider the vtwo—dimensional flow through an isolated cascade.

The cascade is at the origin of the X’ axis and extends from -77/" to
77/~ along the g.’ axis. The flow field is confined to the infinite
strip of width 277/ , figure 1.

This two-dimensional flow field may be thought of as being
developed from an isolated cylindrical cascade in an infinite duct of
very high hub-tip ratio. Radial flow would be negligible so Cartesian
coordinates may be used. The X’ coordinate is along the axis of the
duct and the aéﬁ’ coordinate along the circumiferential direction. Being
a cylindrical duct the }/ coordinate must be periodic of period 277/

The asymmetric inlet flow will be assumed to be a small
disturbance superposed upon a known mean flow. The disturbance is
stationary with respect to the coordinate system and the wave length of
the disturbance will be assumed to be large compared to the blade
spacing. Long wave lengths imply that the effects of individual blades
on the flow may be neglected and this will be assumed to be true even
when there is relative motion between the disturbance and cascade.
Therefore, under these assumptions the flow will at least be quasi-
stéady.

Assuming an inviscid and incompressible fluid the equations

governing the flow are,



X’ 7 aé/ =0
/aa, /dé(/ o /b/
&« L, AU, = o, (2.1)
T adX o oX’ P
dv-’ f’ > P
Vo4 O - 2
a)(/ 7(_ U-a7/ ay/ f

The velocity and pressure terms may be separated into their

mean and perturbation components.
W' =0 *u
/ —
vi= VAV (2.2)

pl =Py

74 . V and /4’ define the known mean flow and have
The

The terms

constant values upstream and downstream of the blade row.
variable terms & , V7 and /D have zero average values.

Equations 2.1 may be linearized to:

ou Qv _
ax/ 7‘ d_y-/ == 0

ou du _ _2 L

dv- |, 12w _ o L
Tow Ty T Tag s

Equations 2.3 can be shown to be equivalent to the equations,
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4o,
ég{’

o P
[Ov -Vu) = YA

L)
é}’ P
Uac;(, * Vafl-,)(—/é # qu+Vv‘) =0

aax’ (U -Vu) = = (2. 4)

The following notation will be introduced.

@ =T —-Vuw
P =

< u +Vr (2.53)

AN
il
She N

X/
7
#/
i
Therefore, equations 2.4 may be written as,

20 _ 20
X

4
00 _ _2¢ (2. 6)

The quantity 4/ is proportional to the perturbation total
pressure. The last of equations 2.6 states that 4/ is constant along
the mean streamlines defined by {7 and 77 . It then follows that

- |
(%) ‘”(% T
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The first two of equations 2.6 are the Cauchy-Riemann
conditions. Therefore, & and @ are conjugate harmqnic.functions
and both satisf{y the two-dimensional Laplace equation. If one of the
functions & or @ is known then the other is consequently known.

The function & is clearly proportional to the perturbation
pressure.

The function @ is proportional to the perturbed flow angle,

A8 , figure 2. This can be verified by expanding both sides of the

equation

Ve

tarn (9 f‘dé) = m

and retaining the first order terms. Then,
2
A6 = Cﬁz;zé? o)
The function @ determines the direction of the perturbed stream-
lines.

The cascade at the origin of the X axis divides the flow field
into two regions of different mean flows. Therefore, one set of
equations 2.6 defines the upstream and another set the downstream
region. Denote the upstream region by the subscript 1 and the down-
stream region by the subscript 2.

Far from the origin the cascade has a negligible effect on the

flow and the P and @ functions must, therefore, vanish far from

the cascade. The boundary conditions are:
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LI B (xy) = L /17 6 xyl=0

X ——— 00 X — OO

X—» oo X0

ﬁ(z,;]= /Q(X,i »277)

LT Rxy|= 417 Glxy)=0 (2.7)

The last of the boundary conditions merely states that the various
functions are periodic of period 277 which is necessary to represent
a cylindrical cascade.

In what follows it will be assumed that /7; is the known
function., If /4 is known anywhere upstream of the cascade it is
known everywhere upstream by equation 2.6. If the velocity com-
ponents were given at the upstream infinity /7; could be found, and
conversely.

The general solution may now be constructed.

Because of the periodicity in y the functions are conveniently

represented by Fourier series. Assume A4/

) 1is given by,

7

Y=X77 f,é/” Sir 77 (; —XUV’—) (2. 8)

oo
VA =z Q, Cos #
rn=/

A solution for @/ which satisfies the Laplace equation and

the boundary conditions is

X

oo
@ =:L;(C,n coS /7} +a/’n .S/hﬂ}/ e" {2.9)
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Since @/ has been assumed then it follows immediately from

the Cauchy-Riemann conditions that

®=)

=/

nx

Q Cos n; C, 5//7/7;) (2.10)

’7

The functions downstream of the cascade may similarly be

written down.

00 VZ) ‘ ( B —Vé \
/;é_.m azncasﬂ y—x(-}— +52n5//7/7y XU (2.11)
= cos Ny +al Sin N 2.12
A ”Z’ s, Yy o Sin ;) (2.12)
= 7
R=) |-d, cosrney +C, sinn ) e 2.13
2 ;i; 2, ;{ 2, ;7 ( )

With the exception of A; the Fourier coefficients are as yet
unknown. The unknown coefficients are found by matching the upstream
and downstream solutions at the cascade. Three matching relations are
needed to completely specify the solution since there are three unknowns
« , v and /U or equivalently g2 s @ and A& .

The cascade will be replaced by an actuator line at the origin of
the X axis. Since the flow through the blade channels is governed by

algebraic equations a finite chord length would only introduce a phase

shift between the solutions of regions 1 and 2. Any phase shift may be
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ignored.

The three matching equations result in six algebraic equations
due to the linear independence of the trigonometric terms. For a inlet
disturbance of /7 wave lengths there are 6/ algebraic equations for
the 6/ unknowns (¢, a ,cC ya, . a ,,é ) in terms of

n ‘T Cn Zn 2 Z2p
the £ /7 knowns (@, ., ,6/ ).
Ve 7
It will prove convenient in the analysis that follows to introduce

an operational notation. If @/ is assumed to be given by equation 2.9

then it may be shown that P s given by

/
4
A &7
By =55 [ G(x,n) cot | 0/7
=
Therefore, 6/) is just the Hilbert transform of @/

Define the Hilbert transform as the conjugate function and denote

it by an asterisk.
T

ig-x(xly) 22'7'/? ﬁ(X,)?)C'OZ' 9‘2~7 0/7 (2. 14)

=77
The following relations may be proved.

X,g) =& (% 4)
9" (xy) == Flxy)
X4 =—-6(% 4

(2. 15)
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and

(cos /75/)*—_— 3 11y

(s772 /7#)* =~ cos /7#
(2. 16)

[ﬁ( X)y}r - (% 4)

If the concept of the conjugate function is used the three matching
equations and their conjugates define six algebraic equations. These are
just sufficient to determine the 6 unknowns (6? , @/ , PZ , A, /7/2 ,

* *
//>") in terms of the 2 knowns (A, ).

7
The extension of the analysis to multiple blade rows will be

indicated by an example in a later section.

2:2 Matching Conditions at a Blade Row

2:2.1 Rotor Blade Row

The three matching conditions at the blade row will be found
from the continuity equation, a relation for the leaving angle from the
cascade and the Bernoulli equation.

As in the previous section the subscripts 1 and 2 will denote
the upstream and downstream regions, respectively.

It is clear the continuity equation requires that
“lo g) = « (0, 4) (2. 17)

The leaving angle from a blade row, /4 , can in general be
2

written
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=74 + 78]

where /5’2— is a constant and /7 [ﬁ/} is a function of the inlet angle,
é , figure 3.

For very high solidity, 7({3/) = O and the leaving angle is a
constant regardless of the upstream conditions. 7(,3,) will be
presumed known from cascade tests or otherwise,

Since the inlet disturbance perturbs the flow field, the inlet
angle will be a function of the circumferential coordinate. The
relationship for the leaving angle and, therefore, the second matching
condition will be found from the linear term of the Taylor expansion

about the Operating point.

The 5/? is the slope of the leaving angle vs inlet angle curve evaluated
at the point corresponding to the mean inlet angle. The slope would
generally be small and positive for normal solidities while a 52 =0
corresponds to infinite solidity.

The Bernoulli equation for the flow through a rotor is
z
Y y 2 ( - ) _ , / ,2 ’ 2
/9/7‘2_/0[(//7&2/; wr _/021.2—/" &, +(U2“_o.)r)

+3747 4 e )

where the assumption of quasi-steady flow is implied. The Z.e is

a loss coefficient referred to the upstream axial velocity and is a

function of the tangent of the relative inlet angle.
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Two cases for the loss through the rotor will be considered:
(1) a linear and (2) a non-linear loss relationship.
(1) The linear loss representation is shown scl;lematically
in figure 4. The mean value of Le is known from the
curve at a given flow condition. When the flow is perturbed

the loss may be found from the Taylor expansion.

= 2 ’
Zz{faﬂ(ﬂ/fﬁﬁ/)} -ée{faﬂﬂ/}+dé sec™ 2 [_'e{z‘qf//ﬁ/}
[_'/e is the slope of the curve at the mean operating point.

The Bernoulli equation for the mean flow is

/ 2 21 / 2 2
,5,3742-/[(7 ,c(I{-a)r) ] _,gfz—/[(f (¥ ~ wr) ]
/ 2
*5 /U L,
The Bernoulli equation for the perturbed flow yields the

remaining matching relation.

Zw g w(ir-cr)y; = Lvong w(5-0r)z
. (2.19)

+UL, &« + Uzszczﬂ/ —254/3/
It should be noted that the linear loss representation does
not alter the mean total pressure downstream of the rotor.

(2) The non-linear loss to be considered is shown
schematically in figure 5. The loss over the normal operating
range will be assumed to be zero. When the inlet angle
exceeds a critical value, ﬁ: , the loss takes on the constant

value L,e
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The mean flow angle will be assumed to be less than the
critical value so total pressure is conserved in the mean flow.
For sufficiently large disturbances the inlet angles may
exceed the critical value over a portion of the cascade.

If the losses extend over a fraction, € , of the cascade

A
centered about g , L, is given by

r 4
A
Le =4e |f‘"§|‘ £
(2.20)
= 0 -— 7 > -ﬁ. )
7% =
which has the Fourier representation
_ A A 2 . A\
L,=€L, féez ¥ og S RITE cos /7 (%—%)
= (2.21)
oA
=€L, *L,

Equation 2. 21 has an average value. Since, by assump-
tion, the perturbation components have zero mean value it
is necessary to add the average loss to the Bernoulli
equation describing the mean flow. Therefore, it is possible
for a disturbance to alter the mean flow when the non-linear

loss is considered. The mean flow will be related by,
/ 2 _ 2 _ / 2 2__ 2
,9+2/[U V] wr)]_/g,«é—/o[o’f(z’ wr)}

/ 2 . N
- —
2/ 4 6‘%2
The third matching condition is,

//:’ + Uu/ f(T{—a)/")u; ::/-/;é— r‘UL{Z%(VZ-—OJ/‘)Ué

+2£ 02‘,(2
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where oé is given by equation 2.21.

The extent of the loss region is initially unknown but
will be assumed to extend over the section of the cascade
with incidence angles exceeding the critical value computed
on the basis of zero loss. That is, the addition of the loss
function, ofe , will be assumed not to affect the extent of
the loss region.

The linear loss would be known from compressor tests. This
representation of loss would be the obvious choice to employ in the
matching relations in order to be consistent with small disturbances
and quasi-steady flow. However, for moderately large disturbances
or when the mean operating point is near the stall limit the linear loss
may be inadequate to describe stalling of several blades and more or
less normal operation of the remaining blades. The non-linear loss
representation would be more adequate to describe the possibility of
stalling, and consequently large losses, in several blade channels with
small losses elsewhere.

The matching conditions at the plane of the rotor may be written
in terms of the @ , & and 4 variables. Using the definitions,

2
equation 2.5, along with ;a:a% and Ap =~ %[@*%} :
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linear loss and é‘ #Z 0
2

cos G,
cos 92) F-tan& 8- =

cos 6
cos &,

cos 9

tan 86 » o3 62

/

H,

/7/z+

2
@;CO-SZA;* cos 9{,0110'/7 6,

I

2
6052/3; —52 cwzﬁl):|@/+[cf;j 8

2, 2
cos/g - Ecas/j;

—cos ﬁ @z I}O‘S (6‘05 p S cos?a’[lh;

(2.22)
s g ¢
/-,éfl%’;—z—'evtcas ’Paﬂg larné,- éa/79+——-{az. }
[ >
cos* &
+__ ’Ptv76%—ztv062*-—5 :ﬂ -45(2
cos*8 M
=/ ; 4 tan@z—dan@ﬁ-zﬁ-{ﬂéﬁ,)///
non- Iinea:' loss and 3 =0 .,
2 2
cos 6, cos €, cos&G
2 cos &, Zaoeé’ cosez)p/'fonéé@'@’coséz /
CO; Ltang @) O; J/J‘@z":C; e/
_ (2.23)
/ cos’é
ot —{Z,« 2 ’z‘one,(zfonéé—dane,) @/
29 N
* ca; Z\tan 62~L‘a/79,) @-—é@z
=|/» 8 tera tand o — L 2L
- @ 2 ‘W2 °
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2:2.2 Stator Blade Row

The matching conditions across a stator are just a special case
of the matching conditions across a rotor. The equality of the axial
velocity is the same for a rotor and a stator. The remaining two
equations for a stator may be obtained from the rotor matching
equations by replacing /:3 by & , changing the subscripts 2 to S
and letting W =0.

In terms of the @ , @ and 4/ variables the matching

equations may be summarized as follows:

linear loss and d‘s ;{:0 ,

cos cos 6. cos 6
“4%\cos g, | 12774 € cos 6, 7 —tané &) - 2 T\cos g,
cos &, ? _
6‘5 cos &, H-6,=0 (2.24)

4

/ 2
//2./- 2‘51‘6’0529, tarn 6, Z‘S’ @/- 60529/ Z,g 0,3':' /‘6059113%4

non- 1inear loss and CS..S =,

2 2

cos g, cos 8, _|cos 6,
’Lé"cose f ﬂgg*casez @—taﬂéz@—@z_ coség, #’
@2 (2. 25)

o
Ay=H- 3 UL,

2:3 Complete Solution for Particular Configurations

2:3.1 Isolated Rotor

Figure 1 illustrates the problem to be solved. The rotor is

replaced by an actuator line at X=¢0 . The mean flow is described by
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U, V/ and /? upstream and U, T/; and /_,? downstream of the blade

TOoOwW.

The input disturbance /7, is assumed known and the general

~

solutions for the unknowns are given by equations 2.8 to 2. 13.
Assume the matching conditions are given by equations 2. 23

which are rewritten below.

R G 14 B 4, = (1) H-3U°%
A4 B) 24, B~ 6 -B = 4 4 (2.26)

kB +4, 5 ~ 6, =4/

|

D D

with

£ =4 tar §

¢ = |os 6 \2

2~ |cos &,

£y = tarn &

ky=Kg tar 6, (2.27)
cos? 6,

<2 7

ks = kg * &, tan 6,
4 =4, (tarn8, ~tan §)
/
£y =
The three matching equations and their conjugates define the

solution which in matrix form is,
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The inverted equation is,

AN

SIS BRGNS

AR

~N

D

DR

-
£, kg O
4, O -4
kL, k5 ~/
£, [/ 4
ke /O
-4, O
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SN

QO

N% N® N\

<

(2.28)

The coefficient matrix may be simplified and it's inverse found.

A O © Q 9

© 9 O o

1\}

A &N

O
N

&N

N

Q

o

Q 9

(144,)4, - 3 U2

(ko= F U

~Kyg 4~ é_f"/:**éﬁ UL
< £y H-'é/3 /*+2—/' U{’Z{

~AsH,

-4 /4*

\

(2.29)
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The additional constants are:
kg = K —k, tg
Lo = ki~ sk,
Ky = Ky =k~ kst kg [l ks
big = Ry= byr kg + ks |hg—hy]
by = 1+ Rk, — K — ks (.éa—;és)

ko by + Ko Kz

£, =
_ Kokiz — kipku
Lo = TR 7 4E
_ £,
“e = LT AR
_ £,
€7 Y
,é — qué// -+ Aé'/é/z
/8 A
4o = ka b,y — L5 £,
//2 ka k/i

The case for the linear loss may be set up similar to equations
2.26. The inverted matrix equation may then be written down directly
by merely identifying the corresponding constants.

While this work was in progress Ehrich (11) published a paper
on an analytical treatment of the asymmetric inlet flow problem. His
approach differs from the development here in the method of obtaining
the solution and the matching conditions. He assumed a constant leaving
angle from the blade row and further assumed that losses could be
neglected.

The final results will be left in matrix form. The algebraic

expressions cannot be simplified greatly and the results will be
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presumed to be obtained numerically for any given example.

The result for the total pressure, in the case of no losses, may
be written as /-/2 = ¥, K + & //,*. The ¥’s are constants .and are
functions of the mean flow parameters. For the case of the linear loss
and the linear flow deviation the ¥’s would also be functions of &, s
L and 42 . The remaining results may be expressed in a similar
fashion, for example, &, = ¥ 4, + ¥% M* The form of the answers
has several immediate consequences:

(1) The coefficients, 3/, are independent of the harmonic

content of the inlet disturbance.

(2) The results are given at the plane of the blade row. The

& and Q functions decrease from the plane of the blade
row with components of wave number # decreasing like
e ~n(x] .

(3) If the inlet disturbance has but one wave length then the
form of the total pressure profile is unchanged upon
passing through the rotor. The result may be expressed as
H (% 4/ = ¥2+ %° H, (X, g-4). The o is a phase
shift given by o = fdé/—;/rf-.

{4) If the inlet disturbance contains many wave lengths then
the total pressure profile downstream of the rotor is
distorted from its original form.

A closer examination of the expression for the total pressure

will indicate the flow processes involved. In dimensionless form the

#
total pressure }g =% W + % ¥ . For no losses and infinite

solidity,
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¥ = [ /- "C%Q_’ (tan 8, + tanr 32 )J - [k/.%/éM- + /(/J/é/ﬁ‘] (2.31)

A simple calculation for a single rotor shows that the ideal

pressure rise is

¥ =% +2-2p(tand, +tens;) (2.32)

If the upstream is disturbed by }_g_ + }/V (and P+ & ) then the

perturbation terms satisfy

Y = ¥ = 2(tan 8, + tarnsz )P (2.33)

NE|
[

When the axial velocity is less than the mean ( ¢4, is negative) the
total pressure rise is increased. This may be seen from equation 2. 33,
the curve of ‘}g — }e vs (o or by examining the velocity diagrams
at the blade row, figure 6.

When pressure and angle perturbations are zero the flow

2
coefficient is given by 9é = s 6, }/k Therefore, equation 2. 33

2y
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becomes

2
O PR P SO) § R

- Comparing equations 2.31 and 2. 34 it is seen that the first
bracketed term of X/ is due to the increased work addition by the
rotor calculated only on the basis of the disturbance introduced far
upstream.

The second bracketed term of 3// and the coefficient ‘A/Z are
a result of pressure fields. When a non-uniform flow is turned
through a cascade the flow upstream must adjust to the change which
induces a pressure and angle perturbation field. The next section will
illustrate the pressure field resulting from the turning of a non-uniform
flow through a stator. There is another component of the pressure field
in the case of a rotor which is similar to the pressure field resulting
from the flow through a propeller.

Two effects may be attributed to the pressure field. First, the
action of the pressure field is to accelerate the low velocity fluid and
decelerate the high velocity fluid so that the amplitude of the velocity
disturbance at the plane of the rotor is decreased with respect to the
velocity disturbance far upstream. The second bracketed term of the
coefficient ¥, is, therefore, a correction term due to the reduced
amplitude of the velocity disturbance. The second effect of the
pressure field is to cause the streamlines to deviate and induce angles

of attack at the rotor in such a manner that part of the fluid experiences
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an increase in total pressure and another part a decrease. This latter
effect accounts for the term YZ 7/{* in the downstream total pressure
expression and the distortion of the original total pressure profile.

In summary the total pressure change through a rotor is caused
by different amounts of work being added to various regions of the fluid.
There is first the direct effect which may be computed on the basis of
the original inlet disturbance and the cascade characteristics (equation
2.34). There is also an indirect effect arising from the pressure field
which results in a correction and the distortion of the original inlet
disturbance.

The effect of the cascade characteristics may be seen in figure 7.
The original disturbance is attenuated most for small turning through
the blade row which corresponds to large values of /85 - The larger
upstream whirl angles &, , also indicate the greatest attenuation. The
coefficient 3/2 is an indication of the pressure field influence and it is
seen to be the dominant term. The effect of varying the flow rate, 50 s
may be estimated by noting that a small value of ¢ corresponds to a
large whirl angle 9/ » 80 attenuation is greatest for small ¢ . Figure
8 illustrates the effect of finite solidity. The coefficient 3/2 is the
most sensitive to cascade solidity.

Figures 7 and 8 indicate that a rotor designed for zero work
input to the mean flow is most effective for reducing disturbances. It
has long been established that a free-wheeling rotor is a useful device
to smooth out irregularities in wind tunnels, reference (12). Although

the net work input by a free-wheeling device must be zero, there is
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work added to low velocity fluid and work extracted from high velocity
fluid.

2:3.2 Isolated Stator

The solution for the case of an isolated stator may be found by
following the procedure used in the case of the isolated rotor.
For the case of no losses and infinite solidity the results at

the plane of the stator are particularly simple.

(2.35)

- { cos’g - (05292 ) (A - Farn g /‘i*/

]

\() ‘Sﬁ d:) ¢Q3‘§t
I
Q

( COSZG, - 605292/(/0/2 8, 4 - )

The pressure and angle perturbation fields are zero downstream
of the stator due to the assumption of infinite solidity. There is a
pressure and related angle perturbation field upstream except in the
special example of 4§, = — 92. in which case the flow is unperturbed

everywhere.

2:3.3 Inlet Vanes-Rotor-Stator Configuration

2:3.3.1 Exact Solution

The three blade rows will be replaced by actuator lines where
the rotor is at X = ¢ , the inlet vanes at X'=- X} and the stator at
X= Xs » figure 9. The mean flow is defined by (/ , T/: , ,Q

with,
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_i Region

o - < X <‘—XV
/ -Xy < X < O
2 0O < X < Xs
3 Xsg < X < oo

and ]/; =0 .
The equations governing the flow are:
2
v'e, = o
7
/
ﬁ//\’;f/ = Tf@’ (X,?/ (0?‘(#2?) d?
=T

Q
'w
+
N
QT&
X
l
Q

The boundary conditions are:

Il

@ (= y) =@ [~ y) =0
(. ) =RBl(=yp) =0
X g 2m)

»
~
X

AN
I

The input disturbance is given by an expression similar to
equation 2.8 and the upstream functions by equations 2.9 and 2. 10.
Downstream of the stator the functions are similar to equations 2.11

to 2.13. The potential functions between the blade rows required both
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the positive and negative exponentials.

There are three matching conditions at each blade row which
define six algebraic equations. In all there are 18 equations which must
be solved simultaneously for the unknowns. Since the functions must be
matched at different axial locations the coefficients of the unknown
functions depend upon the axial spacing. In addition each wave number,

Frx
, 50 that the unknown

/7, has an exponential behavior, @
coefficients also depend on the harmonic content of the input disturbance.
Therefore, the set of 18 equations must be solved for each wave length

present.

2:3.3.2 Zero Axial Gap Approximation

The exact solution for the inlet vane-rotor-stator configuration
may be drastically simplified by assuming zero axial gap between the
blade rows. The three blade rows may then be reduced to actuator lines
at the plane X =¢ keeping in mind that a finite chord only introduces a
phase shift which may be ignored.

Since the analysis is restricted to long wave lengths any
variation of the potential functions between the normally small blade
gaps will be small. The zero axial gap approximation assumes no
variation occurs in the space between blade rows.

The differential equations are valid in the regions denoted by the
subscripts 0 and 3. The matching conditions are combined
algebraically to give the relations between the upstream and downstream
regions.

For the case of zero losses and infinite solidity the results are

especially simple. At the plane X =0 the results are:
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Ho
Hs = H,

_ /
hg a COSZQ,; /_/0

/ * T(/d/z 8, + rarB;)
= M- cos’gy A
H, — Co.szé__.,, H3

I
Q

(2. 36)

The downstream total pressure, /;{3 , is a fraction of the input
disturbance, //a . There is no distortion of the total pressure profile
due to the assumption of infinite solidity cascades. For a given cascade
geometry the attenuation of the disturbance is a function of ¢ and the
attenuation varies between 0 and 1 for a variation of ¢ between O
and co .

Figures 10 and 11 illustrate the effects of the cascade geometry
on the attenuation of the input disturbance. As in the case of the iso-

lated rotor, the attenuation is greatest for lightly loaded blades. A
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reduced solidity increases the distortion of the total pressure profile
which is in contrast to the isolated rotor case.

2:3.3.3 Interference of Neighboring Blade Rows

The case of an isolated blade row requires the solution of a 6X6
matrix equation. The case of the inlet vanes-rotor-stator configuration
requires the solution of an /8x /8 matrix equation. In general if there
are /s blade rows the exact solution involves 64z algebraic equations.
For multiple blade rows the algebraic equations must be solved for each
wave length contained in the input total pressure profile. The approxi-
mation of zero axial gap between blade rows is certainly reasonable for
two or even three blade rows but the extension of this assumption to a
greater number of stages becomes less reasonable. Because of the
great amount of algebra involved in multiple blade row solutions, it is
obvious that an approximate method of solution would be advantageous.
A simple iterative procedure may be used which is best illustrated by
an example.

Assume a rotor-stator configuration. The blade rows are to be
replaced by actuator lines. Let the rotor be at X = ¢ and the stator
at X= Xg . Let the subscripts 1, 2, 3 denote the regions upstream of
the rotor, between the rotor and stator and downstream of the stator,
respectively.

The procedure is as follows:

a) Solve the case of the isolated rotor at X=¢ and obtain the

solutions
OR) OR) ’5€) ) (/R)
Z J ﬁ/ 2 @/ ) 2 ) @2 )
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in terms of the input ///(z.e}.

b) Solve the case of the isolated stator at xX'= ¢ with the

0,5} (/R)

input 4, = /4/2 . Obtain the solutions,
¢'s) Gs) (;5) (7s) (;s)
3 WZ 3 2 ) Y3 3

c) To find the solution near the plane of the rotor assume
that the rotor is at ¥ = ¢ and the stator is superposed
at X'= Xs . The effect of superposing the isolated stator
solution onto the isolated rotor solution is to perturb the
pressure and angle deviation fields. Therefore, at the
plane of the rotor the superposed solution, which may be

considered the zeroth order solution, is:

lo) (1]
= H
fo) :r)
Hy = H .
‘o) Le) r’'s)
& = F o+ G (XX, 4G5
(o) (1R] (;5)
& = B, +E XX, FYs)
to) (OR) (/s)

= o o+ P (XX, YKs)

2

%
rol /R) (/s)
G, = @ +@ (xXs,4%s)

d) Since the pressure and angle fields of the superposed stator
disrupts the solution of the isolated rotor, the matching
conditions for the rotor are no longer satisfied. In order

for the matching conditions to be satisfied a correction term
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must be added to the zeroth order solution which then gives

the first order solution.

() ») R}
,L// = /.4 = //,

) o) le) el )
//2 = ,4/2 - //2 = A/z + /é

77 0) ) GR) Os) rc)
£ = R+ A = E FE X HH)
etc.

The correction terms are found by substituting the first order

. 6e) GR)
terms into the matching conditions. Since g ) ﬁf ’ ,
etc. satisfy the matching conditions, the correction terms
és) (»5) )

are found in terms of @Z /X-ij é‘"#s) and 6')2 /,«\’—)(5J éz—é(sj_

OR}
e) To find the solution near the stator the pressure field g ’
J

R
and angle deviation field G')z are superposed on the isolated
stator solution and a procedure similar to steps (c) and (d)
is followed. However, in this case the input total pressure

(o) (>&) (c)

is now the first order solution //—é = A, + A } from

step (d).
5s)

In step (c) the term WZ (X-X , é("gs/ includes the exponential
decay of the harmonic function, X-X5 , and also a phase shift, H-Fs>
which is necessary since the input profile is transported along the
direction of the mean streamline and is, therefore, a function of the
axial spacing between blade rows.

Figure 12 shows a graphical representation of the iterative

procedure which illustrates the method.
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The second order solution for the rotor can be obtained by adding
the first order correction pressure from the stator solution and repeat-
ing step (d). Any number of iterations can then be performed. The
successive iterations are not difficult since the original coefficient
matrix is found only once and if put in the form of equation 2. 29 the
correction terms may be computed directly.

It was not explicitly stated in the development of the iterative
procedure but only one wave length was assumed for the input disturbance.
The extension of the procedure to many wave lengths requires that the
order of magnitude of each added term be considered. For example

the pressure field upstream of the rotor is

(i) ‘<) (c2) (Cz)
— A e e .
7 =F + £ 8 7
(Gul () el
where &, < &, ” . ﬁ, will have all wave lengths present in
(« - X,
the initial disturbance. ﬂ, 2 will have an exponential term &€  so

only the wave length 7 =/ is superposed onto the isolated case. ﬁ,(cz}
will have exponential term e-—ZXs so the wave length 2Z=2 is super-
posed as well as the correction term from the first order term. It then
follows that the first order solution accounts for the interference of the
immediately adjacent blade rows and the second order term adds the

interference correction of the blade rows displaced by a distance 2Xs |

and so on.

2:4 Overall Performance

The overall performance of a compressor is characterized by

the total pressure coefficient, }_7 , the work coefficient, }_7: and the
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flow coefficient, & . The efficiency of the blade row is given by
_ ¥

1=%-

It has been shown that the mean total pressure coefficient is

changed by an inlet distortion only when it is assumed that the losses
through the blade rows are represented by the non-linear type. By
assumption ¢ is unchanged with an inlet distortion. The work
coefficient will, however, be changed by an inlet distortion since it has
been demonstrated that the blade row will add different amounts of work
to the various regions of the disturbed inlet flow.

For a single rotor ¥ “is given by,

27 G'
ffﬂwf/vz’—w’)ac’ra’n/}
e Y (2.37)

¥ =
[ 4 pwnr
L wt g
f 5 pPwl) 4 drdy
c £
Assuming an inlet distortion and no radial variation of &« and ¥ (unit

hub-tip ratio) the work coefficient is,
P =y o Y (2.38)

where 37 is the mean value and ¥’ a perturbation due to the distorted

inlet flow.

277
/
A Py (2. 39
v L [uiady (2.39
o

The subscripts 1 and 2 refer to planes immediately upstream and down-

stream of the rotor.
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The integrand of equation 2. 39 is the product of two first order
quantities so '}V/ is of second order and the work coefficient is only

changed by a second order quantity.

rd
The fractional change of the efficiency A7 = ap}? - 4_]};_%

7

can differ by a first order quantity since 43 will be of first order

if the non-linear loss is assumed.

2:5 Blade Forces

The fluid forces on a blade may be resolved into a force parallel
and a force perpendicular to the plane of the blade row. The force
parallel to the blade row is,

I ’ 4 4
= 174 U - U
A = oS (v '-%")
and the force perpendicular to the blade row is,

rd

£ o= s(p/-pi)

. When the inlet flow has a distortion the forces are composed of
a mean value plus a variable component. For a rotor the additional
force terms will be periodic with the wheel speed & .

The additional force components are given by,

Fx
S

A - & (2. 40)

/oi-é‘ =& - @2 £ 2cos28,(tan 8, ~ten Q) H,~ ) - tarndg B) (2-41)

where the subscriptsl and 2 refer to locations immediately upstream

and downstream of the blade row.
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2:6 Example Results

2:6.,1 Isolated Rotor

The solution for the isolated rotor was discussed in section 2:3. 1.
The solution was given in terms of the initial disturbance H, and its
conjugate /—//* . For a single wave length the disturbance profile is
not changed but for a complex input the profile is changed by the
addition of the conjugate function /.//* . In this section an example case
will be computed in order to demonstrate the results with a complex
inlet distortion.

The input will be assumed to be a rectangular depression of the
upstream total pressure. The reason for this particular input is two-
fold. First, the experiments to be discussed in a later section have as
their inputs a distortion closely approximated by a rectangular
depression. Second, a simple analytical expression representing the
input is known which has the extremely convenient property that the
exponential behavior of all the harmonics may be calculated in one step.

Consider the function,

£ o= Yn .5@A Eé/x’*-?ﬂ - %iﬁy
Sink A (X # iy + ikir)

By a straight forward calculation the function / can be shown

to have the properties that

*RX

f//‘_=—zzs’}?””"‘ S/h/zéae“ , X<€oO

n

=/

= . zFnX
Dn £ = 2| &« + ZZS”;”%‘ cos zy¢ € y X5 0
=/
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where f/ and sy refer to the real and imaginary parts.

The functions have the following wave forms:

o Flo4)

The function f/ /—/4#/ has logarithmic singularities at X'= # « 77”.

The input at X= 0 is given by,

/

Hlog) = — —= [ I /_(4;/'0(77’:‘

and the conjugate function ,L//* is

Hroy) = - [ /?/F/o,//}

Since /-// contains all wave lengths the assumption of quasi-
steady flow is not strictly satisfied but this fact as well as the fact that
the results contain singularities at the edges of the rectangular

depression will be ignored.

Assume the mean flow parameters are:

Y= 5
g, = 20°
g, = 45°
v =/
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Also assume no losses and infinite solidity.

Figure 13 illustrates the total pressure profiles in relation to
the rotor blade row and the mean flow parameters. The magnitude of
the depression is taken as unity and covers a 90° sector. The total
pressure profile is grossly distorted upon passing through the rotor
which indicates that the pressure and angle deviation fields account for
the majority of the change.

Figure 14 shows the axial velocity profiles far upstream of the
blade row ( X =—-=), at the plane of the rotor { X=0) and far downstream
(X=o). The profile far upstream is the same form as the input total
pressure since the flow there is undisturbed so that the axial velocity is
directly proportional to the total pressure. At the plane of the rotor
the low velocity region has been accelerated and the high velocity region
decelerated; in addition the pressure field has distorted the shape of the
original pattern. Far downstream the profile of the axial velocity is
similar to the downstream total pressure since the static pressure field
has become zero and the axial velocity is again directly proportional
to the total pressure.

The change of the axial velocity profile at several locations up-
stream of the rotor is shown in figure 15. Not much change occurs
for —ee< X <~2 , however, there is considerable change between

-2 < X < 0 due to the pressure field. The velocities at the edges of
the wake undergo a drastic transformation between X = —-./25 and
the plane of the rotor which will presently be seen to cause a rapid

contraction of the wake region near the blade row. Downstream of the
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rotor the axial velocity profiles, figure 16, show a much smoother
transition to the final form at the downstream infinity.

Figure 17 shows the form of the absolute flow angles at the
plane of the rotor. The angles upstream are almost entirely anti-
symmetric about K =0 so the relative angles of attack are also anti-
symmetric. Since the relative leaving angle, /3, , is constant by
assumption, the relative angles upstream of the rotor account for the
antisymmetric form of the total pressure profile. A positive value of

@/ indicates a reduced relative angle of attack. Note that the profile
of @2 is the negative of the profile of ¢, (g ¢)which is the result of
assuming a constant relative leaving angle.

Figure 18 illustrates the form of the blade force components, /,
and /C;{ .

The first order analysis assumes that the total pressure is
transported along the mean streamlines. A second order analysis
would correct the solution to account for the deviation of the stream-
lines. In essence the results of the first order analysis define the
corrected streamlines which may be found from a knowledge of & and
U, or A everywhere in the flow field. Figure 19 shows the
streamlines for a value of }e = Z These streamlines were found
graphically by first plotting the streamline directions at various values
of X and then tracing the streamline paths. The perturbation angles
48, /"/,3‘) and Ang/jé() change the streamline direction by at most

one degree so the flow may be considered to be nearly uniform for
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/X[ =1 . In fact an inspection of the figure shows that the greatest
streamline change occurs in the interval /X/< 4_4 . The streamlines
defining the edges of the rectangular depression first start out cover-
ing 90° then reduce to 78° at the plane of the rotor and finally reduce
to 66° far downstream of the rotor. The total contraction is approxi-
mately 27 o/o. Half of the contraction occurs by the time the pattern
reaches the plane of the rotor which is analogous to the contraction of
the wake for simple propellor theory.

Figure 20 demonstrates the effect of including the linear loss.
It can be seen that the function A/, has more of its original form
than it has when assuming no losses.

Figure 21 illustrates the effect of assuming the non-linear loss
over a part of the circumference. In this case the losses have the
greatest influence only over a part of the circumference (compare with
figure 20) and additional distortions of the initial profile result.

For comparison some of the numerical results are given below:

no losses,

Hy = —2/0H, —.778 4%
;’%—- = 7434, +.703H*
Le - sosH + 3894"

with linear loss: /L, =0.25, L)ej =/.0,

My = 1485 4 —. 3294 F

X

= . 4LBL A + .3/7H*

= ,3.96/44 +.243/‘/,¥

o
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The numerical results for the non-linear loss are the same as for the
no loss case but with terms added to account for the extent of the loss
region.
The addition of the linear loss has a suprisingly beneficial
effect on the blade forces and the attenuation of the pressure field
component of A .

The numerical results for the overall performance may be

tabulated.
AV’ LAY _Ar
¥ ¥y 7
No Liosses -.91 %o .91 0/o
. o o
Linear Loss -.89 /o .89 /o
Z‘R - 0. 25
le=1
. o o o
Non-Linear Loss -.20 /o -6.55 /o -6.35 "/o
Pa
Le=1
1
€=7
The performance is calculated on a basis of the input, %, = —Z/—- . In

the case of the non-linear loss the value 2,2 corresponds to approxi-
mately 40 o/0 of the mean total pressure rise and the losses apply to
the region where the local angle of attack exceeds 4°,

The numerical results for the overall performance demonstrate

that any change is of second order except when the non-linear loss is
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assumed A Y and Ay are of first order.

2:6.2 Inlet Vanes-Rotor-Stator Configuration

Numerical results for the case of an inlet vane-rotor-stator
configuration with zero axial gap may be compared with the results for

the isolated rotor. The mean flow parameters are assumed to be:

¢ =3
&= 0
Q =20°
G, = 45°
93‘—'250
U=/

Assume no losses and infinite solidity. Then,
Ho = .308 /4,
Fx

s = —.3084

7,'%— = /844,
Comparing these results with those for the isolated rotor with no loss,
it is seen that the total pressure is attenuated less but the distortion of
the input profile is not present. The direction of the X component
of force is reversed and the magnitudes of the forces are considerably
smaller for this particular configuration. The fractional change in the

A’

work coefficient, 5 = 68 /o, is not significantly different from

the isolated rotor case.

Allowing the blade rows to be displaced from one another by a
small amount would not alter the results appreciably.

The effect of the blade row gap may be best illustrated by a

numerical example. The flow parameters and other assumptions are
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as above except that the input distortion is assumed to be a simple cosine

wave and the blade gaps are equal. The results are for the total pressure

downstream of the rotor in terms of the total pressure upstream,

He = % cos 4 + ¥ S/n 2
In addition to the exact results which were computed on a
Datatron Digital Computer, the approximate results, computed by the
iterative procedure outlined in section 2:3, 3. 3, are tabulated for com-
parison. In the tabulation of the results the superscripts /R , 1, 2, 3
refer to the solutions for an isolated rotor, first, second and third order

corrections, respectively,

X _X/(,-/a) X/m a///z) ¥, (3) X, (exact)
2 . 360 .304 .318 .322 .321
1 . 080 -.021  .206 .168 .098
+ -. 066 -.053 .542 . 255 .230
z -.139 -.003 .933 . 320 .284
% -. 175 . 041 1.223 .351 .302
0 .308
Xs Xz( e 1/2//) 3’2(2) 3/2/3) 3? (exact)
2 -.721 -. 747 -.713 -,715 -.715
1 -. 802 -. 665 -.520 -.585 -.676
£ -.803 -.522 -.293 -.394 -.342
F -.794 -. 460 -. 144 -. 162 -.184
v -.787 -. 430 -. 054 . 048 -.094
0 0

The magnitude of ¥, does not vary greatly with the spacing but

the change in ?5/2 , which is the pressure field effect, is appreciable.
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The iterative solutions are, of course, much better for large spacing.
For the spacing Xg> / the isolated rotor case may be used with not
much error. Since the isolated rotor solution overestimates the
pressure field effect, and consequently the blade forces, it would be a
reasonable approximation. For Xg < E{— the approximation of zero
axial gap could be used. For F/ < Xg </ the two extreme assumptions

of zero or infinite gap would not yield reasonable results and the exact

solution or several iterations would have to be computed.
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III. EXPERIMENTAL EQUIPMENT AND PROCEEDURE

3:1 Test Compressor and Instrumentation

The experiments were performed on an axial-flow compressor.
Figure 22 is a cross section of the test installation and indicates the
principle details of the compressor and associated ducting. The air
enters through the bell mouth, flows through the straight duct section
and then through the compressor proper. The air is exhausted
vertically by turning the air leaving the compressor in the aft-duct
section. Driving power is supplied by a dynamometer.

The compressor has an outer diameter of 36 inches and a hub-tip
ratio of 0.6. The normal compliment of blades is a stage of inlet vanes
to impart a prerotation to the fluid, three stages of rotor-stator com-
binations and finally two stages of exit vanes to recover the remaining
whirl velocity. There are 30 blades per rotor row and 32 blades per
stator row. The blades are removable so the compressor may be
operated in a variety of configurations. ¥Free vortex blades were used
exclusively in the experiments and figure 23 shows the root and tip
sections of these blades. The design operating point is }?/= 0.40 at
@D =0.43.

The flow rate is regulated by a throttle valve at the exhaust
section. The throttle consists of motor driven doors which control the
exit area and thereby provide a flow resistance which determines the
operating point.

The performance of the compressor is determined by overall

measurements and detailed flow surveys. The overall performance
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is obtained by measurements of the rotational speed, flow rate, work
input and exit-duct static pressure. .There are survey ports for obtain-
ing detailed pressure, angle and velocity measurements at any radial
position upstream and downstream of each blade row.

The rotational speed of the machine is set by regulating the
electrical power supplied to the dynamometer and the speed measured
by a tachometer or a revolution counter in conjunction with a timer.
The tachometer and revolution counter are electrically driven by a
synchronous generator which is coupled to the dynamometer shaft. It
is possible to set the spegd to within —é— RPM using these indicators.

The flow coefficient is correlated with the static pressure at the
wall of the entrance duct. The duct is calibrated by means of velocity
traverses across the duct area. The static pressure at the duct wall is
averaged by four pressure taps and the pressure is measured by a
precision water-micromanometer which can be read to an accuracy of
. 001 inch of water.

The work input is determined by a measurement of the reaction
torque on the dynamometer at a given rotational speed. The torque is
measured by a diagram type force meter which is loaded on one side
by the reaction force and is balanced on the other side by air pressure.
The balancing air pressure is connected to a mercury manometer and
the height of the mercury column is calibrated in terms of torque. The
calibration consists of statically loading the dynamometer with known
weights on an accurate lever arm. The calibration is performed (with

the dynamometer decoupled from the compressor) before and after a
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test run and an average calibration used. During the testing auxillary
motors rotate the outer races of the dynamometer roller bearings in a
direction opposite to the compressor rotation which essentially
eliminates the bearing friction.

The exit-duct static pressure is a rough indication of the com-
pressor operation and is, therefore, a useful measurement.

Figure 24 shows the probe carriages and the pressure detecting
unit used for detailed flow surveys. Figure 25 illustrates the test
probes used. The probe carriage can position the probes radially and
in the yaw direction. There are survey holes between each blade row
and several survey holes about the circumference at each of the axial
planes. The pressure from the test probes is detected by a Statham
strain-gage pressure transducer. The strain-gage elements form one
leg of a bridge circuit and the adjacent leg is a Brown self-balancing
potentiometer and indicator. The indicator and bridge circuit is the
large instrument to the side of the compressor in figure 24 and the
pressure transducer is the small instrument mounted on top of the
indicator. The indicator scale is initially calibrated against the
precision water-micromanometer. This system is particularly advan-
tageous since the strain-gage transducer requires a negligible volume
flow from the probes and fluctuating pressures may be averaged fairly
rapidly.

Further detaﬂs of the compressor and equipment may be found

in reference 13.
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3:2 Inlet Disturbance and Test Procedure

The asymmetric inlet disturbance is introduced upstream of the
compressor section by blocking a sector of the annulus with screens.
The screens are mounted on a wire framework for support. Figure 26
illustrates the blockage screen and the axial location of the screen and
framework assembly.

The extent of the area blocked and the magnitude of the disturb-
ance may be varied easily by using different size and solidity screens.
Most of the experimental work was performed with a blockage of
approximately 711 of the inlet area. Combinations of screens were used
to adjust the magnitude of the disturbance. The screens had a uniform
radial density so that the input distortion had only a circumferential
distribution and no radial variation.

Since it was one of the primary purposes of the experiments to
obtain detailed flow surveys some method of positioning the test probe
in relation to the screen was needed. The method used was to keep the
test probe fixed and rotate the screen. Figure 27 is a pictorial
diagram of the screen positioning mechanism. The wooden inlet fairing
is hollow and the remote selsyn and gears are mounted inside. The
inlet fairing with the screen framework is rotated on an overhung shaft
rigidly fixed to the compressor housing. The electrical wires for the
remote selsyn are led out the centerline of the inlet duct and then to the
positioning selsyn located at the operating desk. The rotation of the
remote selsyn was geared so that a 9° rotation of the positioning selsyn

moved the inlet fairing assembly by 1°. The selsyns ordinarily have
g Yy Yy Yy
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sufficient torque so auxillary drives are not necessary; however, when
several screens were used a friction cable drive was employed to
rotate the assembly and the selsyns were used as indicators. The cables
were led out through holes in the duct to the operating desk. The
electrical wires and the cables for the friction drive have a negligible
effect on the normal flow through the duct and compressor. The

o
screen may be positioned to within approximately = .

4

The calibration of the flow rate with the duct static pressure was
performed with the inlet disturbance installed. It was found that for a
blockage covering up to % of the inlet annulus the flow rate was
independent of the magnitude of the disturbance and its circumferential
position. This was due in part to the screens being introduced
sufficiently far downstream of the plane of the pressure measurement
and also in part due to the averaging of the wall pressure by the four
pressure taps.

In all the tests the rotational speed of the machine was 750 RPM.
The testing required extended periods of time and the speed was
maintained within + 2 RPM by repeated checks.

The overall measurements were obtained with the screen at
any arbitrary position. The method of obtaining the detailed circum-
ferential surveys was to locate the probe at a given radius and axial
location and the screen turned to the desired circumferential position.
After a measurement was taken the screen was rotated to the next

circumferential position and another measurement taken. When the

screen was rotated through 360° the probe was relocated at another
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radius or axial location and the procedure repeated.

A circumferential survey requires an average of 75 measure-
ments and when angle, velocity and total pressure surveys are required
at several radii and between each blade row, the number of measure-
ments quickly add up. Therefore, the rapid and accurate method of
positioning the screen for the circumferential surveys as well as the

use of the fast response pressure indicator may be appreciated.
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IV. EXPERIMENTAL RESULTS

4:1 Presentation of Resultis

Detailed flow surveys were made about the entire circumference;
however, the results are shown for only half of the circumference. The
remaining area is not affected appreciably and the main features of the
flow are retained in the curves. The flow patterns have been shifted by
the circumferential displacement of a mean streamline path so that the
center of the wakes appear at the same circumferential angle on the
curves.

The results of the surveys are presented by lines drawn through
the test points while the actual data points are omitted from the curves.
Measurements were taken at 2° or even 1° intervals in the wake region
where the flow changes rapidly and at 5° or 10° intervals outside of the
wake where the profiles become relatively smooth. The total pressure
measurements at the edges of the screen fluctuate considerably and the
results represent an average of the maximum and minimum readings.
Downstream of the rotor the pressure fluctuations are much smaller
but cover a larger circumferential angle (approximately two blade
spacings or 240) at the edges of the wake.

Two single stage configurations were tested extensively and in
addition several tests with the complete three stage configuration were
made. The single stage configurations are termed an expanded single
stage and a normal single stage and they are described in the following

sections.
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The blockage screens introduce a wake corresponding to a total
pressure loss through which the blades of the rotor traverse. The
edge of the loss wake the blades first encounter from the direction of
undisturbed flow is termed the leading edge. The edge of the wake the
blades pass through from the loss region to the undisturbed flow is
termed the trailing edge.

The blockage screens are referred to as the No. 1, No.2 or
No. 3 screen and these indicate the magnitude of the disturbance they
introduce at the entrance of the compressor. The No.3 screen
produces the largest total pressure loss. The No. 1l screen was one
sheet of high solidity material and the larger disturbance screens were
made by superposing additional sheets of the same material. The
superposed screens were displaced circumferentially and wires stripped
from the ends of the screens so the wake edges would not cause abrupt

velocity or pressure changes in the flow.

4:2 Expanded Single Stage Configuration

The expanded single stage configuration consists of the inlet
vanes, second rotor and third stator. Figure 28 shows the blockage
screen, blade rows and survey planes approximately to scale; exact
dimensions are given in Table I.

This particular configuration was chosen so that measurements
at several planes upstream and downstream of the rotor could be made.
Since this configuration approximates an isolated rotor the test results

may be compared qualitatively with the example results of section 2:6.1.
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Figure 29, 30 and 31 together comprise a complete flow survey
at the mean radius, § = 0.8. The total pressure survey upstream of
the inlet vanes (S,) in figure 29 is considered the input disturbance.

A comparison of the total pressure surveys upstream of the rotor ( S,
and S,V } indicate the contraction of the wake. Downstream of the
rotor the two total pressure surveys ( SV and SV//) appear to be dis-
placed circumferentially which is a result of the wake contraction
downstream of the rotor.

The flow angle survey upstream of the inlet vanes ( S/ }, figure
30, are disturbed due to the turning through the vanes and also due to
the influence of the rotor. The rapid change in the angles upstream of
the rotor (S, and . S,,) occurs in less than six inches. The angles
downstream of the rotor (S, and S vy} show the rapid decay of the
perturbation fields.

The flow coefficients in figure 31 show the acceleration of the
low velocity fluid ( S/ and S,V }. The survey downstream of the rotor
is the same form as the total pressure survey at the identical position
which indicates that the static pressure perturbation is almost zero and
this is further substantiated by the angle survey at the same plane.

A qualitative comparison of the wave forms of the test results
may be made with the example results for the isolated rotor case. The
flow angles measured at the survey planes upstream of the rotor ( S/V)
and downstream of the rotor (SV) compare favorably with the angles
in figure 17. The flow coefficient surveys upstream of the rotor ( S,

and §,, ) also have the features of the calculated profiles at X=—ao
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and X = —.125 in figure 15. The total pressure profile downstream
of the rotor (§|,) does not seem to compare with the example profiles
in figures 13, 20 or 21. The characteristic dip in the total pressure
at the leading edge of the wake (400) is present to a degree but the
characteristic peak at the trailing edge of the wake (1400) appears to
occur more toward the center of the wake area in the test results.
This apparent discrepancy will be examined more fully later.

Figures 32, 33 and 34 are radial surveys which correspond to
the results in figures 29, 30 and 31. Since the upstream angles in
figure 33 and the upstream total pressure in figure 32 are similar the
flow must be nearly two-dimensional, Downstream of the rotor the
total pressures and angles indicate that three-dimensional effects are
concentrated near the trailing edge of the wake region. In figure 34
the dip in the leaving angle at 100° for § = 0.7 corresponds to an
increased velocity area which correlates with the peak in the total
pressure survey, figure 32. Similarly the peak in the angles at 110°
for § = 0.8 corresponds to the lower total pressure at the same
point.

Radial surveys of the total pressure at two other flow rates
are given in figures 35 and 36. There is more nearly two-dimensional
flow downstream of the rotor at the higher flow rates which is due to
the compressor operating nearer the design point. Also the losses
through the blade row would be smaller at the higher flow rates.

A comparison of the total pressures at the three flow rates are

given in figures 37, 38 and 39. Consider the curves for § =90.8,
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figure 38. The sharp dip at the trailing edge of the screen wake (1300)
is seen to increase in width as the flow rate is lowered. The consider-
able variation of the flow angles from the design value at 130°, figure
33, induces large incidence angles at the rotor inlet which in turn must
result in large losses. The incidence angles and consequently the
losses would be greatest at the lower flow rates. It can be concluded
that the dip in the total pressure curves at the trailing edge of the
screen wake is a result of losses and the characteristic peak one would
expect from the example results, figures 13, 20 or 21, has been cut
off, As the flow rate is reduced the loss region increases from
approximately 15° to 60° which is approximately 1 to 5 blade channels.
The effect of losses is also apparent at g = 0.7 in figure 37 but to a

lesser degree at § = 0.9 in figure 39.

4:3 Normal Single Stage Configuration

The normal single stage configuration, as the terminology
implies, consists of the inlet vanes, rotor and stator in their usual
positions. Figure 40 shows the blade row and survey planes.

Figures 41-43 comprise a complete survey at the mid-blade
height, % = 0.8. In figure 4l the total pressure surveys upstream of
the rotor ( S/ and S, ) show some contraction of the wake which is
less than occurred in the expanded stage. The total pressure down-
stream of the rotor (.5,,) has two sharp dips near the center of the
wake region and these are localized losses since the widths are

approximately one blade spacing. There are additional losses through
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the stator (compare S, and ,S',V ) mainly at the trailing edge. The
peaks at the center of the wakes downstream of the rotor do not
coincide since there is greater turning of the fluid in the ;enter of the
wake than elsewhere.

The angles upstream of the vanes (,S'/ )}, figure 42, are more
perturbed than in the expanded stage. However, the angles upstream
of the rotor are considerably less disturbed for the normal stage than
the expanded stage; compare the surveys at ,§,, in figure 30 with §,
in figure 42. The high solidity of the inlet vanes and the small gap
between the blades in the normal stage are responsible for the flow
angles upstream of the normal stage rotor being more uniform.

The flow coefficient downstream of the stator ( Sn/ } is similar
in form to the total pressure survey at the same plane which indicates
the pressure is approximately uniform. This is verified by the leaving
angles from the stator, figure 42, being approximately constant.

Comparing the surveys at F; = 0.7 downstream of the rbtor
and stator, figures 44 and 45, show the large losses at the root section.
The flow angles measured downstream of the stator, figure 47, also
indicate considerable angle variation where the losses occur.

The losses and angle variation in the stator are a result of the
mutual interference between blade rows. In the expanded single stage
the blades are sufficiently displaced so that the rotor blade row may be
considered an isolated cascade. Since the potential functions, P and

(= , decay exponentially from a cascade the disturbed angles decrease

downstream of the rotor and at the plane of the stator are considerably
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reduced in magnitude, figure 30. However, in the normal single stage
the proximity of the blade rows to one another do not alilow the expo-
nential decay to progress significantly and the large angle disturbances
downstream of the rotor are approximately the same magnitude
immediately upstream of the stator. As a consequence stalling and
flow separation occur in the stator blades.

For completeness and as a basis of comparison complete
surveys at another flow rate, figures 48-51, and with two other blockage
screens, figures 52-55 and figures 56-59, are included.

The effect of the flow rate and blockage screens can be
determined from figures 60-63 which compare the total pressure
measurements downstream of the rotor and stator at the three radial
survey sections. The losses are most pronounced at the hub section
where the turning angle is largest and the possibilitly of flow separation

greatest.

4:4 Three Stage Configuration

Total pressure surveys with two inlet disturbances were
obtained in the complete three stage configuration, figures 64 and 65.
Both disturbances are diminished considerably behind the second rotor
and evidence of the smaller disturbance is hardly detectable behind the
third stage.

Since the inlet disturbances are large there must be stalling and
flow separation in at least the first stator row as was found in the case

of the normal single stage. However, regardless of any stator losses
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tending to increase or maintain the magnitude of the flow distortion the
inlet disturbance is rapidly attenuated through the three stages. These
results indicate that in a multi-stage compressor the influence of an

asymmetric inlet flow would be limited to the first few stages.

4:5 Wake Contraction

The contraction of the screen wake was measured by tracing
streamline paths in the compressor. Stream tubes at the edges of the
screen were heated and then followed downstream by means of a total
temperature probe.

A coil of Nicrome wire heated by an AC current formed the
heat source, figure 66. Just downstream of the probe a stream tube of
approximately 'le inch diameter was heated.

The total temperature probe, figure 66, has a small thermo-
couple sensing element. The EMF induced at the thermocoﬁple was
balanced by a reverse EMF in a balancing circuit. A galvanometer was
used to determine when the voltages were nullified and the maximum
deflection of the ammeter scale determined the center of the heated
stream tube. Details of the thermocouples and balancing circuit may
be found in reference 14.

Figure 67 shows the streamline paths as viewed in the direction
of the flow. The streamlines originating at the counterclockwise edge
of the screen are considerably overturned as compared with the stream-
lines originating at the clockwise edge of the screen. There is not much

radial variation of the streamlines except downstream of the rotor at the
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clockwise edge of the screen. The radial and circumferential shift of
the streamlines are given in Table II.

Figure 68 is a two-dimensional view of one streamline path.
The angle leaving the inlet vane is approximately 20° and is turned
almost axial at the rotor inlet. The flow angles from figure 30 at the
corresponding points are 17° and 2°. It was not possible to measure
further downstream than survey station J,, since the heated stream
tube became too diffuse to detect.

The wake sector at the mid-blade height, § = 0.8, starts out
being approximately 110° and contracts to 930 downstream of the rotor.
The decrease is 15.4 c’/o:: which compares favorably with the 13.5 0/o

contraction of the 90° wake in the example results of section 2:6. 1,

4:6 Overall Measurements

The work coefficient as a function of the flow coefficient was
measured in the two single stage configurations. Results obtained with
the No. 3 blockage screen installed at the inlet are compared with
measurements with no inlet disturbance.

In the expanded single stage configuration, figure 69, the work
coefficient is decreased with the blockage screen installed when
@ % 0.36. When the flow rate D > 0.36 the work coefficient with
the blockage screen is only slightly increased above the value without
the screen blockage. At @D = 0.40 the work coefficient is approximately
3 c’/o less with the No. 3 screen as compared to normal operation. The

decrease in the work coefficient calculated in the example results,
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section 2:6.1, is approximately 1 °/o. The agreement is good consider-
ing the example results were computed assuming unit hub-tip ratio
which neglects the contributions from all radial sections.

The results for the normal stage, figure 70, indicate no deviation
in the work coefficients at the higher flow rates, at least within experi-
mental accuracy. At the lower flow rates the losses in the stages cause
the work coefficient measured with the blockage screen installed to
increase over the no disturbance values.

Downstream of the compressor stages the static pressure less
the atmospheric pressure, at a given flow rate, is a measure of the
total pressure rise. If the static pressure measurement is corrected
for the average total pressure at the inlet section the static pressure
measurement can be a useful indication of the total pressure rise when
a disturbance is introduced at the inlet.

Figure 71 shows the static pressure coefficient measurements
for no screen, No. 3 screen and the No. 3 screen corrected for the
entrance loss. The entrance loss was obtained from the detailed
surveys of the total pressure downstream of the screen for this con-
figuration. Three corrected points are shown on the curve which
correspond to the three detailed surveys at @D =0.35, 0.40 and 0.45.
It was found that the loss could be expressed as a drag coefficient
multiplied by the square of the mean flow coefficient which allowé the
corrected curve to be extended beyond the actual measured flow rates.
The difference between the corrected curve and the curve without the

screen may be considered the additional total pressure loss through
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the compressor due to the inlet disturbance. For flow rates D> 0.45
the additional losses are negligible but losses become important near
the peaks of the curves.

Figure 72 shows the results with the No. 3 screen installed in
the normal single stage. The additional losses in this configuration
are larger than in the expanded stage which is due to the stator influence.
Stator losses were evident in the detailed flow surveys, figures 60-63.
Figure 73 shows the effect of stator losses with the smallest disturbance
tested; compare with figure 72.

It will be recalled that the first order analysis with the linear
loss representation implies no change of the mean flow. The figures 71,
72 and 73 indicate that there is a mean total pressure loss. Therefore,
a non-linear loss representation or a second order analysis is required
to predict the additional losses due to the inlet disturbance.

The inception of propagating stall wés determined with and with-
out the blockage screens installed at the inlet. It was initially supposed
that the inlet distortion would have a significant effect on the flow rate
where stall first occurs; however, the results were surprising in that

no appreciable change was found. The results are tabulated below.
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Compressor Configuration Inlet Condition @Stall
Expanded Single Stage No Screen 313
No.3 Screen .318
Normal Single Stage No Screen .311
No. l Screen . 311
No. 2 Screen .312
No.3 Screen .311
Three Stages No Screen . 410
No.1 Screen .418

The propagating stall referred to here is the large amplitude
stall as defined in reference 15. The first occurrence of propagating
stall in this compressor is the so-called partial stall which is confined
to only a portion of the blade height. The results tabulated above are
for the inception of this partial stall. The stall was detected by means
of a hot-wire anemometer although the stall is distinctly audible and
could be detected without hot-wire equipment.

The flow coefficient at the stall point is the average flow rate
from the entrance duct static pressure. The inlet disturbance covered
approximately a 900 sector so 211' of the fluid was retarded and %
accelerated. Therefore, only é of the fluid with a velocity less than
’Fhe mean is conducive to stall while the remaining % with higher
velocity tends to impede the propagation of a stall patch. When the
mean flow rate is reduced the magnitude of the disturbance decreases
(see figure 37) and the velocity in % of the annulus area is also
reduced with respect to the mean velocity. At the low flow rates where

stall occurs the high velocity fluid is not sufficiently large to impede
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the stall patch from propagating. This explains why stall occurs at
approximately the same mean flow rate with and without j:he blockage
screens.

Turner, Richie and Moss (16) report in a recent paper that the
stall limit was unchanged with the introduction of asymmetric inlet
distortions covering 50 ®/o and 75 /o of the inlet area of a single stage
compressor. Since their disturbances were introduced by screens the
reason for no change in the inception of propagating stall must be as
explained above.

At a flow rate approximately 10 o/o greater than the point of
incipient stall it was observed that velocity fluctuations occurred near
the tip section of the blades. The fluctuations were considerably
larger than the background turbulence level but smaller in magnitude
than propagating stall. In addition the fluctuations seemed periodic at
certain circumferential positions, random at other positions and
disappeared at still other positions. It was assumed that these fluctua-
tions were the initiation of propagating stall. A representative hot-wire
record of the velocity fluctuations is shown in figure 74. For com-
parison figure 75 shows a hot-wire record of the propagating stall. The
recording level in each figure is constant and demonstrates the change
in amplitude of the fluctuations about the circumference; however, no
significance should be attributed to the relative amplitudes of the two
figures.

From the detailed flow surveys it is known that the region of

large incidence angles is at the trailing edge of the screen wake (1050)
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and in the absolute coordinate system a stall patch would propagate in
the direction of 0° to 360°. Referring to figure 74 the large amplitude
pulses appear at 1200, are decreased in magnitude at 160° and
decrease to zero at 2400. These results seem to verify that the large
velocity fluctuations are the initiation of stall patches but do not fully

develop due to their propagation into a high velocity region.
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V. COMPARISON OF EXPERIMENT AND THEORY

A direct comparison of the experimental results with the theory
for one case is shown in figures 76 and 77. The test results are for
the expanded single stage configuration with the No. 3 screen, P =0.45
and g =0.8.

The mean flow parameters were assumed to be the average of
the circumferential surveys; these values were equal, within experi-
mental accuracy, to measurements with a uniform inlet flow. The theo-
retical curves were calculated on the basis of an isolated rotor, section
2:3.1, with the linear deviation angle and the linear loss. The values
defining the deviation angle and the linear loss were taken from
reference 14.

The assumed input profile is shown in figure 76. The Fourier
representation of the input only includes wave numbers up to 18 so
details of the flow cannot be expected for a circumferential extent of
less than 20° or approximately two channel widths.

Figure 76 is the comparison for the total pressure survey.
Figure 77 is the comparison for the angles measured upstream and
downstream of the rotor and the flow coefficient measured upstream
of the rotor. Two theoretical curves are shown in each case; one for
no loss or leaving angle variation and the other including the loss and
leaving angle variation. Referring to the figures it can be seen that
the theoretical comparison which includes the loss and angle variation
is a much better representation. Any theory which neglects these

factors, e.g. reference 11, would not be as satisfactory.
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Consider the comparison of the experiments with the theory
assuming losses and a leaving angle variation. One primary dis-
crepancy is a result of the first order theory not accounting for the
contraction of the screen wake. For example the peaks of the angles
upstream of the rotor, 9/ , do not coincide nor do the edges of the
flow coefficient, ¢, . The wake contraction should cause the flow
within the wake region to accelerate which can be seen to occur in the
circumferential region 1200-1900. The greater total pressure rise
than predicted by the theory in the region 120°.180° may be justified
somewhat by the acceleration of the fluid in the wake. Another dis-
crepancy is the losses which are confined to approximately one blade
channel at the circumferential angle of 220°, figure 76. The losses
must be accompanied by flow separation and a partial blockage of that
particular blade channel which would explain the larger leaving angles,

¢, in figure 77, at that circumferential angle.

The losses assumed for the theoretical curves are based on
the mean flow and are, therefore, small. The losses in the wake
region are considerably larger since the incidence angles at the rotor
inlet would be large. By assuming a greater value of the loss the theo-
retical curve could be made to agree more nearly with the experiments
but at the sacrifice of introducing unknowns and further assumptions
into the theory. The non-linear loss representation, as has been
previously indicated, could account for large losses in the wake region
and small losses elsewhere. However, two unknowns would be introduced

which are the magnitude of the loss and the value of the critical angle.
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The virtue of the linear loss, besides simplicity, is the availability
of the required information from actual compressor tests.

The theoretical calculations are based on the isolated rotor
case so the interference effects of the inlet vanes and stator have been
neglected. The isolated rotor case has been seen to overestimate the
term responsible for the distortion of the input profile, section 2:6.2.
Therefore, the slope of the theoretical total pressure curve in the
wake region would be decreased and made to agree more nearly with
the experiments by accounting for the interference of the neighboring

blade rows.
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¥1. CONCLUDING REMARKS

A total pressure disturbance at the inlet of a compressor stage
is considerably reduced in magnitude and distorted from its original
form downstream of the stage. The circumferential extent of the total
pressure disturbance is also decreased downstream of the stage. The
reduction of the disturbance is due to the unequal work added by the
rotor to the various parts of the fluid. Pressure and flow angle
perturbations which are induced upstream and downstream of the blade
rows are responsible for the reduction of the circumferential extent of
the disturbance.

The angle perturbations are a maximum at the plane of a blade
row and decrease exponentially upstream and downstream. Large
perturbed flow angles downstream of a rotor blade row can, therefore,
cause stalling and flow separation in the following stator blade row when
the axial spacing is small. If the stalling of the stator is severe the
disturbance initially reduced by a preceding rotor could be increased
sufficiently so that the magnitude downstream of the stator is greater
than the original magnitude upstream of the rotor-stator combination.

In a2 multi-stage compressor an inlet disturbance is rapidly
reduced through the stages. This reduction occurs regardless of the
stalling and flow separation which must occur in at least the first stator.
In the present investigation with a three stage compressor the largest
disturbance tested was almost completely diminished downstream of the
last stage. This tends to indicate that the asymmetric inlet disturbances

would be limited to the first few stages of a multi-stage machine.
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Ideally the average total pressure is unaffected by an inlet dis-
turbance; however, losses which occur in the rotor and s‘tator blade
rows cause the average total pressure to be reduced. At the lower flow
rates the losses are the greatest. The work coefficient was not affected
appreciably by the disturbances employed in the tests. At the higher
flow rates the work coefficient was slightly reduced in the expanded
single stage and approximately the same in the normal single stage.
When the flow rate was reduced below the point where stall occurs the
work coefficient was increased somewhat over the no disturbance value
in both single stage configurations. Since the work coefficient is
roughly unaffected and the average total pressure is decreased with an
inlet disturbance the efficiency is, therefore, reduced. The inception
point of propagating stall was essentially unaffected by the inlet dis-
turbances.

The linearized theory developed here correctly describes the
flow process. The quantitative agreement for the wake contraction,
section 4:5, and the work coefficient, section 4:6, may be considered
reasonable under the assumptions of the linearized theory. There
could be better agreement with the circumferential surveys and the
additional losses occurring in the blade rows by extending the theory
to a second order one.

It has been demonstrated that the additional blade forces are
largest when losses and the leaving angle deviations are neglected.
Therefore, a safe estimate of blade forces may be made with only a
knowledge of the disturbance and the mean flow characteristics of the

compressor.
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TABLE I.

Axial Liocation of Survey Planes and Blade Row

Plane Axial Location (inches from reference)
Screen 47

SI 39.750
SII 35.500
SIII 32.313
SIV 29.625
SV 26.563
SVI 23.875
SVII 20.813
SVIII 18.125
Inlet Vanes 37.250
No. 1 Rotor 34.250
No. 1 Stator 31.375
No. 2 Rotor 28.500
No. 2 Stator 25.625
No. 3 Rotor 22.750

No. 3 Stator 19,875
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TABLE 1I.

Streamline Paths (See Fig. 67)

Survey Plane

Radius (inches)

Angular Displacement (Deg.)

Heater Probe

Heater Probe

12.
12.
12.
12.
i4.
14.
14.
14,
16.
16.
16.
16.

No Screen

7

66
64
65
4

38
34
33
2

19
16

12

Center

of Screen

i2.
12,
12.

12.

6
48
46

51

10

27

22

15

25
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TABLE I1. (Continued)

Survey Plane

Radius (inches)

Angular Displacement (Deg. )

Heater Probe

Heater Probe

Sy

SIII

Sy

Heater Probe

Heater Probe

51

S

Sy

14.
14.
14.
14,
16.
16.
16.
16.

4

28
30
28
2

16
i4

12

19

16

Counterclockwise Edge of Screen

12.
12.
12.
12.

14.

14

14.
14.
16.
15.
16.
16.

6

54
48
50

4

.20

00
40
2

94
06

14

13

37

10

28

23
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TABLE II. (Continued)

Survey Plane

Radius (inches)

Angular Displacement (Deg.)

Heater Probe

Heater Probe

St

1I
111

S
S
Stv

SV

Svi
Heater Probe

5y

SIII

Sy

Clockwise Edge of Screen

12.
12,
12.
12.
14,
14.
14,
14.
14.
13.
13.
16.
16.
16.

15.

6

44
56
02
4

24
20
30
30
40
40
2

18
18

40

16

11

21
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Fig., 2. Mean and Perturhation Fow Angles.
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Fig. 4. Linear Loss Coefficient,
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Fig. 5. Non-linear Loss Coefficient.
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Fig. 6. Velocity Diagrams at a Rotor Blade Row.
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Fig. &. Attenuation of an Inlet Distortion Through an Isclated
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2Q0° 30° 4Q° 5Q° 60°
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o

Fi:. 10. Attenuation of an Inlet Distortion Through aun Inlet
Vane - Rotor - Stator Configuration. Zero Axial

O 5a) j o = = = = = l
Gap, No Losses, 6'V = 63& = 68 =0, Gl = 03, Lf_‘.z )
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Fig. 60. Total Pressure Surveys Downstream of the Rotor and Stator.

Normal Single Stapge Configuration.
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Stator. Normal Single Stapge Configuration.
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Fig. 64. Total Pressure Survey. Three Stage Configuration.
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Fig. 65. Total Pressure Survey. Three Stage Configuration.
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Fig. 73. Exit-Duct Static Pressure Coefficient.

Normal Single Stage Configuration.



147

l

==

AL
A" &

s
L 7
L 74

AT
N

%2

-y
¥

Y

x
I

PR S §

T
y i 1
y Sv—"

[ :
; ;
) l il -” “ | ,_
(AN
; il
LI H_ |
mAlAR
i it
I ]
an i L4 1
L] L ) :
I i
IR

) :
(T ﬁ”
H ..r.}; |
Y xi

i
M L2
T M
T H..i.v 2
H
(s
i .nnun- "

Swv

SCREEN WAKE 5° - |05°
SURVEY PLANE

# 3 SCREEN

® = 0.335

=0

s s

It

9

mference.

ircu

Fig. 74. Velocity Fluctuations at Intervals about the Ci

Expanded Single Stage Configuration.



148

.
e

-

f e e e —

Ik

—

SCREEN WAKE 5° -105°

SURVEY PLANE

# 3

slv

SCREEN
0.28

P =

§ =09

Propagating Stall at Intervals about the Circumference.

Fig. 75.

Expanded Single Stage Configuration.



_l40.

‘uonjeIndyuc) 93v15 SISUIS pepurdxy

‘8971J01J 2anssald (B30 lejudwuriedx[ pue [eD1}aI0ay ] 0yl Jo uostaedwo) ‘gL "II4q

JIONV TVILNIY3I4ANNDYIO

09 oz¢ 082 0b2 0z 08 o O\ oo
ﬁ _ |
|
|
1NdNI d3NNSSY —— | | | |
0 \ ! , !
— A\ — | 20~
.




-150-

-uonpreanfyuen aifelg offws papuedxy  C39(1J0ad USIDIIIO0D

@011 pue o1fuy Mold (riuswItaadxg PUB [BDIIRIOSG T A4l JO JoETIBOII0D  tLp U1

JFIONY  IVILNIYIANNDNHID
0219 0ce 08¢ ove 00¢ 09l 0cli 08 ov 0

—— R T A R
|
|

80=2
Sb0o=d
N33¥0S ¢€# |

0=87 ¢
0=4g
— | - - \ — 1vo
Fe o X%y wt g i Py . -c- i .ty e ’Ilnl.”ll””l-.q.'..lll.lﬂiq'.l.ullall
U N S e e 9 o

o0

00¢

0P

ﬁ i o
~ ! — J . . JY S SN PR, SN oow




