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A linearized analysis predicts the velocity and static pressure redistribution in a distorted
flowfield upstream of a low hub-tip ratio axial flow compressor as a function of the slope of the
compressor pressure rise vs mass flow rate characteristic. The attenuation of axial velocity

‘distortion and the magnitude of the generated circumferential and radial velocities are found

to increase with a steeper negative slope of the compressor characteristic. Analytical results
indicate that the magnitude of the upstream flow redistribution is approximately halved when
radial velocities are conserved within the compressor as compared to the results assuming that
radial velocities are suppressed within the compressor. The test compressor suppressed in-
ternal radial velocities and data verified the appropriate analysis. The local slope of the dis-~
torted characteristic was found to be significantly less than the undistorted slope. Much of
the difference between the local distorted slope and the undistorted compressor characteristic
slope was attributable to rotor unsteady effects.
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Nomenclature + o = far downstream of the compressor
+ = downstream
Am,n = series coefficient of upstream potential function - = upstream
a = local speed of sound
c = Newton’s law constant .
?f n = Bessel function of the first kind, order n Introduction
K,,n» = proportionality constant S part of an aireraft turbojet engine, an axial flow com-
M = local Mach number pressor must operate at off-design conditions. One im-
p = Ppressure . portant off-design condition encountered is operation with an
R = linear combination of Bessel functions of the first and inlet total pressure distortion generated by inlet ducting up-
_ second kind . . stream of a compressor. This paper studies the flow redis-

r = radial coordinate, generally normalized with respect to g : : :

the tip radius ’ tribution upstrqam qf low hub-tip ra‘gq compressors with a
S, = static pressure-rise parameter total pressure distortion of the flow originating far upstream.
U = total axial velocity Significant experimental and analytical work has been
u = perturbation axial velocity published on the effect of total pressure distortions on the
14 = total cross-flow velocity performance of axial compressors and the attenuation of inlet
v = perturbation cross-flow velocity distortions within the compressors. Dunham™® presented
W = total rladw}l velocity . an extensive bibliography of the published material concern-
7: — g}iir:%?:ogﬁrclgad;i}e:aﬁllocggrmalize d with respoct to th ing inlet total pressure distortions within axial flow compres-

tip radius ' B Y P © SOrS. 'Peargon ar.ld M(}K.enzie2 110t§d that when a .total pres-
e = axial distance parameter equal to z/(1 — M2)1/2 sure distortion with a uniform static pressure was introduced
Y. = Besselfunction of the second kind, order n far upstream of an axial flow compressor, a flow redistribution
¥ = hub-tip ratio of compressor occurred upstream because of the presence of the compressor,
€n = Fourier coefficient for input distortion and the static pressure profile changed as the flow approached
6 = circumferential coordinate the compressor face. Plourde and Stenning® analyzed the
Amn = eigenvalue in cylindrical analysis two-dimensional flowfield upstream, within, and downstream
P - dzfljl.tg' tential functi of a high hub-tip ratio compressor with a circumferential total
¢ = veloaty potential function pressure distortion introduced far upstream. A thorough
Subscripts study of the three-dimensional flowfield upstream of a 19w
m — radial harmonic number hubrtlp ratio compressor operating with a total pressure dis-
n = circumferential harmonic number tortion 1mpos§d on the ﬂow fa}* upstream.has not, to date,
— o = far upstream of the compressor been accomplished. It is the intent of this paper to report
0_ = compressor face such a study.
0, = CODPIessor exit Plourde and Stenning found in their upstream analysis that

the flow redistribution was dependent upon the slope of the
pressure-rise vs mass flow rate characteristic of the compres-
sor. In low hub-tip ratio compressors the pressure-rise
characteristic can vary from root to tip along the blades and
the inlet distortion may vary in the radial as well as the
circumferential direction at its origin. An analysis of the
flowfield had to account for these three-dimensional effects.



228 G. M. CALLAHAN AND A. H. STENNING

Compressor Location

Outer Wall
v Wi
AN
Inner Wall
] Th
~ - —¢
- 0.0, +o x
Cross-Sectional View Axial View

Fig. la) Cylindrical ¢oordinate system.

U =U+De€, Cosnd + ug_ U= U+Te, Cos nf + ug,.
n ~
—U = U +J¢€, Cos nf

AL X
" 3$w> :,j\ )
1 1

X = - x = 0. * =04

0
0

won
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It was also desired to obtain an approximation to the inlet
Mach number effect on the upstream flow redistribution.

The analysis developed in this paper assumes the inlet
total pressure distortion to be a small perturbation super-
posed on the main flow. The static pressure is assumed uni-
form at the distortion origin, hence, the inlet distortion is a
distortion in the incoming axial velocity profile. The flow is
affected by the compressor and axial, radial, and circumferen-

- tial velocity components are developed as the flow approaches
the compressor. The analysis is developed to predict the
velocity components generated by the flow redistribution.

In the analysis of the upstream distorted flowfield, and the
effect the compressor has on it, certain assumptions had to be
made regarding the static pressure at the compressor exit.
Two compressor exit conditions were of interest: 1) a uni-
form exit static pressure profile, herein defining a “long’” com-
pressor and 2) a nonuniform exit static pressure profile, de-
fining a “short’’ compressor. In a “long” compressor, radial
pressure gradients within the compressor act over a sufficient
axial distance to remove the radial velocities entering the com-
pressor, and the flow leaves the last stator row with zero radial
and tangential velocities, hence, the compressor exit static
pressure is constant and no further flow redistribution occurs.
For a “short” compressor, radial velocities that exist at the
compressor face are conserved within the compressor and
appear at the compressor exit, hence, the exit static pressure
is necessarily nonuniform and flow redistribution occurs both
upstream and downstream of the compressor. Most multi-
stage compressors and low aspect ratio (<2) single-stage fans
fall into the category of “long” compressors, Single-stage
fans of high aspect ratio (>2) can fall into the category of
“short” compressors.

An experimental program was developed to verify the
analytical results because no previous experimental work has
been found that measures the velocity and pressure profiles
upstream of a low hub-tip ratio axial flow compressor with
a total pressure distortion originating far upstream (a reason-
able distance satisfying the far upstream condition was found
to be at least two compressor tip radii before the compressor).
Most of the inlet distortion experimental work has dealt with
the performance of the compressor or with distortion attenua-
tion and blade forces within the compressor. Total pressure
distortions were usually generated with screening located
directly before the compressor face. Robbins and Glasert
conducted performance tests on a low hub-tip ratio compres-
sor with a distortion originating approximately 1.25 compres-
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sor radii upstream of the compressor face. They measured
the velocity and pressure profiles at the compressor face but
sufficient information as to the upstream amplitude of the dis-
tortion and the compressor pressure-rise characteristic was
not presented to obtain a quantitative comparison with the
analysis developed herein. An analysis of the flow redistribu-
tion upstream of a “long” compressor and comparison with
test data using a 360° cosine wave inlet distortion profile
follows.

Analysis—‘“Long’” Compressor

A circular eylindrical eoordinate system is used to deseribe
the inlet, compressor, and.exit configuration and is shown in
Fig. 1a. The fluid occupies an annular region extending from
2z = —o toz = + « with the compressor being assumed a
thin disk located at z = 0.

A total pressure distortion is imposed at * = — «, where
the static pressure is assumed constant, resulting in a distor-
tion in the incoming axial velocity. . At any point in the
upstream flowfield, the velocity and corresponding density and
pressure distributions can be expressed by

U=T7+Zencosn0+u

¢h)
V=v,W=wpo=p+pp =p+p

The symbols U, V, and W represent the axial, circumferential,
and radial velocities, respectively. U is the mean undis-
torted axial velocity and

> e, cosnd
n

is a small (e, « U) velocity superposed on U at 2 = — o,
In general, €, is a function of the radius. The subscript # is the
circumferential wave number. The density and pressure at
any point is expressed by p’ and p’ with their mean values be-
ing p and P, respectively. The symbols u, v, w, p, and p repre-
sent the perturbation terms of velocity, density, and pressure
that are generated in the upstream Howfield (— » < 2 < 0) be-
cause of the presence of the compressor. All perturbation
terms are assumed zero at £ = — . The velocity distribu-
tion is shown in Fig. 1b.

The inviseid flow momentum equations in circular eylindri-
cal coordinates are

QW VoW oWV 10p

br+r00+U0x T pbr @
oV  Vov ov. WV 1 9p’
T+TOH+U +1‘ prb@ ®)
oU  VoU olU 1 op’
Wb+rb0+Ux pbx @
The continuity equation for compressible flow is
o(p'rW
WIT L 1o o+ 2 () =0 )

The radial and axial distances are normalized With respect to
the outer tip radius of the compressor.

Upon substitution of the velocity, density, and pressure
components of Eq. (1) into the momentum and continuity
equations and neglecting terms of second order {0[ez]} or
higher, we obtain

ﬁﬁ(a’w/bx) = —op/or (6)
U Qv/oz) = —(1/r)dp/d8 )
pUQu/ox) = —op/ox )

and

[o(rw)/or] + (ov/00) +

r[(T/p)(@p/0z) + Qu/d2)] = 0 (9)
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Eliminating p from any pair-of Eqs. (6-8), we obtain three
equations for the perturbation velocities satisfying the bound-

ary condition thatu = v = w = 0atzr = — o,
Qu/20) — [d()/or] = 0 (10)
(w/dz) — u/or) = 0 (11)
[o(rv)/0z] — (Ou/08) = 0 (12)

Equations (10-12) express the conditions of irrotational flow.
Since the perturbation velocity field is 1rrotat1onal a poten-
tial function ¢ can be defined so that

= 0¢/dz,v = (1/r)0¢/00, and w = d¢p/Or (13)

Substitution of Eq. (13) into the linearized continuity equa-

tions yields

%  lop 10% Udp 1%
ror | r206* ' pox | rox?

or?

Writing the density variation with z as 0p/0x =
(0p/0p)0p/0x and combining with the isentropic flow rela-
tion, dp/0p = 1/a?, where a is the local speed of sound yields
0p/0x = (1/a%)0p/dx. Substituting for 0p/dx from the
linearized axial momentum equation, we obtain

dp/ox = —p(U/a)ou/or = —p(U/a%)d%gp/ox?
Substitution of the previous result into Eq. (14) yields
(02¢/0r%) + (1/r)(d¢/0r) + (1/7%)(3%¢/06) +
(0%¢/0zt) = 0 (15)

where 2, = z/(1 — M*%Y2 and M is the local Mach number.
Equation (15) is recognized to be Laplace’s equation in circular
cylindrical coordinates. Solving Eq. (15) with the appro-
priate boundary conditions yields the perturbation velocity
potential function.

The boundary conditions for the upstream flowfield are

u=0v=w=0atr = — (16a)
w=0atr =v,r=1 (16b)
v=0atd =0 (16¢)

The «y is the normalized inner radius of the flow area and is
equal to the hub-tip ratio of the compressor. Boundary con-
dition in Eq. (16a) states that the perturbation velocities are
zero at the distortion origin, Condition in Eq. (16b) states
that the radial velocity is zero at the inner and outer wall of
the annular flow region. Condition in Eq. (16¢) states that
- the cross-flow velocity is zero at all points 8 = 0. This con-
dition is satisfied for any symmetric distortion satisfying
Eq. (1) with the points 8 = 0 and the axis of symmetry of
the distortion coincident.

A general solution of Eq. (15) for z. < 0 and satisfying the
boundary condition is

¢ = Z Z A . ne?ma%e cosnOR (N, nt) a7
m n

where A, is a constant and B(A,..r) is a linear combination
of Bessel functions of the first and second kind. The N's are
eigenvalues which satisfy the boundary condition of zero ra-
dial velocity at the inner and outer walls of the flow area and
are tabulated in the Appendix. The subsecripts m and n
are the radial and circumferential harmonic numbers, respec-
tively.

From the definition of the potential function [Eq. (13)] and
the expression for the potential function [Eq. (17)] the per-
turbation velocity components are found to be

w= 2 > Amnlne 7 c0SNOR (N, 1) (18)

m

1_ 2 Z — 1A 7% SINNOR (N, ) (19)

<
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w = Z Z I cosn0 — [R()\m )] (20)

The perturbation velocities vary exponentially with the
axial distance parameter x.. Therefore, the higher the Mach
number, the shorter is the axial distance upstream'of the com-
pressor in which the major portion of the distortion attenua-
tion takes place. The magnitude of the distortion attenua-
tion is not affected by the Mach number in the first-order
analysis.

Upon solving for the coefficients A ,,,,, the velocity distribu-
tion in the upstream flowfield is solved for any inlet distortion
given by Eq. (1). The coefficients are found from the
boundary condition that the compressor imposes on the flow-
field and the axial momentum equation.

Consider the conditions at the compressor. The static
pressure at any point on the compressor face can be deter-
mined as a function of the axial velocity by subtracting the
pressure rise across the compressor from the cxit static pres-
sure (assumed constant). If no distortion existed upstream,
the upstream static pressure would be uniform throughout the
flowfield and equal of 5. With the upstream distortion, the
static pressure at the compressor face is modified by the per-
turbation pressure given by

o = —Ap/OUAU (21)

where AU is the variation in the axial velocity at the com-
pressor face from the undistorted velocity and is

= Y € cosnf + uo_
n

where u,_ is the axial velocity perturbation evaluated at
x=0_andis

to. = 2. 2 Amalmn COSRIR (N7

m

The term 0Ap/dU is the slope of the constant speed compres-
sor characteristic expressed as static pressure rise vs axial
velocity.

In addition to satisfying Eq. (21), the static pressure per-
turbation at any point at the compressor face must match that
obtained from integration of the linearized axial momentum

equation. Integration of Eq. (8) fromz = — o to z = 0_
yields
po. = —pUuo (22)
Equating Eqs. (21) and (22) yields
—(QAp/OMNAU = —pUu,_ (23)

Substituting for AU and wo_ into Eq. (23) and equating co-
efficients of like terms, it can be shown that for every n,

€n

i‘}‘—(l/ST) - % A nNmaB (N, (24)

where,
81 = —(Ap/oU)/pU

The parameter Sy is the normalized slope of the static pressure
rise vs axial velocity at constant rotational speed.

The coefficients A ... are determined from Eq. (24) by em-
ploying the properties of orthogonal functions. Multiplying
both sides of Eq. (24) by rR (M) and integrating over the
radius yields

f 1 e,R(\p,or)rdr

' 1
vy 14+1/8 =~ %; Ao fy rRN ) R(\pur)dr

(25)
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From the properties of orthogonal functions,
1RO ROy dr = 0fork 5 m
Y

Expanding Eq. (25), choosing any & and employing the pre-
vious yields

B 1 RN\, or)dr 1
fan = = f} Rt / M [ ROl (26)

In general, €, and S; are both functions of the radius. The
integrals of Eq. (26) are most easily evaluated by numerical
integration.

The three-dimensional velocity field is completely described
upon evaluating Eq. (26) and substituting the result into the
velocity equations. The static pressure at any point in the
flowfield can then be evaluated using Eq. (22). The total
pressure distortion remains unchanged in the upstream flow-
field since no work has been done on the fluid.

When the analysis is repeated assuming conservation of
radial velocity through the compressor (“short” compressor
analysis), the upstream attenuation of the flow distortion is
approximately one-half of that predicted by the “long” com-
pressor analysis. Further attenuation of the flow distortion
oceurs downstream of the compressor giving an over-all at-
tenuation approximately the same as that of the “long’ com-
pressor analysis.®

Analytical Results

Numerical solutions for the analysis were obtained. Two
compressor designs were considered; one with a constant and
one with a radially varying pressure rise vs axial velocity
characteristic. The hub-tip ratio was set equal to 0.40 in
both cases. A cosine wave (n = 1) distortion in axial velocity
was set at # = — . The cosine wave distortion coefficient
€ was chosen to produce a distortion that was uniform in the
radial direction with a maximum amplitude of unity at z =
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— o, The Mach number was set equal to zero in the calcu-
lations.

The numerical solutions are presented graphically in Figs.
2-4. The calculated velocities are presented as normalized
with respect to the maximum amplitude of the input per-
turbation.

Figure 2a presents the axial velocity distortion attenuation
with respect to z. The axial parameter « is the axial distance
from the compressor, normalized with respect to the compres-
sor tip radius. Curves A and B represent the root and tip
velocities, respectively, calculated with a constant S;. Note
that the total attenuation is the same but the rates of at-
tenuation are different upstream of the compressor for the
root and tip positions. This is an effect of the three-dimen-
sional flow. Curves C and D represent the root and tip axial
velocity attenuation for a varying S;. The total attenuation
is much greater at the tip than at the root and the attenuation
at the root is not monotonic to the compressor face. The
magnitude of the distortion at the root decreases steadily as
the flow approaches the compressor face then increases
slightly just upstream of the compressor. This is because the
compressor causes a large attenuation of the axial velocity
distortion at the tip and the fluid at the root is influenced by
the large velocity (static pressure) change at the tip as well
as the demands of the compressor at the root. Just upstream
of the compressor, the demands of the compressor become
stronger than the effect of the flow at the tip and the flow at
the root is affected accordingly. The attenuation of the dis-
tortion is monotonic to the compressor face for a constant S;
1ndlcat1ng that only large radial variations in the pressure-
rise characteristic of the compressor or in the original distor-
tion can produce axial velocity distortion attenuation profiles
similar to that represented by curve C.

Figure 2b presents the normalized axial velocity distortion
attenuation with respect to 2 calculated from an analysis of a
“short” compressor. The upstream attenuation is similar,
except in amplitude, to that calculated for a “long’” compres-
sor, and the downstream attenuation is predicted to be a
mirror image of the upstream solution. Curves A and B are
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Fig.3a) Normalized axial velocities vs =—‘long”’ compres-
sor analysis—varying Si—cosine wave distortion.
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ties vs-0—varying S/—cosine wave distortion.
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the root and tip distortion attenuation curves calculated for
radially varying S;. Curve C represents the distortion at-
tenuation when §; is assumed constant.

PFigures 3a and 3b present the normalized distortion veloci-
ties vs @ calculated at £ = 0_ assuming a constant exit static
pressure profile and a radially varying Si. Because of the
circumferential symmetry of the flowfield for a cosine wave
distortion only the negative half of the circumferential coordi-
nate is presented. The axial velocity distortion at the root
has attenuated to about 787% of the input distortion and the
remaining distortion at the tip is 45% of the input distortion.
The axial attenuation rates are shown by curves C and D of
Fig. 2a.

the normalized cross-flow and radial velocity components
generated in the upstream flowfield are shown vs 8 in Fig. 3b.
The maximum cross-flow velocity occurs at the root of the
flow area, and at the compressor face is equal to 60% of the
axial velocity distortion at its origin. The cross flow at the
tip section is approximately 3569 of the input distortion. The
generated radial velocity varies with the radius and must be
zero at the annulus walls. The maximum radial velocity at
the compressor face is plotted vs § and is shown to be 20%, of
the input axial velocity distortion. The radial variation of
w at 6 = 0 is also shown and the maximum w is located at
a radius less than the mean radius of the annulus.

Figure 4 graphically illustrates the effect of different inlet
Mach numbers on the distortion attenuation. It is apparent
that when M is less than about 0.3 the changes in the rate of
attenuation with z compared to an M of zero are small. A
higher Mach number only changes the axial distance in which
a major portion of the distortion attenuation occurs and not
the magnitude of the distortion attenuation at the compressor
face.

Experimental Apparatus and Tests

An apparatus was designed and constructed to examine dis-
torted three-dimensional flowfields upstream of a low hub-tip
ratio axial flow compressor. Basic requirements of the test
apparatus included the generation of an inlet velocity or total
pressure distortion far upstream of a low hub-tip ratio axial
compressor and a complete three-dimensional survey of the
velocities and pressures as the flow approached the com-
pressor. ‘

A schematic of the test apparatus is shown in Fig. 5. The
test compressor is a single-stage Joy axivane fan. The fan
was designed for an axial flow inlet and exit and has no inlet
guide vanes. The fan has 10 rotor blades and was modified
by adding an additional stator between each of the eight
stators installed by the manufacturer, allowing for better con-
trol of the flow at the fan exit. The ratio of the stage length
to the blade height is 2.1 representing a relatively “long’ com-
pressor stage.

i | |
x -3.0 -2.0 -1.0 [«]

Fig. 4 Normalized axial velocity distortion vs x for dif-
ferent inlet Mach numbers.
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Fig. 5 Test apparatus schematic.

The inlet test section and the compressor were instrumented
to obtain a survey of the three-dimensional flow. To obtain
a good survey of the flowfield, 10 axial measuring stations
were selected as shown in Fig. 5. The measuring stations
were spaced closer together near the compressor face because
the results of Plourde and Stenning indicated that a large
percentage of the flow redistribution occurs in that region.
Wall static pressure taps were placed at the inner and outer
walls of the flow area at each of the axial stations. To obtain
the pressures and velocities in the test section a five-hole
traversing probe was used. The circumferential survey was
obtained by changing the circumferential position of the inlet
distortion screen supported by the nose cone.

A suitable compressor speed was determined for the testing
and the undistorted static pressure rise vs axial velocity com-
pressor characteristic was generated as shown by the solid
curve in Fig. 6. The normalized static pressure-rise across
the compressor is plotted vs the normalized axial velocity.
The solid curve was generated from data observed at the
mean radial position of the compressor blading. Root and
tip behavior was similar with slightly different slopes. The
small variation from root to tip was accounted for in the
analysis.

A distortion test was initiated using a cosine wave distortion
profile far upstream. It was found difficult to generate an
inlet distortion profile that exactly represented a cosine wave.
The screen was constructed by laminating several small
screens of 20° segments until the desired shape was approxi-
mated. The mean axial velocity at the inlet for this test was
73 fps with a 25 fps distortion superposed on the main flow.
The static pressures at the compressor face and exit are pre-
sented in Fig. 7. The static pressure was essentially constant
at the compressor exit. A complete velocity survey was ob-
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Fig. 6 Static pressure rise vs axial velocity compressor
characteristic.
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Fig.7 Inner and outer wall static pressures at compressor
face and exit—cosine wave distortion.

tained upstream of the compressor and the axial and circum-
ferential velocity components are shown in Figs. 8a—8d.

Comparison of Experiment and Theory

Two things must be known to apply the analysis: 1) the
shape and magnitude of the input distortion and 2) the
parameter S;, obtained from the pressure-rise characteristic
of the compressor.

The shape and magnitude of the input distortion is pro-
duced by the Fourier cosine series,

> €. cosnd
n

The accuracy of the fit is determined by the number of terms
included in the series.

The parameter Sy is a funetion of the slope of the pressure-
rise characteristic of the compressor. It was noted, for the
particular compressor used, that the local slope of the com-
pressor characteristic for distorted operation was approxi-
mately + the local slope during undistorted operation. This
compressor had an unusually large value of the corrected fre-
quency parameter, and in consequence unsteady flow effects

30
20
w 10
2
S5
a4 o p -
+Z fOMeasured Tip Distortion, Station2 ~ g %
o) ' , :
-10 f’/§/ # Measured Tip Distortion, StationB =
- — Input Distostion , X=- @
20 -~ Calculated Distortion, X= O

Fig. 8a) Measured and theoretical axial velocity distor-
tion vs f—cosine wave distortion~—stations 2 and 8, tip.
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8.7 T

-0 O Measured Root Distortion, Station 2’
© MeasuredRoot Distortion, Station8
— [nput Distortion , X=- 0

= Calculated Distortion, X= O

Fig. 8b) Measured and theoretical axial velocity distor-
tion vs f—cosine wave distortion—stations 2 and 8, root.
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were important. These effects partially explain the difference
between the distorted and undistorted local slopes. = A more
detailed discussion of the unsteady effects can be found in
Ref. 6.

The value of (S1)aistorsea Was determined from the following
relationships: )

The Bernoulli equation for any point in the upstream flow-
field is

P/ =p' + (0'/29) U* @7

where the subscripts ¢ and s signify total and static conditions,
respectively. Differentiating Eq. (27) yields

aU = g.ld(p. — p.)/pU] (28)
The pressure-rise parameter can be written,
81 = —(4./pU)AP/OU (29)

where Ap is the local static pressure rise across the compressor.
Combining Eqgs. (28) and (29) yields

81 = —0Ap/ O(p: — D)o (30)

The term (p: — ps)o_ is the difference between the total and
static pressures at the compressor face.

The slope of a line passing through the data on a plot of
Ap vs (p: — ps)o_ for different circumferential positions from
the high-energy region to the low-energy region of the dis-
tortion is the value of (Si)aistortea. The dashed curve in Fig. 6
shows the local variations in static pressure rise around the
circumference of the compressor. Using this procedure, the
pressure-rise parameter was found to be (S1)aistortea = 0.832r
+ 0.215.

Comparisons of the theoretical predictions and the experi-
mental results are presented in Figs. 8a-8d. The experi-
mental axial velocities are plotted about their respective mean
axial velocities, hence, only the velocity distortions are pre-
sented. It was necessary to present the velocities in this
manner because the boundary-layer buildup along the inner
and outer walls of the flow area caused the mean axial velocity
to change as the flow approached the compressor face. The
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Fig. 8¢) Measured and theoretical axial velocity distor-
tion vs x~cosine wave distortion~~root and tip.

" O Measured .
Tip
20 : lh':neore!i::I
easure
~—  Theoretical Root % ”""8‘\{

V.fps
(=3
(¢
fe)
b
e}
\J
N
R
\
X
\
le}
¢
o
ok
v
X
» s
345"

N, o 4 ]
N O o] ’
N
0| XN %
X Nee XX
X ki

Fig. 8d) Measured and theoretical cross-flow velocities at
root and tip at station 8—cosine wave distortion.
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theoretical predictions are easily compared with the data pre-
sented in this form since the analysis only predicts the dis-
torted velocity field which is assumed to be superposed on a
mean axial velocity.

The measured and predicted velocity profiles for the cosine
wave distortion are presented in Fig. 8. The input distortion
was approximated with a single cosine term. Four radial
harmonies were included in the double summation when the
perturbation velocities were calculated. Because the cosine
distortion was difficult to generate, a 360° circumferential
survey was obtained to check the circumferential symmetry.

Figures 8a and 8b present the measured and predicted axial
velocity distortion vs @ both far upstream and at the com-
pressor face for the cosine wave distortion. Figure 8a is for
the tip of the flow area and Fig. 8b is for the root of the flow
area. The prediction of the distortion attenuation is quite
good from 0° to 180° but deviates from the data 6 > 180°.
Two explanations for the discrepancy are 1) the distortion
is not perfectly symmetric and 2) the input distortion was
chosen to fit the data from 0° to 180° rather than over the
entire circumference.

Figure 8c presents the measured and predicted axial
velocity distortion vs z from the root and tip of the flow area.
The rate of attenuation is predicted well but the predicted
magnitude of the distortion is less than that observed. This
is mainly because the approximation to the distortion was
chosen for the best fit for all 8 between 0° and 180° and not
just for the maximum amplitude of the distortion.

The measured and predicted cross-flow velocities at the root
and tip radii at the compressor face are shown in Fig. 8d to
be in good agreement. Both the predicted distribution and
magnitude of the cross-flow velocities match the experimental
results.

An equally satisfactory comparison between theory and
experiment was obtained for a test using a circumferential

square wave distortion. Details of this test are given in
Ref. 6.

Conclusions

This paper has attempted to describe the flowfield upstream
of a low hub-tip ratio compressor operating with a total pres-
sure distortion originating far upstream. A clear distinction
has been found to exist between compressors which are suf-
ficiently long to suppress radial velocities induced upstream,
and compressors for which radial velocities are conserved in
passing through the compressor.  For “long” compressors
the static pressure is essentially uniform after the last stator
row. For “short” compressors considerable nonuniformity
in static pressure can exist downstream. Although the test
results gave good agreement with the ‘long” compressor
analysis, it is not clear whether this would be true of all jet
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engine compressors, and single-stage fans of high aspect ratio
might depart considerably from the ‘“long” compressor
assumptions.

For the fan tested, the analysis gave a good prediction of the
axial, circumferential, and radial velocities induced ahead of
the compressor when the appropriate local slope was used.
This fan had an unusually large value of the corrected fre-
quency parameter, and in consequence unsteady flow effects
were important. For jet engine compressors, the undis-
torted slope should give a good prediction of the induced
flowfield.

Appendix

The eigenvalues A, are essential to the evaluation of the
potential function in the cylindrical analysis. Dunham!® has
determined a set of eigenvalues corresponding to an annular
flow area of hub-tip ratio 0.40. For the experimental part of
this study an axial flow compressor of hub-tip ratio 0.437 was
used. Kigenvalues corresponding to this hub-tip ratio were
required to compare the theoretical predictions with the ex-
perimental data and are presented in Table 1.

Table 1 Eigenvalues corresponding to v = 0.437

o 0 ! 2 3
0 ) 5.719 11.237 16.793
1 1.423 5.945 11.343 16.863
3 4.062 7.578 12.179 17.414
5 6.389 10.102 13.774 18.486
7 8.573 12.753 16.003 20.046
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