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I
ABSTRACT

I

i An experim ental investigation into the effects

of inlet distortion on an isolated turbomachine rotor

- was conducted. The data obtained from pneumatic instru-

I mentation was analyzed to gain insight into both the

overall stage performance and the flow field of an

I individual rotor blade . The results indicate that the

unsteadiness introduced by the distortion increases

blade norma l force and stage pressure rise. While under-

going inlet distortion , it was found tha t the ro tor does

I not locally follow the undistorted pressure loss character-
I istic. En try in to ro tating stal l resul ts in an ab rup t

decre ase in the stage p res sure r ise. A def in ite hys teres is
I ioop is ev iden t for the sta l l in g and uns talling of the

rotor. A more complete understanding of the inlet distor-

I tion and rotating stall phenomena requires unsteady measure-
ments which will be discussed in a subsequent report.
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INTRODUCT ION

In 1975 the United Technologies Research Center (UTRC)

and North Carolina State University (NCSU) established a

I coopera ti ve research program under the sponsorshi p of the
Air  Forc e Off ice of Scien ti f i c  Research . The goal of this

I program was to provide improved predic tive techni ques for
design of axial flow turbocompressors subjected to distorted

I inlet flows . Experimental measurements and data processing

wou ld be carr ied ou t with the UTRC Large Scale Rotating Ri g
(LSRR) and associated computer equipment at East Hartford.

Data analysis and computer-based theoretical flow modeling

would be done at NCSIJ in Raleigh. The arrangement provided

for graduate student participants from the university to

take pa rt in pl ann in g and conduc ting experimen ts in the UTRC
facilities as part of their thesis work . While in East

Hartford they would be supervised by Mr . Frank Car ta , who

I was appo in ted an Ad junct Professor  of Mechanic al and Aero-
spa ce Eng ineering by the university .

I The the oret ical modell in g of the flow thr oug h a sin g le
ro tat ing compre ssor stage and the experimen tal plan for the
LSRR are described in Referen ce 1. From the summer of 197 5
to the summer of 197 6 Mr. Larry Hardin , P h . D . candida te ,

worked in the UTRC labor ator ies to design and prepare ins tru-
I men tation and take par t in the experimen tal runs . Both

static and dynam ic data were recorded on magne tic tape for a

I bas e l ine undi stor ted f l ow and then wi th a distorted flow
p ro duced by an ups tream screen of varying porosi ty.  Si gni-

I ficant to the experimental plan was provision for extensive

instrumentation on board the rotating compressor stage . The

1 onset and disappearance of rotating stall was detected for a
I range of f low cond it ions.

The rotor is 5’ in diameter with 28 blades having an 0.8I hub-to-tip ratio. The blades have a constant chord of 6” wi th
a sec t ion at midsp an of 8% thickness , series 65 p ro f i l e

1
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I
supe r im posed on a c i r cu lar  arc camber l ine wi th 50 degree

I camber.

Typ ical experimental conditions were ; rotor speed
600 RPM , axial flow speed 100 ft/sec with a 20% sinusoidalI distortion for a blade Reynolds number in the range of 0.5 x 106.
Some pr e l im inary da ta reduc t ion done by hand wa s g iven in an

I in ter im progress re por t , Re ference 2.  Thi s report pre sen ts
the  results of a more complete computer-aide d reduction of the

4 steady state pneumatic data.

I
1

1
2



I
DESCRIPTION OF THE TEST FACILITY

The Large Scale Rotating Rig (LSRR) was designed fo r

- experimen tal studies of the flow within turbine and comp ressor

I blading. The overall arrangement of this ri g is i l lus tra ted
in fi gure 1.. The rotating stage is cantilevered from two

I dow nst ream be arin gs and driven by a hydraul ic motor. This
arr angemen t el imina tes the need for any ups tream suppor t

I stru ts th at migh t in te r fe r e wi th the approach ing flow and
perm its con trol of rotor speed independ en t of the axial f low

- rate . For the present program no upstream or downstream

stators were employed. The rotor tip diameter is 5 feet ,

the hub to tip ratio being 0.8 in this experiment. Air

enters the tunnel through a 12’ diameter inlet fitted with

- 
a 6” thick honeycomb se ction. Fur ther f low smoo thing is
provided by three fine-mesh screens after a transition to the

5’ diar-~ ter. For the distorted inlet flow experiments a

specia l  screen des i gned to y ie ld  a 20% , once-per-revolu tion

var iat ion in axial  vel oci ty was placed upstream of the rotor.
Construction of this screen is described in Reference 1.

Normal instrumentation for the LSRR consists of stationary

and relative reference frame pneumatic probes and taps con -

- nected to scanivalves to measure the time averaged pressures

at various points in the flow field. Measurements in the

- -  
stationary reference frame include pressures upstream and

-- down stream of the ro tor , flow angles , etc. At the time this

exper imen tal program was conduc ted , the LSRR casing ins tru-
mentation was configured primarily for uniform inlet flows .

Tha t is , casing static taps for determining the axial

pressure variation across the rotor were available at only

one circumferential location . Also , wed ge probes for
-. measuring upstream and downstream flow angles were available

_ at only one circumferential location which was different

from that for the previously mentioned pressure taps. At

the time , it was not possible to instrument more circum-

t 
ferential locations nor would the scanivalve system have been

1 3
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capable of accepting the additional pressure l ine s . Thus ,
it must be realized that the previously mentioned quanities

I represen t loc al values for the dis tor ted flow condi tion and

I not aver aged value s for the en tire rotor face . The onl y
pneuma tic me asuremen ts made in the rela tive reference frame
are static pre ssur e me asuremen ts on the surface of one of

I the rotor b lades .  In addi tion to the pneuma ti c measuremen ts ,
a great deal of data were taken using unsteady ins trumen-

I tation ; however , this report wi l l  cover only the penum at ic
data.

The tests were run at a constant corrected wheel speed

of 600 rpm. Axial velocity was controlled by means of a

vortex valve downstream of the test section . Tests were
I conducted over axial velocities ranging from those at which

the ro tor was very li gh t ly loaded down to ve loci ties at
I which rotating stall occurred. Two inlet flow conditions were

investi gated , un i form inle t f low and a f low whi ch had a 20 %

I amplitude , one-cycle sinusoidal variation in inlet axial

veloc ity.

~

‘ I Transient data , wh ich w ill be p resen ted and analyzed in
a sub sequen t repor t , was recorded on two 14-channel FM
ma gneti c tapes by the UTRC Analo g Recordin g Sy stem. The

I dyn amic ins trumen tation include d ho t f i lms and p ressure
tran sducers in one blade passage , a movable tr iax ial pr obe

I in the rotating frame , and tr iaxi al probes downs tre am of the
rotor.

I
I
I
I

- 1



— DATA RE DUCT ION PROCEDURE

As au in troduc ti on to the reduc tion of the pneuma tic
data ob ta ined from the inle t dis tor tion experimen t , i t is
appropriate to comment on some of the limitations of

pneumatic probes. A pneumatic probe measures the time-

averaged value of a fluctuating pressure . The effects of

these pressure fluctuations on the accuracy of data obtained

hv mean s o f a pneuma tic sys tem is repor ted by J. C. Benne tt
in reference 3. The conclusions of this report as applied

to the inlet distortion experiment may be summarized as

follows : first , in a fluctuating velocity field the ve-

locity calculated from the average static pressure and the

average total pressure is not the average velocity ; and

second , the flcw angle calculated from the average pressures

on the surfaces of a wedge probe is not necessarily the

average f low a n g l e .  One is thus faced w i t h  the problem of
placing the instrumentation close enough to the source of

the disturbance , in this case a rotor , to measure the flow

field due to this disturbance , yet not so close that the

local velocity fluctuations cause si g n i f i cant errors  in the
measurements. Wheneve r possible , the n o n - d i m e n s i o n a l i z e d
quantit~~s pr esen ted wer e def ined so as to min imiz e the
err ors wh ich cou ld be introduced by a f luc tuat in g veloci ty
f ie ld ;  howeve r , the fluctuations associated with rotating $
stal l  are so severe tha t one mus t h ave ser ious doub ts as to
the validity of pneum at ic data taken under th is f low con-
di ti on. Th erefore , i t i s recommended tha t the resul ts
presented for the case of rotating stall be considered

qualitative only.

Th e max imum axia l  veloci ty atta ined during the experi-
men t was on the orde r of 100 f t/ sec and the wheel speed was
600 rpm giving a tangential tip speed on the order of
150 ft/sec. Considering these relatively low values , the

treatmen t of the f low f i e ld  as incompressible is cer tainly

I
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I
justified ; therefore , a value of density based on static pro-

perties upstream of the rotor will be used throughout the flow

I field.

~~~~R T  (1)

I 
S
i

I The upstream static and total pressures are made sufficiently

far upstream of the rotor that velocity fluctuations due to

1 the rotor may be neglected and the flow may be assumed to be

purely axial.

C

~ 

= (2)

The rotor was run at a constant corrected wheel speed of 600

1 rpm . From this value , the actual wheel speed may be found by:

I 
N t = N (3)

ref

I Where Tref is 518.7°R. The tangential velocity, U , may be de—

I termined by:

N ‘lT Dact 4)I 60 sec/mm

The diameter , D, used in the data reduction was 4.5 ft which

is the diameter at the blade midspan where the blade instru-

mentation was located . A pressure coefficient is defined by:

I 
_ _ _ _C~,= 

~~~~~~ 

(5)

In particular , the rotor pressure rise coefficient , C~ , is
— defined by: r

I

1 6 
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I
p - P

= 
2 (6)

r ~~p U

The variation of this pressure rise coefficient with CX /U
is considered to be the primary indication of the overall per-

formance of the rotor. Stationary frame flow angles upstream

and downstream of the rotor were measured using wedge probes .

As previously noted , the angles measured by these probes are

questionable under conditions of fluctuating flow velocity and

angle. In addition to being used to show the variation of

flow angle with the C /U  ratio , the downstream flow angle is

employed to determine the total pressure loss coefficient as

follows . The total relative velocity upstream of the rotor is

given by :

= + U2 (7 )

The downstream velocity in the stationary frame is made up of

an axial component , equal to the upstream axial velocity by the

continuity requirement , and a circumferential component , C 0
given by: 

2

C8 
= C tan 0 2 ( 8 )

2 X

Relative velocity downstream of the rotor is thus

W2 = + (U - C0)
2 (9)

Total pressure upstream and downstream of the rotor in the re-

lative frame may be calculated as

1 2
= P5 + ~ p W1 (10)

re I

and

(Pt )  
P +~~~ p W ~ (11)

2 re 1

1
—- . ~~~~~~~~~~~ --
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The steady state total pressure loss coefficient defined by:

I (t 2) 
—

= 
rel rd 12I ss 1 ~2I

may then be easily calculated . It should be noted that due to

I a lack of flow angle measuring equipment the flow angles were
measured at only one circumferential station . For the distorted

1 flow condition , the flow angles and loss coefficients represent

local values for a circumferential location where the local

axial velocity was equal to the average axial velocity for the

entire rotor face. Relative frame flow angles (UTRC notation )

I both upstream and downstream of the rotor are defined by:

= tan~~ (C /U) (13)

and

= tan ’ [c~
/(U — C0 )] (14)

( reEpectively. Given the blade stagger angle , aCH, of 550 it

is easy to define an angle of attack as

1 aR 
= aCH 

— (15)

I The flow angle relationships are shown in figures 2 and 3.

Pneumatic taps are located at the midspan of one of the rotor

I 
blades in a Gaussian array , (Ref. 4), as shown in figure 4.

This array was chosen because of the high degree of accuracy

- possible in integrating surface pressures to obtain normal

I force and pitching moment . The procedure is outline i in Ap-

pendix A. The normal force and pitching moment coeificients

I thus determined are defined by:

CN = 
N 

2 (16)1 ~~p U

1 CM = 
M 

2 
(17)

~~p U

1 8
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I
i this pitching moment coefficient being defined about the lead—

ing edge and positive in the normal (nose up) sense . The lo—
cat ~~~ of the blade center of pressure (CP) may be calculated
from :

I
CP=~~M . (18)

N

1,

, 
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DISCU SS ION OF RESULT S FOR UNDISTORTED INLET FLOW

The discussion of the pneumatic data will beg in wi th the
case of undistorted inlet flow . Firs t consider the p lo t of
ro tor p ressure ri se coe f f i c i ent as a fun ction of the ra tio
C.,/U shown in f igure 5 . Beginnin g at the hi ghest value of
Ci/U the r tor is in a li gh t ly loaded condi ti on. Travers ing
the curve in the direction indicated by the arrows the flow

rate decreases and pressure coefficient increases until a

maximum is reached at a Cr/U of approxima tely 0 . 77 .
Con tinued decre ase of the axia l  vel oci ty re sul ts in

a dropping off of the pressure rise coefficient culminated
by entry into rotating stall at CX/U 

= 0.55. Entry into

rotating stall was characterized by an abrupt decrease in

p re ssure ri se coef f icien t . The axial  veloci ty was no t re-
du ced any f u r ther  at th is poin t as the tes t ri g wa s alre ady
at its operational limit.

Incr eas in g the axia l  veloci ty resul ted in an increase in
‘ 

the pressure rise coefficient ; howeve r , the pressure rise for
a gi ven value of CX/U was lower for the case of ro tat ing stall
than for  the uns tal led  condi tion. For the ran ge of over
which rotating stall exists , ther e is a rela tively cons tant
d i f f e r e n c e  be tween the pre ssure ri se coe f f i c i e n t for the
sta l led and un stal led condi tions at the s ame value of C

’
/U.

Rec overy from stall  occurred at Cx/U = 0.62.

In order to understand the details of the flow , the be-
h av ior of the pressure dis tribu t ion along the midspan of the
blad ing will be considered. Data are available for the same

poin ts as were used to genera te the preceding plo t of ro tor
pre ssure rise and the pressure dis tribu tions wi l l  be considered

~

fl tha t order .  Be ginning with the highes t value of Cr/U in
figure 6a , one observe s a reg ion of locally negative normal

force contribution (i.e. the pressure on the suction surface

is h i gher than that on the pressure surface) at the leading

ed ge of the blade . This behavior is entirely normal for

I
10
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I
hi gh l y  cam be red ai r fo i ls in cascade and merely re f lec ts the
fact that the leading edge tangent line is at negative inci-

dence relative to the flow . The region of negative normal

force shr inks as CX /U decreases (corresp onding to increas ing
angle of attack) until it finally vanishes. As the axial

vel ocity is fur ther decre ased , the le adin g edge suc tion peak
associated with isolated airfoils beg ins to appear although

it is not so pronounced as it would be for an isolated air-

foil. The entry into rotating stall brings about an inter-

esting change in the pressure distributions . Althoug h

several of the pressure taps were inoperative during this

part of the testing the remaining ones indicate that the

suction peak which has built up on the leading edge is lost

but that the loading over the rear two-thirds of the blade

is unchanged. Figure 6n illustrates this behavior most

cl ear ly . The pressure distr ibu tions in the preceding pl ots
were integrated to obtain normal force and pitching moment

coefficients. Figure 7 illustrates the variation of normal

force coefficient with the inlet flow angle 
~l

• The reader

is cautioned that is defined in the UTRC notation so that

incre as in g 81 corr esp ond s to decreasing angle of att ack .
The precise relation between these angles is g iven by
equati on 15 and is shown graphica l ly  in f i gure 3. Beginning
at th e ex treme ri gh t side of f i gure the ro tor is in a
li ghtly loaded condition , that is , the relative ang le of
attack is low . As would be expected , the norm al force
coefficient increases as is reduced causing the blade

loading to increase. A peak is attained at = 4 50  af ter
wh ich th e normal  f orce coeff icien t decreases .  At a suffi-
ciently low value of 8~ , in this case = 28.6° , the ro tor
en ter s ro tating stall  which persi sts un til 8~ is increased
to 32.0° . The re ader is caut ioned agains t attemp ting an
immed iate comparison of this curve to the behavior of an

isolated airfoil. The normal force coefficient , as well  as
pressure coefficients and the p itching moment coefficients ,

are based on th e tangen ti al wheel speed , U. The total

11
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relati ve veloci ty exp eri enced by the blade , W1, is the vec tor
sum of U and the ax ia l  veloci ty , C

~
, as g iven by equa tion 7.

Since the wheel speed was held constant and changes in

(or C
~

/IJ ) were accomplished by vary ing Cx~ the rela tive
velocity sensed by the blade decreased with decreasing 8~
wh ile the veloci ty by which the coef f i c ien ts wer e nondimen-
sionalized remained constant . The net result is that the

peak value of CN occurs at a diffe rent value of than

would have been the case if ~he coeff ic ien ts were nondimen-
sionalized by the relative velocity , W1. In order to convert

the coefficients as defined into ones based on relative

velocity, as is the case with isolated airfoil data , these

c o e f f i cien ts wh oul d be mul tip l ied by the quantit y cos 2 81.
The variation of pitching moment coefficient (about the

leading edge) is shown in f igure 8. The trend toward in-
creas in gly ne gative value s of pi tchin g momen t coe f f i c i en t
with increasing 

~~ 
is attributable to two factors. First ,

as the value of 8~ 
(hence C

’
/U ) incre ases ,the blade load ing

shifts aft . Second , increasing 81 results in increased

relative velocity; hence , the magnitude of the pitching

moment increases. To separate these two trends it is conven-

ient to observe the movement of the center of pre ssure
as defined by equation 18 with varying 8~ . Fi gure 9 shows
that the center of pressure is rather far aft on the blade

for high 8
~~

. Thi s i s to be expected from th e pressure dis-
tr ibu ti on encoun te red at hi gh value s of 8~~. Recal l  that in
this case the leading edge gave a negative contribution to the

ne t normal f orce . As ~~ decreases , correspond ing to in-
cr eas ing angle of att ack , the reduction of the reg ion of
negative normal force and the eventual grow th of the lead ing
edge suc tion pe ak caus es the cen ter of pressure to move
for ward . En try in to ro tatin g stall  wi th the resu lt an t loss
of the suction peak causes a rearward shift in the center

of pressure .

I
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The variati on of casing pressure coefficient with axial

pos i ti on is shown in figure 10. As should be expected ,

there are important similari ties between the pressure dis-
tribution on the rotor blades and the casing pressures. For

a li ghtly loaded condi tion as in figure l0a the region of
rap id increase in pressure coefficien t is di sp laced aft .
Re fe r r ing back to figure ôa one observe s that the blade is
also aft-loaded. As the blade loading increases the region
of rapid increase in pressure coefficient moves forward.

The same behavior was observed for the pressure distributions

on the blades. For example , compa re f i gure 6j and figure loj.
One phenomenon which is apparent in all of the casing

pressure plots is the region of decreasing pressure as the

flow approaches the leading edge of the blading. This is

exp lained by E . Gr ietzer of UTRC (see Appendix B) as bein g
due to the velocity fluctuations caused by the flow fields
of the ind ividual b lades as they pass the poin t in question .

Ano ther important parameter describing the overall
efficiency of the rotor is the steady state loss coefficient ,

X~ 5 , wh ich is plo tted as a function of the relative frame
inlet flow angle , ~~~ in figure 11 . The rotor encounters

r heavy losses for flow angles above 50° and below 32° -. The

lower flow ang les correspon d to high angles of attach where -
as the hi gher angles correspond to a flow cond iti on where the
blade may be thought of as working against itself. That is ,

the leading edge which is at locally negative incidence

j contribu tes negative normal force while the rear part of the
b lade contributes positive normal force . Both of these

regions lie outside the normal operating range of the rotor

but may be encoun tered in transien t operation .
To conclude the discussion of the undistorted data

the behavior of the various flow angles will be examined.
Figure 12 illustrates the variation of the stationary

entrance and exit flow angles with Cr/U. Recall that these
angles are measured 0.5” ahead or the rotor leading edges

13 
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and 0.5” behind the rotor traUing edges respectively. It

is si gnificant that inception of rotating stall had no
L noticeable effect on the exit flow angle but caused a large

and abrupt change in the inlet flow ang le . Coupled w i th
previous observations concerning the change in the blade

pressure distributions at inception of rotating stall , this

behavior would seem to indicate that the rotating stall

phenomena for this rotor is primarily concentrated at the

leading edge of the blading. Unsteady data which is not

included in this report also tends to support this belief.

The variation of relative frame exit flow angle , 82~ 
with

inlet flow angle , ~~~ is shown in figure 13 . The ex it flow
ang le of about 65° which results for a range of inlet flow
angles corresponds to flow leaving parallel to the trailing

edge tangent of the blade . Lower values of 82 represent
turn ing toward the sucti on surface of the blade which may be
associated with trailing edge separation; however, there is
no other indication to support this assumption .

I
I
I
I
1
I 14
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DISCUSSION OF RESULTS FOR DISTORTED INLET FLOW

Since the significance of the various plots has been

pointed out in the previous section , only  bri ef commen ts

I ~il1 be made in this section to indicate significant devi-

ations from the results obtained with uniform inlet flow . A

I more detailed discussion of the similarities and differ-

ences encountered with and without distortion will be under-

taken in the next section .

The variation of rotor pressure rise coefficient as

I 
shown in figure 14 follows a trend qui te similar to that for

undistorted flow for the hi gher flow coefficients. As

the rotor nears and finally enters the region of rotating

stall , however , d ifferences beg in to appear. For dis torted
flow , the decrease in rotor pressure rise as the CX/U ratio

is reduced is not so severe as with uniform flow. In fact ,

f or C~/U = 0.55 (just before entry into rotating stall) the

pressure rise coefficient for distorted flow is 0.595;

whereas , for un iform flow it was only 0.532. This difference

I seems to indicate that the unsteadiness introduced into the

flow by the distortion results in a gain in rotor effective-

ness . The decrease in pressure rise due to entry in to
I rotating stall is of approximately the same magnitude as

with undistorted flow ; howeve r, performance in the stalled

I condition is different. For the undistorted case , the

pre ssure rise coef f icien t in ro tating stal l appears to be

I the same as for the unstalled condition at the same value of

CX/U except for a relatively constant offset equal to the

I loss in pressure rise occasioned by entry into rotating stall.
Such behavi or is not apparent in figure 14. The pressure rise

‘ 
coefficient seems to approach its unstalled value more closely

as C,~/U is increased after stall inception . Also , recovery

I seem s to take p lace at a sli ghtly lower value of CX/U than
in the undistorted case. One possible explanation of this

effect is that the conditions in the region of high velocity

1 15
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become such that the stall cel l quenches as it passes
through that region at a lower average value of Cx/U than
would be the case when the axial veloci ty is uniform across
the face of the rotor.

Proceeding to the plots of blade pressure coefficient
as a function of chordwise position , further differences
may be noted. Beg inning with the highest value of CX/U in
figure iSa one is immediately aware that the distribution on

the pressure surface shows a large jump very near the trail-
ing edge . This jump did not exis t in figure 6c which is the
same valu e of CX/U for the undistorted case. Also , the

pressure coeffici ent at the most forward measuring station
on the suction surface is somewhat higher for the dis torted
flow condition . The behavior at the leading edge may be
attributed to the unsteady effects generated by the fluctu-

ations of the local inlet angle as an individual blade

passes through the distorted inlet flow . The anomalous

behavior near the trailing edge does not have such an obvious

interpretation. It persists , however , for  a l l  hu t the lowe st
values of Cx/U with one notable exception . Figure l5c re-
presents a repeat point taken on a different day for essen-

tially the same flow condi tion of figure l5b and shows no
discontinuity in the pre ssure dis tr ibu tion ne ar the tr a i l i ng
edge. As C

~
/U decreases the pressure distributions behave

quite similarly to those for undistorted flow with the two

previous ly noted exceptions. It is interesting to note that
the reg ion of pre ssure reversal (i.e. the suction surface
pressure is hi gher than that on the pressure surface) near
the leading edge is larger and persists for much lower values

of Cx/U when the flow is distorted. Finally , close inspection
of the plots for d istorted flow and those for the same CX/U
without distortion indicate that , whil e the differences be-
tween the pressure coefficien ts on the suction and pressure
surfaces are qui te similar for the two flow conditions , the
value of the individual pressure coefficien ts is higher for
distorted flow .

16

_______________________________________________ 



_ _ _ _ _ _ _ _ _ _ _ _ _  -~~~~~~ - - ---- - - ——— -— --~~~~~~--- - ----~~~~~- - --

I

Figures 16 and 17 illustrate the variation of normal

for ce c o e f f i c i e nt and pitching moment coefficien t, respec-
tively, with the inlet flow angle 8

~~
. The variation in the

center of pressure locati on with is shown in figure 18.
These three figures follow the same trends as do the cor-
responding plots for undis torted flow .

Fi gure 19 illus trates the pressure rise across the rotor
for the various values of CX/U. As with unciistorted flow ,

there is a distinct correlation between the blade loading of

fi gure 15 and the location of the region of rap id p re ssure
r ise in fi gure 19. Notably, the pers istence of the pressure
reversal on the leadin g ed ge tend s to di spl ace this  p ressure
rise farther aft.

In figure 20 , the steady state loss coefficien t, X5~~,
is plotted as a function of the inlet angle 8~~. The most
outstanding feature of this plot is that the loss coefficien t
is negative over a significant range . It is not physically

possibl e for the rotor to have a negative total pressure loss
so some exp lanation is in order. Recall that due to a lack

of equipment to measure flow angles , these measuremen ts were
made only at one circumferentia l location at which the
veloc ity was equal to the average veloci ty. Since the com-
putation of X~5 (equations 7 through 12) involves use of the
stat ionary  frame downstream flow angle , the value thus deter-
mined can only be a local value . Thus it is only the local

value of X5~ at the point where 82 was measure d which is
negative . This means that somewhere on the rotor disc there

is a reg ion of relatively high loss and that by some mechanism
energy is transpor ted to the poin t where 82 was measured
causin g the negative value of X5~~.

Figure 21 plo ts the stationary frame flow angles as a
fun ct ion of CX/U and figure 22 plo ts the relati ve frame exit
angle , 

~2’ 
as a function of 8i. Again , it must be emphasized

that these angles represent only local values measured at the

point where the local axial velocity was equal to the average

axial velocity .

17
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COMPARI SON OF RESULTS FOR UNDISTORTED AND DISTORTED FLOW
C O N D I T I O N S

In order  to h ighli ght what are cons idered to be the
more impo rtant di fferences be tween the two flow conditions ,

sele cted results from the two cases will be superimposed.

To avoid confusion , only the curves fitted through the
data points will be presented. Some of the curves exhibit

a great dea l of data scatter. The reader is referred back
to the ori ginal plots to make a decision as to the con-

fidence to be placed in these plots .

Figure 23 shows the variation of the rotor pressure
rise coefficient with Cr/U. As pointed out before , the

pressure rise is hi gher for the distorted flow condition

at low values of C
’
/U. The implication is that at high

bl ade loadin g the uns teadiness  in troduced by the dis tortion
enhances the abi lity of the rotor to generate a pressure
rise. As the C~ /U parameter increases (decreasing the
blade loiding) the gain due to the unsteadiness diminishes

so that finally the undistorted flow condition generates

the greater pressure rise. Rotating stall seems to be
entered at approximately the same value of CX/U for both
flow cond itions with the same pressure rise in the stalled

condition at that point . The stalled pressure rise for the

und istorted case seems to paral e l  the unstalled curve
at a consis tently lower pressure rise coefficient , whereas
the distorted case does not appear to behave in this 

-

‘ 
manner.

Figures 24 and 25 show the blade pressure dis tributions
for a CX/U = 1.01 and CX/U = 0.55, respec tively. For

• CX/U 
= 1.01 (figure 24) it is apparent that the pressure

reversal on the leading edge is stronger for the dis torted
case. Furthermore , there is a rapid rise in the pressure
coefficien t at the trailing edge of the pressure surface in
the dis torted case which does not occur for undistorted

18
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f l o w . The source of this phenomen a is unknown bu t i t pers i s ts
over a wide range of Cr/U. For C

’
/U = 0.55 (figure 25)

the shape of the two pressure distributions is quite similar.

For bo th f l ow cond it ions , however, the dis tor ted pre ssure
coefficient dis tribu tion is shifted upward when compared to
that for undis torted flow.

The plots of normal force and pitching moment coef-

ficient as functions of obtained by integrating the blade

pressure distributions are presented in figures 26 and 27 ,

respective ly. The normal force curve of figure 26 shows

that the distorted flow condition results in hi gher  normal
force  at a given value of for the lower values of 81.
The curves merge as increases. Actually, two types of

unsteady effects come into play . First , the relative angle

of attack of an individual blade oscillates up and down

as the blade transverses the distorted flow field. Second ,

at the same time the relative frame resultant velocity

fluc tuates . The average dyn amic pressure bas ed on this re-
sultant velocity is consistently hig h er than the dyn amic
pressure based on the average relative velocity. An ap-

proach similar to that in Appendix B will illustrate this

• fact. Both factors can increase the normal force coefficient

of an isolated airfoil , the first being more important at

low values of and the second being mo re important at

high values of 81. These two effec ts in concert with
cascade effects are probably respon sible for the behavior
exh ib ited in f i gure 26. The variation of pitching moment
coefficient with is shown in figure 27. At the lowest

values of for which the rotor was not stalled , the

values are virtually identical but diverge as increases.

The variati on of the location of the blade ’s center of
pres sure is illus trated in figure 28.

The total pressure loss characteristic is presented

in figure 29. The undistorted case is about what one would

expect ; however , the dis torted case exhibi ts a large

J reg ion of negative loss. As was previous ly explained ,

19
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this is only a local behavior at a circumferential station

where the axial velocity is equal to the average axial

velocity. If it were true that the rotor undergoing inlet

dist or tion would loca l ly  follow the undistorted loss

characteristi c (a common assumption in theoretical inlet
distortion work) the curves should be identical at this

point . Since they obviously are not the same , one must

conc lude that this assumption is in error. Observin g that
the direction of rotation is such that a rotor blade has

passed  th rough the region of h ighest velocity one-quar ter
revolution before entering the region at which this loss
coefficient is calculated , the possib ili ty arises that
energy is somehow being transported into this region from
the high veloc ity re gion by the rotor. A detailed inves-

tigation of the local loss coefficient as a function of

circumferential station will be required to resolve this
question .

Finally, figure 30 compares the variation in exit

f low an gle for the two flow conditions . In the undistorted

case , it is interesting to note that the exit angle approaches

65° for hig h 
~~~~

. This angle correspond s to flow leaving
the blade parallel to the trailing edge tangent line . For

distorted flow , there is no evidence of this behavior.

1
I
I
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CONCLUSIONS

The results presented indicate that the rotating

stall encountered in the LSRR was essentially a leading

ed ge phenomen a. The leading edge pressure dis tribution on
the rotor bl ade and the flow immed iately upstream of the

I rotor changed abruptly with the onset of rotating stall

while the pressure distribution on the rear part of the

I b lade and the rotor exit flow showed very litt le change.
Unsteadiness introduced into the flow by the dis-

tortion increased the normal force coefficien t for con-
ditions of hi gh bl ade load ing over that of the undis torted
case . A similar increase was evident in the pressure
rise across the rotor when the distortion was introduced.

As the b lade loading decreased , the pressure rise be-
came greater for the undistorted case.

It was found that the rotor does not follow the un-
dis torted total pressure loss characteris tic locally
w h i l e  in a dis torted flow field. There appears to be some

S mechan ism for circumfe renti al energy transport which re-
• sulted in a locally negative loss coefficient for the

• particular location at which this parameter was measured.

A circum ferential survey of the total pressure loss coef-
ficien t seems to be in order to clarify this aspec t of
the rotor ’s performance.

The conclusi ons presented here are considered valid

for the particul ar configuration tested. While they may ,
in fact , be true in general , it is impossible to make
such a sweeping statement based on a single experimental
program .

I
1
I
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Appendix A

USE OF A GAUSSIAN ARRAY OF PRESSURE MEASURING STATIONS TO
OBTAIN NORMAL FORCE AND PITCHING MOMENT COEFFICIENTS .

If the posit ions at wh ich pressures are to be measured$ on an airfoil may be pre scribed , large gains may be realized

in the accuracy of the integrated normal force and pitching
moment coefficients. Re ference 5 indicates that an

accuracy of 2 percent should be realized by the 6-element

Gaussian array emp loyed in the inlet distortion experiment.

Fur ther , the process of integrating the pressures to obtain
normal force and pit ch ing momen t coefficien ts is reduced
to a simple summ ati on procedure . Breakin g the norm al force
up into a contribution from the pressure surface and one

from the suc tion surface we f ind:

[CN} 
= ~ w~ (c }

press i=l 1 press

6
(CN) ~ w~ (C~~ J 

(A.2)
suct i=1

and

CN = ICN - ICN 1 (A.3)
~- press ‘-. -~suct

Similarly, the moment coefficient may be obtained by:

6
(cM] 

= ~ vi~ x~ (c )
press i:1 Pj 

press

(CM) 
= 

~~~ 
W
I 

x 1 (cr )  (A.5)

and finally
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CM 
= ICM - ICM (A.6)

~ suct ~-. press

In the event that one or more of the measuring stations

was inoperative the procedure was modified as follows . Suppose

that the first station on the suction surface were Inoperative .

Equation A.2 would be modified as follows :

6

I _ i 2  ~ ‘suct
ICN suct 

— 

6 (~~ 7)

i~2 
~~

A similar modificat ion would be necessary in equation A.5 .

This procedure effectively allows the pressure at the missing

station to be replaced by a weighted average of the remaining

stations on the same surface (pressure or suction) of the air-

foil while maintaining the same relative weights of the opera-

tive stations.

• Positions and Weighting Factors for a
Six-Element Gaussian Array

Station X . W.1 1

1 .0337652 .0856622

1 2 .1693953 .1803808

3 .3806904 .2339570

1 4 .6193096 . 2339570
5 .8306047 .1803808

1 6 .9662348 .0856622

I
I
I
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Appendix B

BEHAVI OR OF STATIC PRESSURE NEAR ROTOR ENTRANCE

It is convenient to consider the problem in the

relative (rotor) reference system. For the undistorted

case the flow far upstream of the rotor , i.e. on the order
of one blade gap , is uniform and steady . The far upstream

quanities will be denoted by the subscri pt . As it

app roaches the rotor , the flow will become locally non-
uniform due to the presence of blades.

The total pressure is given by

= + p (c~ + w~} 
(B.1)

where C~ is the axial velocity which is the same for both

the stationary and the relative frame s and W0 is the relative

frame circumferential velocity. Performing a gap average ,
denoted by overbars ,

I ,
(B.2)

Upstream of the rotor vi scous effects are neg li gible; hence ,

= (B.3)

Writi ng the axial and circumferen tial veloci ties as
the sum of a constant part equal to the far upstream value
plus a varying part :

c = c  +~~~ c~ (B.4)

W e W e +~~
W e (B.5)

I
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From continuity

= C,~

therefore

SC~~ = O  . (B.7)

By Kelvin ’s theorem

= W0 . (B.8)

So

~c = o  . (B.9)

The averages of the squared quanities in equation B.2 may now

be w r i t t e n

C2 = C2 + (5C )2 (B.1O )x x~0 x

and

= W~ + (~ C,~)
2 

. (B.ll)

No t ing  t h a~

= p
5 

+ ~ (
~ 

+ W~~) 
. (B.12)

It is now possible to transform equation B.2 into the form

= - ~ + (~W0)~]

Thus , it is obvious that as the flow approaches the rotor and

the magnitudes of the fluctuations increase , t he avera ge of the
static pressure in the rotating frame must decrease from its

far upstream value. As the static pressure is the same in both

the relative and the stationary reference frames , the sam e

26
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I
trend must be observed in the behavior of the casing static pres-

sures . The magnitude of this pressure decrease should be direct-

ly proportional to blade loading . The length scale over which

this phenomena is observed should be on the order of the blade

gap divided by r.

It should be noted that this derivation is not applicable

to flow through the blade passages as equation B.9 is certainly

invalid in that region .

1
I
I

- 1
I
I
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