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ABSTRACT

A boundary layer control device was designed to change
significantly the case-wall houndary layer thickness enter-
int a larde-scale, multistage axial compressor. The devicea
was intended to double the houndary layer thickness in order
to> evaluate the 1influence of the inlet boundary layer in
controlled tinm cleararcs experiments being conducted on the
compressor. The boundary layer characteristics expected to
he nroduced by the control device were nredicted empirically
and experimental verification was required. Kiel, cobra,
and impact probes were used in the experiments and pressures
were recorded manually using water manometers. The geometry
of the houndary 1layer control device, an annular array of
spires, was derived from shapes developed for simulating'the
atmospheric boundary layer in large rectangular section wind
tunnels. A significantly thicker boundary layer was measured
in the compressor than was intended. However, the results
were interpreted and recommendations were made for geometrv
changes necessary to achieve the intended control for the

tip clearance investigation.

iii

TWwTA T Tw W W

1000 e T,
0 (3
R ARRAR Ra MM

L {0 )

it 00 (X5 4 2
no.l &'Q 'i‘")" DEENW A 3 .'. ..'ﬁ ."'l’:." i" .'l‘.*l ‘,:"“:.. 0. Q’ |'. Oy ‘I .. J i'.‘ ’Q. .'. :.‘O‘qtt‘g .‘\ sty “.}!‘."g:‘" 0".1}.0 ..0‘



s A o lan oa e a s a3 a's o s ars i ah o b ol ait ath Ale alh atl ol ATE AN Sl alhadh ol ot

FARTE NF COMNTENTS

TUTRODECTION

@ 5 0 2 0 6 ¢ 6 5 2 P O 00 s P S S S Y O a0 s 9 s G 0L e 00 s s s s 1 L

[T, CO7YMPREISOR AMD OPFRATTI it eesnoossssssoesossnee 2
4

"‘". I"""‘r\“"‘/—:’\‘:’)f’ ® @ & & 9 & P 0 % & 6 ¢ 2 9 0 0 % B & & T S T G QS Y E SRS O 1

2 TR 2T TAT AT g DA T T T e s ereves 12

TTL, 20tRany ravewn SaNTRAOL DREVICE e

_\. DFQT./\;" I\.rr_‘\‘:ll ® & & 2 & & 0 & O 6 0 % 0 0 B 8 0 S O 0" B S S e ¥ e bt s & o ?1

1. Redi ivr2mants & ANDrOACH teveeesonsossenosses 21

.“l ?. Desiqn ® 8 % 8 8 ¢ 8 00 0 0 2 S 0 O 0 O P OB O P O SO 0P ¢ O s s " 0o 22
A
i

? ) BO CO[\ISTRUCTIOV ® 0 6 % 0 0 % & 0 B B O S B O 2 s P L P L O e e e e e e 26
1hY
)

TN - o
5"~, IV. TE»P PROGRAP” e 0 ¢ 9 0 8 0 & 9 6 O 0 O O O 0 P O OO O R Pe L OO L N PN O N O S e o 28

;.‘ Al ppE[l[r4\I'\IAPY TEST ® @ O 0 6 ¢ 3 0 % & 0 0 0 0 A S S S P C e Ve e 28
%ﬂ:’:‘\ R. STATIC PRESSURE DISTRIBUTIOMN MEASUREMEMTS ..... 31
D)

':':.': C. ROUNDARY LAYER MEASUREMENTS ..cceeecocconssoases 31 v

S5 V. ANALYSIS ANMD DISCUSSION +ieeeevnsssssssceasnsssasens 36
N
N2
< A. CALCULATION OF DISPLACEMENT THICKNESS ......... 36
A0
;. ..‘_':-
1WA B. COMPARISON WITH DESIGN INTENT .eeeeeseseeessses 39

20

1. Poundary Laver ThicknesSsS .seeeesecosceesonss 39

A

-
S
-

2. DrOfile ShaDe @4 0 0 0.0 5608 040000008000 a0 s e e e 47

3. Other Considerations ® 8 & 0 0 9 5 0 6 0 0 200 BS s e b 0o 47

-
.-.‘
-

o

C. ACHIEVING THE REQUIRED CONTROL .4eceecscecsssecess 48

?ﬁ VI. CONCLUSIONS AND RECOMMENDATIONS .vieesseseesssacses 50
LIST OF REFBREDICES @ # ¢ 0 5 0 & ¢ 0 0 0 O B S G 0 8 P NN S B O P s NS e 52
*.'N BIRLIO(‘;RAPHY ® & ¢ & 0 & 5 0 0 9 0 S B O 0 e e e * 0 9 & 0 0 s 0 P 0 s 00 53

i INITIAL NISTPIBUTION LIST sevescees -ssavossesessss 54

® iv

O

o~ , -
) . : j A MO0 00 O R R D L R
s Ryt * igtiicty 6L Soigtoistaloig Bttt ittt i TR sttt el ettt e st i s el



N EISRN NN AW W Ire VW VY V' oW oW e w

q
i
‘ LIST OF TARLES
oy
15
‘ . I3 - . ) .
4 I. NDimensions of Stardard Yalf-itidth Snires ——=--=---_ 24
H L
5 Ir. Throttle Element ArrangementsS==—===--ceecmomaoaao. 29
S 1L, Test Program SUmMMary —- - - - - oo m o mmmmee e 39
l Iv. Pressure Distribution Data for
. Confiaquration ] —---c-—ooomm oo 33
K
V. Pressure Distribution Data for
Configquration 2 ——----=---mc oo 34
I, VI. Integrated Velocity Profile Parameters
for Configuration 1 -—=—-----commme e 40
l‘
* VII. Integrated Velocity Profile Parameters
K for Configuration 2 =—--=s-cmmmmmm e 41
3
3
W
q
;
(s
&
%)
!
' v
o] /A
1 d
: ) OTic TAB D
al Lnsnnotnced CJ
- Justiticaton
X Rem—
A
ol Ry .
: iztn :?:-’“:‘/
W ——jﬁ:;?‘;,.—‘,f:n Cochag
] -_--.f_";4i:i£:1*u_* L
3 . vevann 2hdior
) Dist Ziaeigl !
3 L |
" |
» - ‘'
L
q
SO
Y
5
B9
K<
)
Y v
o
l
)
<
3

() . X N . . : , .
R S A A QA0 AAOHCOAAINANON GA00K ATy O34 SASAANONG 3 Y XV SO IAGAG RO O
XX A‘!‘l‘.’t‘-’A"»f:".'n'.N’.’n’!ﬁ"‘n‘.ﬁ'!‘t‘t’l'!‘A".’-:'!ﬁ'!'l‘.-"u':’ﬂ:'c'!,':'.,a'..a'!'o".‘u'!\'.‘n‘!‘n'!'u".‘a"'a"‘u"‘.l! u".'q’!d‘!‘l..-"’c‘!’c'!’n‘.'o A ai:'ﬂ:"h'v!‘.l:%:yq'



LIST OF FIGURES

1. Compressor Test Pl —=—cmcmmmm e e 5

2. View of the Inlet Bellmouth Without (a) and

iiith (b) a Protective Mesn Screen —-—=meemmmaceeoo—_ 6 +
3., Comnressor Rladinn
a. Flow Path View =-e-e-ecmm e e e 7
D. Stage Tip Section ===—=-emmmme o e oo 8
4. Velocity Niagram —===—-mem—mc e e 10
5. View of the Compressor Test Rig —=——~=cemeooomecaa_ 11
6. Flectric Motor Drive =—=—=—=—mmee oo 12
7. Throttle Showing Removable Elements =--—==w==-e——eow—o—o 13
8. Arrangement of the Instrumentation —=————ce——emmeeeoo- 15
TE; 9. Probes
h}f a. Probe Tip Geometries ———-—==-——cecmmmmmcmee—o 16
oI -
4 5. Views of Probe Tips and Actuators ---------=---- 17
"M -
:*} 10. Meriam Water Micromanometers
’\-'S 1
5 a. Connections to the Probes —-—-—-—=--ccmmmmmvccnaao 19
& i
®) ’ b. View of the Instruments =-—-——==c-ccmommmmmmao_ 20
l'l
o
f’ 11, Comnressor Throttle Section
‘v.
““. a. Element Positions =—=--==---emmmmmee e 23
)
) b. Spire and Plate Elements ==—-=—=ccecmmmccmcce—n— o 23
NS
',5‘. 12, Spire Element
o a. Circular Arrangement as Built =—-—=-=-c——memaoma-o 25
@ b, Linear Arrangement as Designed --—-=----ce—ceauwa-- 25
1y 4
Yo
o
(<4
L~ :
%
e
b v
§
l.|
pl
o
@
W

OO OIS SEONMIONIN) AR OADCOR IR AN
NS ACRE NGO SR SR S 0 S Ky

Wy, . - -
DRG0 OO0 OOOOCTOOCOCY ) OO
fc"‘»‘.0"‘1"’!"!:“.n‘*!..!""A"’n’ﬂf‘?\"’n‘l‘ BT SN

; 3 DA OBOEAALAINITON
DU ML 3 Y 0.'. ‘.a'._.‘l.n‘d « lﬂ.'i‘n,.f:‘n' ’-.\‘A"..l'.

) A.D.



.

2

13. Snire Geometry

-

e
-
=

-

7,

a. As Desidned —==~-----c-mmm e 27

[
I

.

5

S AS BULlt mmmm e e m . 27

]

\{-

4. Static Pressure Distributiosn Ahead of the IGV's
at ® - P, = 7.25 Inches nf Jater =——-eeeeeme——ueo_ 32

1TAS,

)

——
i
.

Bnundary Laver Profiles withh Screens
(Confiquration 1) and Spires (Configuration 2) =----- 35

‘fU l6. Detervination of the Displacement Thickness
2‘ For Confiquration 1 ==eecem o e 42

17. Determination of the Displacement Thickness
For Configuration 2 =—=m=ecmmmc e 43

[ QPR R e

)

XX
e

l8. Cecmparison of Boundary Layers with and
Without Spires ——=—== == oo 44

v
e

o2y

19, Streamline Location for Uniform Inviscid Flow =—=—-—- 45

AR
).‘.l

i

)

P

[

v,

t‘q.r

A G ALy
¥ & w4
-

Rt

a3

Ay
P
.

e

3 “J\ V11l

A A W TR oty .

rni " i o) BT T RPN AC M AN AP AL M VA >yt gl RO P
R A I R T A O e O TR I MR R R Tt LR Y D LR o AN R R S

-



Risibiadiadien
LIST OF SYMBOLS
o) - Density )
CL - Center line
Pg. — Static nressure
i
°g . = Static nressure at the case-wall
i
Py - Total nressure
Ptcr - Total pressure at the center line
P - Radius of the pine
r - Local radial displacement
D - Diameter
v - Velocity
Al - Absolute velocity into the rotor blade
Vo - Absolute velocity out of the rotor blade
Vo - Reference velocity derived from measurements
(Eg.(2))
VCL - Velocity at the center line ]
Vi - Local velocity
W1 - Relative velocity into the rotor
Wo - Relative velocity cut of the rotor
[7- J ~ Wheel speed
P . .
%ji s -~ Spire height
;Eﬁ h - Compressor annulus height
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Axial corpressnrs in alraratt encinas aro aspnorally ie-
31 rar o rearly unifore iplet fleow condisicne, R IR N
~owndary layers, but are reaulrsd B~ cnerata gt g 1 Tersa

racce ~f inler ftlow Jdistortion, R r s
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that multi=-stace core cormpressors, once develeoned, 2ra rhon
very sensitive  ta any change in the tin-gap bhetween tho
rotor blades and the case-wall., In particular, charqes in
the tin-can result 1in A reduction in the corpressor =tfi-
ciency and a 1loss of stability marain in distorted inflow.
In view of the need to develop m™ilitary aircraft enaines
with irmproved thrust-to-weiaht ratio and increased tolerarce
to distortion, attention has been agiven ir recent vyears to
understandino the effects of tip clearance chanage on the
flow in axial compressors. A large scale, multistaqge axial
comnressor facility, which would allow experimental investi-
n7ations to be made under well-controlled test conditions,
was installed and prepared for that purpose. (Ref, 1)

The first experiment to be conducted in tbhe facility is
one in which the tip clearance will be increased syste-
matically and data will be obtained from instrumentation de-
signed to resolve the important changes 1in the internal
flow field. However, the +~esults of this experiment would

hbe limited to the nparticular compressor-face 1inler flow
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concditions which the test installation aqenerated. nknswn,
a nriori, 1s the imnortance of the inlet case-wall boundary
laver orofile, and thickness, in relation to the nhysical
qan hNetween the rotor and the case-wall. Thus, it is equal-
ly important to change the boundary laver as to chanae the
clearance aqan. The nurnpose of the nresent study was to
develop an exnerirental tachnique to be used to control the
ooundary layer thickness entering the compressor.

The apnroach was to use an array of ‘"spires" installed
as a removable element in a throttle housing in the inlet
duct. The presence, and design of the throttle, and the
difficulty of alternate anprocaches such as providing suction
on the scale required, suggested this solution. 1In the work

that is reported here, the desian of the spires is reviewed

and a program of measurements to evaluate the effect of the
smires on the compressor inlet case-wall boundary layer, is
reported. The measurements showed that the boundary laver
with the spires was thicker than was intended, and that the
velocity profile was unacceptably distorted.

It was concluded that compromises which were made in the

manufacture of the spires, which involved approximating the

o 2
A, 2 d
PRI 3

slender cusped shapes with linear cuts, were unaccentable.

* -:"A
SN

Also, the installation of the spires as a «circular array

.
=
[

within a round duct was guite different from the linear
gqeometry within a large wind tunnel that had provided the

data on which the desiqgn was bhased. Recommendations were .



§y4 made for changes to he made to the snires to achieve the
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&“ coal of doubling the inlet boundarv layer thickness without
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cnhanging the shane of the velocity nrofile,
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o II. COMPRESSOR AND 0OPLRATION
Dy .
- \ v . :
oy The compressor test facility, data c¢ollection method,
el
(RN ) . . . .
HNEY ard details nf the instrumentation used are discussed 1n the

nl
i 4
-

UE

Fallnwing sections.

D

5

::: ) A, CNMPRESSOP

)

ﬁ%. The three-stage axial compressor facility, n»resently
\:t

o ¥

assembled with a new design of symmetrical bladinag, was

:ﬁ& designed to serve as A research tool for a variety of
DAV 0
i ii 2xneriments. The facility is shown in Figure 1.
\
m; Two different sizes of inlet bellmouths were provided in
78S
‘aﬁ order to idjust the pressure differential and measure flow
;gg rate to the comeressor satisfactorily for various stage con-
S .
{' figurations and operating speeds. In the present work, the ’
/

larager bellmouth was used (Ref. 2). Views of the bellmou h,

-
oot

52
R

with and without a protective mesh screen over the inlet,

L)

-
‘.‘l‘

'

are shown in Figure 2. As seen in the figure, the airflow

e

enters the compressor from outside the building and flows

Y
XS

23

throuach a 20-foot long duct containing a throttle device

",
oy

(Ref. 1) to the compressor test section.

-
+

A P

Cx

The compressor blading is shown in the two parts of

Figure 3. The blading is removable and adjustable. For the

nresent experiments, the test section was bladed with one
3
e . . ;
}*E row of inlet guide vanes (IGV), two symmetrical stages (the
i‘.;
'. g
N \*“v

first stage in Figqure 3 was removed), and one row of exit
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quide vanes (EGV). Fach stane consisted of 30 rotor bHlades

and 32 stator blades.

The function of the IGV's is to turn the flow to nroduce
the radial distribution of the flow anale reauired by the
rotor in the svmretric staqe. A syrmmetric staye desinn is
one in which the wvelocity diaaram, shown at nne radius in
Figure 4, is symmetrical at all radii. (Both the axial
velocity comnonent and flow angles vary with radius.) At
each radius, the 1IGV is designed to nroduce an incidence
with resnect to the rotor blade equal to the minimum loss
incidence for the correspondina two-dimensional compressor
cascade (Refs. 3, 4, and 5).

The compressor test rig 1is shown 1in Figure 5. The
compressor is driven by a 150 HP electric motor counled by 23

belt Ariv:

Ww

to the compressor (Fiaure 6). The speed of the
compressor can bhe chanaed nominally from 1600 to 2200 RPM by
changinag the belt drive pulleys. The low speed drive (1610
RPM) was used in the present experiment.

The throttle, located approximatelv mid-way between the
inlet bellmouth and the compressor face (Fig. 1), contained
10 spaces (8 useable) for inserting different screens and
throttle plates. A view of the throttle is shown in Fiqure
7. The throttle can be changed only by stooping the

compressor.
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A1l the cnnnections hetween the inlet bhellmouth anid the

comnressor were sealed to eliminate leaks that miqht effect

the experimental results,.

2. [MSTRUMENTATINON AND DATA CQLLECTITO

‘tany oorts for nrobes arz rrovided around and along the
comaressor case. The arrangement of instrumentation used in
Ehe nresent exneriments is shown in Fiqure 8. Viall static
rans 2nd oHrobe surv2y stations were located 1.0 inches in
front ~f the IGV's at the selected stations around the co--
>ressor perinhery shown in the figure, Staanation npressurc2
distributions from tip to hub were measured using a travers-
inz impact nrobe. A cobra probe was used similarly to mea-
sure staanation pressure and, by prior calibration, static
ocressure distributions in the same location (Figure 9a and
b). In the latter case, pressure ports on each side of the
Cobra probe were connected to the U-tube manometer and the
nrobe rotated such that the probe was always facing the
airflow., The Kiel probe was installed and held fixed on the
centerline of the duct. Pressure distributions in the probe
surveys were referenced to corresponding values of total
nressure on the centerline and static pressure at the case-
wall. The differences between probe total pressure and wall
static pressure and between probe total pressure and Kiel
nrobe pressure were recorded manually after carefully

adjusting two Meriam micromanometers. The connections to

11
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and a view of the micromanometers are shown in Fiaure 10.(a)

and Fiqure 10.(%), respectively. The scales of the 'teriam
manometers were adjusted to zero Jefore each experiment.
Auxiliary instrumentation included a digital thermo-
neter to measure the inlet total temperature and a nulse
count2r and timing wheel to record the rotational speed of
the compressor. The local atmospheric pressure and temnera-
ture were measured wusing a barometer and thermometer
respechively, located inside the building. During each test
the change in ambient temperature was observed to be negli-
Jible and no correction for change in water density in the
Meriam watermanometers was required. Air density correc-
tions were not required due to the use of a feference

velocity derived from the centerline probe.
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(b) View of the Instruments
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ITI. AOUNDARY LAYER CONTROL DEVICE

The boundary layer contrnl device is described 1in the
faollowing section and the desian intent, actnal desian, and

constrmiction are discussed,

AL DESIGN INTENT

1. Requirements and Apnroach

Mormal bhoundary laver conditions at the compressor
inlet, from earlier experiments with uniform screens, were
known t~ be § = 1,1 inches and &§* = ,13 inches. The boun=
dary layer thickness could be chanaed by addina a boundary
layer control device. Either by sucking air at the case-
wall, or by cooling the case-wall, the boundary laver thick-
ness could be reduced. In the nplanned experiment, it was
required to increase the boundary laver thickness (§*) by a
factor of two and obtain measurements with different values
of the tip clearance in the compressor. Thus, it would be
possible to obtain data at two values of tip clearance while
holding the ratio of boundary to tip clearance [&*/t]
constant.

To increase §* by a factor of two, case-wall roughness

elements and graduated screens were both considered, but

rejected. The roughness elements could not be removed
readily for tests with thin boundary lavers. Previous
21
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experience with graded screens suggested that it would bHe

Aifficult to nroduce axi-symmetric uniformity with a larqe
graduated screen located so far from the compressor face. )
The apnoroach taken was to use "spires" installed 1in one

nf the blank throttle elements as shown in Figure 11.

2. DResiqgn

The system of spires has been used previously to

nroduce thickened boundary layers in rectanqular wind

tunnels, narticularly 1in experiments which required the

careful simulation of the atmospheric boundary layer (Ref.

7). In Reference 7, based on many experiments, the data in

Table I were given for a non-dimensional spire geometry that

produced a known boundary layer thickness. These data were

used in the present design, but were corrected to account

KN for the <circular duct configuration and annular flow con-
A traction (Figure 12). The spire gqgeometry and total number
Wt of smires were selected using the information in Reference 7
T for experiments carried out in a wind tunnel. A 29-element
) snire configuration was chosen for the circular arrangement
oo to avoid possible resonance due to the wakes from the spires

Y interacting with the 30 blades of the rotor.
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DIMENS "ONS OF STANDARD HALF-UIDTH SPIRES

HEIGHTY SPIRE WIDTH
| g 0.5000 |
l
0.0016 0.3750 [
. l
0.0111 0.3100
| 0.0167 0.2933
|
I 0.0250 0.2733
|
0.0417 0.2483
0.0833 0.2100
0.1250 0.1850
0.1667 0.1650
0.2500 0.1350
. 0.3333 0.1117 .
"
0 0.4167 0.0917
+ Se N
i
.xﬂ 0.5000 0.0750
)
%y
f) 0.5833 0.0600
R )
Qw 0.6667 0.0450
e
()
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]
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s
. <"
°
)
o~
~¥'
X'
lxj
[
BT 24
re
Q" )
s
°
Uy
-‘.:'.

A"y uy A%y

) v OO OAONABON0E
1) " .‘:‘!.ﬂ.}.' QOO ‘Q ¢ l‘q.ﬂu,“.
." ..‘.
w A¥\ AYS

3
AT P ARSI b
.l'.o l':!l".'.t'u AN FOLDOOGOUOUUCT RN R MN

R OAGAOAGNGACCAGAGAAGAGAGICANAIAIGIGN0
At "9"9 'u"‘:".‘:':‘n". l"'l‘t‘t..‘l‘t.l'?l'!..'l....l’t.l"'l";’l';‘l’!'é‘».I'»'l':‘l"‘l‘+.L'.'pl’a-'l“«‘l'a’l’m'ﬂ-‘l AN



Ral —ad el S E el Pl R TR .

Circular Arrangement as Ruilt

FIGURE 12. Spire Element
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Linear arrangement as DNDesigned 3
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B. CONSTRUCTION

The spire aqgeometry (Fiqure 13(a) could nct he machined
locally, and therefore, the shape was anproximated with
linear cuts as shown in Figure 13(b). The shane was cut
from aluminum alloy, .25 inches thick, and the 29-elements
Wwere arranged uniformly in a circular ring. Fach snirs was
attached hv three flush, countersunk Phillips~bead screws to
the rim  of the ring. No locking wire was necessary since
the screws were prevented from backing out by the adjacent
throttle ring installed in the throttle housing, and a
screen was nositioned downstream of the spires to prevent

any possibhbility of damage to the compressor.
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. " Fiqure 13. Spire Geometry
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IV, TEST DROGPAM

The test oarogram consisted of a numbher o€ initial,
2xploratory flow field measurerments and then a series of
ietailed boundary laver surveys tn  establish quantitatively
tre effect of the smir2s on the houndary layer thicxness it

Fhe comrmpressor face.,

A, PRELIYTI"ARY TEST

Before conducting detailed flow surveys, tests were
conducted to establish an arrangement of screen and spire
elements in the throttle which produced a similar average
mass rate of through-flow to that produced by a selected
combination of screens only (Ref. 8). The desired through-
flow condition was one which was well removed from both
stall and open throttle houndaries on the compressor map.
Tt was found during this procedure that the position of the
snire element in the throttle housing was important. Less
stable compressor operation was found when the spire element
was the most downstream element. As a result of these
tasts, the two arrangements summarized in Table 1II were

selected, and the test program summarized in Table III, was

carried out.

R dia A

Ak 8

Ao

B |




TARLF II.

l THROTTLS FLEMENT ARRANGEENTS

| THROTTLE FLEMENT CONFIGURATION CONFIGURATION
! LOCATION (1) (2)

f UPSTREAM SCREEMN ONMNLY SCRFE* & SPIRY
! 1 SCREEN 41 oo_..

|

i 2 emeas SCREEN =5

| e

l

l

l 4 mmme- aels

| 5 SCREEN #3  eeee-
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SR AL A AR A R B Roh 4 'H’

T TARLFE TIT, I
! |
t TEST PROGRAM SIMMARY [
! | l {
! TYPOTTLE ELEMRENT
’ TEST | CONE GURATION | SURVEYS

|
|
| !
! |
! 1 1 | CORRA PRORE & KIEL PRORE
|
[ 1 |
l
l 2 1 IMPACT PROBE & KIEL PROBE
|
; l
I 3 2 IMPACT PROBE & KIEL PROBE
| |
|
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B. STATIC PRESSURE DISTRIBUTION MEASUREMENTS
In Test 1, with the fhrottle elements in conficura-
tion 1, a survey was conducted wusing the c¢obra nrobe tn
estahlish the radial distribution of static nressure from
nsukter to Inner case-wall. The procedure in this experiment
~as to measure the "indicated" static pressure from the side
holes of the cohra probe as it was moved step-by-step from
the outer wall to the inner. The relationship of the cobra
nrobe "indicated" static pressure was estahlished using the
case~wall static nressure and cobra probe measurements adja-
cent to the wall. The survey measurements were individually
referenced to total pressure from the Kiel probe at the
center of the axial line A-A (Figure 8).
The static pressure so obtained 1is shown in Figure 14,
It is seen to decrease linearly from the wall (Psw) to the

hub surface.

C. BOUNDARY LAYER MEASUREMENTS
In Tests 2 and 3, surveys were made using the impact

nrobe from the outer case wall to where the 1impact pressure

hecame almost constant. Test 2 was with screens only
(configuration 1) and test 3 was with the spire element in
confiquration 2 (Table II). The results are shown plotted
in Figure 15 and listed in Table IV and Table V. In Figure
15, the value of the velocity measured on the center line of

of the annulus has been used to normalize the profiles.
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TABLE IV.

PRESSURE DISTRIBUTION DATA FOR CONFIGURATION

R; = RADIAL DISPL.

INWARDS FROM CASE-WALL,

PRESSURES ARE IN INCHES WATER

]

R —

) : . (A 0 1, TR I U1V Toy Uy Ty T ULy Oy U
B T R T o N b T R M M RN O M e SR MR RS

M RN W

s
|
! Rj gptcL B Pti{ Pt; T sy PtcL_PSw IACT v/ Ve
;o.01 1 7.100 | ~.060 7.040 i -.0902 .0923
.02 | 7.092 -.318 7.058 -.0656 |  .0671
13,0 3.410 3.6466 7.075 .7018 L7179
0.2 2.3195 4.9920 7.197 .8142 .8328
10.3 { 1.539 5.5672 7.073 .8673 .8872
0.4 1.078 6.0044 7.038 .9030 .9237
’0.5 .755 6.3286 7.048 .9264 .9467
0.7 .388 6.7828 7.043 .9594 .9814
0.9 .185 6.9750 7.060 L9717 .9948
1.1 .010 7.1472 7.125 .9792 1.0016
1.5 -.010 7.3271 7.065 .9798 1.0018
2.0 -.0465 7.2882 7.061 .9980 1.0184
2.5 .0 7.3402 7.6500 .9987 1.0187
3.0 .065 7.3518 7.0835 .9991 1.0188
3.4 .071 7.3967 7.1890 .9915 1.0143
3.6 .070 7.4400 7.110 1.0000 1.0299
3.8 .101 7.4702 7.149 1.0002 1.0225
l4.2 .009 7.5859 7.1590 1.0068 1.0293
4.5 .006 7.6200 7.126 1.0109 1.0340
5.8 .091 7.7524 7.199 1.0015 1.0337
6.0 .012 7.6776 7.117 1.0153 1.0386
l |
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I T TABLE V. r
N | [
~ ! !
l PRESSIIRE DISTRIBITION DATA FOR CONFIGURATINN 2 i
g R;y = PADIAL NISPL. INWARDS FROM CASE-VALL, !
| PRESSURES ARE IN INCHES WATER ;
I BE - P..] Py, - Pg. I P, -P T V/V¢ [
]Rl | tCL tl' 1 Si tCL Sy | L V/Ve ]
. ] |
[0.01 | 7.009 -.2179 7.216 -.1710 -.1737 |
| l l
7 10,02 6.690 .4292 7.1170 .2419 .2456 |
l l
0.1 3.800 3.2621 7.051 .6698 .6802
0.2 2.634 4.4082 7.0850 .7768 .7887
0.3 2.090 | 5.0133 7.070 .8292 .8421
0.4 1.848 5.4029 7.207 .8529 .8658 )
1
0.5 1.840 5.3526 7.191 .8495 .8627 5
o
0.7 1.733 5.5393 7.195 .8614 .8748
0.9 1.497 5.7915§ 7.189 .8839 .8976 ‘
[
1.1 1.397 5.7872 7.062 .8915 .9053 .
1.5 1.373 6.1133 7.193 .9078 .9219
) 2.0 1.000 6.3632 7.141 .9295 .9439
) 2.5 .915 6.3938 7.123 .9308 .9474 .
3.0 .484 6.7183 7.136 .9555 .9703 !
3.4 .032 6.8056 7.157 .9891 .9799 ‘
L
3.6 .156 7.4020 7.178 1.0000 1.0155 h
]
3.8 -.117 7.5492 7.264 1.0000 1.0194 j
[
4.2 -.227 7.9146 7.221 1.0310 1.0469 :
\
4.5 -.911 | 8.1556 7.098 1.0556 1.0719 N
5.8 -.411 8.1954 7.143 1.0550 1.0771 ,
. 6.0 -.337 8.1086 7.105 1.0520 1.0654
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V. ANMALYSIS AND DISCUSSION

This section of the report describhes the method used
to calculate the boundary laver thickness, discusse, Llie

results of the measurements in comparison with the desiqn

exnectation, and summarizes the results.

 #¥ A, CALCULATION OF DISPLACEMENT THICKNESS
The displacement thickness obtained for confiquration 1
W from earlier experiments was .13 and for confiquration 2 in

4

the nresent work was .53 inches. The method was as follows:

Bernoulli's equation (Ref., 9) gives, at any radial station,

o
‘
& P = Pg. + 172 oVi2 (1)
o i i .
The reference velocity, Ve, based on total pressure at the
N centerline (Py ) and static pressure at the wall, (Pg ) is
R CL W
given by
Pe = Pg + 1/2 oV, 2 (2)
CL L
:§ Using the results given in Figure 14, which shows that the
0 2
e .
‘f@ static pressure dropped linearly to -0.8 1inches of water
. -
X from the tip to the hub at a distance of h = 7.2 1inches, at
Y .
‘ ﬁ P - PS = 7,25 inches of water,

CL w

OSSN TSN
R R I K RN Iy
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) = 0.11 (=) = 0.0153R; (3)

(PtCL - PSW) (7_2) 1

Using equations (1), (2) and (3), the ratio of velocity at
pach ~nipt (Ry) for confiquration (2) is 5iver, in terms of

the static pressure distribution for configuration 1, by

—5— + 0.0153Rj (4)

and the centerline velocity by

Ver
Ve

= /"1 + 0.00153R; (5)

Using Equation (4) and Equation (5), the ratio of the

velocity at each point to the velocity at the centerline is

given by
. VC .
1 L, _ 1
(Vm )/(Vw ) = VCL (6)
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From experiment P, - Py and P, - Pg are known at =ach

Cr W i 1

location from the case-wall to the hub. The boundary layer

nrofiles for configuration 1 and confiaquration 2 which are

shown 1in Figure 15 were obtained using Equations (4), (5),

and (o). )
The boundary layer displacement thickness was determined
trom boundary layer profile data before normalizing to the
nassaqe centerline velocity, Referring to the following

sketch, the area A-1 and area A-2 were calculated for each

displacement (v) of the nrobe from the case-wall using

if A-1 = A-2 then y = §*

V/Ve

. - y - v = -—
! Xy 0j(l 7o) dy A-2 (6)
and

- Y1 - Yy g = a-1 7
":. Ay OI( m)y (7)

i; where X is the "free-stream" value of V/v, and Ay is the

Ve total area under the boundary layer profile. The areas
)
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described by equations (7) and (8) were plotted as a func-
tion of y to determine the dispacement thickness (&%), The
results for configuration 1 are shown in Figure 16, with the
data listed 1in Table VI. The results for configuration 2

ara shown in Figure 17, with the data listed in Table VII.

R. COMPARISON WITH DESIGN INTENT

1. Boundary Layer Thickness

The effect of the spire element on the boundary
layer thickness is clearly to increase § and §* . Figure 18
illustrates the effect of the spire element on bhoth the
boundary layer profile and the boundary layer thickness.
The overall thickness was increased from 1.1 to 4.5 inches.
The displacement thickness was increased from 0.13 to 0.53
inches. The boundary layer can clearly be controlled by
selecting the geometry of the spire, combined with the
selection and position of the screens. However, the qgoal is
to pnroduce a doubling of the overall and displacement thick-
naesses without changing the shape of the profile. Clearly,
in the results shéwn in Figure 18, the overall boundary
layer thickness with the spire element exceeds the half-
height of the compressor annulus.
We first examine how far the effect of the spire should
be expected to extend when the flow from the duct enters the
compressor annulus. Referring to Figure 19, the position of

the streamline from the tip of the spire, when it

39
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I TABLE VI. f
| INTEGRATED VELOCITY PROFILE PARAMETERS FOR ' ]
! CONFIGURATION 1
I Y i y y ’
| Ry [ (1=v/v)dy | oxey=[ (1-v/v)dy | A-[ (1-v/v,)dy
| 0 0 o [
g l
AN .0 0.0 1 .1473 !
| |
| 0.1 L0461 L0539 L1012 l
| |
| 0.2 .0703 .1297 L0770
!
0.3 2 .2138 L0611
0.4 7 .3023 .0483
0.5 .. .3938 .0411
0.7 .1177 .5823 .0296
0.9 .1246 .7754 L0227
1.1 .1295 .8705 .0178
1.5 =7 ——‘-7 --=-3
2.0 / / /
/
2.5 / / . .
{
3.0 / /
/ / /
I 3.4 ———— e foee -
I
fnols 3.6 .1473 3.4527 0.0
’@- 3.8 .1473 3.6527 0.0
°
o 4.2 .1473 4.0527 0.0
B
ey 4.5 .1473 4.3577 0.0
R _
o 5.8 .1473 5.6527 0.0
el 6.0 .1473 5.8537 0.0 .
o
bl
3
O
NS
®
(% 490
.—):-
Lo
e
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TABLE VII,

INTEGRATED VELOCITY PROFILE PARAMETERS FOR

CONFIGURATION 2

Yy Y Yy
R; { [ (1-v/v,)dy Xey-[ (1-V/V,)dy Ap=[ (L-v/v,)dy
| o o o
+
0.0 [ 0,0 0.0 .5716
0.1 .0586 .0470 .5130
| 0.2 .0901 .1210 .4815

0.3 .1140 2027 .4576
0.4 .1343 . 3880 .4473
0.5 .1537 .4741 .4179
0.7 .1933 .5456 .3783
0.9 2262 .7238 3454
1.1 .2580 .9032 .3136
1R e T R —— ——

'\n"l ’ l I 7

e 2.0 / / /

¢

Jo'o ! 2.5 ] l I/

e 3.0 ! |

¢ \ , /

! 3.4 | /

Jhe 3.6 / /

! !

o

» 3.8 / !

'. , /

%@ 4.2 | we--- S LS

I

&. 4,5 .5716 4.1786 0.0

’::"0

“ 5.8 .5716 5.5501 0.0

; g | 6.0 .5716 5.7620 0.0
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apnroaches the compressor blading can bhe calculated usinn
the continuity equation,

pAV = constant (93) :
assumina the airflow is un::zorm and axial at hoth stations.

Ther the streamline disnlacement (A) at the compressor face

Y is 7ivan by

Lt
) om(R2 - (R-5)2) _ om(P2 - (R - A)?)
) ! -

i (1)
o 2 2 2
:. em R pTT(R - (R - h) )
ﬁ;l where the notation 1is defined in Fiqure 19, The height
.-'-.u
bxﬂ the spire, 8 = 8 inches, R = 18 inches, and the annulus
pa
W heinht at station 2, h = 7.2 inches. Using these data in
o
e eguation (10), A = 4.56 inches. The results from the exper-
1y

:'n iment in Figure 18 show that the effect of the circular
‘.
Hhe . i i
:.' spire arrangement on the airflow extends to approximately
ﬁg 4.5 1inches from the case-wall. In comparison, 1in the

A

"on
31} results given in Ref. 7, the effect of a linear arrangement
2y

P
Ej: of spires on the boundary layer in the test section of a
#55 larce wind tunnel, six spire heights downstream, extended to
LR
508 . .

%‘\ apnroximately only 0.8 of the spire height from the wall.
)

)

L This factor was applied in arriving at the npresent spire
®

2 heiaht, The difference between the present and the wind
Bt

:i: tunnel results may be due to the significantly different
SN

ﬂ': blockage presented by the spires to the pipe flow, or ray

(]

;f& result from the bluntness of the present shapes.
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2. Profile Shane

In comparing the two nrofiles in Fiqure 18, one
simnificant difterence and one notigeabhle sinmilarvity are
noted, First, away from the wall, there is A sianificant
denartiure in the »oroftile shape for confiquration 2 from a
simnle nower-law profile. There is seen to be a sharp nra-
dient in the velocity deficit out to the edae of the houn-
dary layer. This is »nrobhably the result of the bluntness of
the snire shape used in the exneriments. The results appear
to emphasize the necessity to achieve the very slender,
cusped profile shown 1in Figqure 13(a) rather than use the
blunt approximation shown in Fiqure 13(b).

Second, the profile close to the wall seemé little
affected by the spires. This may be the result of the level

of turbulence inherent in the pipe-flow and the nipe-

roughness, bhut suggests that it mav be difficult to produce
a thicker boundary layer using spires which is also similar

in profile shape both near to and far from the wall.

3. Other Considerations

The degree of axi-symmetry was examined briefly
during the experiments by rotating the spire element 1in the
throttle housing. Some peripheral non-uniformity was
detected, however, the data in Figqure 18 are believed to be
reasonably representative of the average radial behavior.

The degree of unsteadiness in the flow, which made it

X YAttt St Tl atgtaty Wy Tt YV
R X R R K R O A R
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difficult to obtain stable readinags during probe surveys,
did not measurably affect the accuracy of the mean wvelncity

nrofiles. i

e ACHIRVING THE REQUIRED CONTROL s

The velocitv nrofile sncwn for confiquration 1 in Fiaure
183 <can he characterized as a nearly uniform flow with a
well-defined turbulent bhoundary layer at the case-wall. The
velocity nrofile shown for configuration 2 can be character-
ized as a very thick, irreqular case-wall boundarv layer, or
alternately described as a wholly distorted velocity profile
across more than half the compressor blade height.

Since the purpose of the overall compressor ipvestiga-
tion is to examine the effects of tip gap on the compressor
flow field and performance characteristics, in a range of
tip clearance qap size which is always very much smaller

than the blade height, it does not make sense to introduce

radial distortions in the flow field which extend over much

PRl of the span of the blading. This is not within the scope of

B

ﬁy the proposed 1investigation. Any variation in the case-wall

Ql"

v

:ﬁ‘ hboundary layer must be confined to a scale which remains

®

'{*: small compared to the blade height or the investigation

. .

% . . . , . .

&&‘ becomes one of investigatina inlet flow distortion.

ey i
My . , . .

il Thus, if spire elements are to be used, it 1is very

® ;
fﬂg necessary to use the original, sharply cusped spires in ~
o

gf' order to recover the asymptotic outer boundary layer
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profile shane. A reduction in the snire heiqht to A or avan

Ny 5 inches, may he necessary to achieve no morzs than doublinA

e 0f the natural boundary layer thickness,
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VI, CONCLUSIONS AND RECOMMENDATIONS

In this study, a ring of spires was designed and shown
experimentally to increase the thickness of the case-wall
boundary layer at the comnressor inlet. 'Thile an increase
in the overall and disnlacement thicknesses by a factor of
two was intended, a factor close to four was measured. The
guantitative differences between results in the present
experiment and results obtained using spires to control
boundary layers in large rectangular wind tunnels, on which
the design of the present arranaement was based, are thought
to be understood. First, the slender cusned shape of the
spires was Aannroximated in the present case by a bhlunt,
thicker profile which could be machined with straight cuts.
Second, the present installation of the spires was within a
circular pipe, with a much larger area blockage and higher
turhulence levels than were present in the wind tunnel
anplication.

It was found that the ring-element of spires nmust be
installed in the throttle upstream of at least one screen
element in order to reduce oscillations in the £low and
vibrations in the compressor to acceptable levels.

The following recommendations are made 1in order to

achieve the intended boundary layer control:

L) ¢ \) )

» L%

£

{.\..0,"‘ 0.l .‘C (N

3
OO RIOCOUOCS




2ot L
el Yol 0~ o

P e

v

,...»‘,.l ;
A,

Y XX e -
RO

il )
Jara

P E
L

W ‘j.
|

esX)

-

Ry &
XS

-
-
o - -

O IOV X )
22

-

O Q0L £y q
A h\\",%,iv 3! Ao "Af“ ‘Q‘ t‘o’l‘; O‘Q

. » Y hu e (RICAINN DA
N, 't‘ .T_?.\.'_;",l\qQ:..l.g'l‘; l:' !‘.'i:q‘ Q".é. .N‘Q!O‘,\!t:\‘)‘.'.:(‘l'i‘!g'!tg!h |"l‘gw|'l .'J;'!tqf 0L QQ‘:QQ‘Q?!:\'O‘Q'S 'i."l Wb 'l? 'i‘a‘l b, A

0

The oriaqginallv specified aeometrical shane of fae
spire elements should “e machined, without compromiss
Eor reasons of expense. The heiaght of rthe gpira
should be reduced to % or 6 inches.,

The inlet onipe junctions should He smoothed and all

flanged connections should »e tightlv sealed.
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