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ABSTRACT

N boundary layer control device was designed to chanqe

siqnificantly the case-wall boundary layer thickness enter-

ini a larne-scale, multistane axial comoressor. The device

was intended to double the boundary layer thickness in order

to evaluate the influence of the inlet boundary layer in

controlld tin clerarcc exoeriments being conductea on the

compressor. The boundary layer characteristics expected to

be oroduced by the control device were oredicted empirically

and experimental verification was required. Kiel, cobra,

and impact probes were used in the experiments and pressures

were recorded manually usina water manometers. The geometry

of the boundary layer control device, an annular array of

soires, 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

i were interpreted and recommendations were made for qeomet-rv

changes necessary to achieve the intended control for the

tip clearance investigation.
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-) r';)resso'rs in rqratt eii - .3r, -n 2r , 'i-

2 i C7 a- V Iv ers, huJt iro - - t ' .

n inlet tol "i 4tortion. t is t7n1 i

tt " Ilt i-stAc e core corioressors, once develonerd, r' K n

- en7 i'e t anv chanre in te tin-qan betweon th,-

rotor blales and the case-wall. In narticul3r, chan'-, in

thp tin-can result in a reruction in the coFpressor etfi-

ciency anI a loss of stability maroin in distorted inflow.

In view of the neet! to develop military aircraft enoines

with imoroved thrust-to-weiaht ratio and increased tolergnce

to distortion, attention has been niven in recent years to

unHerstandino the effects of tip clearance change on thp

Flow in axial compressors. A larqe scale, multistaie axial

conoressor facility, which would allow experimental investi-

qations to be made under well-controlled test conditions,

was installed and prepared for that purpose. (ReF. 1)

* The first experiment to he conducted in the facility is

:,j one in which the tip clearance will be increased syste-

-atically and ata will be obtained from instrumentation de-

* signed to resolve the important changes in the internal

flow field. However, the 'esults of this experiment would

be limited to the oarticular compressor-face inlet flow

*4



conditions which the test instillation neneratel. PIn

a oriori, is the imoortance of the inlet case-wall bounar/

laver orofile, and thickness, in relation to the nhvsical

(,an between the rotor ind the case-wall. Thus, it is eaual-

. ly i-portant to change the boundary laver as to chanoe the

clearance nap. The rurpose of the oresent study was to

,eveloo an exneri-ental techniiue to be used to control the

boundary laver thickness entering the compressor.

The approach 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 approaches such as providing suction

on the scale reauired, sugaested this solution. In the work

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

and a proqram of measurements to evaluate the effect of the

spires 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

slender cusped shapes with linear cuts, were unaccentable.

Also, the installation of the spires as a circular array

* within a round duct was cuite different from the linear

qeometry within a larqe wind tunnel that had provided the

data on which the design was based. Recommendations were

2
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made for changes to he made to the soires to achieve t~itp

,(oal of douhlinq the inlet boundarv layer thicknes. ..ii itu

c- -anqino: the shane of the velocity rnrof ilm

'13



II. COi!PPESSOR A!D OL1'T7 OIN

The compressor test facility, data collection method,

,!- '. il= f the instrumentation used are Aiscussed in the

t,1,mo.ia sections.

%. CoM P P. tf.C,)P

T ie three-stage axial compressor facility, presently

asseinbled with a new design of symmetrical bladina, was

designed to serve as a research tool for a variety of

exoeriments. The facility is shown in Figure 1.

* Two different sizes of inlet bellmouths were provided in

order to idjust the pressure differential and measure flow

rate to the comoressor satisfactorily for various stape con-

'iqurations and operating speeds. In the present work, the

l.argier hellmouth was used (Ref. 2). Views of the bellmou h,

wit' and without a Drotective mesh screen over the inlet,

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

enters the compressor from outside the buildinq and flows

throuoh a 20-foot long duct containing a throttle device

(Ref. 1) to the compressor test section.

The compressor bladinq is shown in the two parts of

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

present experiments, the test section was bladed with one

row of inlet guide vanes (IGV), two symmetrical stages (the

first stage in Figure 3 was removed), and one row of exit

4
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Quile vanes (ECV). Each staqe consisted of 30 rotor blales

and 32 stator blades.

The function of the IGV's is to turn the flow to nroduce

t the r-kial distribution of the flow anole renuired by the

rotor in the svmetric stage. A symmetric stage desiqn is

one in which the velocity diaarai, shown at one radius in

Pciaure 4, is symmetrical at all radii. (Ooth the axial

velocity comnonent and flow anales vary with radius.) At

each radius, the IGV is designed to oroduce an incidence

with resnect to the rotor blade equal to the minimum loss

incidence for the correspondinc two-dimensional compressor

* cascade (Refs. 3, 4, and 5).

The compressor test ria is shown in Fiqure 5. The

comoressor is driven by a 150 HP electric motor coupled by a

belt drive to the compressor (Fiaure 6). The speed of the

compressor can be chanced nominally from 1600 to 2200 RPM by

chaninG, the belt drive pulleys. The low speed drive (1610

PPM) was used in the present experiment.

The throttle, located approximately mid-way between the

inlet bellmouth and the compressor face (Fig. 1), contained
4-.

10 spaces (8 useable) for insertina different screens and

throttle plates. A view of the throttle is shown in Finure

7. The throttle can be chanqed only bv stooping the

compressor.

9
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Chord

Rotor-Relative Flow

W1 
2

1

Symmetric Blading Requires a1=82 & t2-al at All Radial Stations.

Fiqure 4. Velocity Diaqram

1,10



'N
00

4U)

'4-4

.4.4

Di S 4 14 1 ,1 1 I iiill



fld~'~rW rfv.~rrV .,. 1..w~ *'".. r .r .,~,V".PV'J"JWVW N U &-~.,,,r-.. - -.

~

0

N'

~

Em
C)

N-

if..

si-SN

'I'
I-i
0

0 4J

0

C.)

U
C)

-N

C)

"-I

CL4

S

N.,.

-'N

'N

0

-.5.

0 12

0

~N4.~~

~ N P ..

si ~ *,i/.. i-~,V Ni-SN/S 'S/'N 5
NN~i-.55

N
5

N* N-



0

4.'
*4

,lq :12

-~

'-4
-Q

0

2

0

* -'-4

-' 0
4.'

Cl)

-4

4.J
0
1-4

II'. E-4

4.

a

'a

-a

0

m~*'ip

4'

S

4
44

4 -

.4 130

'I.

0

-~** ~ .~ - a



All the connections between the inlet hell'-outh 3nl the

comfnressor were sealed to eli-inate leaks that might effect

the experimental results.

I" Ni-S 7 P F - N AN D )ATA COLLPCT,+Y.. ,,, . . •+

"13ny oots for probes are rrovided around and alona the

comoressor cIse. The arranqement of instrumentation used in

th- rresent exoerinents is shown in Fiqure 8. 'all static

ta 2an-n orobe survey stations were located 1.0 inches in

. roit -f the IGV's at the selected stations around the co-

,ressor oerinhery shown in the fiqure. Staonation nressu e

Jistrihutions from tip to hub were measured using a travers-

inc impact probe. A cobra probe was used similarly to mea-

sure stannation pressure and, by prior calibration, static

oressure distributions in the same location (Figure 9a and

o). In the latter case, pressure ports on each side of the

Cobra probe were connected to the U-tube manometer and the

orobe rotated such that the probe was always facing the

airflow. rhe 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

oressure 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

orobe pressure were recorded manually after carefully

adjusting two Meriam micromanometers. The connections to

14
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v and a view of the micromanometers are shown in Fioure O.(a)

and Fiqure lO.(b), respectively. The scales of the 'Ieriam

-nanometers were adjusted to zero )efore each experiment.

Auxiliary instrumentation included a diqital thermo-

neter to measure the inlet total temperature and a nulse

counter and timing wheel to record the rotational speed of

the compressor. The local atmospheric pressure and te-oera-

ture were measured using a barometer and thermometer

respectively, located inside the building. Durina each test

the change in ambient temperature was observed to be negli-

gible and no correction for change in water density in the

.eriam watermanometers was required. Air density correc-

tions were not required due to the use of a reference

velocity derived from the centerline probe.

a- -



Kiel robeStatic Pressure Tap

'li

Traverse Probe

Meriam fera
Water Water

'Mlicromanometej icromanometerI

F'iure 10. Merian Uater Micromanometers

- (a) Connections to the Probes

N'. 19



02

1 S I

mA Ol



IIi. I ROUNDARY LAYER CONTROL DEVICF

The bounrdary laVer control device is described in the

following section and the desirin intent, actual design, and

constriction are discussed.

A. DESIGN INTENT

i. Renuirements and Anoroach

Normal boundary layer conditions at the compressor

inlet, from earlier experiments with uniform screens, were

known t, be 6 = 1.1 inches and 6* = .13 inches. The boun-

dary layer thickness could be changed by adding a boundary

layer control device. Either by suckinq air at the case-

wall, or by cooling the case-wall, the boundary laver thick-

ness could be reduced. In the planned experiment, it was

required to increase the boundary laver thickness (6*) by a

factor of two and obtain measurements with different values

of the tip clearance in the compressor. Thus, it would be

* 4possible to obtain data at two values of tip clearance while

holding the ratio of boundary to tip clearance [6*/ti

constant.

To increase 6* by a factor of two, case-wall roughness

elements and graduated screens were both considered, but

reiected. The roughness elements could not be removed

readily for tests with thin boundary layers. Previous

21



experience with graded screens sugqested that it wou!! be

flifficult to rroduce axi-qymmetric uniformity with a larqe

(Iraduated screen locate(I so far from the co-'oressor face.

The aooroach taken was to use "spires" installed in one

,oF the blink throttle elements as shown in Fioure 11.

2. Design

The system of soires has been used previously to

oroduce thickened boundary layers in rectangular wind

tunnels, oarticularly in 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 qeometry that

oroduced a known boundary layer thickness. These data were

used in the present desiqn, but were corrected to account
Ib

for the circular duct configuration and annular flow con-

traction (Figure 12). The spire geometry and total number

of soires were selected using the information in Reference 7

for experiments carried out in a wind tunnel. A 29-element

spire configuration was chosen for the circular arrangement

to avoid possible resonance due to the wakes from the spires

interacting with the 30 blades of the rotor.

22
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1TABLE I.

DIt1ENS'ONS OF SrANDARD HALF-QIDTH SPIRES

HEIGHf. SPIRE WIDTH

0.5000

0.0016 0.3750

I0.0111 0.3100

0.0167 0.2933

0.0250 0.2733

0.0417 0.2483

0.0933 0.2100

0.1250 0.1850

0.1667 0.1650

0.2500 0.1350

0.3333 0.1117

0.4167 0.0917

0.5000 0.0750

0.5833 0.0600

0.6667 0.0450

0.7500 0.0333

0.8333 0.0217

0.9167 0.0117

1.0000 0.0

24
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a.CirCular Arrari~perent as g Uilt

~.Linedir Arrangement as Desianed

FIGURE' 12. Spire Elem~ent

25



R. CONSTPUCTION

The spire qeometry (Ficlure 13(a) could not he machined

locally, and therefore, the shade was anoDroximated with

linear cuts as shown in Fiqure 13(h). The shane was cut

;r'o aluminum alloy, .25 inches thick, and the 29-elements

were arranqed uniformly in a circular rinq. Each snire was

attiched by three flush, countersunk Phillips-head screws to

thm rim of the rino. No lockinq wire was necessary since

the screws were prevented from backino out by the adjacent

throttle ring installed in the throttle housing, and a

screen was oositioned downstream of the soires to prevent

any possibility of damaoe to the compressor.

26



* i

(a) As Desiqned (b) As Built

*1! Fiqure 13. Spire Geometry
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~IV. TEN' DROqOQ:,

The test nroqra- consisted of a number of initial,

exnloratorv flow fiel,! mesure-ents and then a series of

-letailed boundary layer sui-r,/s to establish quantitatively

the effect of the snireq on the boundary layer thickness at

V tie compressor face.

*A. PRELI1I'"ARY TEST

%. L3efore conductinq 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 boundaries on the compressor map.

It 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

tests, the two arrangements summarized in Table II were

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

carried out.S
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TARLF T If.

TE__,r _P.__ OGP'I SUIMARY

THPOTTLE ELEMENT
TEST CONE:GUPArION SURVEYS

1 1 I COBRA PROBE & KIEL PROBE

I I

2 1-- IMPACT PROBE & KIEL PROBE

3 2 IMPACT PROBE & KIEL PROBE
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B. STA I'C PRESSURE DIrTR]BUTION MIEASUREIENTS,

In Test 1, with the throttle elements in conficura-

tion 1, a survey was conducted using the cobra nrobe to

establish the radial distribution of static nressur- from

outer to in ner case-wall. The procedure in this exDeri-ent

,.as to measure the "indicated" static pressure from the side

holes of the cobra probe as it was moved step-by-steo from

the outer wall to the inner. The relationship of the cobra

probe "indicated" static pressure was established using the

case-wall static oressure and cobra probe measurements adja-

cent to the wall. The survey measurements were individually

referenced to total pressure from the Kiel nrobe at the

center of the axial line A-A (Figure 8).

The static pressure so obtained is shown in Figure 14.

It is seen to decrease linearly from the wall (PS) 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 impact pressure

became almost constant. Test 2 was with screens only

0 (configuration 1) and test 3 was with the spire element in

configuration 2 (Table II). The results are shown plotted

in Fiqure 15 and listed in Table IV and Table V. In Figure

0
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.

F PRESSURE DISTRIBUTION DATA FOR CONFIGURATION 1
R i 

= RADIAL DISPL. INWARDS FROM CASE-WALL,
PRESSURES ARE IN INCHES WATER

ipt - PPj P .- s Ptc -P V/V C  I
i FtCL Ci 1 CL W L V/v-

0.01 7.100 -. 060 7.040 -. 0902 .0923

0.02 7.092 -.318 7.058 -.0656 .0671

3.i 3.410 3.6466 7.075 .7018 .7179

0.2 2.3195 4.9920 7.197 .8142 .8328

0.3 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

10.9 .185 6.9750 7.060 .9717 .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

13.8 .101 7.4702 7.149 1.0002 1.0225

4.2 .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

3
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TABLE V.

PRESSURE DISTPIB[JTfON DATA FOR CO-NFIGURAIrTO 2
R i = PADIAL f'TPTL. INWARDS FMOM CASE-WALL,

PRESSURES ARE IN INCHES WATER
iPt - Pt . 2 tP - - V/Vc 

R i  CL CL I L V/V-

10.01 7.009 -. 2179 7.216 -. 1710 I -. 1737

0.02 6.690 .4292 7.1170 .2419 .2456

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

0.5 1.840 5.3526 7.191 .8495 .8627

0.7 1 1.733 1 5.5393 7.195 .8614 .8748

0.9 1.497 5.7915 7.189 .8839 .8976

11.1 1 .397 5.7872 7.062 .8915 .9053

11.5 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 1 .484 6.7183 7.136 .9555 .9703

3.4 .032 6.8056 7. 157 .9891 .9799

3.6 .156 7.4020 7.178 1.0000 1.0155

3.8 -.117 7.5492 7.264 1.0000 1.0194

4.2 -.227 7.9146 7.221 1.0310 1.0469

4.5 -.911 8.1556 7.098 1.0556 1.0719

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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35



V. ANALYSIS VND DISCUSSION'I

This section of the report describes the method used

to calculate the boundary layer thickness, discussf-, t:'

cesults of the measurements in comparison with the desiqn

exectation, and summarizes the results.

,A. CALCUJLTION OF DISPLACEMENT THICKNESS

% [ Lhe displacement thickness obtained for confiquration 1

from earlier experiments was .13 and for confiquration 2 in

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

0 ternoulli's equation (Ref. 9) qives, at any radial station,

Pt. = PS. + 1/2 pVi2 (1)

. The reference velocity, V., based on total pressure at the

centerline (Pt CL ) and static pressure at the wall, (Ps) is
%CL

civen by

PtCL = PScL + 1/2 pV G 2  (2)

Using the results given in Figure 14, which shows that the

static pressure dropped linearly to -0.8 inches of water

from the tip to the hub at a distance of h = 7.2 inches, at

PtC L - Psw = 7.25 inches of water,
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P W- Ps 0. 11i =i o.n53Pj (3)
PtCL -Pw7.

NUsing equations (1), (2) and (3), the ratio of velocity at

ear'h -- int (P~i) for configuration (2) i gien in terms u,.f

the static pressure distrihution for conffiguration 1, by

V = /Pti Sw + .0l53Ri(4

* and the centerline velocity by

VCL _______

= / 1 + 0.0l53Ri (5)

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

velocity at each point to the velocity at the centerline is

given by

Vi W VCL Vi 
(6
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From experiment PCL- P SWand P t - PS are known at eAch

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

orofiles for configuration 1 and confinuratio' 2 which are

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

ind (6).

The boundary layer displacement thickness was determined

from boundary layer profile data before normalizing to the

r)assacie centerline velocity. Referring to the following

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

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

0' Yl

V-------------------if A-i A-2 then y S*

VA-2-

X V/V.

V V y = -

Xy -fy(l - - y =A2(6)

0 V

and

At - Y(l V - dy = A-1 (7)
00V

whereX is the "free-stream" value of v/v. and At is the

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 (5*). The

results for configuration 1 are shown in Figure 16, with the

data listed in Table VI. The results for configuration 2

are shown in Fiqure 17, with the data listed in Table VII.

R. COMPARISON WITH DESIGN INTENT

1. Boundary Layer Thickness

% IThe effect of the spire element on the boundary

layer thickness is clearly to increase 6 and S" . Figure 18

illustrates the effect of the spire element on both 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 goal is

to produce a doubling of the overall and displacement thick-

nesses without changing the shape of the profile. Clearly,

in the results shown 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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TABLE VI.

INTEGRATED VELDCIT( PROFILE PARAMETERS FOR
CONFIGURNTION 1

y I - /
Ri  f (1-V/V.)dy x.y-f (1-v/V.)dy At-f (I-V/V.)dy

0__ _ _ _ _ _ 0 0

)0 (.0 0.0 .1473

0.1 .0461 .0539 .1012

0.2 .0703 .1297 .0770

0.3 2 .2138 .0611

0.4 7 .3023 .0483

0.5 . .3938 .0411

0.7 .1177 .5823 .0296

I_0.9 .1246 .7754 .0227

1.1I .1295 .8705 .0178

1.5 .

2.0 / / /
2.5 / I /

3.0 l/ / /
3.4 ' -- -. .

3.6 .1473 3.4527 0.0

3.8 .1473 3.6527 0.0

4.2 .1473 4.0527 0.0

4.5 .1473 4.3577 0.0

5.8 .1473 5.6527 0.0

6.0 .1473 5.8537 0.0

4,40
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p.~. TABLE VII.

INTE(O:RATED VELOCITY PROFILE PARA'IETERS FOP
'CONFIGURATION 2 _________

R i  f(1-V/V.)dy x'y-f i(-V/V,)dy At-f (1-V/V.)dv
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

1.5

2.0 / / /
2 .5~

3.0II
2. I I I

3.4/ I /

3.6 / / I
3.6

~~4.2 -- I-.. ..-

4.5 .5716 4.1786 0.0

5.8 .5716 5.5501 0.0

6.0 .5716 5.7620 0.0
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approaches the compressor bladinq can be calculatedi usi i

the continuity equation,

pAY = constant (4)

assj-inr the airflow is un:-.rm and axial at both stations.
AI

Ther the streamline disnlacerient (A) at the comoressor face

m._1
is iiven by

W2

p ( 2 _ (R_ s)2) = p (p2 _ ( A) 2 )

p p T(R 2  
- (R - h) 2 )

where the notation is defined in Figure 19. The height

the spire, S 8 inches, R = 18 inches, and the annulus

height at station 2, h = 7.2 inches. tsinq these data in

equation (10), A = 4.56 inches. The results from the exper-

iment in Figure 18 show that the effect of the circular

soire arrangement on the airflow extends to approximately

4.5 inches from the case-wall. In comparison, in the

results given in Ref. 7, the effect of a linear arranqement

of spires on the boundary layer in the test section of a

r large wind tunnel, six spire heights downstream, extended to

approximately only 0.8 of the spire height from the wall.

This factor was applied in arriving at the present spire

height. The difference between the present and the wind

tunnel results may be due to the significantly different

blockage presented by the spires to the pipe flow, or tay

result from the bluntness of the present shapes.
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2. Profile Shane

In comoaring t h tw o rrofiles in iure 18, one

si nificant -ifterence and one noticeable similarity are

% noted. irst, away from the .I all, there is a signiFicant

ernarture in the orotile shape for configuration 2 from a

simnle power-law profile. There is seen to be a sharp qra-

dient in the velocity deficit out to the edqe of the houn-

dary layer. This is nrobably the result of the bluntness of

the soire shape used in the experiments. The results appear

to emphasize the necessity to achieve the very slender,

cusped profile shown in Fiqure 13(a) rather than use the

blunt approximation shown in Figure 13(b).

Second, the profile close to the wall seems little

affected by the spires. This may be the result of the level

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

roughness, but suggests that it may 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-symnetry was examined briefly

during the experiments by rotating the spire element in the

throttle housing. Some peripheral non-uniformity was

detected, however, the data in Figure 18 are believed to be

reasonably representative of the average radial behavior.

The degree of unsteadiness in the flow, which made it

i47
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difficult to obtain stable readinqs durinq probe surveys,

did not measurably affect the accuracv of the Mean velocitv

oro iles.

\C. CHTLVING THE REQU[RED CONTROL

The velocity orofile shown for configuration 1 in Riaure

18 can he characterized as a nearly uniform flow with a

well-defined turbulent boundary layer at the case-wall. The

velocity -profile shown for configuration 2 can be character-

ized as a very thick, irregular case-wall boundary layer, or

alternately described as a wholly distorted velocity profile

across more than half the compressor blade height.

Since the purpose uf the overall compressor investiga-

* tion is to examine the effects of tip gap on the compressor

-'S flow field and performance characteristics, in a range of

tip clearance gap 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

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

the proposed investigation. Any variation in the case-wall

boundary layer must be confined to a scale which remains

small compared to the blade heiaht or the investigation

* becomes one of investigatina inlet flow distortion.

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

necessary to use the original, sharply cusped spires in

order to recover the asymptotic outer boundary layer
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orofile share. A reduction in thtz qnire= heiqlht to 0; or, ev: n

5~ inches, -nay h-e necessa9ry to ach ie noc -or-- than dJoutI i n.-l

t te natur--q 1 bunlary la-vor ti~e
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VI. CONCLUSIONS AND RECOP)ENDAT IONS

In this study, a rina of spires was designed and shown

experimentally to increase the thickness of the case-wall

boundary layer at the comnressor inlet. r7hile an increase

in the overall and displacement thicknesses by a factor of

two was intended, a factor close to four was measured. The

quantitative differences between results in the present

exoeriment 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 cusoed shape of the

spires was arproximated in the present case by a blunt,

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

application.

It was found that the ring-element of spires must be

*installed in the throttle upstream of at least one screen

element in order to reduce oscillations in the flow and

. vibrations in the compressor to acceptable levels.

The following recommendations are made in order to

1achieve the intended boundary layer control:
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1. Te oricinalLv spec if ied neomet rica shae of

spire elements should ')e nmachinedl, without coripromisr

for reasons of expense. The he iqht of ti-Ite si -

should ')e reduced to ', or 6 inches;.

~.The iilet nine junctions should h)e smootlied- and all

f langed connections sh-ould )e tiqhtlv seal cI.
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