NOTICE

THIS DOCUMENT HAS BEEN REPRODUCED FROM
MICROFICHE. ALTHOUGH IT IS RECOGNIZED THAT
CERTAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RELEASED
IN THE INTEREST OF MAKING AVAILABLE AS MUCH
INFORMATION AS POSSIBLE



NASA Contractor Report
fR-
AD
(NASA-CBR-169831) EXFERINENTS CN N83-17503
IDENTIFICATICH AND CCHTROL OF INFLCH
DISTUREANCES IN CONTRACTING STFEAMS Final
Beport (Illinois Inst. of Tech.,) 169 p Unclas |
HC AC8/MF AQ1Y CSCL 01h G302 (0co82 |
i
llinols Institute of Technology, |
EXPERIMENTS ON IDENTIFICATION AND CONTROL OF ’-}j
DISTURBANCES IN CONTRACTING STREAMS .
v by .
) |
A, H, Lee, H, M, Nagib, *J, Tan-atichat s
and D, M, Wittwer o
IIT Fluids & Heat Transfer Report R82-3 °
December, 1982 I
:
'
Le :
‘ ? .’
L
) 1
. [r 1
{ * !
v; r-". 4
L j‘:yﬁ
{f Supported under NASA Grant NSG-3220 LA
; ;i3 E
a APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED {
R |
ES;JB-‘F" : u& w i W = T T




O

i, G

3

LIST OF
LIST OF
LIST OF

TABLE OF CONTENTS

TABL Es . [ ] L] L] L] [ [ ] * L] L] [ ] L ] L] ] L ] . » L]
F IGU RES L ] » [ ] [ L] [ ] . L} [ ] L] - . - * L] [
SYHBOLS L ] L] [ ] [ ] [ ] [ [ [ ] * . [ ] L] [ ] L] [ ] [ ]

Page
v

vi

Riv

ABSTRACT...--o-o--v-oo-oonoooxViii

CHAPTER
b

II.

III.

IvV.

INTRODUCTION & o« o o 5 o o o s 2 ¢ o o o

Backgtound.-....-...-;..
OijCtiveB..........-..-

FACILITIES AND TECHNIQUES FOR FLOW
VISUALIZATION EXPERIMENTS o o o ¢ »

Inlet Characteristics . « . &
Fan Ducts L J L] L ] [ ] [ ] L ] [ ] L [ ] L ]
Low-Disturbance Chambers ., .
Isolated-Disturbance Character

=
* e 82 s &
L

High-Disturbance Tonditions
Flow Manipulators . . « « &
Smoke Visualization and Photogra

Techniques .+ ¢ o ¢ o o o o

[ ]
[ ]
8 .
L] .
L ] L]

hic

is
r

s e s (To » o

PRELIMINARY VISUALIZATION STUDY ., « ¢ « &

Flight-Type Inlet s & © * & ® & ® & s 0
Small Bellmouth~Type Inlet ., . « « .« &

CLASSIFICATION AND CONTROL OF VARIOUS
DISTURBANCES IN FLOW OF DIFFERENT INLETS

Classification of Flow Corditions . . .
ReBUItBu..oooooanooooo

FACILITY AND INSTRUMENTATION FOR

VELOCITY MEASUREMENTS L ] L ] [ L ] L ] L ] L ] L [ ] [ ]
F801lity...o.-----o--ao
Disturbance Generators . « « + o o s o
Instrumentation ¢« « o ¢ o ¢ ¢ ¢ ¢ o o &
Experimental Procedure . « o ¢ o ¢ «

PRECEDING PAGE BLANK NOT FiLMED

i

36

36
39
40
41

*s

e e et b, WA "

e e,

ot T e i L

e dpey Y

TR

—— e



Page

Vi. DOCUMENTATION OF VELOCITY FIELD OF
ISOLATED DISTURBANCES THROUGH
A CONTRACTION o« ¢ o ¢ o ¢ o o o o o o o o 43

Uniform-Flow Reference Condition, . . . 43 »
AXialsurveys......-...o.. 44 ;‘,1
Lateral SULVEYS o o o o« o o o ¢ ¢ o o o 45 S

e g et L

e e WER L e

VII, DISCUSSION .+ o ¢ o o s o o s o « o o o o 47 C
Intake Geometry o « o ¢ o o o o o o o » 47 | :
Surface Vorticity Sources + « ¢« o s o+ o 48 N
D Isolated Disturbances « « « « « ¢ ¢ o o 52
o Effects of Contraction on Isolated
,, : pisturbances * 5 s e 82 * & 8 ® = 54
: Comparison of Various Types of
B Isolated Disturbances « + « « « ¢ « « 56
: Correlation between On-Axis and
Off“AxiE Data e & = & ® & ° & & 5 & 57
f VIII. CONCLUSIONE ¢ ¢ ¢« o ¢ o o s s & o o o & = 58
APPENDIX
A, DESIGN AND CONSTRUCTION OF FAN INLETS . . 64
": Fl ight—'l‘ype Inlet, Fo « o ¢ + & . . 65
b Small Bellmouth-Type inlets, Bh and Bm 65
? Large Bellmouth-Type Inlet, Co . .+ .+ 66
B. ADJUSTMENT OF THE VORTEX GENERATOR . . . 68
c. FIGURES - L ] [ ] L ] » » [ ] L ] . L ] - [ ] L ] » [ ] L 71
BIBLIOGRAPHY e 5 s s s s s e s s s e s s s s e+ s 148
? .ét
! ﬁ{
.; 2
v #
0
3 . 5
‘. l. ' v " ‘
& W 4 yu = e ‘h:;d




i LIST OF TABLES

E
E Table Page
‘ 1. Characteristics of Wake-Generating 15

Cylinderﬂ.....-........-.

.

o G

i
i

1‘ f<
{ S
: o
o ."l
‘..“_“
- ; 1‘
% g
" 3
§ i
j K
} i
” V|
: .
3 .
; &
: A
: !
¥ \




N

e i A

Figure
1.

2.

3.

4,

8,

9.
10.
11.

12.

13.

14.

15.

16.

LIST OF FIGURES

Schematic of Ducted-Fan Inlet
Configurations . « « o« ¢« » ¢ ¢ o ¢ o o o

Typical Arrangement of Inlet, Ducted-Fan
and Flow Manipulators « « « o ¢ o s o o &

Location of Low=Disturbance Chambers $1
and 42 in LabOratory « « o ¢ s o o o o o

Schematic of Low-Disturbance Chamber ¢1
for Flov Visualization Pacility . « « + o«

Schematic of Low-Disturbance Chamber #2
for Flow Visualization Facility . « « « &«

Schemstic of Ducted-Fan Inlet
Axrangements ® 8 8 * & ® & B 8 8 W 8 G @

Characteristics of Wake-Disturbance
GENRLAtOLE 4 o« ¢ o o o« o & o o o ¢ o 2 &

Orientation of Wake-Generating Cylinder
(C5; d=5,08 cm, 1=1.,40 m; Upstream of
Inlet....-.-o.-.-......

Schematic of Ground Plate « o « ¢ ¢ o o & o

Characteristics of Flow Control Devices . .

Schematic of Flow Control Device
Arrangements . « « ¢ o o s o o & s o ¢ o o

Combinations of Flow Inlets, Test Flow
Conditions, Flow Manipulators and Theirt
Arrangements .« o« ¢« ¢ ¢ ¢ o 2 ¢ s o o s o

Smoke-Wire Orientations in Low-Disturbance
ChMber'l ® & & 8 ® 8 8 & 8 & 8 & %8 @

Smoke~-Wire Orientations in Low-Disturbance
ChMbef ' 2 2 *» [ ] L ] L ] [ ] L ] a L ] L ] L ] [ L ] a [ ]

Obligue and Side-View Vigualization of
Incoming Flow Into a Flight-Type Inlet .,

Ingestion of Smoke-Labeled Surface
Vorticity Into a Bellmouth-Type Inlet . .

___sz.‘.vi.,“. .

dage
72

73

74

75

76

27

78

79
8o

82

83

84

85

g6

87

..
B N O e

e e

A




i, T L

e

A
el

Figure

18.

19,

20.

21,

22.

23,

24,

25,

26.

End-view Visualization of Stretched
Longitudinal Vortex Entering Bellmouth-
Type Inlet With (a) Sharp Edge, and
(b) Smooth BAGe « o« o« ¢ ¢ ¢ o ¢ o ¢ ¢ o &

Side-View Visualization of Plow Inside
Flight=-Type Inlet for both Extended-
and Flush-Mrunted Setup With and Without
Flow Control DeviceB .« « o« o« ¢ o & s o &

Side~View Visualization Comparing Both
Extended and Flush=Mounted Setup for
Bellmouth=-Type Inlet for Various Test
Flow Conditions " ® ¢ 8 8 & & 8 ¢ o ® ® @

Side-View Visuvalization of Plush-Mounted,
Bellmouth~Type Inlet With Sharf Edge for
Various Test Flow Conditions With and
Without Inflow Control) DeviceS, « « ¢ o o

Side~View Visualization of Extended-
Mounted Bellmouth-Type Inlet With Sharp
Edge for Highly Disturbed Test
Conditions With Various Inflow Control
DeVices e % & 8 8 8 e ® & & 8 8 & & v v @

Simultaneous Oblique and End-View
Vigualization of Large Bellmouth-Type
Inlet for Test Flow Conditions
Introducing Surface Vorticity and wake
DisturbancCes . o« ¢ o« ¢« ¢ s 2 s o 2 o o &

End and Side-View Visualization of Large
Bellmouth~Type Inlet for Test Flow
Conditions Introducing Surface Vorticity
and Wake DiBtUtbance a & & 8 % ® & & 8 »

Side-View Visualization of Large Bellmouth-
Type Inlet €or Various Test Flow
Conditions with and Without Inflow
Control Devices « « ¢« s ¢ s o s ¢ o s & o

Side~View Visualization of Large Bellmouth-
Type Inlet for Cylinder-Wake Test Flow
Conditions With and Without Infllow
contr°1 DeVICBE ® & % & & % 8 & 8 & ® 9 @®

Side-View Visualization of Large Bellmouth-
Type Inlet for Flush-Mounted Flow
Conditions With and Without Inflow
Control DeviceB . « ¢« o o o ¢ o o o o o o

vii

Page

89

90

921

92

93

94

95

96

97

|5 U

e il



Figure

28.

29,

30.

31.

32.

33,

34.

35,

36.

37.

Setup for Investigation of Isolated
Disturbance Through a Contraction ., . .

Circuit Diagram for Analog Measurement
Of Velocity « o« . 4 o ¢ o ¢ ¢ ¢ o ¢ o o

Summary of Test FPlow Conditions for
Isolated Disturbances « « « v o o o o &

Normalized Axial Surveys of Streamwise
and Transverse Mean Velocity and
Turbulence Intcnsity Along Center Llne
for a Cylindrical Wake on Axig., + « «

Normalized Axial Surveys of Streamwise
and Transverse Mean Velocity and
Turbulence Intensity Off Center Line
for a Cylindrical Wake on Axis, + « +

Normalized Axial Surveys of Streamwise
and Transverse Mean Velocity and
Turbulence Intensity Along Center Line
for a Spherical Wake on AXiB o « ¢ ¢ o o«

Normalized Axial Surveys of Streamwise
and Transverse Mean Velocity and
Turbulence Intensity Off Center Line
for a Spherical Wake on A%Xis . « o & »

Normalized Axial Surveys of Streamwlise
and Transverse Mean Velocity and
Turbulence Intensity Alcng Center Line
for a Longitudinal Vortex on Axis . . .

Normalized Axjial Surveys of Streamwise
and Transverse Mean Velocity and
Turbulance Intensity Off Center Line
for a Longitudinal Vortex on Axis « «

Normalized Axial Surveys of Streamwise
and “ransverse Mean Velocity and
Turbulence Intensity Along Center Line
for a Cylindrical Wake Off Axis « « + &

Normalized Axial Surveys of Streamwise
and Transverse Mean Velocity and
Turbulence Intensity Off Center Line
for a Cylindrical Wake Off Axis . « + &

Page
98

99

100

101

102

103

104

105

106

107

108

s




Figure

39,

40,

41.

42,

43,

44,

45,

46.

Normalize@ Axial Surveys of Streamwise
and Transverse Mean Velocity and
Turbulence Intensity Along Center Line
for a Spherical Wake Off Axis . « ¢ ¢ « &

Nor."alized Axial Surveys of Streamwise
and Transverse Hean Veloecity and
Turbulence Intensity Off Center Line
for a Spherical Wake Off ARIB o« o « o + &

Normalized Radial Surveys of Streamwise
and Transverse Mean Velocity and
Turbulence Intensity Upstream of
Contraction for a Cylindrical Wake on

AXi B L] * L] L] ] [ ] L] [ ] ° L ] L ] L] L] L] L] ] ] L]

Normalized Radial Surveys of Streamwisne
and Transverse Mean Velocity and
Turbulence lntensity at Inlet of
Contraction for a Cylindrical Wake on

AxiB..................

Normalized Radial Surveys of Streamwise
and Transverse Mean Velocity and
Turbulence Intensity One-Third of Length
Along Contraction for a Cylindrical
Wake on AX1IB 4 o o ¢ o o o ¢ o o 2 o & &

Normalized Radial Surveys of Streamwise
and Transverse Mean Velocity and
Turbulence Intensity Two-Thirds of
Length Along Contraction for a
Cylindrical Wake on AXI8 . o « o ¢ s o o

Normalized Radial Surveys of Streamwise
and Transverse Mean Velocity and
Turbulence Intensity at Exit of
Contraction for a Cylindrical Wake
on Axi B [ ] * L L ] L} 5 [ ] L * L L ] L ] L ] L ] * . L

Hormalized Radial Surveys of Streamwise
and Transverse Mean Velocity and
Turbulence Intensity Downstream of
Contraction for a Cylindrical Wake
on ij-B [ ] [ ] [ ] * [ ] » [ ] L ] [ ] * L ] [ L ] - L ] * [

Normalized Radial Surveys of Streamwise
and Transverse Mean Velocity and
Turbulence Intensity Upstream of
Contraction for a Spherical Wake
on ijns ] - L] » L [\ - [ 3 L ] L ] - * - L ] L [ ] [ ]

ey o e e e . PR T TS R A, R SR SR IR o
- i




i e

B RN S

Figure

48.

49.

50.

51.

52,

53.

54.

Normalized Radial Surveys of Streamwise
and Transverse Mean Velocity and
Turbulence Intensity at Inlet of
Contraction for a Sphericeal Wake

ON ARLIB o« o o o ¢ o o ¢ ¢ ¢ ¢ ¢ 0 0 0 o o

Normalized Radial Surveys of Streamwise
and Transverse Mean Velocity and

Turbulence Intensity One-Third of Length

Along Contraction for a Spherical Wake

ON AXL1S o o o ¢ o ¢ s o o 0 ¢ o ¢ 0 o o @

Normalized Radial Surveys of Streamwise
and Transverse Mean Velocity and
Turbulence Intensity Two-Thirds of

Length Along Contraction for a Spherical
Wake on Axis e R

Normalized Radial Surveys of Streamwise
and Transverse Mean Velocity and
Turbulence Intensity at Exit of
Contraction for a Spherical Wake
oriijsooooooocoooo-cl

Normalized Radial Surveys of Streamwise
and Transverse Mean Velocity and
Turbulence Intensity Downstream of
Contraction for a2 Spherical Wake
on Axis L] L] » L » » [ ] L L ] [ ] . [ ] * [ ] L]

Normalized Radial Surveys of Streamwise
and Transverse Mean Velocity and
Turbulence Intensity Upstream of
Contraction for a Longitudinal Vortex
on Axi B L L] L ] [ ] L L] [ ] L » [ ] [ ] -* L] [ ] L

Normalized Radial Surveys of Streamwise
and Transverse Mean Velocity and
Turbulence Intensity at Inlet of
Contraction for a Lonaitudinal Vortex
ON BARIB 4 o« o ¢ o ¢ 5 o o » & ¢ o o @

Normalized Radial Surveys of Streamwise
and Transgverse Mean Velocity and

Turbulence Intensity One-Third of Length

Along Contraction for a Longitudinal

Vortexonﬁxis.............

Page

118

119

120

121

122

123

124

125




Figure

56.

¥ 57.

58.

59.

60.

R 6l.

Normaiized Radial Surveys of Streamwise
and Trancverse Mean Velocity and
Turbrler“e Intensity Two~Thirds of
Length aiong Contraction for a
Longitudinal Vortex on AZis + « « o

Normalized Radial Surveys of Streamwico
and Transverse Hean Velocity and
Turbulence Intensity At Exit of
Congrgction for a Longitudinal Vortex
Ot AX1B o ¢ ¢ ¢ & 5 o o & 0 ¢ ¢ ¢ 2 @

Normalized Radial Surveys of Streamwice
and Transverse Hean Velocity and
Turbulence Intensity Downstream of
Contra:tion for a Lengitudinal Vortex
ONn AXIB ¢ ¢ ¢« o ¢ ¢ 6 o ¢ o ¢ o s o &

Nurmalized Radial Surveys of Streamwise
and Transverse Mean Velecity and
Turbulence Intensity Upstream of
Contraction for a Cyliindrical Wake
Off BARIB o o o o o o o 6 ¢ o o o o »

Normalized Radial Surveys of Streamwise
and Trancverse Mean Velocity and
Turbulence Intensity At Inlet of
Contraction for a Cylindrical Wake
Off AXI8 & o o o o ¢ o ¢ o o ¢ o o »

Normalized Radial Surveys of Streamwise
and Transverse Mean Velocity and
Turbulence Intensity One-Thirdo of
Length Along Contraction for a
Cylindrical Wake off AXiB6 o « « s & &

Normalized Radial Surveys of Streamwise
and Transverse Mean Velocity and
Turbulence Intensity Two-Thirds of
Length Along Contraction foz a
Cylindrical Wake off AxiB ¢ ¢« « o + &

Normalized Radial Surveys of Streamwise
and Transverse Mean Velocity and
Turbulence Intensity At Exit of
Contraction for a Cylindrical Wake
off Axis

Page

126

127

128

129

130

131

132

133

e

s

N

e




| Figure
. 63.

1[ gj*: 6 ‘ [}

|

R

.o ¥E

66.

s

- 67.
68.

69.

70,

71.

13
£
m‘wﬂl&éﬁﬁmhhim AT e b AR e g T LT L B e b i AT o T T L N et i
bl L o - T o =

Normalized Radial Surveys of Streamwise
and Trancverge Mean Velocity and
Turbulence Intensity Downgtream of
Contractien for a Cylindrical Wake
Off ARIB o o ¢ o o ¢ 6 o 0 0 ¢ o & &

Normalized Radial Surveys of Strcamwise
and Transverse Mean Veloeity and
Turbulonce Intensity at Upstream of
Contraction for a Spherical Wake
°££ ijrs [ ] ] [ ] [ ] [ ] [ ] * ¢ * Bl * [ ] L [ ]

Normalized Radial Surveys of Streamwise
and Transveroc Mean Velocity and
Turbulence Intensity at Inlet of
Contraction for a Spherical Wake
Off A’lia L ] [ ] L ] * [ ] L L ] L} [ ] [ [ ] [ ] L ] L]

Normalized Radial Surveys of Streamwise
and Tranrgveree Mecan Velocity and
Turbulence Iniensity One-Third of

Length Alonf Contrantion for a Spherical
3]

Wake off Ax " s e = % s 8 & 8 & 2 @

Normalized Radial Surveys of Streamwise
and Tranoverce Mean Velecity and
Turbulence ~ :ensity Two-Thirds of

Page

. o 134

+ o« 135

[ ] L] 136

Length Alc ‘ontraction for a Spherical
Wake off & $ ¢ & ® 8 3 8 % ¥ C B " s @

Normalized Radial Surveys of Streamwige
and Transvzrsoe Mean Velocity and
Turbulence Intensity at btxit of
Contraction for a Spherical Wake
Off Axis L » [ ] [ ] [ ] [ ] » [ ] L L ] L] L L [ ]

Normalized Radial Surveys of Streamwise
and Transvecee Mean Velocity and
Turbulence Intensity Downstream of
Contraction for a Spherical Wake
°£f Axis L] [ ] [ ] L L ] L ] L L J . . L L] [ ] [ ]

Normalized Mean Streamwise and Transverse

Velocity Deficits for Isolated
Disturbances Through a Contraction .,

Normalized Maximum Excess of RMS of
Streamwise and Trausverse Velocity
Fluctuationg for Isolated Disturbances

LJ .

Through a Controction . « « « ¢« ¢ ¢ » & &

xii

137

138

139

140

141

142




Normalized Characteristic Length 8csles
Bascd on Streamwise and Transverse
Velocity Pluctuations « « « ¢ ¢ ¢ o o

Schematic of Plight~Type Inlet

Schematic of Small Bellmouth-Type Inlet
with {(a) Sharp Edge, and (b) Smooth

e 8 5 o & B & *+ 2 = e & & @ =& 2

Parts of Large Bellmouth-Type Inlet . .
Large Sellmouth-Type Inlet Ascembly . .

Pago

143
144

145 g
146 s
147




ol e

F?:ZZ;S«_.

Symbol

Al

1Aa,1A°

2h,2A"

3A

Bh

Bm

Co

Cl, .., Cé
d
D

Ep

Es

FO4
Fo
G2

LIET OF SYMBOLS

Definition
On=center isolated disturbances
Off-center isclated disturbances

Cylindrical wake disturbance or- and
off-center, respectively

Spherical wake disturbance on- and
off-center, respectively

Longitudinal vortex disturbance
Balf width of isolated disturbance

Small bellmouth-type fan intake with
sharp edge

Small bellmouth-type fan intake with
smooth edge

Contraction area ratio

Large bellmouth-type fan intake
assembled with the fifth order
contraction FO4

Cylinders of various sizes, sec Figure 7

Diameter of cylinder

Inside diameter of test section;
inlet diameter of contraction MC4

Extended setup of fan intake mounted
with porous hacking

Extended setup of fan intake mounted
with solid backing

Fifth-order contraction, C=4, L/D=l
Flight-type fan intake

Turbulence-generating grid




SEN N SRENE LN A

w =
ol DIt e

sym*.0l

Ao )

Definition

Hl, B4, B8 Controlled high disturbance conditions,

Jl, J2, J3

Kl, K2
£

L

Ll

Ly

MC4

Nl

0l
Pl, P2
Ql, Q2

R(0)
R(x)

v

see Pigure 12
Boneycomb positions, see Figures 2 and 12
Honeycomb positions, see Figure 12
Length of various cylinders
Contraction length
Controlled low disturbance condition
Radial integral scale of turbulence
Matched-cubic contraction Ce=§, L/D=l

Hemispherical RASA honeycomb inflow
control device, ICD4#3

No flow manipulator case

Honeycomb positions, see Figure 12
Honeycomb positions, see Figure 12
Distance from axis of symmetry
Radius of the contraction at inlet
Radius of the contraction at x

Flush setup of fan intake mounied with
porous backing

Flush aetug of fan intake mounted on
impermeable backing

Time
Streamwise velocity
Streamwise mean velocity

RMS of velocity fluctations in the
streamwise direction

Radia) velocity

Radial mean velocity




) Symbol

vl

Vg

;

Vp

Ve

f) Wll w2 se
% ﬁll-ﬁz [ X X ]

W, W ...

o fly e L

Definition

RMS of velocity fluctations in the
radial direction

Burface vorticity condition:
ground plate generated

Surface vorticity condition:
side panels generated

Surface vorticity condition:
rear panel generated

Positions of cylinder €5 oriented
vertically upstream of f£an intake

Positions of cylinder #5 oriented
horizontally upstream of fan intake

Positions of cylinder 85 oriented
obliguely upstream of fan intake

Direction parallel to axis of symmetry
of test Bection and contractior with
origin at inlet of contraction,
positive downstream; or origin at
ducted-fan intake, positive downstream

Vertical axis with origin on axis of
symmetry, positive upward

Borizontal direction in a right-handed
cartesian coordinate system with
origin on the axis of symmetry

Pivot angle of oblique cylinder,
see Figure 8

Balf angle setting between airfoils,
see Pigure 27

Horizonta)l smoke-wire location

Vertical smoke-wire location,
see Figure 14

Grid solidity = closed area/total area

xvi

,l._u‘,:__.'rh [

ey




A c I

[ B |

it

Subscript Definition

e Value at exit of contraction FO4

i Vvalue at inlet of contraction FO4 | ~.§




L| PR

ABSTRACT

Perocistent disturbances leading to blade=-paesing
frequency noise in ground testing of jet engines for
documentation of fan noise, and their control by passive
flow manipulators, have been the subject of research in
industry and government laboratories for many vears, The
goal of the present research is to identify the sources
of these disturbances and the mechanisms for their
development, as well as to establish effective means of
controlling them. Vorticity from all surfaces and
isolated objects in the vicinity of the fan intake,
including the outside surfaces of the fan housing, have
been identified as the major sources for these
disturbances. The previously proposed mechanism based on
"atmospheric turbulence" is refuted,

Flow visualization and hot~wire techniques are used
in three different facilities to document the evolution
of various types of disturbances, including the details
of the mean flow and turbulence characteristics. The
results suggest that special attention must be devoted to
the design of the inlet and that geometric modeling may
not lead to adequate simulation of the in-flight
characteristics, While honeycomb-type flow manipulators
appear to be effective in reducing some of the
disturbances, higher pressure drop devices that generate

adequate turbulence, for mixing of isolated
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nonuniformities, may be necessary to supprecs the 8
remaining disturbances, The results are also applicable |

to the design of inlets of open-return wind tunnels and

gimilar flow facilities.
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CHBAPTER 1
INTRODUCTION

Background

In the past decade, the growth of the environmental
movement has stimulated large research programs aimed at
noise reduction. An industrial area in which the noise
problem ig particularly acute is the airplane industry.
Both private manufacturers and governmental agencies have
concentrated their efforts to reduce jet-engine noise.
Such programs rely heavily on the frequent testing of jet
engines, Two types of noise measurements have been used
in the past. The first one consists of performing
in-flight measurements, i.e., fly-over tests. The second
approach is the static ground test, Difficulties
encountered during in-flight tests and the high costs
associated with them tend to favor ground testing.
However, significant discrepancies in the noise levels
between the two methods have been consistently reported
(see Feiler and Groeneweg, 1977 and Chestnut., 1982).

The major difference resides in the noise spectra,
with additional peaks appearing during static testing at
the so-called bléde-passing frequency. The source of
such discrepancies has been traced to differences in the
environment in which the measurements are performed.

Many sources have been suggested for the disturbances

leading to these discrepancies, The only item of general




boa
b
;’?‘
3
!

agreement is that the noise generation mechanism of the
blade-passing frequency is based on the presence.
randomly in space and time, of very long concentrated
vortical disturbances, The source of these disturbances
remained a subject of controversy although several
mechanisms had been proposed, such as atmospheric
turbulence and the so-called ground vortex., Of these,
atmospheric turbulence seemed to be the one that received
most of the attention, Hence, the design of inflow
control devices was generally undertaken in an attempt to
reduce or eliminate undesirable turbulence rather than
other "mean-flow® associated disturbances, However,
numerous studies were encouraged by private industry and
governmeat laboratories (e.g., see Gedge, 1980, Atvars,
1980 and Peracchio et al., 1981), and the presence of
various types of disturbances including boundary layers
in ground tests has been suspected as a contributing
factor to the higher noise levels.

Rogers et al. {1980) suggest that the suction of
boundary layers on the inner wall of the fan duct. in
addition to inflow control devices, seemed to reduce the
radiated noise appreciably. Appropriate scaliny of fan
models in wind tunnels was also achieved successfully by
Dietrich et al, (1977) and Shaw et al. (1977) among
others, Kantola and Warren (1979) and numerous
researchers investigated various types of inlet

turbulence control techniques. Ganz (1980) indicates
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that fan noise due to atmospheric turbulence is less in a
ground test than in £light tests. He concluded that the
control of atmospheric turbulence in the vicinity of the
static test stand was not required, In general most of
these attempts did not lead to a satisfactory or
consistent solution. For a more complete review of the
state of this subject,the reader is referred to the
proceedings of a recent confercnce sponsored by NASA

(Chestnut, 1982).

Objectives

Based on the results described above, it became
clear that other sources of disturbances had to be
identified. The control or suppression of these
disturbances can only bs achieved if their origin is
clearly recognized and their behavior well characterized.
In the meantime, at IIT we have always suspected tnat the
role of "atmospheric turbulence®" as originally propesed
by Hanson, (1977) is not significant. 1In fact the long
slender vortical disturbances that lead to the
blade-passing frequency seemed to us as highly unlikely
to result from the atmospheric boundary layer turbulence.
The objectives of this work then emerged and evolved in
two phases of experimentation:

- The first phase consists of identifying the
disturbances. The knowledge of their nature would allow

us to design a "clean® environment, in which controlled
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disturbances can then be selectively introduced and
parametric tests of their control conducted. By
concentrating on one type of disturbance st a time, it
becomes possible to describe its behavior and obtain
thair characteristics, In spite of the elimipation of
sources of disturbances other than the ones of interest,
the flow field remains rather complex. This aspect is
particularly enhanced by the unsteadiness and the
three~dimensionality of some of these disturbances., The
number of parameters, ranging from flow conditions to
inlet geometry, is also a contributing factor. Hence, it
was felt that conventional point measurement techniques
would not permit accurate or complete description of the
phenomena under investigation and at the same time cover
the range of cases relevant to such a study. Therefore,
global flow visualization was used to rcach a significant
part of the conclusions., Flow visualization allows one
to quickly develop a qualitative understanding of the
phenomena, hence becoming a r7aluable tool in diagnosing
the various flow conditiong. 1In the first phase of this
investigation, the various disturbed and undisturbed flow
conditions are thoroughly documented.

Careful review of the literature cited before reveals
that the inlets being used in static ground tests might
not be optimal for this type of testing. 1In fact, these
flight-type inlets are designed to operate in totally
different conditions, i.e., a different flowfield.

A
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Bence, several types of inlet geometries are investigated
here. FPinally, various types of flow manipulators,
including an actual NASA inflow control device were
tested., Prom this phase of the study we concluded that
vorticity generated at all surrounding surfaces
(including the outside of the fan housing) and isolated
disturbances such as wakes, that are ingested into the
inlet, are the major contributors to the development of
the disturbances. To quantitatively document the latter
of these mechanisms the experiments of the second phase
were designed and carried out,

- The second phase deals with the behavior of
isolated disturbances through a contraction. Isolated
disturbances (such as wakes, etc.,) are always present in
the vicinity of ground test facilities. 1It is therefore
essential to analyze their behavior as they are convected
by the mean flow through the inlet., It would be
interesting to determine whether the infinite contraction
imposed on the flow suppresses or enhances the various
types of disturbances., Very little data are available in
the literature on that topic. It was felt that the study
of isolated disturbances through a contraction would
provide valuable information to predict their behevior in
an actual test configuration. It is indeed easier to
follow and characterize an isolated disturbance in a
confined stream undergoing a f£inite contraction. The

results obtained from such a study should help in
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predicting, at least qualitatively, the role of isolated
disturbances in the flow of a real inlet. This phase of
the study was conducted using standard hot-wire
anemometry, rendered possible by the nonrandom position
and occurrence of these artificially introduced
disturbances.

The authors would like to express special thanks to
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the facility. The authors are also grateful to Alain
Marion for his help with various aspects of the
instrumentation, and to all others whose contributions
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to Thelma Grymes for her careful typing of the
manuscript.
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CBAPTER 11
FACILITIES AND TECHBNIQUER FOR FLOW
V1SUALIZATION EXPERIMENTS

The facilities used for the flow visualization
experiments will be described in this chapter. These
facilities consist of a ducted fan drawing air from a
low-disturbance environment through various types of
inlets, The description of the low-disturbance chambers,
as well as the various inlet gqeometries are given in the
following paragraphs. HMeans of introducing controlled
disturbances, as well as wayc of suppressing them, are
discussed next., Finally, the visualization techniques

are introduced,

Inlet Characteristics

The characteristics of the four inlets used in this
study are briefly mentioned here. The reader is referred
to Appendix A for & complete description of their design
and construction.

In order to model the real ground test conditions, a
scaled-down version of a JTD-15 jet-engine inlet was
first tested., This inlet, denoted Fo, is geometrically
similar to the one used in actual testing by NASA. The
results of the preliminary study led to the design and
construction of a small bellmouth type inlet with a sharp
edge, denoted "Bh", A modified version of this inlet was
then tested. This modified inlet, abbreviated "Bm", is
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characterized by a smooth edge. Pinally, a large

bellmouth-type inlet was constructed, This last one,
°Co", was actually used in conjunction with a fifth-order
contraction and provided controlled contraction of the

stream prior to entering the test section,

Fan Ducts B

The fan duct is made up of two sections of uniform

plexiglass ducts, i.e., the fan and the exhaust ducts

R

(see Figure 2). Alr isc drawn by a small axial fan

powered by a 0.06 HP DC mbtor. Both the fan and the
motor are suspended in the center of the duct by four
0.64 cm rods attached to the wall of the plexiglass duct.
The rotational espeed of the fan can be varied in a
continuous manner up to a2 maximum speed of 3,800 rpm by
connecting the motor to a variable DC power supply. 1In i
the present setup, this is achieved by means of a Variac
and an AC/DC converter. The mean axial velocity in the
test section can therefore be adjusted to any desired
value in the range from 0 to 6 m/sec. The free-stream '
turbulence intensity, though not measured, was estimated
from the visualization records to be very low when the
facility is used in conjunction with the low-disturbance

control chambers.

T T s

Flow visvalization in the test section is achieved
by installing a smoke wire 20 cm ahead of the fan, as
shown in Figure 2. The details of the smoke wire
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technique will be discussed later. A 30.5 cm long
exhaust duct is Jocated downstream of the fan, providing
a uniform back pressure and thus increasing the

efficiency of the £an,

Low=-Disturbance Chambers

During the preliminary study, it became obvicus that
room disturbances have a considerable impact on the flow
visualization results, and it is therefore necessary to
control the environment in order to obtain consistent
results and isolate the various onguing phenomena.

Two low-disturbance chambers, "No.l® and "No.2",
were set up in a large laboratory during the first and
second part of the visualization study, respectively.
These chambers were positioned ahead of the fan inlet to
provide controlled flow conditions.

Ae shown in ‘e upper portion of Figure 3, the
low-disturbance chamber No.l was like a small room. It
was set up at the far left side of the laboratory, close
to the end wall. During the first phase of this
investigation, the laboratory served as a multipurpose
working area as well as providing storage for a large
amount of heavy equipment., Both the obstructions ahead
of the chamber and the movements of persons in the room
were found responsible for the undesirables flow condition
ahead of the fan inlet (see Chapter JXi for more

details}).




Therefore, a second low-disturbance chamber, No.2,
was established in the second part of this study. The
chamber is shown schematically in the bottom of Figure 3.
This low-disturbance chamber occupied a major area nf the
laboratory.

The same laboratory was then organized to provide
adequate conditions for the experiment. Large pieces of
equipment and obstructions were removed, In addition, a
partition was raised to separate the rest of the room
from the actual test area. As a result, undesirable flow

disturbances were minimized.

Low-Disturbance Chamber No.l. Figure 4 is a
schematic of the low-disturbance chamber No.l. It was
used only during the preliminary study. The overall
dimencions were 0,98 x 1,4 x 1.71 m, A number of 5.1 x
10.1 cm wooden studs were used to form a frame on which
heavy weight black velvet materiai was attached. The
position of the flow visualization apparatus is also
shown in Figure 4., The initial camera position No.l was
set at an arbitary oblique angle with respect to the flow
direction. However, the exact location of the camera was
not recorded during this preliminary study. The fan
intake was positioned approximately at the center of the
front wall. The centerline of the fan duct was about one
meter from {"e floor and 70 cm from the side walls., The

wall opposite to the intake was removed to allow easy
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access during the experiment, All fan inlets, except the
large bellmouth~-type., were documented by flow
visualization in this facility during the preliminary
study.

Low-Disturbance Chamber No.2, In view of the
results of the preliminary experiment, room atmospheric
conditions such as air conditioning and convection flow
patterns seemed to affect the flow field upstream of the
intake, 1In addition, neighboring objects, including the
presence of the investigator during the experiment,
contributed to the disturbance of the intake flow, Since
one of the purposes of this experiment is to manage and
control undesirable disturbances, it is necessary to have
total control over the upstream flow field. Hence., a
second low-disturbance chamber was set up to minimize 211
undecired effects, Once a "clean® environment is
achieved, controlled disturbances can be introduced in
the inlet flow field, This approach of decoupling the
various sources of disturbance present in a real flow
situation allows one to study specifically the effects of
various disturbances such as wakes or surface vorticity
and develop means of suppressing them effectively.

The overall dimensions of this chamber are 3.05 x
4.57 x 2.74 m. The setup used for flow visualization in
the low-disturbance chamber No.2 is shown in Figure 5.

Metal struts are used to construct the frame of the

11
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chamber. HMaximum spacing between both horizontal and
vertical members was chosen in order to minimize flow
obstructiona. Porous black cloth (100% polyester) is
tensioned across the top to form the ceiling. The four
Bide walls are made out of overlapping cloth panels,
This particular design allows easy modification of the
geometry of the control cheamber, while providing
excellent isolation when all panele are down, Wooden
beams are attached to the lower end of the cloth panels,
providing the neccesary tension to prevent them from
swaying during the experiment.

A right-handed cartesian coordinate system is used
with its origin on the axis of symmetry at the inlet,
The x-coordinate is aligned with the axis of symmetry, ¥y
is oriented vertically and z is in the horizontal
direction, Therefore, positive x and y are in the
upstream and upward directions, respectively. The fan
inlet and duct assembly are positioned approximately at
the center of the chamber's front wall (see Figure 5).
The centerline of the assembly is 152 cm from the side
walls and 130 cm above the ground,

The top view in Figure 5 indicates the camera
positions Ro.2, No.3 and No.4 which correspond to the end
view, side view and oblique view of the flow,
respectively, It is clear from this figure that the end
view and oblique view refer to the flow upstream of the

inlet, while the side view refers to the flow inside the

P
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test section (i.e., fan duct). Both cameras No.2 and
No.4 were ponitioned as far as posaible away from the
inlet in order to avoid any undesirable disturbance due
to their presence. The offset angle of camera No.4 was
calculated to be 30 degrees, as shown in Pigure 5, With
the aid of this large chamber, it is possible for the
experimentator to stay outside the control room and yet
be fully capable of operating the cameras through remote
control circuitry.

The details of the flow visualization
instrumentation are presented at the end of this chapter.
All four types of inlet configurations were documented
inside the larger chamber No.2 and the results are
discussed in Chapter 1IV.

In both low-disturbance chambers, the fan inlet
assembly can be set up in two ways: a flush-mounted setup
in which the backing material is touching the inlet, or
an extended-mounted setup with the fan inlet protruding
inside the chamber. These various configurations are

illustrated in Figure 6.

Isolated-Disturbance Characteristics

Cylinders of various sizes placed in different
positions were used to generste isolated disturbances
upstream of the inlet. Figure 7 shows the
characteristics of the wake-disturbance generators. A

total number of six cylinders was studied, Their

‘-‘...a,,'

-




4
=
i

14

diameters are 1.3 om, 0.6 om, 5.0 cm and 19.0 cm. The
length of the cylinders ranges from 17 cm to 109 cm. As
indicated in Figure 7, cylinder C5 was used for the
extensive investigation,

Supports and clamps which are necessary to hold the
cylinder were placed on the "false floor” (a large table
rlaced ahead of the inlets see next section for details).
Hence, when cylindrical wakes were introduced upstream of
the fan inlet, there existed also some disturbances
generated by the supports and false £loor.

Several vertical, horizontal and obligue
orientations of the cylinders were investigated, as shown
in Figure 8. The top view and side view are presented on
the left and right side of the figure, respectively.

Both the heavy dots and dash lines represent the
locations of the wake-generating cylinder, Examples of
typical cylinder orientations are highlighted by circles
bearing a code. These codes used to describe the
cylinder orientation are "W", "W" and "W", corresponding
to the vertical, horizontal and oblique positions,
respectively. A numeral following the letter "W"
characterizes the actual x-y-z coordinate., For instance,
"W3" is a vertical cylinder at x = 45,7 cm (upstream),
and y = 2 = 0 (centerline of the fan duct). The
following table is a summary of the different

configqurations.,




Table 1. Characteristics of Wake-Generating Cylinders

CYLINDER NOTATION CARTESIAN COORDINATE (cm)”
ORIENTATION
X Yy -4
w1l 0 0 0
Vertical w3 =45.7 0 0
w7 0 0 =22.,9
w 0 0 0
Horizontal W 0 ~30.5 0
W 0 30.5 0
W1 - 0 0
. ~
Oblique W6 - 30.5 0
o - -30.5 0
* X = 0: ~22.9; =45.7: =-53.3;
y = 0; +15,2;  %30.5;
z = 0; +22,9;  $45.7

High=-Disturbance Conditions

In both phases of the flow visualization

experiments, the centerline of the fan duct was

relatively high above the floor of the laboratory. The

reader can refer back to Figures 4 and 5 showing the

centerlines of the fan duct at 7 and 8.5 times the duct

diameters above the ground in chamber No.l and No.2,
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respectively. One of the goals of the study is to verify

that the ground serves as a vorticity source. A "false

‘ floor" is formed by placing a ground plate underneath'the
fan intake. 1In the preliminary study, a 90 x 120 em @i
plate was used for that purpose. The results indicated ;E

.i that the ground vortices are not energetic unless the

]

ground plate is sufficiently close to the inlet,
Therefore, in the second phase of the study, a 152 x 60 x
76 cm table is often positioned upstream of the fan
inlet, as shown in Figure 9. The distance from the table
top to the centerline of the fan duct is 3.5 times the
duct diameter (i.e., 53.3 cm). When isolated

disturbances are introduced upstream of the inlet, clamps
and stands are placed on the ground plate to secure the
wake-generating cylinder in place. Therefore, in
addition to isclated disturbances, a small amount of
surface vorticity was present, Figure 9(b) is a side

i view showing the relative position of a vertical cylinder ﬂ

placed on the ground plate, upstream of the fan intake. ;

¢ Flow Manipuvlators

¢ Five different flow control devices are used in the .
y flow visualization experiment in an attempt to alter or
suppress the incoming disturbances. Some of these flow
manipulators have already been studied in detail (see

Ahmed et al., 1976). The mesh size, thickness, diameter

and geometry of the various honeycombs are tabulated in

16
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Figure 10.

The IIT-type honeycombs are plane, with a circular
crosg-gection. PFour different combinations of diameter
and thickness are coded by letters *"J", "K", "P® and “0O",
The letter "N® is reserved to designate the donme-ghaped
honeycomb used at NASA Lewis Research Center (see Mc
Ardle, et al., 1980). A number is added to the letter to
encode the position of the flow control device with
respect to the fan, The higher the number, the shorter
the distance between the fan and the honeycomb, as
illustrated in Figure 2. Figure 11 is a schematic
drawing showing the positions of the flow control
devices, The I1IT-type honeycombs are usually placed
inside the fan duct after the contraction. The distance
between the flow manipulators and the fan can be varied
(see Wigeland et al., 1979, for more detail on the
positioning of honeycombs).

These flow control devices were documented with all
four different inlet configurations. However, due to
physical limitations, only the flight-type and the small
bellmouth-type inlets were tested with the NASA ICD No.3.

Combinations of inlets, test £low conditions, flow
manipulators and their arrangements are summarized in
Figure 12. The codes corresponding to the different
cases are described earlier in this chapter and are used
consistently throughout the rest of the chapters.

Details of the test flow conditions are discussed in

17
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Chapter 1IV.

Smoke Visualization and Photographic Technigues

During the preliminary study, both conventional
smoke visualization and the 11T smoke wire technique were
employed. The former technique is described in Chapter
III and the later one is discussed in this section., 1In
the second phase of the investigation, extensive flow
visualization was conducted using the IIT smoke wire
technique which was introduced by Corke, Koga, Drubka and
Nagib (1977). This technigue allows the introduction of
a sheet of discrete streaklines at any desirable location
in the flow fie)d of interest. A brief description of
the principle and operation is given in the following
paragraph.

The smoke~wire unit consists of two parts: the
portable support for the 0.1 mm diameter wire and the
control box. The wire can be coated with a series of oil
droplets by various methods. For a vertical wire,
pressure is applied to the 0il reservoir to release a
small drop of oil which slides along the wire due to
gravity, leaving a string of minute droplets resulting
from a capillary instability. In the case of &
horizontal or any other shaped wire, a traveresing
mec! anism can be used to wet the wire with a thin coat of
oil. Bowever, in an open facility coating the wire with

o0il manually is often more efficient in the later case.
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A DC voltage is then applied to the wire. Due to
the resistive heating, th2 oil droplets vaporize and a
sheet of discrete snoke streaklines is cmitted f£rom the
wire. The intensity of the smoke can be adjusted by
varying the voltage across the wire. To ensure quality
photographas of the visualized flow field, a control box
igs used in connection with the smoke wire. It allows the
user to control accurately the time required for the
smoke to be convected into the field of view before a
picture is taken, and to disable the camera triggering
circuitry once the sheet of smoke leavees the field of
view. The proper sequencing of opstaticns iz parformed
by a cascade of timing-integrated circuits and
solid-state logic circuitry. The outputs of the
synchronization box allow direct interfacing with either
a camera motor drive or the trigger of a strobe light or
combination of these devices, The timing circuitry can
also be bypassed to enable recording of the visualized
flow field in continuous lighting through & video camera
and recorder. This latter option is particularly useful
for diagnostic purposes and was used extensively in the
early stages of this study. It also presents the
advantage of depicting cleariy the dynamics of the
unsteady flow field which are particularly hard to
capture with instantaneous realizations,

Both the hnrizontal and vertical smoke wire

orientations were ueed during the preliminary
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inveatigations. Flgure 13 shows the arrangement of the
smoke wire with respect to the fan inlet which was set up
in chamber No.l. The detalled descriptions of the
low-disturbance chamber No.l is presented earlier in this
chapter, The horizontal smoke wire was placed parallel
to the centerline of the fan duct, 2.5 cm below the
inlet, At 1.5 cm upstream of the inlet, the vertical
smoke wire was positioned off center, 2.5 cm to the right
side of the inlet. Figure 14 describes the esmoke wire
orientations in low~disturbance chamber No,2. Only the
vertical smoke wire is used in this case at various
upstream positions, both on and off the centerline of the
fan duct. 1In addition, a vertical smoke wire was
installed in the fan duct, 19.8 cm upstream of the fan,
see Figure 14(b). .

Various camera positions are aleo shown in Figure
14, CamerasNo.2 and No.4 were installed inside the
low-disturbance chamber No.2 and are used simultaneously
to obtain instantaneous end and oblique views of the
upatream flow field. Camera No.3 is used to obtain side
views of the flow in the test section upstream of the
fan, 1In addition, a combination of camera No.2 and No,3
provides simultaneous recording of both end and side

views in the test section,

20
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CHAPTER 111
PRELIMINARY VISUALIZATION STUDY

Flow visualization results of the preliminary
investigation are presented in this chapter. In this
phase of the study, qualitative information about the
flow field of various fan inlets was obtained in the
low-disturbance chamber No.l.

Two smoke visualization technigues are employed:
the IIT smoke wire which is described in Chapter II and a
conventinnal smoke visualization technique. The latter
consisted of introducing quiescent, slightly heavier than
air, smoke on a large tray placed upstream of the fan
inlet in the absence of flow, i.e., before the fan vas
turned on, Once the experiment was initiated, the emoke
was convected by the flow. 8till photographs were used
to record the smoke pattern marking the various flow
features,

The fan inlets investigated in this experiment was
the flight-type inlet, "Fo", and the small bellmouth-type
inlets with sharp edge, "Bh", and with smooth edge, "Bm".
Descriptions of the different inlet geometries are given

in Chapter V (see Figure 1).

Flight-Type Inlet

Figure 15 shows different views of the flow field
ahead of the flight-type inlet. The oblique view of a

vertical smoke wire which is centered upstream of the
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inlet {5 shown in Figure 15(a). The core of the flow
appears to be free of disturbances. However, due to the
smoke-wire orientation, it is difficult to determine
whether or not the flow is separated from the surface at
the inlet, 1In addition, wiggles of the streamlinea near
the walls tend to indicate the presence of a turbulent
boundary layer "massaging®” the core from underneath,

By offsetting the smoke wire to the right side of
the inlet, it is possible to label the flow close to the
inlet wall, as shown in Figure 15(b) from an oblique
view, No clear evidence of flow separation at the lip is
obtained, However, the development of the turbulent
boundary layer shortly downstream of the lip is clearly
visible and suggests the occurrence of flow separation.
Localized streanwise vortices can also be observed in the
upper part of the flow,

The presence of these localized streamwise vortices
is clearly illustrated in a side view (see Figure 1l5(c)).
They are characterized by the "crossing® of streaklines
when visualized from the side, dvue to the helical motion
assocliated with them. They are highly localized and
elongated., These vortices appear before the flow enters
the inlet and can be attributed to the presence of weak
vortical disturbances in the environment of the inlet
which are stretched by the flow acceleration and
tilting. Due to accidental vibration of the horizontal

smoke wire, the smoke sheet appears as a succession of
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time lines., Valuable information concerning the
kinematics of the velncity field can be gaiied from this
interesting photograph,

Small Bellmouthfg!pe Inlet

As a sample of the conventional smoke visualization
technique, the flow field upstream of the small
bellmouth-type inlet with a sharp edge is depicted in
Figure 16. Shown on the top (Pigure 16(a)) is a side
view of the inlet taken at an arbitary time after the fan
motor was started. The time chosen was sufficient to
allow the smoke to be convected throughout the field of
view, and to reach steady state.

The smoke marks the air being drawn into the inlet,
However, the technique does not yield detailed
information about the entire core of the flow. One can
aiso notice the complicated localized smoke pattern at
the center of the photograph. This can be attributed to
the existence of surface vorticity. The presence of any
surface in the vicinity of the inlet represents a source
of vorticity for this sink-like flow. Since the smoke
was contained in a large tray positioned close to the
inlet, the vortical structures marked by the smoke a:ce
most likely generated on the surface of the tray.

Shown in Figures 16(b) and (c) are two end views of
the same inlet (Bh) taken in a time sequence.

Information revealed in Figure 16(c) correlates well with

23
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; the phenomena observed in Figure 16{a). The differences
?, in the amoke patterns exhibited in Pigures 16(b) and (c)
are likely due to two factors, First, the disturbances
ahead of the inlet are unsteady. Secondly, the
o conventional smoke visualization technique reguires a
certain time for the smoke to mark a flow structure
accurately.

As the disturbances of interest in this study are
; time-dependent, the conventional smoke visualization
technique presents shortcomings. Consequently, the 1IT
smoke wire technique is employed throughout the rest of

the visualization experiments, in an attempt to alleviate

L I [ T

the problems described above.
5 To illustrate this concept, a similar case has been
f visualized using the smoke wire technique, as shown in
i Figure 17(a). By contrast to Figure 1l6(b), this picture
; teveals the instantaneous structure of the flow. In
5 particular, an energetic streamwise vortex can be
f identified. Stretching and subaequent thinning are
i clearly taking place as the vortex enters the inlet,
3’ Other three-dimensional disturbances are also present,
ﬁ illustrating the complex nature of the neighboring
t? environment.
}; Based on visualization results not shown here, flow
4 separation at the lip is found to occur consistently for
f;’

the small bellmouth-type inlet with sharp edge (Bh). To
alleviate this problem, this inlet wae modified into one
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with a smooth edge (Bm). Results obtained from a smoke
wire stretched across the upper part of this modified
inlet are presented in Figqure 17(b). Inspite of the
difference in inlet geometries, similar f£low modules can
be identified. However, their intensity ie iesser than
that observed on the ground side of the inlet (see Figure
17(a)). This reinforcing of the disturbances by the
presence of a surface in the neighborhood of the inlet
was consistently obaerved throughout this preliminary
study, regardless of the type of inlet being tested.
This trend clearly demonstratesthe importance of surface
vorticity generation in the vicinity of an inlet and
illustrates the difficulty encountered in designing the
second low-disturbance chamber. The second chamber was
planned to provide an envircnment in which surface
vorticity generation can be kept to a minimum, and in

turn can be introduced for controlled test conditions.

Ek- Lo '.ﬁ--‘4_ Z;



CHAPTER IV

: CLASSIFICATION AND CONTROL OF VARIONS DISTURBANCES
x IN FLOW OF DIFFERENT INLETG

4 The results presented in Chapter III led to the
design of the low-disturbance chamber No.2. The

- description of this facility has been discuased in

;
Chapter II. The study of varjous types of disturbances, :j
f as well as their control, in flow of different inlets was |
carried out in this controlled-environment chamber. The :
classification of flow conditions and the results of the o
flow visualization experiments are given in the following

sections,

;‘ Classification of Flow Conditions %
Due to the complexity of the flow field ahead of a |

real fan inlet, it is necessary to identify and segrcgate g‘

the various basic flow disturbances, This is made _1
possible by placing the inlet in a clean environment in ;1
which controlled disturbances can then be introduced, A
Three classes of disturbances were antified from the é

! preliminary study:

EE nonuniformities, or localized shear layers,
]
e,qg., wakes, jets, or separted shear layers,

’3 (1) isolated two-dimensional mean velocity ﬁJ
- 1
i
i
|
(2) surface-generated vorticity, including the ;

l
s
!; - ground, chamber walls and the external ?5

surface of the fan setup. i
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(3) three-dimensional high intensity vortical
disturbences, made of concentrated
streamwisge vortices.

In addition to these three classes, a "clean® casc
is always used as a reference. The specified cases
investigated are summarized in Figure 12, under test flow
conditions., All of these flow conditiona were tested
with all four types of inlets., Descriptions of the inlet
geometries and arrangements are discussed in detail in
Chapter II and Appendix A.

In ar attempt to suppress or attenuate these
specific disturbances, various flow contrel devices were
tested. (A general description of the flow control
devices is given in Chapter 1I), Figure 12 summarizes
the combinations of flow inlets, test flow conditions,
flow manipulators and their arrangements.

The total number of cases renders a discussion of
all of the results impossible., Hence, only selected
samples of the representative cases are presented here.
These sample photographs are identified by an
eight-letter-code system. The first two letters refer to
the type of inlet, The second group of two letters
indicates the attachment setup. Test flow conditions are
identified by the third group. FPFinally, the flow
manipulators are characterized by the last group of

letters, All codes are explained in Figure 12.
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Results
To illustrate the trends exhibited in this study,
the results of selected cases are presented in the

following:

B e I

Flight-Type Inlet, Figure 18 shows aide views of

the test-section ahead of the fan for this type of inlet,
Photographs (a) and (b) correspond to the extended and

flush attachment setups, respectively, in the presence of
sources of surface vorticity. The surface vorticity is

generated by positioning a large table in the vicinity of

T o St

v the inlet, The walls of the chamber do not contribute
g' significant surface vorticity unless some of them are
left partially open. The floor of the chamber is also

; sufficiently far from the inlet., Under a controlled low-
disturbance environment, the air is supplied to the
chamber through the porous material of the walls by tle
pressure difference created by the fan.

. In both setups of Figure 18, the flow is

5’ characterized by a thick turbulent boundary layer on the
; side wall. These boundary liayers, which can be

attributed to the flow separation at the lip, have been

B

considered as significant noise sources (see Hanson,

1980). This is in agreement with the results obtained

from the preliminary study. Bowever, the flush setup

st e it g ang b hEy oL

seems to minimize this phenomenon. Elongated streamwise

T e

vortices can be observed in the core region of the flow.

i e
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The absence of other types of disturbances confirms that
these vortices originate from the upstream surface
vorticity source,

For the flush setup &n a similar flow condition, two
types of flow control devices were tested. Figure 18(c)
corregponds to the 1IT plane honeycomb with 0.318 em mesh
gize, placed between the inlet and the test section, The
flow obtained with the NASA hemispherical honeycomb is
shown in Figure 18(d)., This flow control device was
placed upstieam of the inlet.

Both honeycombs suppress the stretched longitudinal
vortices in the core of the flow. Some reductior of the
boundary layer is obtained with the IIT honeycomb due to
its position downstream of the reattachment region. It
is not surprising, however, that no such reduction is
observed with the NASA honeycomb. The fact that the
separation took place downstream of the device, was

expected.

Sma'l Bellmouth-Type Inlet. Selected results

obtained with the small bellmouth-type inlet are
presented in Figures 19, 20 and 21. All three figures
consist of visualization results in the test section
viewed from the side (see camera No3 in Pigqure 5(a)).
The effects of the inlet mounting arrangement are
illustrated in Figure 19. The left column ((a), (c) and

{e}) corresponds to the flush mounted setup, and the

i

It



right column ((b), (4) and (f)) corresponds to the
extended setup. Each row characterizes a different flow
condition, The low-disturbance case (reference case) is
shown on the top ((a) and (b)). The flow appears
undisturbed for both types of setup and no anomalous
behavior is observed.

Surface vorticity is introduced upstream by placing
a large table in the vicinity of the inlet. The results
obtained in this case are depicted in the middle row ((c)
and (d)). The presence of the elongated streamwise
vortices is consistent with the results obtained in the
preliminary study for a similar test flow condition. The
extended setup might be slightly "cleaner”®, but this
trend would have to be confirmed by guantitative
measurements., For the flush setup case, the NASA
hemispherical honeycomb was tested. Photograph (e) shows
its ability in suppressing the longitudinal vortices.

Figure 20 illustrates the effectiveness of various
flow control devices in removing two- and
three~-dimensional wakes introduced upstream of the inlet.
All photogruphs are taken with the f£lush mounted setup.
The left column ((a), (c) and (e)), corresponds to the
wake of a horizontal cylinder placed immediately upstream
of the inlet, The right column {((b)}, (d) and (f)),
corresponds to the presence of a person in front of the
inlet. 1In this figure, we try to model cases of isolated

nonuniform flow disturbances including complex
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three~dimensional wakes such as the ones commonly present

in actual fan-testing stands. The photographs shown in
the top row ((a) and (b)) iliustrate the resulting flow
fields. Two of the flow control devices tested are
presented in the next photographs to highlight the main
trends exhibited by the results.

In the middle row ((c) and (d)) an IIT 0.32-cm mesh
size honeycomb is used. The suppression of large-scale
vortical motions is completed, but small-scale

quasi~homogeneous turbulence generated by the honeycomb

is still present in the test section. This lat:er effect

could be alleviated by allowing a larger distancz for the

turbulence decay, by a better cheice of the mesh size, or

by the introductionof screens.
The results obtained with the NASA honeycomb are

shown in the bottom row ((e) a2nd (£f)). The disturbances

are equally suppressed and the large distance between the

NASA honeycomb and the test section is reflected in the
absence of small scales. In addition, the free
contraction of the flow past the NASA honeycomb helps in
further reducing the homogenous turbulence,

The performance of the various £low control devices
was also evaluated in the presence of other high-
intensity disturbances. These results are summarized in
Figure 21, All photographs were taken in the extended
setup configuration and the high-level disturbances were

created by a large household f£fan blowing in the back of

3l
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the control chamber (approximately four meters from the
inlet),

The disturbed case is shown in (a) and the flow
obtained with the NASA hemispherical honeycomb is shown
in (b). The large-scale disturbances have only been
partially suppressed, By contrast, the results achieved

with the IIT plane honeycomb are shown in (¢} and (d).

These two photographs correspond to 0.64 and 0.32 cm mesh

sizes respectively. The large-scale vorticity is clearly

inhibited by these devices, The presence of the

remaining fine scales hes been already explained, and it

does not constitute a potential problem for blade-passing

frequency generation,

Large Bellmouth-Type Inlet Assembled with a

Fifth-Order Contraction., Figures 22 to 26 show the

visualization results of the large bellmouth-type inlet
assembled with a fifth-order contraction. The end and
the oblique views of the fan inlet are recorded by
cameras No.2 and No.4 Camera No3 is used to record side
views of the test zection ahead of the fan, The reader
can refer to Figure 5(a) for the camera orientations,
The end view and the oblique view shown in the same

column in Figure 22 were recorded simultaneously (i.e.,

(a) and (b), (c) and (d), as well as (e) and (£f)). More

precise information can be drawn from simultanecus

multi-view pictures, since the flow £ield ahead of the
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inlet is three~dimensional and unateady.

Figures 22 (a), (b), {(¢) and (4) were obtained in
the presence of surface vorticity. A vertical smoke wire
was placed at the center of the inlet in the first two
photographs and at z = 10.2 cm (oZfset to the right of
the inlet) in the latter case. Figures 22 (e) and (f)
are in presence of surface vorticity and a vertical
cylinder, C5, at position z = 10.2 cm (offset to the left
of the inlet), A smoke-wire was placed at z = 10.2 cm
(offset to the right of the inlet).

Simultaneous end view ahead ot the inlet and side

view of the test section ahead of the fan are shown in

et o e e 1 =

Figure 23, The inlet is flush-mounted in all the cases
here. Figures 23 (a) and (b) were recorded in the
presence of surface vorticity sources, A vertical
cylinder, C5, was placed on a large table at z = -10.2 cm
(off set to the left of the inlet) in Figures 23 (c) and
(d).

Side views of the test section ahead of the fan are
shown in Fiqure 24 for various types of disturbances,
The low-disturbance condition shown in Figure 24(a) is a
typical "clean® flow. The streak lines are evenly spaced
throughout the flow field. Stretched longitudinal
vortices of various intensities can be observed in
presence of different sources of surface vorticity such
as: & large table in the vicinity of the inlet (Figure

24(b)), and open panels of the control chamber (Figures

33
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24 (c) and (d)). Distortion of the streaklines is
observed in the core of the flow not only when the nearby
panels of the control chamber are removed (see Figure
24(c)), but also when the far end panels are open, as
shown in Pigure 24 (4).

Figures 24 (e) and (f) show the flow conditions
resultir~ from the presence of a complicated structure (a
chair) in the vicinity of the inlet. Complex flow
modules are displayed in Figure 24(e). The effect of the
IIT honeycomb (M = 0,635 cm) positioned downstream of the
inlet under the same flow condition is demonstrated in
Figure 24(f). The resulting flow condition is as "clean"
as that obtained in the low-disturbance condition (Figure
24(a)).

Figures 25 and 26 are sample photographs showing the
flow conditions corresponding to various cylinder wakes
introduced upstream of the inlet, These wakes are
typical of two~dimensional isolated disturbances. 1In
Figure 25, a vertical cylinder, C5, was placed at two
different positions along the diameter of the fan duct,
(Wl and W3, as shown in Figure B). The intensity of the
disturbance appears to be proportional to the relative
distance between the vertical cylinder and the inlet
(compare Figures 25 (a) and (b)). Under flow conditions
identical to those of Figure 25(a), IIT honeycombs with
mesh sizes of 0.635 cm and 0.318 cm were placed

downstream of the inlet. The results are shown in




Figures 25 (¢) and (4), respectively. One can easily
conclude that both honeycombs are equally efficient in
suppressing the vortical motions.

Two different orientations of a horizontal_cylinder.
C5, positioned ahead of the fan inlet and the effects of
a flow control device are shown in FPigure 26. For the
cylinder orientations W6, W9, W6 and W9, the reader is
referred to the illustration in Figure 8. The left and
right column in Figure 26 correspond to a horizontal
cylinder placed near the bottom and the top of the inlet,
respectively. Figures 26(a) and (b) correspond to a flow
condition in which a horizontal cylinder was placed
parallel to the z-axis. An obligue cylinder, pivoted at
an angle of 10 degrees off the z~axis is the same as the
disturbance observed in Figures 26{(c) and (d). The
randomness of the positions of these stretched streamwise
vortices confirms the unsteadiness of this nominally
steady flow. Under flow conditions similar to those of
Figures 26 (¢) and (d), an IIT honeycomb with a mesh size
of 0.635 cm was inserted in the flow., J2 and J4 refer to
the two different locations for it between the inlet and
the fan (see Figure 1 for honeycomb positions). Figqures
26(e) and (f) indicate that the disturbance suppression

is rather insensitive to these honeycomb positions,
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CBAPTER V
FACILITY AND INSTRUMENTATION FOR
VELOCITY MEASUREMENTS

In this chapter, the facility used in the second
phase of the investigation is described. The wind-tunnel
characteristics as well as the means of introducing
selected disturbances are also, examined, Finally, a
description of the instrumentation used for the velocity
measurements, as well as a description of the

experimental procedure is given,

Facility

Wind-Tunnel Characteristice, The experimental study
of the behavior of isolated disturbances through a
contraction was conducted in an open-circuit wind tunnel.
This tunnel is connected to an 180-psi compressed air
line through 2 series of valves and filters, All the
connecting pressure lines and filters are acoustically
fusulated. The air first entere a large settling chamber
lined with acoustic foam., This chamber is equipped with
a series of flow'manipulators (secreens, grids, etec,).
Their arrangement ensures good flow uniformity and a low
disturbance level. The design of the settling chamber is
based on the results of Loehrke and Nagib (1972). The
ackual construction and optimization of this settling
chamber has been reported by Ahmed et al. (1976). The

flow then passes through a 25:1 contraction before
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entering the test section. The test section consists of
a versatile arrangement of 15.4 cm diameter plexiglass
ducts. The particular configuration used in this study
consists of two straight sections and a 4:1 contraction,
A turbulence-generating grid was inserted at the junction
between the two pieces of straight ducts, A schematic
diagram of the test section is given in Figure 27. Also
shown in this figure is the coordinate system used in
this part of the investigation. 1Its origin is located
along the axie of symmetry of the contraction., The
x-axis is parallel to the test section axig, pointing
downctream, The y~ and z-axes are defined in the
croge~sectional plane, y pointing upwards and z defined
to form a right-handed coordinate system,

The measurements were taken with a hot-wire probe,
The probe is supported by a three-dimensional traversing
mechanism, located downstream of the test section, The
reader is refered to Ahmed et al. (1976) for its detailed
description., This traversing mechanism allows the
movement of the probe along the three axes, and its
positioning within 0.2 mm of any desired location,
Built-in electrica)l circuitry permits accurate
determination of the probe location. The velocity
measurements inside the test section were obtained by
inserting the probe through the downstream end of the
tunnel., Hence, a low-obstruction probe is used to

ninimize the flow blockage.

ey e I
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Contraction Churacteristics. The contraction used
to study the behavior of the disturbances in contracting
streams has a matched-cubic profile. This contraction,
denoted MC4-100, has an ares ratio of 4:]1 and a
length~to-inlet diameter ratio equal to unity. The
matched-cubic profile is actually made out of two cubic
prlynomials matched at the inflection point. In a
regular cubic profile, the position of the inflection
point is fixed at the mid point between the inlet and the
outlet of the contraction, The use of a matched-cubic
profile gives extra flexibility in choosing the location
of the inflection point, resulting in a better
performance of the contraction, The design, construction
and testing of such contraction is given by Tan-atichat
(1980).

Grid Characteristics. A turbulence generating grid

is used throughout the study to provide a uniform,
quasi-homogeneous turbulence background., The grid,
denoted G2, consists of a 0.84-mm thick steel plate
punched with square holes forming a regular square array.
The grid has a 2.5~-cm mesh size and is characterized by a
low solidity ( 0 = 0.,37), To ensure quasi-igotropy and
homogeneity of the turbulence at the inlet of the
contraction, a grid-to-contraction distance of 25.4 cm
was chosen, based on the results of Tan-atichat (1980)

and Marion (1982),




Disturbance Generators

Three types of disturbances are investigated in this
phase of the study: wake of a cylinder, wake of a sphere
and longitudinal vortex. The two- and three-dimensional
wakes were studied both on-center and off-center.

Two 0.71-cm diameter cylinders were fabricated out
of plexiglass, For the typical velocity used in the
experiment (3 m/s), the Reynolds number based on the
diameter is approximately equal to 1500. This size was
chosen large enough to ensure a2 turbulent wake, yet not
too large in order to minimize the flow obstruction in
the test section, Cylinder 1A has a length of 15.4 cm
and can be mounted along the diameter of the test
section, The second one, denoted 1B, has a length of
12.4 em, and was machined to fit off-center,
approximately 3.9 cm above the diameter of the test
section (i.e., r/R(0) = 0,52),

A 0,73 cm diameter sphere was fabricated out of
wood. It can be mounted on a 0.1 mm stainless steel wire
that suspended it either on-center or off-center {(r/R{0)
= 0.52).

Longitudinal Vortex Generator. A vortex generator

is to introduce a lonaitudinal vortex in the center

of the flow., It consists of a pair of identical
NACA-0012 airfoils, hinged at the quarter-chord position.
The chord length and span of these airfoils are 7.62 cm
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and 6.99 cm, respectively. These airfoils are mounted
next to each other in the spanwise direction inside a
15.4 cm long plexiglass duct. Each airfoill can be
adjusted individually to any angle of attack., Two
gear~-reducing mechanisms allow the positioning of the
i airfoils within ten seconds of arc. For the details of
the design and the construction of this swirl generator,
the reader is referredto Ahmed et al. (1976}. The
apparatus generates a strong solid-body rotation vortex
; core with an approximately potential outer part. The
determination of the optimal angles vf attack for ;

symmetry and stability of the vortex is necessary. A

full description of these preliminary measurements is

given in Appendix B.

Instrumentation

Analog instrumentation is used throughout this 0
investigation., A schematic of the instrumentation is
shown in Figure 28. Two velocity components can be
simultaneously measured using an x-wire probe. The hot

é wires are operated in a constant-temperature mode at an
? overheat ratio of 1.7, using two DISA CTA anemometers, .
ﬁ, The anemometer's output are then fed to a pair of

by exponential-type DISA linearizers, The value of the

exponent used was determined after calibration of the hot

g wires, and was found close to 2,2, The velocity signals

are low-pass filtered at 10 kHz using DISA auxilary
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unites, to reduce the electronic nolse., Operational
anplifier sum-and-difference circuitry is then used to
Beparate the two velocity components. The output signals
are constantly monitored on a dual-trace oscilloscope.
Depending on the type of measurements desired, a digital
voltmeter or a DISA true-rms-meter are used in
conjunction with either channel of anemometry. A&nother
voltmeter is dedicated to the traversing mechanism,
indicating either the reference voltage supply or any of
the outputs of the triaxial position indicator. Velocity

or rms profiles can be recorded on an H.P, X-Y plotter,

Experimental Procedure

All the measurements pertaining to this phase of the
study were obtained at a constant free-stream velccity of
3 m/s. In addition, the turbulence-generating grid was
always placed upstream of tine test section, as described
in the beginning of this chapter.

Velocity measurements were obtained for six
cifferent cases, The first one, denoted OA, is o
reference case, corresponding to the absence of isolated
disturbances in the flow. The other cases correspond to
the various types of disturbances, They have been
denoted 1A, 2A, 3A, 1A' and 2A' to simplify the
referencing, The numerals 1, 2 and 3 are attributed to
the cylinder wake, the spherical wake and the

longitudinal vortex, respectively. The suffixes, A and

.
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A', refer to the on- and off-center disturbance
positions, Figure 29 summarizes the various cases and
their labeling.

For each of these 8ix caees, sets of data were taken
for both the uniform duct case (C = 1) and the
contraction case (C = 4), 1In the first case, a section
of straight duct was mounted in place of the contraction,
Data acquired in absence of any stream contraction were
taken in order to clearly discriminate the effects due to
the presence of the contraction from those due to the
natural decay of turbulence and the disturbance through
viscosity.

Each set of data consists of mean and rms velocity
profiles of the axial and radial velocity components,

For each of these quantities, radial profiles were
obtained at six axial locations, corresponding to /L of
-0,33, 0., 0.33, 0.67, 1. and 1.33, where L represents
the length of the contraction and x is the downstream
distance measured from the inlet of the contraction, The
actual measurement stations are shown schematically in
Figure 27. 1In addition, two axial profiles were
obtained, one on-center (r/R(0) = 0), and one off-center
(r/R{(0) = 0,52), Following the acqguisition, all data
were non-dimensionalized by the axial velocity at that
particular downstream location. The data were also
compensated for possible drift of the free-stream

velocity of the tunnel,
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CHAPTER VI
DOCUMENTATION OF VELOCITY FIELD OF ISOLATED
DISTURBANCES THROUGH A CONTRACTION

In this chapter, the results from the second phase
of the investigation are reported, starting with the
presentation of the data for the reference case obtained
in absence of any isolated disturbances. The disturbance
cases are then analyzed. Axial measurements are then
interpreted and c brief discussion of the lateral ones
closes the chapter. Analysis of on-center disturbances,
i.e., cylindrical wake, spherical wake and longitudinal
vortex, is delivered prior to “he off-center cases, i.e,,
cylindrical ané spherical wakes., Figures 30 to 69
summarize the large volume of data for the reference case
and each different test flow condition, Both the
contraction (C = 4) and the strajght duct (C = 1) values

are depicted on each of the graphs.

Uniform-Flow Reference Con‘ition

A reference condition has been established in the

absence of any isolated disturbances. The uniform duct
data weare taken to provide a good comparison basis when
evaluating the othe. cases,

For a free-stream velocity of 3 m/s, the turbulence
level 2t the inlet of the contraction is approximately
2.5%, The radial distributions of normalized axial
velocity, U/U,; axial turbulence intensity, u'/ﬁk: and
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radial turbulence intensity, v'/ﬂl, obtained at all eix
measurement stations, are uniform. No crosg~flow (V = 0)
or anomalous behavior of the turbulerce was noticed, as
expected (see Figures 37 and 38 of Loehrke and Nagib,
1972). These reference profiles appear in dotted lines
in Figures 30 to 39 for the axial traverses, and Figures

40 to 69 for the radial traverses,

Axial Surveys

In this section, axial measurements, recorded at two
radial positions for all test flow conditions, are
examined. The streamwise and radial velocities and their
corresponding root-mean-square values are normalized by
the streamwise velocity at the inlet of the contraction
(U,). These velocity quantities are plotted against the
axial measurement locations, %/L, where L is the length
of the contraction. The on-center isolated disturbances
(i.e., flow conditions 1A' and 2A') are shown in Figures
36 to 38, Five groups of two consecutive figures
(starting from Figures 30 to 39) illustrate five flow
conditions at two radial locations along the streamwise
direction. Therefore, it is possible to compare the
turbulence decay for various types of isolated
disturbances at a certain radial location,

On the left top corner of Figures 30 and 31, one
notices that the mean velocity increases monotonically

through the contraction. These curves show that the
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Btream starts to contract before the solid wall does and
that it overshoote slightly at the outlet. BHence, the
behavior of this contraction is in agreement with
Harion-Moulin (1982) and Tan-atichat (1980).

The oﬁ-axis measurements of on-center isolated
disturbances, i.e,, test flow conditions 1A, 2A and 3A
shown in FPigures 30, 32 and 34, display some decays of
turbulence intensities, Pigures 31, 33 ard 35 exhibit
the off~axis data for test flow conditions 1A, 2A and 3A,
respectively. However, the longitudinal and radial
turbulence intensities remain constant and start to
increase at two~thirds and one-third of the contraction
length for the two former disturbance cases and the later
case, respectively. The off-center isolated disturbances
i.e., test flow conditions 1A' and 2A', shown in Figures
36 to 39, do not reveal much information for the on-axis
measurements, It appears to be a diff.cult task to
record any off-axis data and obtain meaningful
interpretation (see Marion-Houlin (1982) and Tan-atichat
(1980)).

Lateral Surveys

Lateral measurements, recorded at six axial
locations with isolated disturbances, both on-center and
off-center, are discussed in this section. The
streamwise and transverse profiles of the two components

of mean and fluctuating velocities are normalized by the
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local mean velocity, U(x). The radial distances are
é_ nondimensionalized by the local radius of the contraction
: to accentuate the flow contraction. Plots of the
normalized velocity quantities versus the normalized
radial distance are shown in Figures 40 to 57 for the

on-axlis isolated disturbances and Figures 58 to 69 for

_§ the off-axis cases, The horizontal axes across the top
: of the graphs are the normalized radial distance of the
d straight duct and those across the bottom of the graphs
represent the normalized radial distance of the

contraction, Since there are five test flow conditions ;

v investigated, each group of six figures, starting from %
Figure 40 to Figure 69, pertaining to a given test
condition, corresponds to six different measurement
stations., Hence, the reader can observe the evolution of
the velocity profiles in the test section by flipping E

é‘ through & sequence of six graphs.

One can notice that all the quantities have a higher
value for the uniform-duct cases compared to the '
contraction cases., This observation implies that the
contraction does suppress the streamwise and transverse |
- mean velocity defects associated with the disturbances,
N as well as the turbulence intensity. More discussion on

¥ the effecte of contraction on isolated disturbances is

? presented in Chapter VII,
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CHAPTER VII
DISCUSSION

The results from the preliminary and f£inal stages of
this investigation, as well as from the first and second
phases of the study, are presented separately in Chapters
III, IV and VI. 1In this chapter, integration of the
findings from these results is achieved through
discussion of the various important ingredients of the
problem in order to draw the conclusions summarized in

the next chapter.

intake Geometry

From the various experiments one finds several
congsistent patterns, The flight-type inlet tends to
encourage flow separation at the lip, Thick boundary
layers near the walls can be decreased by placing a plane
honeycomb downstream of the inlet. However, a
hemispherical-type honeycomb upstream of the inlet does
not correct such a phenomenon Bince the flow separation
occurs after the inflow control device.

The boundary layer of the fan duct can be minimjized
and incipient separation prevented by altering the
geometry of the fan intake. All the bellmouth-type
inlets (i.e, Bh, Bm and Co) have demonstrated such
ability., The extended setup of the fan inlets appears to
provide & velocity field near the inlet slightly better

than a flush mounted case.
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In any case, inlet design for static testing
: facilities, vhere no forward velocity is present can be
carried out in a straight-forward manner using potential

flow theory with boundary layer corrections, including

some separation criterion. Such codes are now available

3 and used in industry to design many internal flow

problems, e,g., rotating machinary intakes or wind-tunnel

contractions. Simple empirical approaches can even be

‘-2 .-

used in many cases, 'Anyway, it appears quite obvious ﬁ
that flight-inlet configurations should be avoided in |
ground-testing facilitiea., 1In fact, proper modeling of
the ducted fan flow is being violated from the fluid ?

S | T

mechanics point of view when they are used, =

Surface Vorticity Sources 5

By having entire control on the incoming flow
condition ahead of the fan inlet in the low-disturbance
chamber No,2, it was possible to establish a "clean
flow" reference condition., However, stretched streamwise

‘ vortices are observed whenever a surface is introduced in
§ the vicinity of the inlet, As illustrated in many sample
§ photographs in Chapter IV, the distance between the

surface and the inlet is proportional to the intensity of »

the vortex. One of the effective means to control the

! obstacles and surfaces upstream of the fan inlet., Such

]

i

|

ﬁ undesirable flow .onditions is to minimize the number of
:

|

; obstacles include any structures, large surfaces, even

:
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the experimentaters, The study suggests that a plane
honeycomb installed downstream of the inlet is more
effective in removing the intense longitudinal vorticity
and high~-level disturbances than the external control
devices, at least at the present low Reynolds numbers of

operation,
As it is pointed out Beveral times in earlier

chapters, all surfaces near this sink-like flow field may
act as sources of vorticity. These surfaces include the
"ground", the chamber walls, laboratory walls,
neighboring buildings in outdoor test facilities, and the
outside surfaces of the fan and its test stand,
Recently, De Siervi et al. (1982) concluded that two
mechanisms are responsible for inlet-vortex formation:
the amplification of ambient vortivity as the vortex
lines are stretched and drawn into the inlet, and in an
upstream irrotational flow for an inlet in cross wind, a
vortex is developed due to the variation of circulation
(or 1ift) along the axial length of the inlet, They
claim that these two mechanisms are substantially
different and that the latter had not been recognized
before. They suggest that the inlet and its potential
image on the ground develop this vortex during the
startup process, They Go not explain sources of ambient
vorticity other than the ground boundary layer developed
by the approaching mean £low,.

De Siervi et al, (1982) proceed to state "In this
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second nmechanism of vortex formation, ambient vorticity

does not play a role. The vorticity in the core of the

3

vortices is produced initially by the action of viscosity
in the boundary layers on the outer surfaces of the

inlet, Once the vortex is formed, however, there is no

-

longer any vorticity convected into the corej the
vorticity needed to maintain this is produced by the P

extension of the vortex filaments in the core. Thus the

presence of a ground brundary layer (or ambient
vorticity) is not necessary for the formation of an inlet
vortex,."

We believe that in practical applications, some

vorticity from the surfaces of the inlet may continue to

convect into the core of the vortex, In any case, for 21
our application, pure and steady cross flow 18 not the i
most likely operating condition, It is therefére .
preferable to think in terms of all surfaces near the 1

aerodynamic inlet as sources of vorticity. This i

|
vorticity is generated and convected awvay from these 4
surfaces by the mean flow established by the sink-like ﬂ
action of the fan setup. ‘

Both in outdoor and indoor test facilities., without }
substantial forward speed, the flow external to the sink 'ﬁ
is very slow compared to the inlet flow and often slowly j
unsteady. The outdoor wind direction and the flow E
patterns and direction inside a chamber are rarely ;

steady. Wherever the vorticity is generated from surface
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sources, it i{s convected and the vertex lines pile up as
demonstrated by Figure 11 of De Biervi et al. (1982).
The lower branch of the vortex loop is always more
concentrated ané stronger. This is why it can be easily
identified and mislabelled the "ground® vortexz. The
presence of a separate boundary layer on the ground due
to wind, i.e,, the atmospheric surface layer §8 not an
essential ingredient to this mechanism as has been
incorrectly proposed many times, In fact, we bhave been
able to record both leys of the same vortex loop, with
their opposite sense of rotation, in several photographs
like those of Figure 22, The two simultaneous views
provide us with the adequate information to make this
conclusion, It is also important to recognize, as we
have from many such photog:aphs, that the coexistence of
several such vortex loops is often the case because of
the several surfaces of different orientations available
as sources of vorticity.

Appreciating this major mechanism for the introducton
of the most undesirable element into the flow field of
the fan, one may try to select the type of flow
manipulators required, With the external flow control
devices used most often in this application, the
development of these vortices from the mean flow and the
mean vorticity field is not inhibited., At best, the
evolution of such vortices is Blightly modified by the

inflow control device where a substantial part of the
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contraction of the flow is achieved fresly downstream of
it,

The only inlet which prevents and controls this most
important mechanism is the one which has a controlled and
confined slight contraction (say 4:1) of the stream past
the flow manipulators. We recognize the sBevere
limitation of such an arrangement from the point of view
of the radiated sound f£ield. As Nagib pointed out
(Chestnut, 1982}, the best design for static testing of
jet engines is likely to be a compromise for both the
acoustic as well as the fluid dynamics modeling, i.e., a

design optimization approach.

Isolated Disturbances

Isolated disturbances such as cylindrical wakes,
introduced upstream of a fan inlet were also
investigated, Depending on the inlet geometries,
dimensions of the cylinder and fan duct, flow distortions
can develop into either a stretched longitudinal vortex
or other complicated flow modules. Plane honeycombs with
proper mesh Bize arranged at an optimal distance
downstream of the fan inlet can suppress euch flow
disturbances.

External inflow control devices can also contribute
to their suppression, However, one must realize that,
becuase of the difference in flow velocity, the intarnal

manipulators are likely to work more effectively when the

L __l-L‘-!\)l
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same type of manipulator is used, e.g., honeycomb of
similar mesh, As was given in the flow management
recipes of Lochrke and Nagib (1972), different
manipulators are more efficient for the control of mean
flow nonuniformities, as compared to those used for
turbulence management., The bulk of the inflow control
devices that have been used; including the ones tested in
this investigation, are of the honeycomb type and are
ineffective in reducing such isolated disturbances.

It is therefore obvious that for future applications
when localized mean flow nonuniformities, such as wakes,
jets, and separated shear layers, are likely to exist,
the design of the flow manipulators must account for
them., As outlined in the proceedings edited by Chestnut
(1982), some recent improvement in inflow control device
performance was achieved by the introduction of grid (or
perforated-plate) like manipulators ahead c¢f the
honeycomb, The most important ingredients tuv satisfy
such an isolated disturbances manipulator are highlighted
by Tan-atichat et al, (1982) and Loehrke and Nagib
(1972). The solidity has to be no more than 0,40 and the
mesh Reynolds numher *.  to be <ufficiently large (more
than 10,000) to .- . homogeneous turbulence that can
mix the flow and dissipate the nonuniformities, Some of
the uniformization is of course achieved by the pressure

drop provided by the less than 0.40 and larger than 0.30
solidity,
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In the sccond phase of the investigu:! 7.
quantitative measurements on various cases of such
isolated disturbances, including an already developed
concentrated streamwise vortex was carried out through a
finite ratio contraction, The discussion of those

results follows,

Effects of Contraction on Isolated Disturbances

The contraction used in the veiocity measurements
has a matched-cubic contour MC4, with an area ratio of
four to one and a length-to-inlet-diameter ratio equal tn
unity. Effects of this contraction on various types of
igolated disturbances are studied and the results are
compared with a uniform duct in order to separate the
eifects due to stream contraction, Two- and
three-aimensional wakes, developing along and off the
centerline, as well as a concentrated streamwise vortex
on the axis represent the five disturbances used here.

The detailed measurements are presented in Chapter
VI. Here, the summary of the results is condensed in
Figures 70 to 72. Figure 70 is a plot of the normalized
mean and transverse velocity deficits versus the
normalized distance along the contraction. All three
types of isolated disturbances (cylindrical wake,
spherical wake and longitudinal vortex) are suppressed
through the contraction, This is true for both on-center

and off-center data. Normalized mean and transverse
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velocity fluctuation are plotted against the normalized
distance along the contraction in Figure 71. All
cylindrical and spherical wakes are suppressed through a
contraction, However, the ratio of the longitudinal
vortex transverse velocity fluctuation in a contraction
to that in a uniform duct is unity. 1In other words, the
contraction has no effect on the transverse velocity
fluctuations of the longitudinal vortex.

The above two figures suagest that isolated
disturbances, except for the longitudinal vorticity and
its tranverse fluctuations, are suppressed by even a mild
contraction, It appeare, therefore, that the main
mechanism of the amplification of the various
disturbances in a contracting stream must depend on the
potentizl tilting and accumulation of the vortex lines
associated with these disturbances, and their streamwise
stretching into the contraction as loops. This can be
highlighted by the ne: .are,

Figure 72 shows the i- rmalized characteristic length
scales based on mean and radial velocity fluctuations,
Generally speaking, these quantities decrease with the
geometric scale of the contraction., While the integral
scales of the turbulence increase through a contraction
(for more Jdetails, see Tan-atichat (1980), Marion (1982),
and Marion-Moulin (1982), all isolated disturbances
representing nonhomogeneity in the flow are squeezed by

the contraction, (The integral scale data shown here are
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reproduced from Marion-Moulin (1982) for the same flow
condition through the same contraction). The shrinking
of the transverse scales of the isolated disturbances
leads to the concentration of vorticity and the
development of longitudinal vortices through the
tilting, thereby contributing to the blade-passing
frequency generation.

Figure 72 presents clear evidence that atmospheric
turbulence or any homogeneous or semihomogeneous
turbulent field ahead of a contraction cannot lead to the
development of the undesirable long concentrated vortical
structures, The integral and other characteristic scales
of such turbulence increase not only in the streamwise
direction but also in the transverse direccion; see
Marion-Moulin (1982) for more details, This completely
refutes the mechanism based on atmospheric turbulence

originally proposed by Hanson (1977).

Comparison of Various Types of Isolated Disturbances

Three types of lsolated disturbances were
investigated: cylindrical wake, spherical wake and
longitudinal vortex. The relative velocity deficits for
the cylindrical wake are the lowest. Figure 70 shows
also that the spherical wake has lower relative velocity
deficits than the longitudinal vortex. On the other
hand, the cylindrical wake has higher relative ve;ocity
£luctuation than the spherical one (see Figure 71). The
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longitudinal vortex has the highest relative velocity
fluctuations, From Figure 72, the characteristic length
scales for the cylindrical wake seem to be larger than
those for the spherical wake, However, the
characteriscic length scales for the longitudinal vortex
do not show a definite trend., The above observation can
be due to the fact that the cylindrical wake is
two-dimensional and the spherical wake is
three-dimensional. The two-dimensjional wake, where the
vortex lines are all aligned in one transverse direction,
has lower velocity deficits, higher velocity fluctuatjions
and larger characteristic length scales than the

three-dimensional one.

Correlation Between On-Axis and Off-Axis Data

When comparing the velocity deficits, velocity
fluctuation and the characteristic length scales, the
on-center data usually has a higher value than the
off-center cauves, It is important to compare the
characteristic length scales for the isolated
disturbances and the homogenous disturbances (see Figure
72} undergoing the same contraction. The characteristic
scales of the isolated disturbances decrease along the
geometric scale of the contraction, while that for the

grid-generated turbulence increase.
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CHAPTER VIII
CONCLUSIONS

The conclusions have been reached by a thorough and
systematic review of the results presented in the
previous chapters, as well as a large volume of flow
visualization data not included here for lack of space.
Some recommendations concerning the design of better
static-test facilities are made along with the
conclusions, The objectives of this investigation are to
identify, and possibly develop methods for effective
control, of the various sources of disturbances present
in static jet-engine test facilities. The second phase
of the study included the additional objective of
analyzing the behavior of isolated disturbances through a
finite axieymmetric contraction. The interrelation
between these two aspects is highlighted in the
following,

In view of the preliminary results presented in
Chapter III, as well as the final visualization study
described in Chapter IV, it is quite clear that the inlet
design plays a very important role in the quality of the
flow inside the fan duct. It is not surprising that a
geometrical similarity principle does not hold in the
design of inlets for static testing of jet engines. The
primary difference between static and in-flight

conditions resides i{n the drastic change in the
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streamline patterns approaching the inlet in £light
conditions from those encountered in static-test stands.
The differences be*ween the two caszs render the
£light-type inlet, which was designed for £light
conditions, unsuitable for static ground testing. In
fact, the visualization records clearly illustrate that
the flight=-type inlet leads to incipient flow separation
resulting in thick boundary layers inside the ;an duct.
This may partly explain why noise measurements in the far
field of the jet in static ground tests still exhibit
anomalous differences from fly-over data, despite the use
of flow manipulators upstream of the inlet. The
efficiency of such manipulators in "cleaning®™ the flow
cannot be blamed for this effect because thick turbulent
boundary layers are created by the unsteady
separation/reattachment f£low module at the inlet, past
the point of action of the manipulators.

The various smooth bellmouth-type inlets used in
this study proved themselves successful in controlling
this problem. However, the large difference in velocity
and Reynolds number between the present simulation and
actual test facilities does not guarantee that the
present design is an optimum one. A complete potential
flow calculation, matched with a good boundary luyer code
with an empirical separation criterion, would have to be
carried out to determine the external flow field.

All of the manipulators tested in this study are
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reasonably effective in suppressing most of the
artificially introduced disturbances. Their efficiency
in "cleaning®™ the flow is found rather insensitive to
their position ahead of the fan, However, enough
distance has to be allowed between them and the fan for
the turbulence they generate to decay to a low enough
level. This distance will vary with the mesh size and to
a lesser degree with the velocity of the flow. Hence, no
specific values can be recommended from the présent study
due to the difference in Reynolds number between the
experiment and the actual case. However, Loehrke and
Nagib (1972, 1976), Tan~atichat et al. (1982), Marion
(1982) and Ahmed et al, (1976) provide ample information
for these design criteria,

It is worthwhile pointing out that the
hemispherical honeycomb-type inflow control device is not
totally effective in suppressing the highest intensity
disturbances used here. This fact highlighta one of the
key factors related to the design of flow control
devices, The dicturbance suppression ig obtained at the
expense of & pressure drop across the device, i.e., the
local velocity. The design of a flow manipulator is a
compromise between flow quality and pressure drop
arguments. The precise knowledae of the type of
disturbances, as well as their behavior in the flow of an
inlet, can lead to a more appropriate design of the

inflow contrel device.
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Based@ on the results of Chapters IV and VI and the
discussion of Chapter VII, it is concluded that the main
twe mechanisms for the development of the most
undesirable flow module £or the generation of the
blade-passing frequency, i.e., the long slender vortical
disturbances appearing "randomly® in time and space in
the fan dact, are:

1) The generation and convection of the
vorticity from the many surfaces
surrounding the sink-like flow of the
inlet, including the external surface
of the fan housing,

?) The convection of vorticity from isolated
disturbances into the inlet of the duct.

Both of these sources of vorticity lead to the
undesirable flow module through the tilting and piling-up
of vorticity lines just upstream of an inlet due to the
action of the mean flow, i.e., the potential contraction
of the stream, These concentrated vortex lines develop
into vortex loops inside the duct, as pointed out in
Chapter VII, with the "lower®" branch being more intense.
The isolated disturbances appear to contribute only
through the tilting mechanism, and thes subsequent
amplification of the streamwise vorticity and the
shrinking of its lateral characteristic scale,

These mechanisms are particularly acute and

aggravated when the contraction is achieved freely
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downstream of the inflow control device or in its
absence., Such free and rapid contraction of the stream
is extremely sensitive to small external disturbances
that lead to its unsteadiness, i.e., causing it to appear
"randomly” in time and space inside the duct,

A detailed discussion which leads to this
conclusion 33 contained in Chapter VII., When a controlled

and confined contraction of the stream is introduced

downstream of the inflow control device, such as in the

cases of the large bellmouth-type inlet, it is possible
to suppress the most undesirable flow modules
substantially. Even a smaller area ratio confined
contraction of two to ovne downstream of the inflow
control device is likely to achieve the desired effect.
While we recognise the problems with the acoustic
modeling of such an arrangment, it is obviously a closer
modeling from the fluid mechanics point of view. In any
case, the results completely refute the mechanism based
on atmospheric turbulence originally proposed by Hanson
(1977).

In summary, the results of this study, tiough
obtained at low velocity, are considered qualitatively
applicable, to more realistic conditions, The
identification o: che various flow modules, in particular
the generalized surface vorticity sources, is a key
factor in understanding the environment surrounding the

actual test facilities. The flight-type inlet should not




be used for static ground tests, in view of the (

undesirable Zlow separation associated with it, The

;; design of a bellmouth~type inlet is, therefore, strongly
; recommended, A compromise between the twe main aspects * ~QW
;g 0f the problem, namely the acoustics and the fluid

| dynamics, is necessary. Acoustical compromises, such as
f;‘ ) the modification of the inlet geometry or the insertion
of an inflow control device, may be accounted for 4
properly. For example, a far-field calibration of the éj
modified facility may be performed with a known sound
source replacing the fan inside the engine assembly. An

approach incorporating the various suggestions made here

the results obtained in static ground tests.

may lead to a significant improvement in the quality of _ ;g
i
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APPENDIX A

DESIGN AND CONSTRUCTION OF FAN INLETS
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g DESIGN AND CONSTRUCTION OF PAN INLETS

F Beveral ducted-fan inlets are used in the present
investigation, A brief description of their design iso
given in the following parts. Eurlier chapters detail

how these inlets were used in the parametric tests,

Flight-Type Inlet, Fo
This inlet is a scaled-down version of the JDT~15 T

jet engine inlet tested at NASA Lewis Research Center.
| The scaling ratio is 1.4 to 1. It coneists of a straight oy
‘ duct on which a blunt edge of constant radius equal to 4
1.52 em was glued. A flange is attached to the other end
to allow easy handling and assembling to the rest of the

facility. The whole assxmbly is made out of pleziglass, %
The inlet is shown schematically in Pigure 73. Also .
\ included on that figure are the various dimensions of the

IIT model and the NASA JDT-15 inlet.

Small Bellmouth-Txpe Inlets, Bh and Bm

These two inlets differ from each other by the type %
of edge. "Bh"™ hasc a sharp edge and "Bm” is a modified
version on which a smooth lip section has been attached.
The common part to both inlets is shaped like a horn spun
out of sheet metal. A flange is secured to one end for
ensy assembly to the rest of the facility.

The smooth 1lip attached to the modified version, Bm,

) consists of a wooden ring machined to a proper profi.e,
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This zing is glued to the bzei of the lip. The joint
between the wood and the uetal was filled with body
filler and sanded smoothk. Schematics of both small
be)lmouth=-type inlets are given in PFigure 74, shc .ing the

various dimensions.

Large Bellmouth-Type Inlet, Co

This inlet consists of three components assembled
together: a large bellmouth, a straight duct and a
contraction. The schematic of all three parts is given
in Figure 75, along with the design specifications, &An
assembly drawing is given in Figure 76.

The bellmouth part was machined out of styrofoam.
Ite profile is a combination of two ellipses, Each of
the ellipses has a major to minor axis ratio of 1.5, The
minor axis of the larger of the two ellipses (outer)
matches the major axies rf the smaller {(inner) one. The
surface of the styrofoam was coated with epoxy resin to
provide a smooth surface and prevent accidental c¢lipping
of the styrofoam. All striations and corrugations were
filled with polyester filler (body f£iller), sanded smooth
and recoated with expoxy. Finally, the bellmouth was
sprayed with matt-black paint to provide a dark
background for the visvalization study. A wooden backing
and studs were glued to the back of the bellmouth to
facilitate its assembly to the rest of the facility.

The center portion of the inlet is a 15 cm diameter
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-+~ 3ht duet with £langes at both ends. It provides
adegquate space for housing various types of flow
manipulatora,

The contraction part was fabricated veing the same
materials and techniques as the large bellmouth., A
fifth~order polynomial profile was chosen based on the
work of Tan-atichat (1960)., To add rigidity to the
assembly, eight equally spaced ribs are secured around
the outer circumference of the contraction, FPlanges and
studs were also glued to both ends. The contraction
gradually reduces the large diameter of the bellmouth to
the standard diameter of the other inlets and the fan
duct.
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APPENDIX B

ADJUSTMENT OF THE VORTEX GENERATOR
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ADJUSTHMENT OF THE VORTEX GENERATOR

The airfoil vortex generator has been used in the
past by several experimenters to produce controlled
longitudinal vortex disturbances. It is always a good
practice to adjust such a device against some reference
conditions before using it., The procsdure is described
in this appendix,

It is necessary to determine the actual reading on
the dial and vernier corresponding to the zero angle of
attack of the airfoils. 1In this exercise, the airfoils
were pitched as a single wing inside the test section,
If the initial nominal setting is truly zerc, the
mean-velocity profile in the wake of the airfoil must be
symmetric. Positioning a hot-wire probe about 25.4 mm
downstream of the airfoils trailing edge, the velocity
profile was mapped. Although the velocity profiles are
not shown here, they suggested that - ametric profile
lies between 2,0 and 2.5 degrees nominal setting., Ahmed
et al., (1976) showed that this method of determining the
zero angle of attack is not sensitive to any angle
changes less than 0.04 degrees. However, further trials
indicated that there was an offset between the dial
readings of the two airfoil parts. Finally, the zero

angles of attack for the top and bottom airfoill were

found to be a reading of 1.8 and 2.2 degrees,

respectively.
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According to Ahmed et al. (1976), the behavior of
the trailing vortex varies with the combination of the

half-angle, a, and the free~stream velocity. In order to

g : establish a satisfactory test condition, i.e., 3A, an
%é x-wire probe vwas placed 1.27 cm downstream of the

;i trailing edge of the airfoil to survay the velocity

‘ profiles for different half-angles, Prior to each
survey, the above-mentioned basic procedure in checking
ki for symmetry was repeated., Once the desired angle vwas
set, two transverse measurements were recorded both at

x/L = 0,24 and x/L = 1,33 inside the straight duct. The .

; attempts for 8 and 12 degrees suggested an intermediate

angle may serve as a good test condition that would

? permit measurement of the half width of the velocity .
f ?
; profiles through the contraction. Hence, a half-ancle, é
o ¢
: %, of 10 degrees was the final choice Ny
3
1 5
3
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|
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Figure 1., Schematic of Ducted-Fan Inlet Configurations
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ORIGINAL PAGE I3
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(b) SIDE VIEW

Figure 4., Schematic of Low~Disturbpance Chamber €1 for
Flow Visualization Pacility
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1
Figure 5. Schematic of Low-Disturbance Chamber €2 for i
Flow Visualization Facility B
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TYPES OF FAN INLET
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(d)SHOOTH EDGE BELLMOUTH

Figure 6. Schematic of Ducted-~Fan Inlet Arrangements

77

“ - e g P Gy S g A Ce e




5

ORIGINAL PAEC

1%

OF POOR QUALITY

CYLINDER J

DIAMETER (cm) l LENGTH (cm)

Cl

L3

90

c2

0.6

c3

5.0

o
i

C4

5.0

35

« C5

5.0

1490

|
=

A

9.0

L 109

|

# USED FOR EXTENSIVE INVESTIGATIONS

Figure 7. Characteristics of Wake-Disturbance Generators
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Figure 67.

Normalized Radial Surveys of Streamwise and Transverse Mean Velocity
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Spherical Wake off Axis
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