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FOREWORD

This report contains the results of a dissertation which was prepared for
the Mechan ical Engineering Department of The Ohio State University . The effort
was performed in the Computer Branch of the Turbine Engine Division of the Air
Force Aero Propulsion Laboratory , Air Force Systems Comand , Wri ght-PattersonAFB , Ohio , under Project 3066, Task 04 , and Work Unit 18. A low speed
atmospheric inl et cascade wind tunnel was constructed to obtain a flow which
has a sinusoidal variation in flow direction. A stationary five-blade cascade
was studied while vary ing flow velocity , osc i l lation frequency and mean ang le
of attack. This effort was conducted by Francis R. Ostdiek during the period
November 1969 to June 1975.

iv

_ _  _ _ _  _ _ _ _  _ _ _ _ _ _ _ _



TABLE OF CON T ENTS

Page
INTRODUCTION 1

Chapter

I. BACKGROUND 4

A. Analytica l Studies 4

B. Experimenta l Work 8

II. PRELIMINARY EXPERIMENTS 13

III. EXPERIMENTAL APPAR ATUS 17

A. Wind Tunnel Spec ifications 17

B. Flow Path 21

C. Oscil lating Inlet 23

D. Inlet Crank Mechanism 23

E. Stationary Casca de 24

F. Exhaust Plenum 26

IV. DATA AC QUISITION 30

A. Overall Method 30

1. Channe l Description
2. Wind Tunnel Tes t
3. Analog to Digital Conversion
4. Data Reduction
5. Data Correlation

B. System Performance 58

v



_ _ _ _ _ _  - -- - ~~ _

TABLE OF CONTENTS (Cont’d)

Page
V. EXPERIMENTAL DATA 60

A. Inlet Flow 61

B. Airfoil Pressure Profiles 64

C. Airfo il Pressure Correlations 72

0. Comparison to W hitehead Theory 73

E. Lift and Moment 74

VI . INTERPRETATION OF RESULTS AND RECOMMENDATIONS 80

VII . CONCLUSIONS 86

LIST OF REFERENCES 88

vi

- - -—-

~

.. -- -- - - - -~~
---- ~~~~—-  -~~~~~~~~~~~ -~~~~——- —---



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

~~~~~~~
— —- -- 

I

LIST OF ILLUSTRATIONS

1. Typical Compressor Flow Angles 93

2. Flat Plate Airfoil 93

3. Fluidic Wind Tunnel Flow Path 94

4. Assembled Fluidic Wind Tunne l 94

5. Fluid ic Tunnel Flow at 00 95

6. Fluidi c Tunnel Flow at 90° 95

7. Fluidi c Tunnel Flow at 1800 96

8. Oscillatory Wind Tunnel Model 96

9. Oscillatory Tunnel Test Set-up 97

10. Oscillatory Tunnel wi th Hot Wire in Place 97

11. One Inc h Chord Vanes 98

12. Two Inch Chord Vanes 98

13. Prelimi nary Vane Test 99

14. Test Cell Fi l ter Wall 99

15. Control Room 100

16. Cascade Nomenclature 100

17. Cascade Flow Schematic 101

18. WInd Tunnel Side Plates 101

19. Oscillatory Inlet 102

20. Partially Assembled Tunnel on Assembly Jig 102

21. Stationary Cascade 103

22. Rear View of Assembled Wind Tunnel 103

vii 

.~~ -—-~ -- .----,-—— -~~~-- - .— - .——~~—- -



_ _ _ _ _ _ _ _ _ _ _ _ _ _  - -

23. Quarter View of Assembled Wind Tunnel 104

24. Top View of Assembled Wi nd Tunnel 104

25. Stanchion 105

26. Assembled Wind Tunnel 105

27. Gear Case 106

28. Biconvex Circular Arc Cascade 106

29. Pressure Surface Machining Operation 107

30. Suction Surface Machining Operation 107

31. Pressure Transducer Clusters 108

32. Transducer Cluster Side View 108

33. Trans ducer Clus ter i n Right Trun ion 109

34. Transducer Cluster in Left Trunion 109

35. Auxiliary Transducer Mounti ng 110

36. Flow Control Valv e Outlet 11 0

37. Flow Control Valve Inlet 111

38. Plenum Muffler Box 111

39. Variable Area Flow Path 112

40. Data Acquisition Block Diagram 113

41. Data Acquisition , Step One and Step Two 114

42. Tape Recordi ng Room 115

43. Data Acquisition , Step Three and Step Four 116

44. Keyboard and Video Display 117

45. DBN Breadboard 117

46. Electronic Low-Pass Filter Design 118

47. Electronic Filter Breadboard 119

48. One Cycle Pressure Data 120

viii

_ _ _ _ _



49. Eight Cycle Average Pressure Data 121

50. Hot Wi re Probe Support 122

51. Clean Hot Wires 122

52. Dirty Hot Wires 123

53. Hot Film Anemometer Output Versus Flow Angle , Channel 1   124

54. Hot Film Anemome ter Output Versus Flow Angle , Channel 2   125

55. Hot Wi re Anemometer Output Versus Flow Angle 126

56. Hot Film Anemometer Output Versus Flow Angle and Reynolds
Numbe r 127

57. Hot Film Anemometer Output Versus Flow Total Temperature  128

58. Hot Wi re Angle Definition 129

59. Hot Wi re Anemometer Output Versus Flow Angle Calibration  130

60. Hot Wire Anemometer Output Versus Mass Flow Calib ration,
Channe l 1 131

61 . Hot Wire Anemometer Output Versus Mass Flow Calib ration ,
Channel 2 132

62. Pressure Data Using 5-Terms of Fourier Series 133

63. Pressure Data Using 10-Terms of Fourier Series 134

64. Pressure Data Using 15-Terms of Fourier Series 135

65. Inlet Velocity History , Run 3730 , 
~~m = 6° , VN = 150 fps,

= 1.43 hz 136

66. Inlet Vel ocity History, Run 3850, = 8°, VN = 150 fps,
= 1.43 hz 137

67. Inlet Velocity History, Run 3970, = 100 , V N = 150 fps ,
= 1.43 hz 138

68. Inlet Velocity History , Run 4060,o( = 12°, VN 
= 150 fps, 

139
69. Inle t Pressure History , Run 7490,o( = 100 , VN = 150 fps ,

= 0.2 hz 140

ix ¶

- - ---4



_

70. Inlet Pressure History , Run 7520, c. .~ = 100 ,
VN 

= 150 fps, 
~ 

= 6.14 hz 141

71. Inlet Pressure History , Run 7570, o< = 10°,
VN 

= 150 fps, 
~ 

= 16.21 hz 142

72. Inlet Pressure History , Run 7020, = 6°,
VN = 150 fps, 

~ 
= 0.2 hz 143

73. Ai rfoil Pressure Port Designation

74. Ai rfoi l Pressure History , Run 7020, O< = 6°,
VN = 150 fps, 

~ 
= 0.2 hz 145

75. Time Increment Pressure Profile , Run 7020, c( = 6°,
= 150 fps, 

~ 
= 0.2 hz 146

76. Normalized Pressure Profile , Run 7020’°~m 
= 6°,

VN 
= 150 fps, 

~ 
= 0.2 hz 147

77. Ai rfoil Pressure History , Run 7100, 0(.m = 60 ,
VN 

= 150 fps, 
~ 

= 16.2 hz 148

78. Time Increment Pressure Profiles , Run 71O0,~~~ = 6°,
= 150 fps , 

~ 
= 16.2 hz 149

79. Normalized Pressure Profiles , Run 7100, o( = 60 ,
VN = l5O fps, ft = 16.2 hz 150

80. Ai rfoi l Pressure History , Run 7110, oç~ = 60 ,
VN 

= 110 fps, 
~ 

= 0.2 hz 151

81. Time Increment Pressure Profiles , Run 7110 , = 6°,
VN = llO fps , ft = O.2 hz 152

82. Normalized Pressure Profiles , Run 7110 , = 60 ,
VN 

= 110 fps , 
~ 

= 0.2 hz 153

83. Ai rfoi l Pressure History , Run 7190, °<m = 6°,
VN 

= 110 fps, 
~ 

= 16.2 liz 154

84. Time Increment Pressure Profil es, Run 7190, 0<m = 60 ,
VN 

= 110 fps, 
~ 

= 16.2 liz 155

85. Normalized Pressure Profiles , Run 7190, = 6°,
VN 

= 110 fps, 
~ 

= 16.2 hz 156

86. Ai rfoi l Pressure History , Run 7220, o<~ 
= 80 ,

VN 
= 150 fps, 

~ 
= 0.2 hz 157

x

~

—- ---- - - -~~~~- -.- - --- ~~~~~~~~~~~ -~~~~~~~ -- --~~~~~~~~~~ —-~~~~~~~ ~~,-,. -.— -~~~~~--- -



-~~~~~~~~ - - -~~~ ----~~~~ -- .~

87. Time Increment Pressure Profiles , Run 7220 , 0< = 8° ,
V N 150 fps , 

~~ 
= 0.2 liz 158

88. Normalized Pressure Profiles , Run 7220, = 8° ,
150 fps , 

~ 
= 0.2 hz 159

89. Ai rfoil Pressure History, Run 7360, °<m = 8°, VN 
= 150 fps,

= 16.2 hz 160

90. Time Increment Pressure Profiles , Run 7360, c( = 8°,
V N 15O fps , ft = l6.2 hz 161

91. Normalized Pressure Profiles , Run 7360, 0Km = 8° ,
VN = 150 fps, 

~~ 
= 16.2 hz 162

92. Airfoi l Pressure History, Run 7370, 0Km = 8°, VN 
= 110 fps, 

163

93. Time Increment Pressure Profiles , Run 7370, = 8°,
VN 110 fps, 

~ 
= 0.2 hz 164

94. Normalized Pressure Profiles, Run 7370, 0Cm = 8°,
VN = llO fps, ft = O.2 hz 165

95. Airfoi l Pressure History , Run 7450, °
~m 

= 8°, VN = 110 fps,
= 16.2 hz 166

96. T ime Increment Pressure Profi les , Run 7450, = 8°,
VN = llO fps , ft = l6.2 hz 167

97. Normalized Pressure Profiles , Run 7450, 8°,
VN 

= 110 fps, 
~ 

= 16.2 hz 168

98. Airfoil Pressure History, Run 7490, °< = 100 , VN = 150 fps,
ft = O.2 hz 169

99. Time Increment Pressure Profil es, Run 7490, 0< = 100 ,
= 150 fps, 

~ 
= 0.2 hz 170

100. Normali zed Pressure Profiles, Run 7490, oç = 10°,
VN = l5O fps, ft = O.2 hz 171

101 . Ai rfoil Pressure History , Run 7570, 0< = 10°,
VN = l5O fps, ft = l6.2 hz 172

102. Time Increment Pressure Profiles, Run 7570, oç
~ 

= 100 ,
= 150 fps, 

~ 
= 16.2 liz 173

103. Normalized Pressure Profiles, Run 7570, = 10°,
VN = 150 fps, 

~ 
= 16.2 hz 174

xl 

- - -. - ,  -~~~~~ . -- - -- . - . -~~~~~~~~ - , - ~~~~~~
-

~~~~~ .~~~~
--- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- -.- - - - - - - - . - - -~~~~~~~~~ ..--- - -~~~~~~~~~~~~~ -- -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~ - - - -~~~~~~~- - - - - - -

104. Ai rfoi l Pressure History , Run 7710, O< m = 100 ,
VN = 110 fps, 

~~ 
= 1.43 hz 175

105. Time Increment Pressure Profiles , Run 7710, ~~
‘ = 10°,

VN = 110 fps, 
~ 

= 1.43 hz 176

106. Normalized Pressure Profiles , Run 7710, ~< = 100 ,
VN 

= 110 fps, 
~ 

= 1.43 nz 177

107. Ai rfoil Pressure History, Run 7780, o< = 10°,
VN = 110 fps , 

~ 
= 16.2 hz 178

108. Time Increment Pressure Profiles , Run 7780, o~ = 10°,
VN 

= 110 fps, 
~ 

= 16.2 hz 179

109. Normalized Pressure Profiles, Run 7780, o<’ = 10°,
VN = 110 fps, 

~ 
= 16.2 hz 180

110. Airfoil Pressure History , Run 7790, o< = 10°,
VN 

= 82 fps, 
~ 

= 0.2 hz 181

111 . Time Increment Pressure Profiles , Run 7790, o~ = 100 ,
VN 

= 82 fps, 
~ 

= 0.2 hz 182

112. Normalized Pressure Profiles, Run 7790, o(
m 

= 100 ,
VN = 82 fps , 

~ 
= 0.2 hz 183

113. Airfoil Pressure History , Run 7920, = 12°,
VN = 150 fps, 

~ 
= 0.2 hz 184

114. Time Increment Pressure Profiles , Run 7920, ~< 
= 12°,

VN 
= 150 fps , 

~ 
= 0.2 hz 185

115 . Normalized Pressure Profiles , Run 7920, o<. = 12°,
= 150 fps, 

~ 
= 0.2 hz 186

116. Airfoil Pressure History , Run 8000, = 120 ,
= 150 fps, 

~ 
= 16.1 liz 187

117. Time Increment Pressure Profiles , Run 8000, I~< = 12°,
VN = 150 fps, 

~ 
= 16.1 hz 188

118. Normalized Pressure Profiles , Run 8000, oçfl 
= 12°,

VN 
= 150 fps , 

~ 
= 16.1 hz 189

119. Airfoi l Pressure History, Run 8100, O<m 
= 12°,

VN = 110 fps, 
~ 

= 0.2 hz 190

120. Time Increment Pressure Profiles , Run 8100, o< = 12° ,
VN 

= 110 fps, 
~ 

= 0.2 hz 191

xii 

-~~~~~~--- --~~~~~ . --- . - - -  - - - - .- - .-~~~~~~~~~~~



—------— -----~ -- - - - .-- - ,. -~ —-——-~~
--.--— -... -.- —— -., --.-

121 . Normalized Pressure Profiles , Run 8100, c( = 12° ,
= 110 fps, 

~ 
= 0.2 hz 192

122. Ai rfoil Pressure History , Run 8180, o(
m 

= 12° ,
VN = llo fps , ft = l6.2 hz 193

123. Time Increment Pressure Profiles , Run 8180, o<~ 
= 12° ,

VN = llO fps, ft l6.2 hz 194

124. Normalized Pressure Profiles , Run 8180, o< = 12°,
= 110 fps , 

~~ 
= 16.2 hz 195

125. Comparison of Steady Pressure Profile to Steady Cascade
Data 196

126. Unsteady Pressure Phase Angle , Variable Velocity ,
c
~< m~~~

6 197

127. Unsteady Pressure Phase Angle , Variable Velocity ,
198

128. Unsteady Pressure Phase Angle , Variable Velocity ,
10° 199

129. Unsteady Pressure Phase Angle, Variable Velocity ,
o<m = 12° 200

130. Unsteady Pressure Phase Angle , Variable Frequency ,
201

131 . Normalized Average Pressure Versus 
~~ 

Group 1 , 0<m = 6° 202

132. Normalized Average Pressure Versus 
~~ 

Group 2, 0<m 
= 6° 203

133. Normalized Average Pressure Versus 
~~ 

Group 3, 0<m 
= 6° 204

134. Normalized Average Pressure Versus 
~~ 

Group 4, °<~m 
= 6° 205

135 . Normali zed Average Pressure Versus 
~~ 

Group 5, = 6° 206

136. Normalized Unsteady Pressure Versus 
~~ 

Group 1, O<m = 6° 207

137. Normali zed Unsteady Pressure Versus 
~~ 

Group 2, c~~ = 60 208

138. Normalized Unsteady Pressure Versus 
~~ 

Group 3, o(~ = 6° 209

139. Normalized Unsteady Pressure Versus 
~~ 

Group 4, 0(m 
= 6° 210

140. Normalized Unsteady Pressure Versus 
~~ 

Group 5, 
% 

= 6° 211

xiii

- . ---

~

- - ~~~~~~~~~~~~~~~~~~~~~



141 . Normalized Average Pressure Versus 
~~ 

Group 1 , O
~ m 

8° 212

142. Normalized Average Pressure Versus 
~~ 

Group 2, o( 8° 213

143. Normalized Average Pressure Versus 
~~ 

Group ~ ‘~<
‘m = 8° 214

144 . Normalized Average Pressure Versus 
~~ 

Group 4 , oç1 = 8° 215

145. Normalized Average Pressure Versus 
~~ 

Group 5, 0<m 
80 216

146. Normalized Unsteady Pressure Versus Group 1 , oç~ = 8° 217

147. Normalized Unsteady Pressure Versus 
~~ 

Group 2 , c.ç~~ = 8° 218

148. Normalized Unsteady Pressure Ve rsus 
~~ 

Group ~ = 8° 219

149. Normalized Unsteady Pressure Versus 
~~ 

Group 4, o<~ = 8° 220

150. Normalized Unsteady Pressure Versus 
~~ 

Group 5, 0Cm 
= 8° 221

151 . Normalized Average Pressure Versus 
~~ 

Group 1 , 0( 100 222

152. Normalized Average Pressure Versus 
~~ 

Group 2, °<m 10° 223

153. Normalized Average Pressure Versus 
~~ 

Group 3, oç
~ 

= 100 224

154. Normalized Average Pressure Versus 
~~ 

Group 4, 0<
~m 

= 10° 225

155. Normalized Average Pressure Versus 
~~~~ 

Group 5, = 100 226

156. Normalized Unsteady Pressure Versus 
~~ 

Group l ,oç
~ 

= 10° 227

157. Normalized Unsteady Pressure Versus 
~~ 

Group 2 ,oç~ = 100 228

158. Normalized Unsteady Pressure Vers us 
~~ 

Group 3,oç~ = 10° 229

159. Normalized Unsteady Pressure Versus 
~~~ 

Group 4 . °ç~ 
= 100 230

160. Normalized Unsteady Pressure Versus 
~~ 

Group 5’°~m 
10° 231

161. Normalized Average Pressure Versus 
~~ 

Group 1 , o( = 12° 232
162. Normalized Average Pressure Versus 

~~ 
Group 2, = 12° 233

163. Normalized Average Pressure Versus 
~~ 

Group ~ = 120 2., ..
164 . Normalized Average Pressure Versus 

~~ 
Group 4 , = 12° 235

165. Normalized Average Pressure Versus 
~~ 

Group 5 , 0< = 12° 236

xiv 

-- - . .



166. Normalized Unsteady Pressure Versus 
~~ 

Group 1 , OC = 12° 237

167. Normalized Unsteady Pressure Versus 
~~ 

Group 2, 0Km 
= 12° 238

168. Normalized Unsteady Pressure Versus 
~~ 

Group 3, 0Km 
= 12° 239

169. Normalized Unsteady Pressure Versus 
~~ 

Group 4, OC m 
= 12° 240

170 . Normalized Unsteady Pressure Versus 
~~ 

Group 5 , o%~ = 12° 241

171 . Comparison of Experimental Data wi th Whitehead Theory . .  242

172. Pressure, Lift , and Moment Hysteresis , Run 7020, 0Cm 
= 6° ,

V N = 150 fps, 
~ 

= 0.2 hz 243

173. Pressure , Lift , and Moment Hysteresis, Run 7220 , O<m 
= 8° ,

V N = 150 fps , 
~~ 

= 0.2 hz 244

174 . Pressure , Lift , and Moment Hysteresis , Run 7490 , 0Cm = 10° ,
V N = 150 f ’s , = 0.2 hz 245

175 . Pressure , Li ft , and Moment Hysteresis , Ru n 7500, 0<m 
= 10° ,

V N = 150 fps , 
~~ 

= 1.42 hz 246

176 . Pressure , Lift , and Moment Hysteresis , Run 7510, 0Cm 
100 ,

V N = 150 fps , 
~~ 

= 4.42 hz 247

177. Pressure, Lift , and Moment Hysteresis , Run 7520 , 0Cm = 100 ,
VN 15O fp5, ft 6.14 hZ 248

178. Press ure , Lift , and Moment Hysteresis , Run 75 30 , ol( = 10° ,
VN = 150 fps , 

~~ 
= 8.08 liz 249

179 . Pressure , Lift , and Moment Hysteresis , Run 7540 , O
~m 

= 10° ,
V N = 150 fps , 

~~ 
= 10.34 hz 250

180. Pressure , Lift , and Moment Hysteresi s, Run 7550 , 0<m = 10°,
V N = 150 fps , 

~~ 
= 12.01 hz 251

181. Pressure, Lift , and Moment Hysteresis, Run 7560, 0Cm 
= 100 ,

VN = 150 fps, 
~ 

= 14.09 hz 252

182. Pressure, Lift , and Moment Hysteresis, Run 7570, 0Cm 
= 100 ,

VN 
= 150 fps, 

~ 
= 16.21 hz 253

183. Time-Average Center of Pressure Versus Angle of Attack   254

184 . Lift Coefficients Versus Reduced Frequency 255

185. Moment Coefficients Versus Reduced Frequency 256

xv 

~~~ --- - -— _ _ _ _ _



_ _ _  ~~~---- ~~~~~~~~~~~~~ -_ _- - ..—~~~~~ -.- , .

LIST OF TABLES

Page
1. Cascade Specifications 18

2. Normalized Unsteady Aerodynamic Coefficients 79



_ _ _  

NOMENCLATURE

A Hot wi re correlation constant

A Hot wire temperature coefficient of resistance
w

an ,k kth Fourier cosine coefficient for Channel n

B Hot wi re correlation constant

b Half-chord

bfl,k kth Fourier sine coefficient for Channe l n

c Chord length

CL Coefficient of Lift

CL Time-average component of CL

CL Unsteady component of CL

CM Coefficient of Moment

Time-average component of CM

CM Unsteady component of CM

CP Center of pressure , fraction of half-chord

xvii

—4



- -- -

tP. Time-average center of pressure

C~, Normalized di fferential pressure

Time-averaged component of

Cl, Unsteady component of

D Diameter

E
~ 

Calculated anemometer output

Ef Anemometer output at

Anemometer output normalized to

Et Anemome ter output

E60 Anemometer output at 60°F

E80 Anemometer output at 80°F

Oscillation frequency, hz

g Gravitational constant

I Inc idence angle , angle between inlet air direction and
tangent to blade mean camber line at leading edge, deg.

k Specific heat ratio

K Hot wi re angle correction factor

x v i i i 



L Aerodynamic li f t  f orce normal to the ai rfoil ch ord
for a one inch span

M Aerodynamic moment about the point of maximum
thickness for a one inch span

MN Mach number

Instantaneous static pressure of nth port

Time-average of

Variation of 
~n 

from

~~n,k 
Differential static pressure using k Fourier terms

Normalized static pressure of port n

Time-averaged of

M)
n,i Normalized APn l

~ref 
Plenum pressure

q Measured velocity head

Q Velocity head, pressure drop across the cascade

R Gas constant

Rf Hot wire resistance at Tf

xix

__________________ — . 
. ..[ -rl: r,— .- - L: ~~~~~~~~~~~~~~~~~~ 

... ...... ....
~
_. . ......



Hot wire resi stance at Tw

r/L Crank radius to length ratio

S Pressure conversi on factor

Tf Fluid temperature during hot wire calibration

Total temperature or reference temperature

Calculated hot wire temperature

Normalized oscillation time

u Turbulent velocity component

U Free stream velocity

U0 Free stream velocity during hot wire calibration

Ue Effective hot wire cooling velocity

Nominal tunnel velocity which would exist at a fixed
pressure ratio if the cascade were removed

V Velocity , ft/sec

Veloc ity normal to the airfoil chord which a change
in inlet direction would i nduce If the cascade were
removed

Vax Ax ial velocity in a turbomach i ne

xx



—-fl 

1
~
Vax Change in axial velocity

x/c Fraction of airfoi l chord

XFUN Amplitude of fundamental of a data channel

a Angle of attack , angle between inlet air direction
and blade chord , deg.

am Mean angle of attack

Air angle , angle between inlet air di rection and
line normal to cascade axis

81 Angle between air direction and Hot Wire 1

Angle between air direction and Hot Wire 2

Blade chord angle , angle between blade chord and
l ine normal to cascade axis

01 Protractor reading when Hot Wire 1 is near
perpendicular to the flow

0ref Protractor reading when hot wire probe is installed
in wi nd tunnel

Oscillati on frequency in radi ans/sec

Reduced frequency, w b/V

xx i



INTRODUCTION

Unsteady flows in turbi ne engine compressors have been receiving

an increasing amount of attention during the past decade. There has

been a continuing demand for higher performance aircraft which undergo

violent maneuvers and this has forced the designer to consider all

types of flows which may exist in a turbine engine compressor and , in

particular , to give a great deal of attention to the unsteady aspects

of the flow throughout the engine . This has resulted in a great deal

of research on all aspects of the problem , both experimental and ana-

lytic, which ranges from considering the whole compressor to detailed

flow mechani sms.

In genera l , the throughflow in an axial compressor is unsteady in

both magnitude and direction . This unsteadiness is caused by rotating

stal l cel ls , stationary distorted pressure profiles at the compressor

inlet face, secondary flow effects at the hub and casing , and blade

wakes of the preceding row. The result is often a variation in both

magnitude and direction of the flow ; however, the unsteadiness in

direction would seem to have a more abrupt effect on performance and ,

thus, research in this area would have a more direct application in

future compressor designs.

Most flows in a compressor are turbulent and in the strictest

sense are unsteady, but the scale of the turbulence is several orders

of magnitude less than the airfoil dimensions . Also , the operating
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point of the compressor varies slowly and in this case the wave length

of the disturbance is much greater than the airfoil dimensions . How-

ever , between these two extremes there is a class of flows with dis-

turbances wave lengths from 0.01 to 5 times the airfoil dimensions

which can have drastic effects on compressor performance.

In the present work the variable flow caused by a distorted total

pressure profile at the inlet face, which has a wave length on the

order of the circumference of the face, will be considered . This vari-

ation in total pressure results in a variable axial velocity into the

compressor. When the constant rotor speed is added vectorially, there

results a relative flow into the rotor which has a variation in magni-

tude and a variation in flow direction . This is shown in Figure 1

where the axial velocity , Vax, corresponds to the minimum total pres-

sure on the compressor face and then AVax 1s a result of a positive

increment in total pressure and the resulting angle chance is ~8. It

can be shown that for typical aircraft operational requirements , the

total pressure distortion is bounded by

~T,Max - 
~T,Min0< P Avg < 0.40

Depending on the average inlet axial velocity and blade angles , the

flow direction can change as much as 10—15° from the average, and the

magnitude can change by +20%. These are extreme cases which would cer-

tainly lead to flow separation and should not be considered in an

initial investigation . However, it does indicate that the problem is

not In the range of small perturbations . Although the problem of a 

- . -~
,..
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stationary total pressure distortion pattern has been used to illus-

trate flow wi th a variable direction in a rotor, a rotati ng stall cell

could be considered to create much the same problem in a stator row.

Indeed , the rotor wakes of a large diameter fan could be included in

this type of flow .

In a basic research program , it is desirable to consider the

effects of variable magnitude and variable direction separately to

quantitatively assess their effects on airfoil performance. Therefore,

this experimental research was directed towards obtaining pressure di s-

tributions and pressure histories on one airfoil of a stationary cas-

cade which had an oncoming flow of oscillating direction but nearly

constant amplitude . Then the pressure fluctuations could be attributed

to a directional change only. The oncoming flow has unsteady compo-

nents embedded in it and the assumption of two-dimensiona l flow is made

so that a staggered cascade of airfoils can be used to represent a row

of compressor blades that h~s been unwrapped .

. - -
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CHAPTER I. BACKGROUND

In this chapter , some of the past work on unsteady flow will be

reviewed to show its relevance to the present experimental investiga-

tion which involves a turbulent stream of sinusoidally varying direc-

tion through a stationary cascade . The literature abounds with unsteady

laminar work and while it may give us clues as to the proper investi ga-

tive direction , it will not be reviewed here.

A. Analytica l Studies

Unsteady airfoil flows have been the subject of a considerable

amount of analytical work starting from a paper by von Karman and Sears

(1938) who used the theory of thin airfoils in two—dimensional flow to

analyze the non—uniform motion of an airfoil. This work assumes small

motions and a lightly loaded airfoi l so that the oncoming flow , the

airfoil which is represented by a vorticity distribution , and the air-

foil wake all lie on the X-axis . Generalized expressions for the lift

and moment on the airfoil were obtained for translatory and rotational

oscillation of the airfoil. Sears (1940) later extended th is wor k , and

using the same basic linearized theory, analyzed the unsteady lift gen-

erated on an isolated airfoil moving through an upstream disturbance .

The flows were assun~ed to be steady potential flows wi th a transverse

gust superimposed on the mean flow. Kemp and Sears (1953) used this

first-order theory of small fluctuations to study the aerodynamic

4 
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interference between a stator and a rotor in a turbomachine. The study

was limited to cascades of blades wherein the effects of the unsteady

parts of the circulation of other blades was neglected while the steady—

state parts were retained . The blades were modeled as lightly loaded

thin airfoils in an incompressible inviscid flui d. Later , Kemp and

Sears (1955) added the effects of a viscous wake which was modeled as

an invisc id shear flow but the presence of vorticity in the oncomin g

f low was neglected .

Horlock (1968) added a chordwise gust to the Sears theory and

thus was able to consider gusts with components paral lel and perpendic-

ular to the undisturbed flow . He obtained an estimate of the unsteady

flow effects of th i s type of flow on a rotor bla de . Henderson and

Hor l ock (1972) continued this approach for airfoils in a cascade in an

inviscid flow and made provisions for the nearby blades . This study

was done for a cascade where the blade spacing was small compared to

the wavelength of the disturbance . Highly cambered blades were used

but the lift coefficient was kept low by choosing a low pitch—chord

ratio . The flow was assumed to be inviscid , and incompressible and the

equations of continuit y and momentum were averaged across the p itch.

Henderson and Daneshyar (1972) used unsteady thin airfoil

theory to analyze the fluctuating lift of a rigid cascade of airfoils.

They replaced the reference blade by a continuous vorticity distribution

and the neighboring blades by concentrated vortices. Inviscid incom-

pressible flow wi th small disturbances was assumed . Osborne (1973a )

(1973b) provides an extension to the previous work on thin airfoils.

-- . — _ - -.-- -
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His work is restricted to subsonic flow , low reduced frequency, and

small perturbations with the resulting restrictions. A subsequent note

by Kemp (1973) provides some closed form expressions for lift and moment

for Osborne ’s theory.

Fleeter (1973) used the th in—airfoi’ assumpt ions to conside r

small unsteady compressible perturbations on a basic uniform two—dimen-

siona l compressible flow. His results agreed with potential flow

results for both isolated airfoils and cascaded airfoils in incompress-

ible flow.

Graham (1970) used similarity rules to analyze a thin two—

dimensional wing at subsonic speeds which encountered gusts at an angle

to the leading edge . This is a linear analysis in which airfoil thick-

ness , incidence , camber and gust velocities are all assumed small.

Graham observes that the validity of linearization is vital to the

analysis of turbulent flows , since without it , Fourier analysis cannot

be used and the problem becomes intractable. This observation is par-

ticularly applicable to cascade flows with a large incidence and turning

angle since the mean flow , the airfoil , and the vortex sheet which is

shed from the trailing edge no longer lie close to one axis. In addi-

tion , if a flow has a variable direction it must have some vorticity in

the stream which impinges on the cascade . This effect has been neglect-

ed in the linearized thin airfoil approach.

Schorr and Reddy (1971) analyzed a cascade with a basic steady

state flow over which unsteady normal velocity fluctuations were super-

imposed . An incompressible inviscid flow is assumed with a thin airfoil 

. . -- - - _ - -. -- .—. - S - -.- - ._-- .S - . ---.--—- -- 5 -~~~~~
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and only small f low d is turba nces are all owed so that line a r izat ion

becomes valid. They make the point that unsteady flow, due to a cascade

of airfoils oscillating about some pivot point in an otherwise unifo rm

flow , is not the same case as the flow through a rigid set of airfoils

when the upstream flow contains unsteady disturbances . The former is

important in fl utter work while the latter more nearly describes flows

in turbomachinery . In either case, the problem can be linearized if the

analysis is restricted to small perturbations , thin ai rfoils , and small

camber and incidence.

Whitehead (1960) considered the incompressibl e inviscid case

of flat plate cascades wi th small ampl i tudes of vibration . The blades

and the wakes were regarded as vortex sheets and in one of the cases

considered , the blades were operating in the wakes of some kind of

periodic obstruction similar to a compressor blade row. In further

work , Whitehead (l974a ) uses the unsteady veloci ty potential and con-

siders vorticity in the flow . This line of analysis has led to computer

calculations of the flow field and some results of this analysis have

been provided (Whitehead l974b) for use in the present program and will

be presented later.

There are some analyses presented in the past several years

which use turbulent flow as the point of de~irture. McDonald and

Shamroth (1971) did an ana lytical investigati~n of the time—dependent

integral turbulent boundary layer equations of mean motion. Their solu-

tion i nvolved choosing a velocity profile family, a veloc i ty-temperature

relati onship, and a model for turbulen t shear stress. The model is

- - - - - --~~~~ - , --~~~~~-—S-- ..—.5 -- ,-.- - ..- . . 
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presently restricted to small disturbances and is used to investigate

some shock wave-boundary l ayer interactions.

Rannie (1974) used one-dimensional flow in a duct and the

linearized equations of motion to consider upstream disturbances sinus-

oidal in time . He obtained solutions of acoustic-type waves moving

upstream and downstream at a speed which is not necessarily sonic. The

interaction of the compressor can thus change the oncomi ng disturbed

flow. Consideration is being given to extending the analysis to two-

dimensions .

B. Experimental Work

There has been very little experimental work that is even

similar to the present experiment. Some experimental work has been

done on flat plates with impulsive starts or oscillating motions paral-

lel to the direction of a steady flow stream . This will certainly

cause a marked change in the boundary layer but it does not simulate a

variable direction. In addition , there has been a considerable amount

of work using airfoils which oscillate in pitch in a steady stream.

This work is certainly appli cable to helicopter rotors and flutter, but

it is not the fluid flow case of an oncoming stream which has a variable

flow direction and is not generally applicable to compressor flows .

Consider the flow schematic in Figure 2 of a flow of mean

velocity U and angle a directed on a flat plate . If the flow direction ,

a, varies , the pressure at any point P in the upper boundary layer will

also vary . If the flow at the point is accelerated because of the angle

variation , the accelerations would be neither in the same direction ,

~ 

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~
. .



— 5, -  - - -~~~~~~~ -- — - - S -_ ~~~~-----— _ _ _ _ _

9

nor of the same magnitude as the case where the airfoil is oscillated

in pitch . In add i t ion , an airfoil oscillating in pitch may be doing

work on the fluid while a stationary airfoil cannot do work. Therefore,

the energy level of the fluid particles in the boundary l ayer would be

different for the two cases and both the separation point and the pres-

sure profile will be affected. Consequently, an airfoi l oscillating in

pitch does not simulate a flow of variable direction .

Connuerford and Carta (1974) simulated an unsteady direction on

a single airfoil by generating a Karman vortex street from a transverse

cylinder mounted upstream and below an airfoil. A three—inch chord ,

5°~ thick , symetrical double circular arc airfoil was selected and five

pressure transducers connected to each surface. The tests were conduct-

ed at a Mach number of 0.25 and the cylinder diameter was chosen to give

a disturbance wavelength of one chord . The flow field thus created has

a vertical velocity component which varies in both directions , requiring

a little care in airfoil positioning to obtain the proper magnitude of

the fluctuation at the airfoil. However, this would not be a serious

drawback unless a cascade of airfoils were used in which case the veloc-

ity direction would vary from blade to blade . The results showed that

the amp li tude of the pressure fluctuation exceeded the theoretical pre-

diction of Sears and had a chordwise variation in phase angle which was

not predicted by the Sears theory. The phase angle decreases from the

leading edge to mid-chord and then increases to the trailing edge. It

must be remembered that this test was for an isolated airfoil at a
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reduced frequency of 3.9, but a comparison can be made wi th the present

data and will be done below .

An unsteady flow wind tunnel was descri bed by Horl ock (1974)

in which the tunnel test section has flexible side walls. These wall s

are constrained to form traveling sine waves by a system of cams and

springs. The wavy walls can travel in phase to produce a transverse

(Sears) gust or out of phase to produce a strean~ ise (Horlock) gust.

The sine waves must be made to travel at a speed different from the air

flow or there is no flow variation at all. This means that unsteady

flow disturbances convected at free stream velocity cannot be simulated

in this tunnel . Holmes (1973) reported on an experiment in the Horl ock

tunnel with pressure taps on both surfaces of an isolated airfoil and

found good agreement with Kemp (1952) at zero incidence to a transverse

gust , but also found the airfoil to be subject to separation at inc i-

dence to a streamwise gust so that thin airfoil theory could not be

applied .

Satyanarayana , Henderson and Gostelow (1974) reported on addi-

tiona l experiments in the Horlock tunnel on a cascade of airfoils for

reduced frequencies less than 0.1 based on free stream velocity. These

tests were run for a transverse non-convected gust wi th various solidi-

ties . They found that the unsteady pressure was sinusoidal near the

leading edge but departed completel y from that as the trailing edge was

approached . They also found that separation always occurred on the

instantaneous suction surface but that the airfoil pressure profiles

were smooth at all times . In addition , there was a phase lag between

- -5---- 
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the lift and the gust velocity . Their pressure measurements indicate

that the pressure difference across the trailing edge remained zero

throughout the cycle , but that the pressure level itself may fluctuate.

Some of these results are not in agreement with the results in the

present test and will be discussed later.

There are several research programs underway at the present

which feature an instrumented rotor blade in a rotating rig wi th some

sort of disturbance mechanism at the inlet. Henderson and Bruce (1974)

describe a facility designed to obtain response of rotor blade elements

in incompressible unsteady flow . The unsteady flow is produced by

segmented screens in front of the inlet which has been shown to produce

a nearly sinusoidal axial velocity profile at reduced frequencies from

0.27 to 4.11. A midspan segment of one rotor blade is mounted to ob-

tain direct readings of lift and moment. Prel imina ry data was found to

have some agreement with the Sears and Henderson-Daneshyar models.

O’Brien and Moses (1974) have placed miniature pressure trans-

ducers on the blades of a low speed single—st age axial -fl ow rotor. The

research compressor is equipped with distortion -inducing screens imedi-

ately in front of the rotor, and with the help of hot wi re anemometers

downstream of the rotor, they intend to study pressure fluctuations and

other changes during rotating stall .

In a similar fashion , Peacock (1974) describes a lightly load-

ed single stage compressor which has 1.90 inch chord rotor blades in-

strumented at midspan to yield dynamic pressure measurements . Distor-

tion screens of 90° segmental area are positioned at the Inlet and he
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found that  the magni tude and shape of the generated distortion was

highly dependent , not only on the screen pos ition but also upon the

operational point on the compressor characteristic map. The non—l inear

response of the compressor bl ades , due to the distortion pattern , pro-

duced a disturbance propagating upstream which chancied the distortion

pattern . This supports Rannie ’s analytical approach to the problem .

Peacock found that the plots of normal force versus incidence angle

could have several peaks. The primary peak always occurred at the same

spot but the secondary dip always seems to occur in the region

imediately downstream of the trailing edge of the gauze . Both the

primary and tertiary peaks could be made to disappear by choosing a

short enough screen segment. It is recognized that the upstream

vorticity may have a profound effect on airfoil performance.

--5- -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ - 
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CHAPTER II. PRELIMINARY EXPERIMENTS

In prelimi nary studies , severa l small models of candidate wi nd

tunnel designs were built and tested . The first schemes involved jets

intersecting in a test section wi th one or more of the jets having a

pulsa ting flow . These schemes were discarded because the flow di rec-

tion across the test section was not constant at any instant and because

of the high mixing turbulence .

The third candidate was patterned after a bi-stable fluidic ampl i-

fier and is shown in Figure 3 with part of the upper cover removed .

Air was drawn in through a two—dimensional nozzle into a 1 1/2 by 1 1/2

inch throat. The flow was swi tched to either side of the centerbody by

alternately blocking each leg of the tunnel. Blockage was performed by

pulsing an array of high pressure jets in the upstream direction. These

jets were made by drilling small holes in the one-fourth inch copper

tube placed across the leg . The assembled tunnel is shown in Figure 4

wi th a plate glass cover over the test section . Sewing needles were

hamered into the floor of the tunnel and small pieces of silk thread

were attached . A series of photographs was taken to show one complete

cycle and three of them are shown in Figures 5, 6 and 7 at 900 intervals

in the cycle. This device gave directional variations up to the design

angle of +40°. The general flow angle pattern indicated by the threads

was supported by a potential mapping using conductive paper. The

13
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tempora l variation in flow angle was not sinusoidal but tended to

switch rapidly. Therefore, this device was discarded .

The fourth wind tunnel model that was built differed significantly

from the previous three because it did not depend on fluid mixing or

jet interaction wi th the consequent nonuniformities . In this case, the

location of the fluid source relative to a fixed test section was varied

by oscillating the whole wind tunnel. An oscillating inlet was simulat-

ed with a small metal box shown in Figure 8. It has a connection for

high pressure air at one end and a two—dimensional 1 x 6 inch nozzle at

the other end . The flow is straightened wi th soda straws and the whole

mechanism was oscillated using an electric motor and crank with the

axis of rotation at the middle of the throat of the convergent section .

Oscillation was in a plane transverse to the flow contraction. The

assembled tunnel is shown in Figure 9 wi th the crank at the lower left.

The metal housing and plexiglas structure at the right forms a rotatable

table for a hot wire probe. An end view of the tunnel in Figure 10

shows the hot wi re in position during test. The test results gave the

design directional variation of 240 and was smooth and continuous at

1 .4 hz. A lso, the magnitude of the velocity was constant within +1%.

Since this performance met the original goals , this concept was adopted .

However, it was felt that an atmospheric inlet in the full size tunnel

would give better flow quality and would be an easier design problem .

Also , guide vanes would be utilized rather than flow straighteners and

would be located in the two-dimensional nozzle to minimize the moment

of inertia.

_ _  --~~~~~~~~~~~~~~~~~~~~~~ -
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Since the guide vanes would create wakes , a short investigation

was conduct ed to determine the required area contraction ratio down-

stream of the vanes for smooth flow in the test section . An inviscid

calculation for two streamtubes of different initial velocities , but

the same static pressure which go through the same static pressure

ratio , can be used to simulate the flow in the vane wake compared to

the main flow. Then , the steady Bernoulli equation gives

2 2W2 W1 P1 P2
2 — 2 — 

~l 
-

and

2 2V 2 V 1 p1 p2

where W is the mainstream velocity and V is the velocity behind the vane

and stations 1 and 2 are imediately behind the vane and after an area

contraction respectively. Now , if we assume ~~~~
- = 0.1 so that the (~J-.)2

disappears , and using the continuity equation , we obtain:

rj ,A 2~ ,l/2- 

~
i-i I

This velocity ratio is greater than 0.9 for any area ratio greater than

2.29 and this approach does not include entrainment or turbulent mixing

effects. In addition , the trailing edges of the vanes can be beveled

and further smooth the final velocity profile. To support these

— —5- --5— 
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conclusions , model tests of the proposed guide vanes were performed.

Three 120° arc vanes were stacked 0.375 inch apart in the contracting

part of the two-dimensional inlet of wind tunnel Model No. 3. A hot

wire anemometer was used to traverse the test section to determine if

the individual blade wakes could still be observed after flow contrac-

tion . Individua l tests were performed for vane widths of one and two

inches as shown in Figures 11 and 12. Severa l sets of vanes were

fabricated so that the radius of curvature of these curved vanes could

be vari ed from one to eight inches . This corresponds to a flow area

contraction , based on the vane exit area , of 1.4 to 11.1 . Figure 13

shows the tunnel with its top plate and hot wire anemometer in position.

The test results show that the vane wakes could not be found in

the test section except for the vane with the smalles t inside radius

(one inch). Even then , the wake was characterized by increased turbu-

lence rather than a velocity defect. Therefore, one of the design

guidelines for the full size wind tunnel was to use an inlet which had

a flow area contraction greater than 2. 

- —5~~~~~~~~~~~ -



_ _ _ _ _ _ _ _  
_ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘~~~~~~~~~~5-”

CHAPTER I I I .  EXPERIMENTAL APPARA TUS

An unsteady flow wind tunnel was designed and constructed at the

A ir Force Aero-Propulsion Laboratory at Wright-Patterson Air Force Base,

Ohio, for the tests performed for this dissertation . Almost two years

were spent in its design and construction and another six months in

system shakedown . This tunnel can now be used to test a variety of air-

foils in unsteady flow. The test complex was constructed in the base-

ment of the Laboratory and the wind tunnel was housed in a closed room

adjacent to the control room and was an atmospheric in-draft tunnel .

Therefore , the wall of the test cell opposite the tunnel was used to

hold a bank of air filters and is shown in Figure 14. The control room

and some of the instrumentation are shown in Figure 15.

A. Wind Tunnel Specifications

This wind tunnel was built to simulate a typical variable flow

direction that may be seen in the compressor of a turbine engine .

Therefore , the operating parameters were chosen wi th this in mi nd . Each

parameter was fixed by a variety of considerations , some of which will

be discussed here. As in any design process, it was often necessary to

change part of the specification due to mechanical considerations . In

thes e cases , the change was a ways made wi th the aforementioned objec-

tive in mind . The wind tunnel specifications for this series of tests

are given in Table I.

17
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TABLE I

WIND TUNNEL SP ECIFIC ATI ONS

Tes t Sect ion 3” x 10”

Cascade Ang le , B 30°

Number of Blades 5

Chord Length 2.81”

Blade Spacing 2.3”

A i r f o i l  Doub le Cir cu l ar  Arc ,

10% Thickn ess ,

12° Turning

Velocity Range 82 — 150 fps

Mean A ngle of Attac k 6 - 14°

Delta Angle of Attack +5 3/4° Nomina l

Oscill ation Frequency 0 — 16 hz

Reduced Frequency o - .15

Reynolds Number 1.2 - 2.2 x 10~

-- -~~~~~~~~~~~~ - - ‘-5 5 - —



~ 5 - ’ 5 -_ 5- 5- ’ ’~

19

The test section was kept as small as possible to reduce

dynamic forces wi thout seriously compromising aerodynamic performance .

A blade chord length of approximately three inches is desirable to ease

the static port machining problem and to negate machining inaccuracies

and small scale flow irregularities . A solidity of 1.25 is in the

range of compressor design practice and this fixed the blade spacing

at 2.3 inches . The minimum number of airfoils that can be considered

for a cascade to obtain good periodicity is five and was chosen for

this test. This is a compromi se that could be made in a first experi-

ment because the aerodynamic results would be compared on a steady to

unsteady basis to obtain relative changes in the same wind tunnel . A

larger number of blades obviously increases the dynami c forces during

operation and was , therefore, avoided . A cascade with more airfoils

can be considered for future designs . The cascade angle and turning

angle of the airfoils were both chosen at minimum va l ues to ease design

of the flow path . The airfoil shape was chosen to be a double circular

arc so that it could be manufactured in—house wi th consequent closer

engineering control on surface finish , static hole location and finish ,

and overall dimensional accuracy , and to minimize manufacturing lead

times . Al so, one of the objectives of thi s first series of tests was

to demonstrate the capabilities of this wi nd tunnel and , thus , need not

be directed towards a parti cular cumpressor application . A similar

airfoil was tested by Coninerford and Carta (1974) and will be used as a

compar ison.

The velocity Is low for several reasons . First of all, the

L - - - - - --~~~~- ‘
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objective was to study unsteady flow and this could be done most easily

by keeping the flow in the incompressible range. Secondly, one of the

correlation parameters for unsteady flow work is reduced frequency,

wb/V . The range of this parameter can be increased by reducing the ve-

locity . On the other hand , at 82 fps, the dynamic head is only 0.0542

psid or 1.5 inches of water. The pressure variations on the airfoil

were expected to be much less than that so the velocity could not be

al lowed to go lower without serious measurement problems.

In addition , the velocity could not be allowed to go much lower

without encountering a non—linearity in the cascade total pressure loss.

This loss (Johnsen and Bullock 1965) is relatively constant for large

blade-chord Reynolds numbers but increases rapidly when the Reynolds

number is less than l0~. The loss , expressed as a fraction of the free-

stream velocity head , for a double circular arc cascade varies from .042

at Re = 1.18 x lO~ to .032 at Re = 2.16 x lOs. These Reynolds numbers

correspond to freestream flow velocities of 110 and 150 fps respectively

and are the endpoints of the data presented in this report. This

represents a test to test change in loss for this cascade of 1%. The

change in loss was subsequently determined from the test data to be

1.6% for the test program velocity range.

The mean angle of attack of 6-14° is large enough to obtain a

performance variation versus angle of attack. When the cyclic variation

of 5.75° is added , the total operating range for the airfoil was 0.25°-

19.75°. This corresponds to an incidence range of —5.25° to +13.75°.

. 5-  ~~ .-- - - - —- ~~~~~~~~~ - --‘ - - — — -5--- --- -~~~~~~
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The osc i l latory change in ang le of attac k, +5.75°, was chosen to simu-
late the variation in flow angle that would be seen in a compressor

bl ade row as the resu lt of a pressure defec t (~P1/P1 = 0.15) that could

easily occur during normal flig ht operations. A range of this parameter

can be chosen for future tests.

The oscillation frequency was chosen so that a range of reduced

frequency could be attained in which other research, e.g., Carta (1967)

has shown the uns teadi ness to have an aerodynamic effect.
B. Flow Path

The casca de flow ang les use d in these tes ts are shown in

Figure 16 and a flow schematic of the complete cascade is shown in

Figure 17. A five-bladed cascade is held between two circular side

plates, all of which is stationary during the test. The cascade inlet ,

whi ch inc ludes c i rcular inle t gu ide vanes , a contracting fl ow path , and

suitable support structures, is mounted on large bearings concentric

wi th the tunnel side plates and is forced to oscillate sinusoidally

about an axis transverse to the cascade axis and through the center air-

foil by a motor-driven crank. The inlet guide vanes guide the flow

alon g the ins tantaneous in let ax is and thus achieve a var iable flow

direction . Area contraction occurs downstream of the guide vanes in a

p lane perpen di cular to the osc i l lat ion plane in or der to maintain the

desired flow direction . Each of the airfoils Is mounted on a pair of

small end plates recessed Into the circular side plates so that the

blades can be set at any blade—chord angle, y, between 4 and 24°. Thus,

a fixed mean angle of attack, api, can be chosen for any test between

_ _ _ __ _ _ _  - - - - - -~~~~~~~--~~~~~~~~ - - ~~~~~
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26 and 6°. The variation in angle of attack, +5.75°, is fixed by the

crank mechanism but can be changed for future tests. Figure 18 shows

the cascade side plates wi th two of the airfoil end plates and mating

clamps in position . The traversing mechanism shown at the left will be

used during future test sequences to measure the velocity profile both

upstream and downstream of the cascade.

The oscillatory inlet is shown in Figure 19. This picture was

taken while determining the center of gravity of the inlet . The two

circular openings form housings for the inlet support bearings and also

allow insertion and removal of the cascade. The cascade and the inlet

are supported on two trunions. These are eight inch diameter cylinders

which serve two functions. The cascade side plates are clamped across

the inboard ends of the cylinders to form the flow channel and the

outside diameter is used as a bearing seat for the inlet support bear-

ings . Figure 20 shows the partially assembled wind tunnel in an assem-

bly jig. The airfoils and one cascade side plate are moun ted on a

trunion which is Inserted into the inlet opening. The other trunion is

ready for insertion in the near side. Figure 21 is a close—up of the

cascade with the pressure ports visible on the center airfoil. Figure

22 is a rear view of the assembled wind tunnel on the assembly jig and

Figure 23 gives a quarter view . The convergent part of the inlet can

be seen In the top view in FIgure 24.

Thi s wind tunnel has an atmosp her ic inle t and wi l l  exhaust

into a large settling chamber or plenum . This chamber is a 41 inch

1.0. pipe , nine feet l ong , and one end is shown in Figure 25 with the

_ _  - - - ‘ -
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wind tunnel support stanchion positioned in front of it. The trunions

are c lamped onto the stanchion in the two saddles. The assembled wind

tunnel is shown in Figure 26.

C. Oscillating Inlet

The inlet is a welded and bolted aluminum structure designed to

guide the flow along an instantaneous f low path and to be strong enough

to withstand stresses caused by high accelerations . The 26 guide vanes

are 150° circular arc segments and are 0.091 inches thick , 2 inches

wide, and spaced 0.380 inches apart. The trailing edges are sharp and

the vanes have an outer radius of 5.15 inches. This makes the area con-

traction ratio (guide vanes to the test section) equal to 4.50 and 2.75

when based on the guide vane inlet and exit areas respectively. The

,3uide vanes along with the plates which form the convergent section are

welded together. The inlet also contains two plates in line with the

cascade and at either end which are adjustable. The inlet is carefully

aligned with the cascade side plates during assembly to make a smooth

and continuous flow path.

0. Inlet Crank Mechanism

The gear case below the inlet shown in Figure 27 houses an

eccentric drive cam connected to the inlet by a 20 inch floating crank

rod . The osc i l l a ting inlet represen ted a lar ge unbalance d force so

two sets of counter—rotating steel discs were housed In the gearbox.

They were driven by the timing belt shown in Figure 26 and flats were

machined on them to balance the Inlet. In addition , they served as

flywheels to maintain the rotating speed constant within +1/2%. The
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electric motor is an additional flywheel and hel ped maintain close

speed tolerance .

The cranking mechanism was designed with an L/r value of

25.73. This gives a variation from sinusoidal motion of less than

3/4%. Thus , the inlet angular oscillation is quite close to being

sinusoidal. Power was obtained from a 7 1/2 horsepower Reliance

variable speed DC motor shown at the left in Figure 25. It drives

the main crank through another timing belt.

During early testing , the pressure transducers showed a 34

cyc le carrier wave on their output. The amplitude seemed to increase

from week to week. This was traced to a combination of 40 teeth in

the timi ng belt pulleys and 28 rollers in the main bearing and the

problem was completely solved by frequent application of heavy duty

machinery grease to the main bearing .

E. Stationary Cascade

The cascade has five airfoils and a close-up during assembly

is shown in Figure 28. The center airfoil has ten pressure ports on

each surface spaced at intervals of one-fourth inch along the chord

line. They are arranged syninetrically about the point of maximum thick-

ness which puts a port 0.240 inches from the leading edge. The ports

on each surface were placed on four different span positions located

0.75 and 1.00 inches from each cascade side plate. This can be seen

most clearly in Figure 21 , and was done to avoid downstream interfer-

ence effects from hole to hole, including fluid injection from the

transmission line . Using this arrangement, the closest axial hole

spacing is one inch.
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Since the data of primary interest in this program was to be

the airfoil static pressures, the ports were given special attention.

Willmarth (1971) says that,

“At best, very little is known about the errors in
unsteady pressure measurement that are caused by the
connection of the transducer to a static hole in a
plane surface when there is a fluid flowing over the
surface. ”

This description matches the requirements in the present test. The

error is determined by the hole depth , size, edge shape, burrs , and

dirt. The hole size of 0.063 inch was chosen high enough to give an

acceptable frequency response even though the error may be as much as

0.009 Q according to Garlin and Slizinger (1964). The results of

Livesey , Jackson and Southern (1962), who used a similarity approach ,

showed that the error due to the depth and diameter for the present

test conditions is less than 0.010 Q. The burrs and edge shape were

taken care of by using a method similar to that of Franklin and Wallace

(1970). The static holes were drilled and reamed in the airfoil billet

prior to machining the surfaces and were pl ugged with hard brass rod

using a push fit. The airfoil surfaces were then machined and the plugs

were removed by hydraulic back-pressure. Subsequent inspection showed

the edge radius to be less than 10% of the hole diameter.

The airfoil surfaces were machined by clamping the billets

between two face plates and using a grinding attachment on a lathe .

These operations are shown in Figures 29 and 30. The leading edge

radius was 0.025 inch and the trailing edge was sharp .

The cascade axis was set vertical during assembly by using pins

in two leveling holes In the cascade side plates and can be seen in

- 5—’ - ---5-- .’—— .~~~~~~~~~~~~~ 5 - -5.- - - - --5
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Figure 28 spaced three inches fore and aft of the cascade axis and

slightly above the center airfoil. These pins were also used to define

a reference plane to optically set the hot wire probe protractor.

The differential airfoil pressure transducers were mounted in

two clusters external to the flow path on the outboard side of the cas-

cade side plates . The clusters are shown in Figures 31 and 32 with the

wiring harness and reference pressure tubes attached . The transducers

are sandwi ched between stainless steel plates which are fixed solidly

to the center airfoil clamping ring . Thus , the whole assembly rotates

when the airfoil blade-chord angle is changed between tests. In addi-

tion , this arrangement puts the transducer diaphragms in a plane paral-

lel to the plane of crank motion . The transducers are shown in position

inside the trunions in Fi gures 33 and 34. During some of the tests,

tunnel wall static pressures were recorded and these transducers were

clamped to the top of the cluster as shown in Figure 35.

F. Exhaust Plenum

The wind tunnel was mounted on a stanchion which was bol ted

securely to the floor and positioned in front of an exhaust plenum .

This plenum was a 41 inch I.D. pipe , 9 feet long and was connected to

the building exhaust system at the rear of the tank. A sonic flow

control valve was also located at the rear of the tank and cons isted

of a 3 1/2 inch diameter hole in the plenum end wall with an aluminum

cone used as the valve pintle. The cone was powered with an electric

aircraft flap actuator. During the first airflow tests, the noise

produced was extremely loud throughout the building and the flow 
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control valve wi th its shock wave was blamed . A muffler was designed

and built according to Lyon and Shahady (1974) that would be a tortuous

path for the acoustic noise but would not be a serious pressure drop.

A 12 inch steel pipe , 14 inches long , was welded onto the plenum end

plate around the va lve hole on the outlet side and is shown in Figure

36. The annulus thus formed with the exhaust pipe was packed with

polyurethane foam. Thus, most of the acoustic noise on the outlet side

was reflected at least once before transmission through the exhaust

pipe wall. Similarly, a 10 inch diameter by 20 inch long aluminum pipe

wi th 3/8 inch walls was placed over the inlet side of the valve and is

shown in Figure 37, mounted on the plenum end wall. This pipe protrud-

ed into a welded aluminum box placed inside the exhaust plenum and

shown in Figure 38. Polyurethane foam was cemented to the outside of

the pipe , inside of the box , and exhaust plenum end plate . The largest

flow velocity on the inlet side was approximately 95 fps. After

installation of this system, the noise on the inlet side was almost

inaudible. Outside of the test cell and downstream of the exhaust

plenum, the va l ve-generated noise could still be heard but was not a

hazard.

During 1974 a considerable amount of data was taken which

covered the full range of operation of the wind tunnel and one progress

report was given (Os tdiek 1974). During early 1975, it was determined

that the pressure in the exhaust plenum varied during tests in close

to a sinusoidal fashion and was in phase with the inlet . The pressure

was a maximum at maximum angle of attack and the ampl itude of the

. - .  .. - - . -- -
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variation was between 2 and 10% of the dynamic head , depending on the

cascade mean angle of attack , 
~M’ 

and on the oscillation frequency. At

1.4 hz, the amplitude was 10% at cz.~ = 6° and decreased progressively to

4% at = 14°. At all blade settings the amplitude decreased wi th

increasing frequency so that at f = 12 hz the amp litude was only 50%

of the above values . Thi s pressure var iation was observed at the

front face of the plenum and at several axial stations wi th no large

change . Since the plenum had a sonic valve at the outlet , the flow

rate into the plenum had to be varying. It should be emphasized that

althoug h the amplitude of the pressure variation was 10% of the dynamic

head and could , therefore, have a large effect on the airfoi l pressure

measurements , the absolute flow variation into the plenum was quite

small. The maximum amplitude was 0.5 inches of water and since the

flow through the sonic va l ve is proportional to the stagnation pres-

sure , the absolute flow variation through the wi nd tunnel , assuming

leakage is constant , is always less than +0.3%.

The flow variation was attributed to two different effects.

First , the loss across any cascade is a function of the incidence

angle and since this angle varies by 11 1/2° during one cycle , the

flow rate wil l also vary. Secondly, the ends of the cascade represent

a variable flow area during oscillation and will cause a flow varia—

tion which is in phase with that caused by changing incidence and is

probably larger . The adjustable cascade end walls shown in Figure 17

can be set parallel to the cascade blades and the area var iation is

then minimized If the blade—chord angle is zero. However, most of 

---- - --5----— —. - - . - - - - —~~~~~~~~~~~
- - , — - ‘ .~~~~ .-.‘-‘-- .~~---



29

the testing was done witn y in the 16—24° range. The problem coul d

be solved by constructing a pl enum chamber with a much larger volume ,

but this was discarded due to time limitations . The problem could

also be solved by keeping the flow rate constant by building another

variable area flow path which was out of phase with the cascade. This

was done and is shown in Figure 39 located above the wi nd tunnel and

exhausting directly into the plenum . A fence was attached to the

inlet and oscillated beneath an adjustable curved ramp which was

positioned prior to each test series . This auxiliary valve proved

to be satisfactory and the back pressure variation was subsequently

found to be only 1-2% of the dynamic head. A comparison of the

pressure profiles before and after this fix showed that the plenum

pressure variation had attenuated the pressures near the suction

surface trailing edge in the early tests reported (Ostdiek 1974).

A better set of pressure profiles can now be presented .

_ _ _ _  _  ------- ‘---.-.-- .--—-- - 
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CHAPTER IV. DATA ACQUISITION

A. Overall Method

It must be recognized from the outset that this test presents

some pecu liar data acqu isition prob lems that  are not norma lly encount-

ered in wi nd tunnel testing . Since the pressures and velocities are

f luctuating rapidly duri ng the test, the data system must be designed

to take simu ltaneous and continuous readings of all data channels.

This requires that each measuri ng station have its own transducer-

ampli fier combinat ion rather than the usual approach of using a single

pr essure tra nsducer and sequential switc hi ng to each channe l with a

long settling time . Consequently, the inter-channe l accuracy for these

tests will not be as high as for stationary cascades . A l so , there must

be provision to reconstruct the analog signals with accurate time-

phasing between channels so that the unsteady components of the flow

can be properly analyzed and correlated.

The overall data acquisition and reduction scheme is presented

in Figure 40 and is divided i nto four discrete operations :

1. Wi nd Tunnel Test

2. Analog to D igital Convers ion

3. Primary Data Reduction

4. Data Correla tion

30
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Each of these operations will be described in detail in the following

paragraphs. This method of data acquisition was chosen because most

of the tape recording and playback system and the digital computer with

interface equipment was in operation for a J-85 turbojet engine control

test which required on—line acquisition of engine operating parameters

but did not require accurate inter-channel time phasing . It was found

that this equipment could be used concurrently for this cascade test by

the addition of a shaft encoder , DBN Pulse Network, transducers , test

cell amplifiers and low-pass filters . In addition , all the computer

software and a number of new operational techniques were added to

establish a complete data handling system for this unsteady aerodynam-

ics test. A considerable amount of difficulty was experienced in the

initial tests in using this data system, but it is now operational and

can easily be used for future tests.

1. Channel Description

Twenty-eight data channels were used to record test data

and consisted of a differential reference pressure, a reference temper-

ature, twenty-four channels of dynamic differential pressures, and two

channels of hot—wire anemometer data . In addition to the data channels ,

two channels were used to record a shaft encoder output and another

channel for a time code generator. All of the data channels and the

two shaft encoder channels were transmitted from the test cell via an

instrumentation cable to the FM recording station approximatel y three

hundred feet away. Consequentl y, some of the analog signals required

line-dri ver amplifiers . The time code generator was located at the

recording station .
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a. Reference Pressure - Channe l 21

The pressure difference from the wind tunnel inlet

total pressure (barametric pressure) to the wind tunnel exhaust pres-

sure in the plenum was measured with a Bell & Howell electromanometer

system. This consisted of a +5 psid Type 4-336-001 Force Balance

Pressure Trans ducer , a Type 1-169 Servo Amplifier , and a Type 1-168

DC Amplifier. The plenum pressure was used as the reference pressure

for all the di fferential pressure transducers used in this test.

b. Reference Temperature - Channel 22

The temperature of the air at the wind tunnel inlet

was recorded by Stow Laboratories Inc. Electronic Thermometer Model

911 PL. This instrument has a platinum resistance element and an out-

put of 10.00 millivolts per °F. A Bell & Howell Type 1-168 DC Ampli-

fier was used as a line-driver.

c. Flow Velocity - Channel s 23, 24

The air velocity was measured at a station 3.0 inches

upstream of the cascade centerline and wi th an X-array hot-wi re anemom-

eter system. The anemometers were Thermo Systems Inc. Model 1050 and

the sensor was a Thermo Systems Inc. Model 1240-Ti .5 Cross Flow X

Probe. This sensor is a platinum coated tungsten wire 0.050 inch long

and 0.00015 Inch diameter. The hot wire sensor was chosen rather than

the more rugged hot film sensor because of the vortex street formed

behind the film. This will be discussed in another section. A Bel l &

Howell 1-168 DC Amplifier was used on the output of each of the anemom-

eters as a line-driver. 
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d. Differential Pressure - Channels 1-20, 25-28

Twenty-four channels of differential pressure data was

recorded . This included ten static ports on each surface of the air-

foil (Ch 1—20), three tunnel wall static pressures (Ch 25, 27, 28),

and the plenum pressure (Ch 26). The average plenum pressure (Ch 2l)

was used as the reference pressure for all of these transducers . This

meant that Channel 26 was a measurement of the dynamic variati on of

the plenum pressure . All of the differential pressures were sensed

with +0.5 psid variable reluctance pressure transducers and included

C. J. Enterprises Model CJVRM +.5 psid and Celesco Industries Inc .

Model P1090 +.5 psid. These transducers are large ( 1 7/16 x 1 3/16 x

13/16 inches ) and therefore must be external to the airfoil. Thus,

they have a low frequency response due to the volume , but were chosen

because of their high output. The maximum dynami c head in these exper-

iments was about five inches of water and it is desirable to measure

accurately at 5% of this range or 0.25 inch of water. Most comercial-

ly available transducers of the strain gage type would have less than

0.5 millivolt output and , thus , would make an extremely difficult

measurement problem. On the other hand , the variable reluctance trans-

ducers have an output of 2-3 millivolts .

A Natel Model No. 2088 Carrier Amplifier System was

used with the pressure transducers with a Model 2088-2A Carrier Oscil-

lator providing 2.500 vrms excitation at 6 KHz. The transducer output

was connected to a Model No. 2088—lA Carrier An~ lifie r Demodulator

which had a full scale output of +5.0 vdc. These transducer-amplifier 
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combinations gave excellent results for both steady and dynami c tests

even at the small differential pressures required for these tests. A

later inspection of some cf the data shows that signal was still usable

even though only 1% of the full scale range was being used .

e. Shaft Encoder

The analog data sig nals are time-correlated by record-

ing two pulse trains on the same tape with the analog data . These

pulses are produced by a Norden Opti cal Incremental Shaft Encoder ,

Model OADC/23/1024P/INC. It is mechanicall y coupled to the main drive

shaft on the right side as shown in Figure 25. The pulse trains are

binary square waves with a zero level less than 0.4 volts and a one

level greater than three volts . The encoder used in this test produced

1024 pulses per revolution so that the smallest angular resolution was

limi ted to 360/1024 = 0.352 degrees. The other channel of the encoder

was an index pulse (one square wave per revolution ) of 0.176 degrees

duration . This is used to obtain the same mechanica l reference posi-

tion for all tests and was set to correspond to maximum angle of

attack which is at top dead center of the crank mechanism .

The two encoder pulse trains , together with the time

code, were initially multiplexed together on one tape track . However,

tests on February 27, 1974 could not be reproduced because of noise

and stray pulses on these channels. They were subsequently assigned

to individual tape tracks and playback capability improved . Two Ithaco

Model 255 AC Amplifiers were initially used as line-drivers for the

shaft encoder pulses so that the on condition was between the desire d

-5 . . -  --- - -.. - --- - ‘ -
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four and five volts . Later tests showed that this overloaded the tape

recording system electronics and the line—drivers were removed . This

dropped the recorded signal to two volts but it could then be amplified

duri ng playback to be compatible with the digital equipment. This

further improved playback capability .

These particular channels proved to be quite trouble-

some and for definite reasons . They were the only data channels trans-

nu tted from the test cell to the remote FM recording station which con-

tained digital information. That is , the i nformation in these channels

was contained in the number of pulses rather than the signal level .

Consequently, electrica l noise produced by a broad spectrum of equip-

ment from low speed motors up to radio frequency equipment added pulses

to these channel s and could completely disrupt the flow of information.

One of the most difficult noise problems was a spike

of 2 i~sec duration which appeared on all transmission lines in a seem-

ingly random manner wi th a maximum of four volts p-p. This spike was

quite repeatable with most of its power at 3.3 mHz. It could even be

detected as a 20 volt p-p pulse on the H-beams which support the build-

ing . This pulse had very little effect on the analog signals because

a large number of data points per cycle tend to average out occasional

spikes. However , digital equipment detects and counts It along with

the “good” pulses . This was particularly ruinous for the index pulse

channel which had one “good” pulse per wi nd tunnel inlet oscillation .

The fix for this and several similar problems was tie all the shields

(bleed wi res) in the instrumentation cable together and connect them
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to an electrical buss—bar ground . This reduced the voltage level of

these spikes to less than 0.1 volt and subsequent filtering during

playback kept these spikes from being counted .

f. Time Code

A Systron—Donner Model 8120 Time Code Generator was

used to record real test time on the FM tape. This signa l is subse-

quently used to search the tape for the desi red test.

2. Wind Tunnel Test

The first step in the data acquisition process is to per-

form the test and record it on FM tape. The test required several

people and several pieces of auxiliary equipment. Thus , the test had

to be scheduled up to two weeks in advance and contributed to the slow

progress during the initial facility shakedown .

These tests were conducted with a written test plan and

objective . During 1974-1975, approximately twenty test days were

scheduled for data purposes with numerous short tests for observation.

The important tests among these with results and problems are discussed

in Chapter V. Each of the data tests required a crew of four people:

(1) a facilities technicidn to operate a 2000 hp exhauster; (2) a test

operator in the test cell and control room with hands—on control of

the test; (3) a data recorder in the control room; and (4) an operator

at the remotely located FM recorder. Continuous vo ice communication

was required among the last three people.

The data path Is shown in Figure 41. The test cell ampl i-

fiers and transducers have already been described. Their output was
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wired into tape recording system approximately three hundred feet

from the test cel l and is shown In Figure 42. The first step there was

to convert the analog signals to FM signals by means of a Vidar Corpor-

ation 205 Vo ltage Controlle d Osc illa tor. These FM signals were then

mul tiplexed with seven data channels on one tape track. The tape

recorder was an Ampex FR1600 with an ES—200 electronic package for

either AM or FM capability . Since there were twenty—ei ght analog

channels, this made four tape tracks. Each of the shaft encoder pulse

trains was recorded on a track and the time code was on another track

making a total of seven tracks. The tape recorder was run at 120 ips

for approximately fifteen seconds for each test point. Even at the

slowest powered wind tunnel frequency of 1.4 hz, this allowed record-

ing of more than twenty complete cycles .

This part of the data system required two to three months

of initial shakedown and was then plagued by the extra pulses in the

encoder lines for several more months . In addition , building power

transients have been suspected as the cause of the occasiona l over-

night loss of from two to six instrumentation amplifiers . This part

of the system is presently being upgraded to allow easier calibration

and continuity check-out of all channels.

3. Analog to Digital Conversion

After a set of tests had been performed, the data stored

on FM tape was converted to digital information. Some of the equipment

for this transcription is shown in Figure 42 and the data flow path

is shown in Fi gure 41.
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a. Method

Each test run was assigned a four digit number ending

in zero during the test phase . This designation followed the test data

throughout the data handlin g process. The test numbers were separated

by ten to allow intermediate steps to be assigned unique test numbers .

In particular , a limitation in the FM tape system allowed playback of

only fourteen channels at once and , thus , two passes were required and

two new test numbers were attached to the data . Several descriptors

for the data including test date , time , frequency , and barometric pres-

sure were recorded on the digita l tape during this conversion to aid

in identifying the data .

b. Data Path

The test run start and stop times were set i nto the

time code reader and search un i t s  (Systron-Donner Models 8130 and 8140 )

to find the desired test information. The i nformation was demultiplex-

ed in two passes of fourteen data channels each using Vidar Model 302

Discriminators . These discrimi nators had 4300 hz low-pass fi ltering

which was much too high for these tests, so the signals were then low-

pass filtered at 63 hz. This frequency will be explai ned in a later

paragraph . The filters used were four-pole Butterworth low-pass active

electron ic fi lters and cons isted of seven channe l s of Ithaco Model 411

and seven channels of FRO Model 1. The former Is coniuiercially avail-

able and the latter was built In-house and is described later in this

report. The digitizing process was initiated from a keyboard shown in

FIgure 44 and was controlled as follows . The tape search unit would
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not allow data transfer unti l it approached the specified test time

interval from the zero time end . The DBN pulse network then issued

read commands to the digita l computer at the rate of 256 conriands per

test oscillation for a total of 10-15 oscillati ons when the process

was terminated manually. The number of pulses from a high frequency

oscill at or between each read was recorded and immediately tabulated

and displayed on the video unit shown in Figure 44 to insure that the

proper inter-channel time phasing was maintained .

c. Data Rate

Twenty-eight channels of analog data was recorded

real-time duri ng testing . The shaft encoder was purchased before the

specific data demands were established and consequently was specified

so that it could accomodate the maximum desirable digitizing rate for

this kind of test. This was judged to be 1024 points per cycle. A

power of two was chosen since it makes the digital programing easier

and allow s shorter machine times for data reduction . The oscillating

in let was designed f or a maximum frequency of 30 hz. This then makes

a gross data rate of 860,160 points/second. The digital computer used

for thi s data transmission is an IBM 1800 Processor Controller whi ch

is the same as the IBM 1130 except it has an increased capability for

process I/O (i.e., analog in/digital out). In addition , it has a

video display for on-line viewing of selected data . It is known that

the data rate of 11 bit resolution must be well under 21 KHz . Thi s is

partially determined by the software problem of filling an array ,

checking to see if the tape drive has finished wi th the last write, 
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and starti ng the new array wri te to the tape. Obviously, the digitiz-

ing rate would have to be slowed down considerably. The single largest

improvement was obtained by recording at an FM tape speed of 120 ips

and doing the playback at the slow speed of 7 1/2 ips which is a speed

ratio of 16. In addition , only 14 analog channels could be digiti zed

at one time because of the tape recording system limi tations . Also,

the first series of tests were planned for low oscillation frequencies

with an upper limit of 16 hz. All of these considerations reduced the

data rate to 14,336 conversions/second which was still marginal (later

testing showed the maximum reliable rate to be about 5 ,000 conversions!

second). The IBM 1800 has a background working area of approxima tely

25 ,600 storage locations . Each data value takes two storage locations

and , since there are 28 analog channels , the maximum permissible number

of points per wi nd tunnel oscillation is 256 . This was accomplished

by using a DBN pulse network which counted the shaft encoder pulses

and Issued a read comand to the digitizer every fourth pulse after

the first index pulse . This network was designed and built in-house

by a co-worker (Herren 1974) and a breadboard of the resulting network

is shown in Figure 45.

d. Data Quality

The discrimi nators were equipped with low-pass fi lters

but the lowest value available was 4300 hz. This corresponds to a

real-time cutoff of 68.8 (hz which is much too high . Seven channels of

Ithaca Model 411 active filters were available , but there was insuffi-

cient  time to procure an additional seven channels. Therefore, seven 
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channels of FRO Model 1 active four-pole Butterworth filters we re built

in—house according to the design procedure of Al -Nasser (1971). A

schematic and table of design value is presented in Figure 46 and the

filters are shown in Figure 47 as built on a phenolic board . An

Applied Dynamics Model AD-5 analog computer with 120 amplifiers and

integrators was available in the control room as part of a different

test. These amplifiers were wi red into the breadboard circuit to pro-

vide the active components . A -3 db cut-off of 63 hz was chosen as the

design point . This translates to a real-time cut-off of 1008 hz. This

value is a compromise and is below the maximum frequency (1250 hz) of

the Natel amplifiers but is higher than the twentieth harmonic (600 hz)

of the wind tunnel design frequency. The change in gain was not

measurable at an equivalent 320 hz which is the maximum frequency used

in  the data reduction for this dissertation. The phase lag for all

channels fell in a narrow band of va lues .

e. Transmission Problems

This step in the data acquisition process proved to

be the most troublesome because of difficulty in pin-pointing the

problems . The read rate of the digital computer was slowed to less

than half s peed duri ng early transmission tests . This caused the

computer to miss the read commands from the DBN pulse network. After

a number of tes ts , it was found that the out-of-range signal was coming

from an unused channel from a different test.

The noise problems in the shaft encoder channels have

been menti oned prev iously and were solved in thi s p hase of the work.
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In addi t ion , the equipment in this cont rol room was very sensitive to

temperature and it was determined by trial and error that it would

operate reliably only if the control room temperature was kept below

77°F. The solution to these problems was time consumi ng because it

required transmitting and re-transmitting large batches of data . This

was partially relieved by doing a statistical analysis of the timi ng

of each run immediately after its transmission , and d i s p l a y i n g  the

resu~ts on the video monitor shown in Figure 44. If the results were

unsatisfactory , the tape could be backspaced and the test data trans-

mitted again. This part of the data acquisition process is now operat-

ing satisfactorily.

4. Data Reduction

The data stored on digita l tape during the digitizing pro-

cess was reduced to values of the physical test parameters by digital

computation . This i nvolved not only a large computer programing

effort but also carefu l calibration of all of the transducers to obtain

consistent and accurate results .

a. N-Cycle Aver~9.~
The digital computer working area restricted each data

channe l to 256 points per wind tunnel oscillation . From a purely math-

ematical viewpoint , this is enough to obtain a finite Fourier series

of 128 terms , but this must be tempered by a few aerodynami c consider-

atlons . The obj ective of this complete test series is to obtain pres-

sure histories of selected points on both surfaces of an airfoi l while

it is undergoing a continuous variation in angle of attack. In this
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flow field , any point  on the airfoil will have a periodic pressure

variation plus secondary flow variations caused by free stream turbu-

lence , static hole oscillation , system vibrati ons , and other non-linear

and aperiodic viscous interactions . These secondary flow variations

will have a much smaller amplitude than the periodic variations and may

even be in the electrical noise range of the transducer amplifier com-

bination . Although they are of interest, they do not fit into the

objectives of the present research and are left for later investiga-

tions . At the present, the research is directed towards determining

the “average ” pressure , p(t), on the airfoil without considering cycle-

to-cycle variations which may occur. To accomplish this , the digital

data from eight successive in le t  oscil lat ions was averaged together at

each of the 256 time slices per cycle. This was done for all of the

processed data including the calibrati on runs . Thus , an average cycle

of 2048 data points per channel was created and subsequently analyzed .

The effect of this averaging technique can be seen by comparing Figures

48 and 49. Each of these shows the pressure variation for all of the

airfoil static ports . The normalized time span corresponds to one

complete wind tunnel oscillation and the average pressures for the

complete oscillation are listed in the center of the plot . Both fig-

ures are made from the same test run except F igure 48 is made from only

one cycle which is 256 data points per cycle , while Figure 49 is made

from eight cycles including the one used for Figure 48. This averaging

technique has obviously smoothed the pressure traces but not at the

expense of destroying it. The average pressures have changed by a

-- .- - --- - - -5---,. -5--- ., 
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maximum of 0.002 psi and the shape of the curve is still the same.

The eight-cycle average is a more realistic presentation of the data .

This operation should also help the reader understand the need for

obtaining an accurate pulse count in the analog to digital conversion

described in the preceeding section . Missing read pulses in the first

of the eight cycles would result in a data skew in all succeeding

cycles and an inaccurate average cycle.

b. Calibration Data

The pressures , velocities , and temperature recorded

in these tests are first obtained as millivolt or microvolt signals

from a transducer. This signal is then processed by several differ-

ent electronic packages including as many as five amplifiers , several

filters , and three tape heads before it is available to the digital

computer data reduction program . It would be quite impractical to

calibrate all of these devices for each set of runs to obtain a set

of scale factors . Therefore , all the equipment was calibrated end-

to-end at a low signal level and a high signal level for each small

set of runs (usually eight to ten). Pressure differentials and

electri cal signals were artificially applied and the amplifier out-

puts were recorded on FM tape l ike a dynami c run and also recorded

on a data sheet. The data sheet values were later punched on cards

to be read by the digital computer. Thus, the high and low endpoints

of the multi-step data acquisition path were ass igned phys ical values

and all other digita l data could then be reduced . The shape of each

calibration curve was established by bench test prior to the wind
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tunnel test and the end-to-end calibration was used only to establish

the curve endpoints .

The electronic thermometer and the reference differ-

ential pressure transducer had linear calibration curves but it was

found that the +0.5 psid variable reluctance transducers exhibit a

typical S-curve output when passing through zero pressure input. The

deviation of the output from a best straight line was less than 1% of

full scale. However, some of the tests were run wi th a dynamic head

of only 0.057 psid which is a small part of the transducer range so

that the deviation was as much as 3% of test full scale. This neces-

sitated using two straight line segments for the calibration curves

for most of the airfoil and tunnel wall static transducers . A slight

further improvement can be obtained wi th a third or fourth order

curve fit. A Meri am Model 34FB2, 0-10 inches of water with 0.001

inch increments , Mi cromanometer was used as a pressure standard in

the test cell for both the reference pressure transducer and the air-

foil transducers . Frequent checks of the reference pressure were

performed during testing. A mercury barometer was used for barometric

pressure .

The connection of the static pressure ports on the

airfoi l and wind tunnel side walls has been discussed in Chapter III

and consisted of two transmission lines . The first included the

passageway in the airfoil and a short connecting tube and was 0.063

inches in diameter and 1.85 inches long . The second included connect-

ing tubes and an equivalent length for the transducer internal volume
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and was 0.069 inch in diameter and 1.82 inches long . The response of

this type of transmission line was analyzed by Gerlack , Johnson , and

Astleford (1970 ) using an inviscid linearized approach. Their experi-

mental results showed remarkable agreement with their theory over a

wide range of frequencies. Their analysis was programmed and used to

calculate both the pressure ampl i tude ratio and phase angle from the

test port to the transducer diaphragm . The value of the amplitude

ratio varied from 1.0 at 0 hz to 1.256 at 320 hz and was stored in the

digital computer in tabular form. The phase angle reached a maximum

of -3.4 degrees at 320 hz and was neglected for these tests since it

would represent a change of only 0.17 deg~-ees on the fundamental of

the tunnel oscillation.

Calibration of the equipment for velocity measurement

was much more difficult and time consuming than the pressure trans-

ducer calibrations. The calibrator consisted of a settling chamber of

2.825 inches 0.D. with screens , converging nozzle with a throat dia-

meter of 0.6505 inch , and suitable controls and probe insertion parts.

The calibrator was connected to the building air supply and exhausted

to the a tmosphere . Thus , using isentropic relationships , the throat

velocity could be calculated as:

V = [2k R i ~l ./2 [1 — ( 
0 ) 1 ] l/2g 

~

Each of the wires of the x-array sensor is calibrated over the complete

velocity range at each of the endpoints of the angular range. The flow

‘--- - 5-— ,— - -5 — . - . ‘ - 5 . - .  - - -~~~~~~
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direction of the ca libration scheme wa s determi ned opt ical ly by insert-

ing a lapped cylinder into the calibrator exit throat. The cylinder

had an adjustable mirror mounted on one end perpendicular to the axis

of the cylinder. A light beam from an auto—collimator , located ten

feet in front of the calibrator , was then used to (a) align the mirror

by rotating the cylinder and (b) locate the tunnel axis by moving the

auto—collimator. A hot wi re probe support is shown in Figure 50. A

circular dial and a pointer wi th two location pins are clamped to the

shaft . Since the auto—collimator is l ocated on the calibrator flow

axis , it is then used to optically align the plane of the two location

pins with the flow axis and record the dial reading . The reading,

when wi re No. 1 is perpendicu lar to the flow , is defined as 9.~, .  Thus ,

aided by the optical equipment , the hot wire probe can be removed from

the c~~ibrator and installed in the wind tunnel with known angular

reference to the test hardware and the absolute flow ang le in the

cascade can then be recorded during test. Similarly, the probe can

be re-inserted in the calibrator and calibration checks can be per-

formed at the same angular settings as before.

Hot wi re calibrations were performed frequently

over the past three years of this project and were beset by several

problems . The calibrator was initially hooked to the shop air supply

available in the test cell. The hot wi re data from the first series

of wind tunnel tests performed in June 1974 were not usable because

the hot wi re sensors were coated with small dirt particles after the

tests . Figures 51 and 52 show a 40X magnification of the sensors 
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before testing and after several hours of air flow. Subsequent invest-

igations reveal that the sensors and supports were coated with oil and

consequently picked up foreign particles passing through the tunnel

and thus making the data unusable. The sensor became coated with oil

during calibration from oil entrained in the shop air supp ly. In fact,

a p001 of oil was found in the calibrator settling chamber during dis-

assembly. The oil film on the sensors apparently reached a stable

thickness during calibration wi th the clean but oily air since the

calibration curves were repeatable. The complete calibr ation system

was subsequently moved to another building which had a clean air supply

from a Gardner Denver Company Model RL126DL oil free air compressor.

This removed one source of oil and dirt contamination , but it was

found that the sensor still required frequent cleaning during wind

tunnel testing .

At the initiation of this project, two types of veloc-

ity sensors were available; a hot film sensor and a hot wi re sensor.

The hot film sensor is a platinum film on a quartz rod of 0.002 inch

in diameter. This sensor is very rugged but has a high enough sensi-

tivity to easily measure the flows expected in this wind tunnel . On

the other hand , a hot wire is not only very sensitive to flow changes ,

but is also susceptible to damage through handling and foreign object

impingement and to contamination by fluid—borne particles . The first

attempts at velocity measurement were made using the more rugged hot

film. However , a great deal of difficulty was experienced in obtain-

ing smooth or repeatable curves when plotting anemometer output versus
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mass velocity . Further investigation showed that if the mass flow was

held constant and the probe was rotated slowly in the calibrator, the

output was very irregular. These anemometer output curves versus index

angle are shown in Figures 53 and 54 for Wire No. 1 and No. 2 respec-

tively. For Wire No. 1 , which is the outermost wi re in the x—probe ,

two distinct jumps in the curve occurred at approximately 38 and 135°.

The indentation at 88° occurred only for increasing ~~~. For decreasing

~ this part of the curve was smooth and continuous. The results for

Wire No. 2 show similar jumps at 48 and 130°, but the peak of the curve

is flattened off because of the Wire No. 1 support interference. These

curves represent neither best nor worst cases, but are typical of many

plots that were made. They can be compared to the curve of Figure 55

which is a typical trace for a hot wi re and was made using the same

equipment. In an attempt to determine whether all of the flow irregu-

larities could be attributed to probe support interferences , a probe

wi th two hot films (0.001 and 0.002 inch in diameter) mounted parallel

to each other and 0.040 inch apart was tested with the same results as

the x-array films . If the probe support interferred , its effect was

small compare d to the observe d var iati ons . Coll i s and W i ll iams (1959)

observe that the exponent , n , in the empirical relationship

Nu = A + B Ren

changes at Reynolds numbers greater than 44 or thereabouts . They be-

lieve this occurs when vortices are shed from the rear of the cylindri-

cal wire. A further experiment was then performed to see if the hot

film behavior could thus be explained . The 0.001 inch diameter film 
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was exposed to a free stream and slowly rotated through 120° at several

different velocities . The results are shown in Figure 56. The probe

was rotated in alternate directions for each successive velocity and

the arrows indicate increasing or decreasing ~~~. The curve for Reynolds

number of 19 is quite smooth but the other curves become more erratic

for increasing Reynolds number. The erratic behavior occurred first

when the flow was not perpendicular to the wire . This could seem

reasonable since the effective path over the wire will increase when

the film is yawed , thus increasing the effective Reynolds number. How-

ever , the angle of the onset of erratic flow did not change linearly

with cos ~ as the velocity was increased . This agrees with the results

of Hanson (1966) who found that the critical Reynolds number based on

the norma l velocity component was nearly constant at low angles but

decreased wi th increasing yaw angle when the angle was in the 40 to

70° range. In addition , in the Reynolds number range of 37 to 74, the

erratic behavior occurred only when the angle ~ was receding from 90°
.

It should be emphasized that even though the wire was rotated slowly,

this effect was found repeatedly. This hysteresis effect was left for

later investigation. The overall results agree with the vortex argu-

ment of Col lis and Williams . Therefore, the problem could be and was

solved by using hot wires wi th a diameter of 0.00015 inch. This kept

the wire Reynolds number below ten for the wind tunnel tests which is

below the vortex shedding range .

The output of a hot wire anemometer is usually fitted

wi th a King ’s Law empirical curve .

-5-——— - .
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Nu = A + B ~ O.5

The hot wire calibration data were reduced following the methods of

Bearman (1971), Bradshaw (1971), Champagne , Sleicher , and Wehrmann

(1967), and Champagne and Sleicher (1967) using the following relation-

ship:

T~-Tf 
= A + B U°~

5

Where Ef is data taken at temperature I~
, and is the wire tempera-

ture. An equivalent output , E0, at a suitable reference temperature ,

T0, was then obtai ned

E 2 = E 2 T
~-To0 f

The wire temperature , T , is defi ned as suggested by the manufacturer ,

Thermo Systems Inc . (1973),

= 1 + A
~ 

(T~-Tf)

R/ R f is then the overheat ratio. A value of 1.5 was used for these

experiments . The value of A~ was determined by taking hot wi re data

over a temperature range from 63.2 to 81 .3°F at a constant mass flow

rate of 9.25 lb/ft2-sec. The test values are presented in Figure 57

and A~ is the slope of the best straight line curve fit of the data .

Sensor 1240-9028 had a coefficient of 0.00182/°F giving a wire operat-

ing temperature of 807°R. Since the x—array hot wire probe was used

to measure flow direction as well as velocity , the angle dependence

was determined by calibration . Figure 58 defines the angles between

~ ,
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the wires and flow, it was assumed throughout this work that the

angle between the wires was 900.

B2 + B1 = 90

This was done in order to keep the equations from getting messy. This

assumption does not change the results since the data are fitted with

a curve over the usable range.

The hot wire sensors available for this program were

found to have irregularities in the output curves for flow angles in

the 40-50° range which were similar to those observed for hot films

but not as severe. Since this is the usual range chosen for x—arrays ,

it was necessary to choose a calibration range of B1 between 60 and 80

where the calibration curve was smooth for both wi res. These data are

presented in Figure 59. Hinze (1959) recommends an angular correla-

tion of the form
2 2 .2 2 2Ue = U0 (sin B + K cos B)

where Ue and U0 are the effective and free stream velocities and K is

an experimentally determined parameter. The heat dissipated in the

wi re (Nusselt No.) is proportional to E2 and from King ’s Law we obtain
2 nE c z V

and since Col lis and Williams find n = 0.5 in this Reynolds number

range, we have
8 2E c & V

Therefore , the data for Wi re No. 1 were fitted with a curve of the form

E8 = E0
8 (s i n2 B1 + K1

2 cos2 B1)



~ 5-~ ’ ‘ 5- 5-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ’ “5- ’  - ---5- . ~~~~~~~~~~~~ ‘5-

53

in the angle range of 60 to 80°. Other exponents were tried but the

eighth power gave the best fit. The percentage change from this curve

and the data points is defined as

o = 
Et - Ec x 100
E80-E60

and was found to be 3.3%. This represents a change in velocity of

only 0.003% at 100 fps since a wire is not very sensitive to angle

change at high incidence angles . This relationship was used through-

out these tests for the outermost wi re of the x—array and proved to be

quite adequate. The cosine mul tiplier , K, was found to be constant

over the calibration velocity range of 50 to 200 fps and its value is

0.73 which differs markedly from va l ues in the literature . However,

it should be remembered that this value was obtained to correlate a

raw unscaled anemometer output rather than the velocity and , therefore,

should be different .

Friehe and Schwartz (1968) discuss deviations from

the cosine law and find that a good fit for data in a yaw range up to

60° could be obtained using a linear equation in cos’’12 where cz is the

yaw angle. However, the second wire of the x-array in the present

tests was operated in a B-range of 10-30° which is a yaw angle of

80-60 and thus outside the range of the Friehe and Schwartz data . As

the wire passes through B = 0 the wi re is parallel to the flow and ,

intuitively, the output curve should pass through an i nverted spike .

Thus , the data could not be satisfactorily fitted wi th either a square

or a square root function since It must pass through zero. The data

_ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _
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were fitted for 10° < B~ 
30° wi th

= B sin B2 + C

where B and C are functions of mass velocity . Equations of this form

matched the data quite well for a range of mass velocitie s of 4-14 1b/

ft2—sec and was used throughout the tests for the inner wi re of the

x-array. However, each of the hot wi res was calibrated over the

complete velocity range at both endpoints of the B-range . This pro-

duced anemometer output versus mass velocity curves as in Figures 60

and 61 , and each curve was fitted wi th a fourth order equation over

the mass velocity range from 3.5 to 14. The reader should note that

both correlations for effect of change in B are for constant mass

velocity (i.e., a vertical line on Figures 60 or 61) whereas in the

data reduction algorithm the anemometer outputs , which represent

horizontal lines , are known and thus there is no straightforward

interpolation scheme. The flow speed and direction are determined

by a trial and error process. Computational time is minimized by

specifying the mass flow as a function of anemometer output for Wire

No. 1

pV F = F(E)

and the reverse for Wire No. 2

E = E(F)

In summary, the hot wire bench calibration data were

(a) corrected to the reference temperature, (b) curve fitted for yaw

angle variation , and (c) curve fitted for velocity variation while

the test data was (a) scaled from computer voltage to test cell
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voltage , (b) phase and amplitude corrected , (c) corrected to the ref-

erence temperature, and Cd) iterated on to obtain speed and direction.

c. Fourier Anal ys is

The test data was scaled using the various calibra-

tion curves and techniques discussed in the preceding paragraphs and

then a Fourier analysis was performed on each data channel to not only

obtain such useful information as average values and phase angles , but

also to perform the last phases of data reconstruction and smoothing .

The analysis was performed by using the Fast-Fourier Transform tech-

niques which have been in wide use in acoustic research in the past

decade . See, for exampl e, the papers by Cooley and Tukey (1965),

Helms (1967) and Brigham and Morrow (1967). The transform used for

the test data was written by Brenner (1969) and is based on the work

by Cooley and Tukey . This transform operates on a data array of

NN + 1 points to give all of the Fourier coefficients up to NN/2. In

the present case, NN is 256. There are frequency-dependent amplitude

gains and phase angle changes introduced into the data from the air-

foil static pressure port transmission lines and from the low-pass

fi lters used duri ng the A/ D conversion. The corrections for these

effects were made to the proper Fourier coefficients after the first

Fourier transform after the method of Helms . Also , the shaft encoder

index pulse was set according to the mechanica l position of the crank

mechanism. This precedes the corresponding aerodynamic angle of

attack at the cascade by a delta time , VLAG , equal to the inlet

transport time

VLAG = 343 x ft/Vt
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This correction makes all the cascade data a function of a calculated

aerodynamic angle of attack. After all corrections had been made to

the data , the Fourier coefficients were stored and the inverse trans-

form was performed to obtain a set of corrected data. The data could

be quite effectively smoothed during this operation . That is , only

the Fourier coefficients which contained aerodynamic rather than noise

information were retained . The rest were set to zero. Figure 49 was

previously discussed and represents a data reconstruction using the

first twenty terms of both the sine and cosine terms. This can be

compared to Figures 62, 63 and 64 which represent the same test run

but were reconstructed using the first five , ten, and fifteen terms

respectively . A consideration of an asymmetric repetitive sawtooth

shows that it can be quite adequately fitted using the first ten terms

of the series . Indeed , a good representation of a single square wave

can be made using only twenty terms, but these cases represent require-

ments which are more severe than a temporal pressure variation if the

turbulent components are not required . However, it was decided to

include twenty terms so that any sharp pressure variations due to

separation could be indicated even though an investigation of airfoil

separation is left for later research. The data reconstructed in this

manner were used for the plots which appear in this report. The

instantaneous lift and moment of the airfoi l were calculated and also

Fourier analyzed to obtain the Fourier coefficients but , of course,

the inverse transform was not needed and the calculated data remained

unchanged .

——
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d. Data Presentation

A computer program which reduced the data from the

digitized values to the calculated data bank of pressures, temperature,

velocity , lift , and moment was constructed for this experimental pro-

gram. This deck of approximately 3500 cards represented many months

of programming effort . It included provision for making machine plots

in eight different formats and the printed output of all the data

points and/or Fourier analysis results as desired. In addition , the

calculated data array of 28 channels by 256 points was stored on disk

for future use. The IBM 1800 computer was used for all debugging and

shakedow n of the compl ete data acquisition chain because it could be

dedicated completely to this project as required . In addition , it

could be operated outside of normal laboratory duty hours . However,

the machine time for the reduction of one test was 20 to 30 minutes

on this machine so the majority of the production runs were performed

on an IBM 370 which reduced the required time by a factor of about 50.

5. Data Correlation

The reduced data array for all twenty-eight channels of

test data was stored on disk in the IBM 1800. Thus , machine plots

could be remade or the data could be plotted wi th a new format. In

addition , particular values from all of the tests could be cross-

plotted . This feature proved to be quite valuable. Most of the

difficulty in this step was introduced by using two different computer

systems which write in compl etely different formats. Most of the pro-

graming for this part of the data handling was done by a co-worker

and is described in detail by High (1974).

— --,,‘,.,--—--- —-- ----—- - -— ‘ --. -,- -— ‘ -— -5—
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B. System Performance

The data acquis ition system was assembled over a three year

time period and represents a considerable investment in time and

equipment. Therefore, periodic checks were made to give some estima-

tion of the accuracy of the system in transmitting data .

The initial runs were considered successful if a recognizable

signal could be obtained after data reduction. However, rapid improve-

ment was made to an accuracy plateau of +2%. Further improvement was

then obtained by maintaining reasonably constant temperatures during

testing in both the control room and FM recording station. While these

temperature variations did not affect the level of the analog channels

as much as the encoder channels , their effect on system accuracy was

quite pronounced .

Later , during one set of checkout runs~ the airfoil pressure

transducers were not required . Therefore, these twenty channels were

ganged together to a 4.6 volt wave generator phase-locked to the wind

tunne l crank. The output of this generator contained all frequencies

up to the tenth harmonic. A total of sixty—two test runs were recorded

and extended over one hour and forty-five minl4tes test period with

calibration runs at the beginning and end. This test period was allow-

ed to be over twice as long as any other test period to check on the

drift of the complete data system. The deviation of each channel dur—

ing the entire test period was less than 1% of the amplitude , whereas

the channel-to-channel deviation during each run was less than 2%.

The final cal ibration runs were calculated using the machi ne values

_ _ _  _ _  
_ _ _ _ _  -‘- -‘
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from initial calibration runs and were found to agree with the input

wi thin +0.4%. The single channel drift of less than 1% was certainly

acceptabl e while the inter—channel deviation of 2% is an indication of

the complete system linearity . This percentage was determined by

comparing the calculated fundamental amplitude for each channel . This

fundamental is thus composed of data at all voltage levels between

+4.6 volts and is affected by frequencies up to the tenth harmonic.

A further improvement has been made by changing the A/D con-

version from eight to eleven bit resolution and the inter-channel

deviation is now less than 1 1/2% of the maximum test range used in

these tests. Still greater accuracy can be attained by replacing the

two channels (14 and 19) which consistently established the deviation

range and by carefully scaling all of the channels to use the full

voltage range of the A/D converter.

This method of data acquisition has a slow turn-around time

because of the amount of work required after the wind tunnel tests had

been run . A group of eight to ten wi nd tunnel tests, which took about

thirty minutes to perform, required from two to twenty hours for AID

convers ion , cycle averaging , and preparation of the i nput cards before

the data could be reduced . Consequently, the minimum turn-around time

for the results of one day of testing was one week.

This complete data acquisition system has been debugged and

the complete system has been used for three major blocks of test data .

An overall accuracy of 1-2% has been demonstrated and further improve-

ments can be made if necessary. Therefore, the system is imediately

available for future tests. 

-
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CHAPTER V. EXPERIMENTAL DATA

The construction and operation of a wind tunnel requires atten-

tion to a multitude of small details if consistent and accurate aero-

dyamic data are to be obtained. Shakedown periods of several months

to years are not uncommon and this wind tunnel was no exception . Some

of the difficulties encountered during the first fifteen months of

tunnel operation have been discussed along with the fixes used . There

remains a great deal of work to be done to completely define the

operating points of this tunnel , but some aerodynamic data can now be

presented . Mi of the pressure data used in this report was taken on

February 21 , 1975 when a total of 120 test runs was conducted . The

velocity data were taken on November 26-27, 1974. The range of test

variables presented in this dissertation are as follows :

1. Mean angle of attack 6 - 12°

2. Cascade pressure drop 1.5 - 5 in H20

3. Oscillating frequency 0.2 - 16 hz

These data were reduced during the weeks following the tests with the

major portion being done on March 12 , 1975. Since the f ield of un-

steady flow in cascades is rather new and this is a unique test, there

is no standard data presentation format. Therefore , detailed data from

selected runs wil l  be presented in severa l different plots and enough

runs will be selected to indicate the trends in the data changes.

60
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In particular , the runs at the end points of the test variables will

be presented . In addition , several cross—correlations of selected

values will be made which will include the results of all the data

runs .

A. Inlet Flow

This wind tunnel is uni que because of its ability to generate

a variable direction flow. The difficulties in using hot wire equip-

ment in the relatively dirty basement atmosphere where the test cel l is

l ocated have been discussed previously. During the February 21 test

runs, the wi res were again contaminated from an excessive amount of

humidity in the basement and dirt outside the test area. Therefore,

velocity data from runs made on November 26-27, 1974 will be shown . It

should be noted that these runs were made before the fix for a variable

plenum p ’essure was made so that the fluctuation in magnitude may not

be accurate , but it seems a variable cascade back pressure would have

little if any effect on the measured flow angle upstream of the cas-

cade. The velocity and direction history for one period of the tunnel

oscillation at a low frequency are shown in Figures 65, 66, 67, and

68 for mean angles of attack of 6, 8, 10, and 12° respectively, and at

a constant total to static cascade pressure drop of 0.182 psid. This

would correspond to a velocity of 150 fps if the cascade was not there .

The start of the plot (THETA = 0) corresponds to the inlet being at

maximum angle of attack. The data were taken 1.7 inches in front of

the leading edge at which point the flow had undergone considerable

- id j.i s~ n n t  in direction . The fluctuation in flow magnitude was less
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than 4-2 1/2% which corresponds to +5% change in Q. The average veloc-

ity increased wi th increased turning ang le as expected . The flow direc-

tion can be seen to vary quite regularly. The variation of approximate-

ly +7 1/2° is greater than the design of +5 3/4° and the average angle

of attack is smaller than if no cascade were present , but this can be

the result of interactions with the cascade and remains to be investi-

gated further . However, it does show that the wi nd tunnel generates a

smooth and controllable variation in fl ow direction with only a small

variation in the magnitude of the velocity . The incidence angle is

much more regular than that shown by Peacock (1974) but that test uti l-

izes distortion screens which produce static pressure variations of 50%

of Q and total pressure variation of 100% of Q. The incidence vari-

ation of Commerford and Carta (1974) is also irregular.

The turbulence level in the wi nd tunnel was obtained at both

1.4 and 10 hz oscillation frequencies. The hot wi re probe was tra-

versed from mid-tunnel to one-fourth inch from the wall. A boundary

layer probe was not available so that the wall flow could not be inves-

tigated . A 1.3 to 2.5% rms turbulence level , /
~~

‘V N, was found at the

high oscillation frequency wi th a linear increase from the 1.3% value

at the center of the tunnel to 2.5% close to the wall. These va l ues

were reduced by approximately 10 to 30% by reducing the oscillat ion

frequency to 1.4 hz. Using this data , it was concluded that the test

section flow was probably turbulent for all of the data runs .

The circular side plates of the wind tunnel had wall static

ports along the leading edge line and trailing edge line of the cascade ,

---4
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These were situated in the flow passages between the blades and can be

seen in Figure 2~1. During cascade tests, dynamic pressure data were

taken on each of the two ports along the leading edge which are one and

one half passageways from the center airfoil. They were identified in

the data as an upper wall static (top of the picture ) and a lower wall

static. In Figure 21 , the flow approaches the cascade from the left

at 30° above the horizontal. In addition , one of the leveling holes

used for cascade alignment was fitted wi th a static port by drilling

the plug for the hole and was identified as the upstream wall static.

This port was located about three—fourths of a chord length upstream of

the center airfoil and close to the airfoil axis. This position can

also be identified in Figure 21; however, the photo was taken before

drilling the static hole in the alignment hole plug.

The results during tunnel operation at 10° mean angle of

attack are shown in Figures 69, 70, and 71 for frequencies of 0.2,

6.14, and 16.21 hz respectivel y which covers the range from steady

state to maximum oscillation rate. The plots show one oscillation

period and a suitable pressure range . The pressure variation is larg-

est for the upstream position and is +7% of Q at steady state and 
~~~~

at maximum frequency . It is out of phase wi th the velocity head varia-

tions shown earlier and is also larger (7% versus 5%). The wall pres-

sure variations at the cascade leading edge, on the other hand , are in

the +4—6% range . Thus , much of the variation in tunnel side wall pres-

sure may be due to a change in velocity magnitude with the total head

relatively constant. The plenum pressure variation is also shown in

‘-5- - —  — ---



- 
- ‘ -5.

64

these figures and is small as previously discussed . Similar data for

a 6° angle of attack is shown in Figure 72 and shows a phase change

for the upper wall static pressure. This illustrates the cascade end

wall probl em which caused some of the variable back pressure. This

effect occurred primaril y at low angles of attack and did not have a

large effect on the other two pressure traces which still have the same

shape and amount of fluctuation . This probl em can be solved by a vari-

able end wall bleed similar to the fix used for the variabl e back pres-

sure problem but , due to the scope of the required effort, is left for

a later program. The unsteady flow in this inlet is an exceeding ly

complex flow problem and more experimental and analytical work is

planned .

B. Airfoil Pressure Profiles

The range of test variables was specified at the beginning of

this chapter and in general was done by maintaining a constant pressure

drop across the cascade (measured from the atmosphere to the plenum)

and taking data at 8-10 frequency settings . A new pressure drop was

then chosen and the frequency settings were repeated. The tunnel flow

was then terminated and a new mean angle of attack setting was made ,

and the above procedure was then repeated. In this manner , a series of

frequency runs was made at each of four mean angles of attack. The

pressure drops were chosen to correspond to nominal tunnel velocities,

VN, of 150 and 110 fps. This is defined as the velocity which would

exist If no cascade were present. At one blade setting , 
~M 

= 10°, two

additional sets of runs at pressure drops corresponding to 134 and 82

— — ---5 -Th_._ 5- -5-a-—- _ _ _ _
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fps were accomplished . The detailed pressure profile data from the

runs at each end of the frequency groups are presented in Figures 74

to 124.

The pressure port numbering system was established early in

the program and was maintained throughout the data reduction and is

used on the plots that follow. The key to the port location is given

in Figure 73 with the ports from 1—10 on the pressure surface and

those from 11-20 on the suction surface.

Figure 74 shows the time history of each pressure port on the

airfoil during one complete oscillation of the inlet at aM = 6°, =

0.2, and VN = 150. Normalized times , TN’ of 0 and 1.0 correspond to

maximum angle of attack. The average pressure , 
~~,

, for each port is

listed in the center of the figure and only the variation from this

average is plotted . The group of plots on the left of the figure is

for the pressure surface and those on the right for the suction sur-

face. It can be noted that the leading edge pressure is a maximum on

the pressure surface for a maximum angle of attack and is the reverse

on the suction surface as expected . On the pressure surface, the

magnitude of the oscillation decreases along the chord starting from

the leading edge and the pressure is constant at the trailing edge.

On the other hand , the pressure fluc tuations on the suction surface

decrease from a maximum at the leading edge to zero at mid—chord and

then increase from zero at mid—chord to the trailing edge. The fluctu-

ations near the leading edge are out of phase with those near the

trailing edge on this surface. Since = 0.2 hz , this is quasi—steady

_  ---- - - 5—- -—
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operation , but the same variations will be observed for higher fre-

quencies and other vel ocity and values .

Comerford and Carta (1974) in their isolated airfoil test

case at higner reduced frequencies have shown a gradual reduction in

pressure fluctuation along the chord to zero at the trailing edge, and

a decrease in phase angle from the leading edge to mid-chord and then

an increase but not a change in phase. The large phase shift on the

suction surface in the present test, as well as the increase in fluctu-

ation magnitude , may be due to a cascade effect. The change in phase

angle will be discussed later. However, when this change in phase

angle was first noted in mid-1 974, a short investigation was conducted

to determine if a vortice or region of backfl ow was being induced by

the unsteady flow in the corner formed by an airfoil and the side wall.

The side wall and both surfaces of the airfoil were painted with lines

of pigmented oil. The oil streaks thus obtained indicated there were

no unusual flow patterns in the corner. However, a more thorough in-

vestigation should be done in the future .

Fleeter (1975) also obtained a chordwise reduction in pressure

fluctuation for a cascade in supersonic flow. The cascade rig is

described by Novick , et al (1975) and variable incidence was obtained

by mechanical oscillation of the upstream wedge to change the shock

angle.

Figure 75 presents the data as instantaneous pressure profi l es

for the pressure surface on the left and suction surface on the right.

The profiles are shown for sixteen time slices in each of two

L - - - ~~~~~~~~~~~~~~~~~~ ..,. . --
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oscillations of the inlet , with the pressure zero point displaced one

division for each succeeding time slice . The inlet position is indi-

cated for reference as a cosine curve versus time in the middle of the

plot . Two symbols are used to identify the curves at each half-cycle

with the proper zero point on the y-axis. The x-axis is proportional

to the airfoil chord and each curve consists of the ten values of

pressure on that surface connected by straight lines . This plot will

be used to demonstrate the inter-relationships of various pressure

fluctuations .

A third presentation of the same data is given in Figure 76.

During data analysis , each pressure channel , n, was Fourier analyzed

and the average value , 
~n ’ 

along with the first twenty terms of the

Fourier series were retained .

— 20
Pn = 

~n 
+ 

k=l 
(an ,k cos ~ k TN + bn,k sin 2ii k TN)

The average for one period , 
~n’ 

is normalized

= 

~~ 
- 
~ref~’~

and is shown in the upper part of the plot to give an average pressure

profile for the complete cycle for each airfoil surface. The normal-

ization factor is the total-to-static pressure drop across the cascade

previously defined . The fundamental of the pressure fluctuation is

obtained from the finite Fourier series as

= ((a~,1)
2 

+ (bn i )
2)1/2
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and normalized

~~n,l = (t
~Pn ,i 

-

and shown in the lower half of the plot. The ~ profile is similar to

what would be expected in a stationary cascade. The curves can reason-

ably be extended to join up at the reference pressure at the trailing

edge and thus satisfy a mean Kutta condition. The APn l  curves show a

gradual decrease on the pressure surface as previously discussed but

the suction surface curve “bounces off” the x-axis where it changes

phase. The large fluctuation of L~P11 ,1 near the trailing edge requires

that a sharp change in pressure be made in the remaining 11% of the

chord to satisfy the classical Kutta condition of zero pressure diff-

erential . A change of frequency to 16.2 hz is shown in Figures 77, 78,

and 79. A comparison of Figures 77 and 74 shows that the frequency

change has caused a phase shift along the chord on the pressure surface

which indicates a pressure wave traveling down the surface. The aver-

age pressure curves in Figure 79 are almost identical to those in

Figure 76, while the fluctuating Component AP
1 
has changed consider-

ably wi th smaller fluctuations at both the leading and trailing edges .

Figures 80 through 85 give data for aM 6° and 109 f~s.

The same trends can be identified in this data as for the hiqher

velocity .

The data for = 8° are given in Figures 86 through 97 and for

= 100 in Figures 98 through 112. Four different nominal velocity

settings were used at 10° and the results for the l owest one, 82

fps , are shown in Figures 110 , 111 , and 112. The pressure histories 

—-5- 
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and time slices are not as regular as they are for higher velocities .

However, the pressure variations being measured were quite small.

For example , full scale on Figure 110 is 0.44 inches of water. The

data was shown to agree in general with the data at higher velocities

but wi th a lot of scatter , Even so , the normalized curves in Fig-

ure 112 are smooth and in good agreement with the previous curves.

Thus , data could be obtained at this and l ower velocities if more

than ei ght cycles were averaged to cancel out the noise.

The data for ~ = 12° is shown in Figures 113 through 124.

In this set of data it can be noted that t~P20 at the suction sur-

face no longer has a sinusoidal shape (Figures 113 , 119). This is

confirmed by Figures 114 and 120 which show abrupt changes in the

pressure profiles and we can conclude that the leading edge is

separating for part of the cycle. The separation is not affected

by changing velocity (compare Figure 115 to 121 ) but is affected by

changing frequency (compare Figure 115 to 118 and 121 to 124). How-

ever , this same effect can be seen by comparing data for non-separated

cases. The probl ems of unsteady cascade flow are formidabl e at best

and the probl em of separated unsteady flow will be l eft for a later

investigation .

The fundamental pressure fluctuations, 
~ n ,l’ have changed

with angle of attack. Thi s can be seen by comparing Figures 79, 91 ,

103, and 118. In particular , the fluctuations at the l eading and

trailing edges of the suction surface have decreased with increasing

and increased loading. In fact, at the highest loading, Figure 118
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shows that both the average and fluctuating pressure profiles will

require little adjustment to meet at the trailing edge.

Satyanarayana, Henderson , and Gostelow (1974) found that, for

a cascade in their fluctuating wall wi nd tunnel , the instantaneous

static pressure difference tended to zero at the trailing edge. This

was obvious in the present tests only for high loading. The high

fluctuating pressure component on the suction surface with virtually

no pressure fluctuation on the pressure surface has been previously

noted for low angle of attack.

The average pressure profiles were comDared to data obtained

for another double circular arc airfoil in a steady flow wind tunnel

to determine if the tunnel , cascade, and data acquisition system were

giving realistic results . This tie to past experience is necessary to

establish credibility of this experiment since it represents an unusual

method of testing. However, the objective of this first series of

tests was to determine if a variable flow direction in a low frequency

range had any qualitative effect on airfoil performance. If the

results confi rmed the initial postulation that there would be unsteady

effects and that they would be different than oscillating airfoils ,

then detailed tests would have to be carried out to establish the

steady performance of the cascade as well as the inlet and wake flow

patterns .

Experimental data were obtained (Rockenback 1973) for a steady

cascade wi th a higher Mach number (0.317 versus 0.13), lower thickness

(9% versus 10.2%), less turning (10° versus 12°), and higher space—
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chord ratio (0.833 versus 0.819). The normalized pressure profiles are

shown in Figure 125 for the only comparable geometric case and corre-

spond to = 5° for the steady cascade and = 6° for the present

work . The profiles are quite similar in shape with the higher l oaded

airfoil having larger negative pressure coefficients as expected . Note

that in both cases the pressure profiles near the trailing edge require

rapid adjustment for zero static pressure difference at the edge. This

comparison indicates that the results from the unsteady wind tunnel are

reasonable; however , detailed steady state evaluation will be done in

future testing .

The chordwise changes in phase angle of the pressure profiles

on each surface were noted earlier. A consideration of the phase

angles of the pressure fundamentals , A
~
Pfl ,l, show that (Figure 126)

there is a change in phase angle on both surfaces. On the pressure

surface the phase angle decreases smoothly from the leading edge to

the trailing edge while on the suction surface it increases slowly from

the leading edge to midchord , and then jumps as previousl y noted . The

results are similar for am = 8, 10, 12° and are shown in Figures 127,

128, and 129 respectively. The phase change on the pressure surface

is only 150° rather than 180° . This jump occurs at smaller x/c for

increased at about the same chordwi se position as the minimum flow

area . The change in velocity has little effect on the phase angles on

the pressure surface where the wave travels down the airfoil. On the

suction surface the pressure wave would lag by 180° as the frequency

approaches zero due to the reference frame chosen . On this surface,

-----5 —- .--  ‘- 
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near the leading edge , a pressure wave which leads the oncoming flow

moves from midchord to the leading edge. The speed of these waves

seem to be unaffected by change in tunnel velocity , VN~ and can be

estimated from the plots. The speed of the anticipatory wave on the

suction surface ranges from 45 to 70 fps for VN = 150 fps and from 45

to 200 fps for VN = 109. The wave speed on the pressure surface

increases with loading and ranges from 20 to 60 fps . A phase angle

plot for variable frequency and constant flow velocity is shown in

Figure 130 and shows that the suction surface wave speed is a function

of since it keeps the same shape and is probably induced by the

oncomi ng flow . The wave speed on the pressure surface is about the

same for all the frequencies chosen. It is dependent on ci.m and may be

an acoustic or vorticity phenomena since it travels at 2-6% of sonic

velocity . Further study on both of these waves should be done.

C. Airfoi l Pressure Correlations

The normalized average pressures for one angle of attack ,

am = 6°, and for various velocities and oscillation frequencies are

shown in Figures 131 through 135. Each figure has a plot for two

adjacent pressure ports on the suction surface on the upper half of

the plot and the corresponding ports on the pressure surface on the

lower half of the plot. The first plot starts with the leading edge

group and the fifth plot has the trailing edge group. The data is

plotted against reduced frequency . The data collapses to nearly a

straight line for each pressure port indicating that the average

normalized pressures on the airfoil have only a second-order
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dependence , if any , on velocity or oscillation frequency . This is

true for the entire set of tests and wil l  become apparent when dis-

cussing lift and moment.

The normalized fundamenta l pressure amplitude , 
~ n ,l’ is

shown in a similar manner for = 6° in Figures 136 through 140.

~ n ,l decreases with increasing from the leading edge to midchord

and can be fitted with a second order curve which is concave up.

From midchord to the trailing edge the curve fit is concave down

as it is for the entire pressure surface except the trailing edge

where the fluctuation is close to zero. The data follows this

pattern for the other values of c~ . Data correlation with reduced

frequency is excellent except for the suction surface trai lina edge .

A similar set of data is presented in Figures 141 through

150, Figures 151 through 160, and Figures 161 through 170 for = 8,

10, and 12° respectively. Three sets of vel oci ty data were used

for am = 10°. All of the data follows the same pattern and is remark-

ably consistent.

D. Comparison to Whitehead Theory

A theoretical calculation for the unsteady conditions of this

wind tunnel and for this cascade at am = 6° was obta i ned (Whitehead

1974). The theory is for unsteady flow through an in fi t ite two-

dimensional cascade of flat ~late blades at zero mean incidence . !~

complex unsteady potential with a vorticity disturbance convected

at the mainstream velocity impinges on the cascade. Since this is

a flat plate , the fluctuating pressure profile is chosen as the
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pressure jump across the blade and is normalized

~P _ _ _ _ _

V N V~/2g

The results are plotted against chord position and are shown as the

solid lines in Figure 171 for two reduced frequencies . The pressure

jumps obtained in the present tests at am 
= 6° and VN = 150 fps , are

also shown and the agreement is excellent near the leading edge . The

theory indicates a slight increase in ~V with increased whereas

the reverse was found experimentally. Near the trailing edge the

agreement is not as good . The experimental data passes through a

minimum near midchord as previously noted and diverges from the theory

near the trailing edge . However , this could result from viscous and

wake effects and also from the large trailing edge average pressure

differential for light loads which this airfoil exhibit s. Airfoils

without this characteristic may provide better agreement. For compara-

tive purposes , data at am 10° was also plotted . In this case , the

loading has reduced the variation at the trailing edge but the data

still passes through a midchord minimum . Even though some modificati on

may be necessary to satisfactorily explain this phenomena , it is

encouraging to find that the experimental data are in agreement with

theory near the leading edge where the potential flow predominates.

E. Lift and Moment

The instantaneous values of pressure on the airfoi l surface

can be used to calculate the lift or normal force, L , and moment, M ,

about the airfoil center. The moment and lift calculations were made 

5-———--- - -5—- - - ‘ - 5- - -’
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assuming that the pressure at each static port was constant to midway

to the next port. The pressures near the leading and trailing edges

were assumed constant to the edge. No attempt was made to fit a curve

to the pressure profile since the trailing edge pressure varies sharply.

Nevertheless, these calculated values can be used to study the aero-

dynami c hysteresis of the airfoil due to unsteady flow.

A nominal flow direction can be calculated as the direction

which would exist if the cascade were removed and the directional

change convected through the inlet at local velocity . A plot of lift ,

moment, and pressure against this calculated flow direction at a low

oscillation frequency is shown in Figure 172. Each static port is

represented by a small plot and the plots are arranged to correspond

to the physical location on the airfoil. The leading edge is at the

upper left with the pressure surface port below the suction surface

port. The string of plots is broken at midchord and continued below

so that the trailing edge is at the right side in the middle of the

figure. Each plot was made from 256 data values for the fluctuating

component and the symbols are used to indicate direction of flow

angle change . The port identification number is printed in the upper

left corner of each plot. Similar plots for lift and moment for a

one inch span of the airfoil are given at the bottom of the figure and

any aerodynamic hysteresis will be indicated by a separation of the

curves for increasing and decreasing angle of attack. There is an

angular range from +2° to 00 wherein the lift is constant. An

inspection of the pressure loops shows this to be due to a pressure
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adjustment near the suction surface trailing edge. On the other hand ,

the moment varies smoothly throughout the complete cycle which indi-

cates a rapid movement of the center of pressure. A comparison of this

figure wi th Figures 173 and 174 for = 8 and 10°, respectively, shows

that the flat spot has moved to —2° to -4°. Thus , it occurs at the same

i nstantaneous angle of attack range of approximately 8°-6°. A compari-

son of Figures 174 through 182 for a~ = 10° and increasing oscillation

frequency indicates that this flat spot occurs at a hi gher angle of

attack for increasing a than for decreasing a. This is the most signif-

icant hysteresis in this series of tests. The trailing edge flow field

~adjustment mechanism involved here should be studied further to success-

fully explain this phenomena .

The hysteresis curves are markedly affected by the choice of

inlet flow phase angle because the data is taken in a cyclic fashion.

The wrong choice would cause hysteresis even at steady state. There-

fore, we should take particular note of the change in hysteresis as

the oscillation frequency is increased. This can be done by comparing

Figures 174 through 182 for an increase of in steps from 0.2 to

16.2 hz. The amplitude of the fluctuating lift and moment fundamentals

have changed and the lift curve still has a flat spot but there is

remarkably little hysteresis change. In fact, for = 6, 8, and 10°,

the lift phase angle changed by 14° or less for frequency changes of

0.2 to 16 and the moment phase angle by 9° or less. This represents

a reduced frequency range from 0.001 to 0.108 where other investigators

have found large hysteresis loops while oscillating airfoils rather
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than oscillating the flow. The absolute values of both parameters were

always between +17° and -3°. For ct~ 12°, where we previously noted

a leading edge separation, the lift and moment phase angle changes were

19.7° and 15.6°, respectively. The maximum calculated phase difference

between the lift and moment for this complete set of tests was 9°.

Thus , the lift and moment are in phase.

A set of aerodynamic coefficients for this set of airfoils is

presented in Table 2. A lift coefficient is defined as

L
L Cp VN V~/2g 144

where L is in lb and is the velocity induced by the perturbation

and is given by

= VN [sin a~ - sin - 5.75)]

Similarl y, a moment coefficient is defined

CM = 
cZ p V V /4g.144

The lift coefficient can be represented as a combination of a steady

part, 
~L’ 

and an unsteady part, CL

CL = C
L + CL

Similarly, the normalized moment is

CM =
~~1

+
~ ;l

We can also define the time-average position of the center of pressure

as
~~~~. M
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The data from the present set of tests show ~~ to be independent of

oscillation frequency . Its dependence on mean anqle of attack is shown

in Figure 183. Using the phase and fluctuation relationships of the

lift and moment, the range of the instantaneous center of pressure

CP =

can be calculated and is also presented in Table 2 wi th only the

fundamentals of the lift and moment being taken into account. The

ends of the range , cr1 ,, and CP1 , , correspond to maximum and minimum

angle of attack and are in fractions of the half-chord . This range

decreases as the frequency increases .

A plot of both steady and unsteady lift components versus

reduced frequency are given in Figure 184 which shows that the steady

lift coefficient , CL~ 
is primarily dependent on angle of attack as

expected wi th only a slight dependence on 
~~ 

Figure 185 shows that

the moment is dependent on a~1 , velocity , and in much the same

fashion . This illustrates that the average individual pressures

have only a small dependence on velocity and as pointed out

earlier. It should be remembered that the calculated lift and

moment are from incremental average pressure on the airfoil. 
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TABLE 2

NORMALIZED UNSTEADY AERODYNAMIC COEFFICIENTS

VN a~j CL CL,l CM CM,l CP1~~ ~~ CP 1 ,_

150 6.0 0.0010 2.372 1.339 -0.204 1.282 0.290 -0.121 -1.439
0.0396 2.338 1.251 -0.211 1.229 0.284 -0.127 -1.325
0.0795 2.338 0.920 -0.204 1.012 0.248 -0.123 -0.858

110 6.0 0.0013 2.332 1.502 -0.187 1.195 0.263 -0.113 -1.666
0.0541 2.340 1.238 -0.161 1.085 0.258 -0.097 -1.131
0.1081 2.232 0.860 -0.185 0.823 0.206 -0.116 -0.734

150 8.0 0.0010 2.866 1.205 0.225 1.227 0.357 0.110 -0.603
0.0395 2.804 1.056 0.199 1.134 0.345 0.100 -0.535
0.0788 2.818 0.855 0.242 0.996 0.337 0.121 -0.384

110 8.0 (~.OO13 2.808 1.272 0.193 1.125 0.323 0.097 -0.607
0.0541 2.689 1.082 0.162 1.016 0.312 0.084 -0.532
0.1083 2.737 0.766 0.191 0.836 0.293 0.098 -0.327

150 10.0 0.0010 3.485 1.163 0.689 1.161 0.398 0.278 -0.203
0.0396 3.431 1.028 0.671 1.078 0.390 0.275 -0.165
0.0795 3.419 0.866 0.710 0.903 0.376 0.292 -0.076

110 10.0 0.0096 3.376 1.176 0.617 1.071 0.370 0.257 -0.207
0.0539 3.383 1.068 0.617 0.973 0.357 0.256 -0.154
0.1084 3.353 0.717 0.625 0.750 0.337 0.262 -0.048

150 12.0 0.0010 3.883 1.252 1.104 1.115 0.432 0.399 -0.004
0.0395 3.891 1.137 1.098 0.979 0.413 0.397 0.043
0.0790 3.773 0.988 1.086 0.776 0.391 0.405 0.111

110 12.0 0.0013 4.028 1.081 1.018 1.037 0.402 0.355 -0.006
0.0540 3.968 0.912 1.002 0.903 0.390 0.355 0.032
0.1083 3.878 0.740 0.991 0.663 0.358 0.359 0.104 



CHAPTER VI

INTERPRETATION OF RESULTS AND RECOMMENDATIONS

A wind tunnel has been built which gives a nearly sinusoida l vari-

ation in flow direction with small change in flow magnitude . Tests were

conducted at low reduced frequencies and the data show that the pres-

sures around the airfoil are adjusted through pressure waves on both

surfaces which travel at a much slower speed than sonic velocity . These

induced pressure waves affect the airfoil performance and should be con-

sidered in theoretical studies . Since the assumption of i ncompressible

flow implies that adjustment to a flow disturbance by means of acoustic

waves is instantaneous throughout the field , this assumption may have to

be altered for unsteady flow.

Sinusoida l type pressure fluctuations were obtained over most of

both surfaces of the airfoil. The pressure traces on the pressure sur-

faces show small fluctuations due to the turbulent nature of the flow

and depart somewhat from sinusoida l near the leading edge. This may be

due to shifting of the leading edge stagnation point during the cycle.

The smoothest pressure traces were on the suction surface near the

leading edge. The flow is accelerated as it flows around the leading

edge and this reduces the turbulent fluctuations . However, when the

flow nears the trailing ~1qe , the boundary layer has developed and

vorticity Is being shed Into the stream making the pressure traces more

80
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irregular. Also, the length of the finite Fourier series (20 terms)

allows some of the turbulent noise to be retained .

The pressure profiles obtained for this airfoil show a smooth

approach to the trailing edge only for high loadings and then only in

the mean. Instantaneous pressure differentials at 89% chord position

reached 0.10 Q but these are also reduced by loading. This is in

opposition to the data for a single airfoil (Homes 1973) and a cascade

of airfoils (Satyanarayana et al 1974) in a wavy-wall tunnel which

showed static pressure differentials which tended to zero at the trail-

ing edge. However, it must be remembered that those airfoils were

syninetrical and that the wavy-wall may have a noticeable effect on the

trailing edge pressure fluctuations . For example , during the present

tests it was found that a variable back pressure had a larger effect on

the suction surface than it did on the pressure surface. Thus , great

care must be taken when establishing the cascade exit conditions .

The normalized average pressures showed little dependence on

velocity and oscillation frequency and prov ided average pressure pro-

files which would be expected in a steady flow cascade for similar

conditions . However, the reduced frequencies for these tests are low

and a deviation from this might be observed if tests at hi gher are

run. The crank mechanism was designed for a maximum oscillation fre-

quency of 30 hz at +5.75° ampl itude. The next series of tests should

be run at higher reduced frequencies to determine if the average and

unsteady pressures are affected. In addition , still higher reduced

frequencies can be obtained by reducing the oscillation ampl i tude so

that the stress levels remain the same.

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ .._  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Duri ng these additional tests, the flow velocity can also be in-

creased so that the reduced frequency remains constant but the Reynolds

number increases and thus investigate any Reynolds number dependence

which may exist. It was shown earlier that the change in Reynolds

number had only a small effect on the cascade pressure loss , but the

pressure fluctuations near the trailing edge may be quite dependent on

Re since that appears to be a boundary layer and vorticity phenomena .

However , a larger range in Re is required to make that determination.

On the pressure surface, a pressure wave travels from leading edge

to trailing edge at a speed (2-6% of sonic velocity ) which increases

wi th increasing c~ and does not depend on free stream velocity . The

unsteady pressure ampl i tude steadily decreases from leading edge to

near zero at the trailing edge for any set of flow conditions . At any

point on the airfoil , this ampl itude decreases with increased reduced

frequency except past mid-chord where it first increases to a maximum

at =0.05 and then decreases.

On the suction surface, a pressure wave leads the incident flow

and travels from mid-chord to the leading edge and would seem to be

induced by the inlet flow. The amplitude of the unsteady pressure

decreases from the leading edge to zero at near mid—chord . Downstream

of mid-chord , the phase angle shifts by 150-180° depending on oscilla-

tion frequency. Thi s shift occurs at smaller x/c for increased and

coincides approximately with the minimum flow area of the blade channel .

The unsteady pressure amplitude increases from mid—chord to the trail-

ing edge and decreases with increased loading . The unsteady pressure

L. 
~~~~~~~~~ . .  ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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amplitude at any chord position decreases with increased except past

mid-chord where , like the pressure surface, it first increases to a

maximum at =0.05 and then decreases as it did on the pressure surface.

This increase is small and may be peculiar to the tunnel operation.

The similarity of the phase angle and dependence of the unsteady

pressure variations on the two surfaces past mid—chor d suggests that

the flow should be analyzed as channel flow rather than as airfoil in

the middle of a stream.

The steady lift and moment increase with increased angle of attack

and also show a small increase for an increase in velocity . The

unsteady components , on the other hand , show a small decrease with

increasing angle of attack. They also vary slightly with velocity , and

decrease with increasing oscillation frequency.

There are no large hysteresis 1oops in the lift and moment curves

as was shown in oscillating airfoil experiments . The unsteady lift and

moment are in-phase, have a decreasing amplitude with increasing 
~~

but show little change in phase angle with This can be compared to

the decreasing amplitude but increasing phase lag found by Satyanarayana

et a (1974) in their wavy-wall tunnel .

The lift curve does have a flat spot wherein the lift is constant.

Thi s occurred during each cycl e between calcula ted incidence angles of

+2° and 0° (the actual incidence angle is lower) where a cascade is

normal ly expected to have a smooth l ift curve . Thi s flat spot seems to

connect two l ift curves whi ch are otherwise smooth and occurs when the

suction surface pressure profile is undergoing rapid adjustment,

_ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~~~~——..- ~~~~~~~~~~~~~~~~~~~~~~~~~~~
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especially near the trailing edge. The pressures near the leading edcie

vary smoothly during this transition which seems to rule out leading

edge separation or stagnation point movement as a probable cause.

Thus, the trailing edge activity indicates that the lift flat spot may

be caused by the wake adjustment for a lightly loaded airfoil with a

small leading edge radius of curvature .

The average center of pressure lies close to mid—chord and changes

with c&
m . 

The instantaneous center of pressure moves through a large

range during each oscillation and moves so that the step in the lift

still results in a smooth moment curve.

The average pressure profiles obtained duri ng unsteady flow testing

are similar to profiles obtained from a stationary cascade test of a

similar airfoil. Also , the unsteady pressure Drofiles are in excellent

agreement wi th a theoretical prediction (Whitehead 1974) near the lead-

ing edge but differ markedly at the trailing edge.

It is difficult to obtain a truly variable direction and a great

deal of work remains to be done to fully explain and define the opera-

tion of this wind tunnel . The pressures and velocities not only vary

cyclically with time but also have non—linear phase relationships with

each other which makes it difficult for the observer to establish any

phenomenological flow patterns. The oncoming flow direction is estab-

lished by the inlet but is adjusted by the cascade near the leading

edge. A three-dimensional mapping should be done in the future to

establish the pressure and velocity variations in the inlet . This , of

course , will then provide one of the boundary conditions for an analyti-

cal description of the cascade flow . 

-~~~~~-~~~—~~~ -— - ~~~~~~~~~ - -~~~~-“-~~~~ . ~. - . -
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Future work shoul d also include flow visual ization tests in the

cascade to help establish the time sequence of events in the flow

during each cycle. The present tests have shown that the suction sur-

face trailing edge pressure undergoes large fluctuations while the

pressure surface pressure is nearly constant. Therefore, the position

of the dividi ng streamline downstream of the airfoil probably varies

during each cycle. This would also imply a temporal variation of the

position of the wake and its profile. A traverse mechanism has been

built into the wind tunnel side plate and will be used to map the

cascade exit flow including the wakes.

This wind tunnel can be used to test compressor cascades of other

airfoil shapes and will provide useful unsteady flow data . 

~~~~~~~~ 
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CHAPTER VII

CONCLUSIONS

1. This wind tunnel gives a nearly sinusoidal variation in flow

directi on with a small change in flow magnitude and represents a new

method of obtaining experimental data for unsteady flows in cascades .

2. The airfoil average pressures show little dependence on velocity o~
frequency and agree with data obtained from a stationary wind tunnel .

3. The pressure fluctuations over most of both surfaces of the airfoil

was near sinusoida l wi th the smoothest fluctuations on the suction sur-

face near the leading edge .

4. The instantaneous pressure differential at the trailing edge was

not smooth except at hig h loading.

5. On the pressure surface the unsteady pressure ampli~ude decreased

along the chord to zero at the trailing edge. A pressure wave , which

lags the oncoming flow , travels from the leading to the trailing edge.

The wave speed , which lies between 20 and 60 fps , depends on am but not

on V.

6. On the suction surface the unsteady pressure amplitude decreases

from the leading edge along the chord to zero near mid-chord . Here,

the fluctuation changes phase and increases toward the trailing edge.

A pressure wave which anticipates the flow angle change moves from mid-

chord to the leading edge. This wave speed is near freestream velocity .

86
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A pressure wave downstream of mid—chord travels from mid-chord to the

trailing edge.

7. Thus , as a result of 5 and 6 above , the airfoil pressures were

adjusted by slow—moving waves on both surfaces.

8. The steady components of lift and moment increase with increasing

but are independent of test oscillation frequency.

9. The unsteady components of lift and moment decrease wi th increasing

and with increasing 
~ 

and have a small change in phase angle with

increasing 
~~

10. The unsteady pressure profiles are in excellent agreement with

theory near the leading edge.

.

~ 
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Figure 1. Typi cal compressor flow angles
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Figure 2. Fla t plate airfoi l
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Figure 3. Fluidic wind tunnel flow path
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Figure 4. Assembled fluid ic wind tunnel 
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Figure 5. Fluidic tunnel flow at 0°
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FIgure 6. Fluidic tunne l flow at 900 
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Fi gure 7. Fluidic tunnel flow at 180°

1~
• . 

. ‘ 

•~
. 

• 

~~

•

Figure 8. Oscillatory wind tunnel mode l
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Figure 9. Oscillatory tunnel test set-up
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FIgure 10. OscIllatory tunnel wi th hot wire in place
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Figure 11. One inch chord vanes
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Figure 12. Two inch chord vanes
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Figure 13. Prelimina ry vane test
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Figure 14. Test cell filter wall
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Figure 15. Control room
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Figure 16. Cas~. ie n ~enclature
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Figure 17. Cascade fl ow schematic

FIgure 18. Wi nd tunnel side plates
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Figure 19. Oscillatory inlet
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Figure 20. Partially assembled tunne l on assembly jig 
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Figure 21. Stationary cascade
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Figure 22. Rear view of assembled wind tunnel 
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Figure 23. Quarter view of asse mbled wind tunnel
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Figure 24. Top view of assembled wind tunnel 
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Figure 25. Stanchion

Fi gure 26. Assembled wi nd tunnel
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Figure 27. Gear case
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Fig ure 28. Biconvex ci rcular arc cascade
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Figure 29. Pressure surface machining operation
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Figure 30. Suction surface machining operation 
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Figure 31. Pressure transducer clusters
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FIgure 32. Transducer cluster side view
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Figure 33. Transduce r cluster in right trunion
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Figure 34. Transducer cluster in left trunion
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Figure 35. Auxi liary transducer mounting
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Figure 36. Flow control valve outlet
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Figure 37. Flow control valve inlet

Figure 38. Plenum muffler box
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Figure 39. Variable area flow path

.-- ... —.-.- ~-.—---—. ..-.-—.--—-- .-



- -.-- ..~~~~~~~~--. . . -- ~~~~~ 

_____________________________________ TEST CELL 1 113
TRANSDUCER

STEP 1 
__________ 

REAL-T IME
W IND TUNNEL TEST ANALOG DATA

FM TAPE

STEP 2 
__________ 

SLOW—T IME
ANAL OG TO DIGIT A L CONVERSION ANA LOG DATA

DIGIT AL TAPE
J

STEP 3 
__________ 

DIGITAL
PRIMARY DATA REDUCTION DATA

______________________________________ 
SINGLE TEST

OUTPUT

STEP 4 ___________ REDUCED
DATA CORRELATION DATA

_________________ ___________________ 
MULTIPLE TEST

OUTPUT

Fi gure 40. Data acquisition block diagram 
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STEP 1 RAW ANALOG

DATA
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CONVERTER
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FM DATA
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_________________I SLOW-TIME

FM DATA

FREQUENCY TO VOLTAGE DBN TIME CODE READER
CONVERTER NETWORK AND SEARCH UNIT

STEP 2 SLOW-TIME
ANALOG DATA
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LOW PASS FILTER READ STA RT

___________ ___________ 

COMMAND COMMAND

SLOW-TI ME
FILTERED
ANALOG DATA

HIGH FREQUENCY
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DIGITAL COMPUTER INTERFACE

— DIGITAL TAPE J
Fi gure 41. Data acquisition , step one and step two
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Figure 42. Tape recording room 
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CARD INPUT : DIGITAL TAPE INPUT :
a. Run Designation a. Run No. 7000 ( 7001 , 7002)
b. Calibration Values Low End Calibration Data

b. Run No. 7010 (7011 , 7012)
High End Calibration Data

c. Run No. 7020 (7021 , 7022)
Test Data

STEP 3

PRIMARY DATA REDUCTION :
a. 03 N-Cycle Average
b. Scale the Oata Us ing Calibration Data
c. Perform Fourier Analysis

_ _ _  

1 __________ 
_ _ _ _ _ _ _ _ _ _

Reduced Data [ Single Test Printed
— Stored on Disk Machine Plots Output

STEP 4

Multi ple Test
Mach i ne Plots

Fi gure 43. Data acquisition , step three and step four
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Figure 44. Keyboard and video display
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Figure 45. DBFI breadboard 

~~~~~~~~~~~~~~~~~~~~~~~~~



------ . . - - .- .— , .- -~~~~~~~

118

R R

__I_ 
C4

CHANNEL R C1 — 
C2 C3 C4

1 5365 0.508 0.435 1.229 0.180
2 5365 0.508 0.435 1.229 0.180
3 5365 0.508 0.435 1.229 0.180
4 5365 0.508 0.435 1.229 0.180
5 5200 0.525 0.449 1.268 0.186
6 5100 0.535 0.458 1.293 0.190
7 5100 0.535 0.458 1.29 3 0.190

FIgure 46. Electronic low-pass fi l ter design 
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Figure 47. Electronic fi l ter breadboard 
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Figure 50. Hot wire probe support
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Figure 51. Clean hot wi res
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Figure 52. Dirty hot wires
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Figure 57. Hot film anemometer output versus flow total terrperature
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Figure 58. Hot wi re angle definition
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Figure 59. Hot wire anemometer output versus flow angle calibration 
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Fi gure 65. Inlet velocity history , Run 3730, 
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= 6°, VN = 150 fps,
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Fi gure 68. Inlet velocity history , Run 4060’~
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= 12° , VN = 150 fps,
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Figure 69. Inlet pressure history , Run 7490’°< m 
= 10°, = 150 fps ,

= 0.2 hz
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Figure 70. Inlet pressure history , Run 7520, C( m = 10°, = 150 fps,
= 6.14 hz 
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Figure 71. Inlet pressure history, Run 7570, o( = 10°, = 150 fps,
= 16.21 hz 
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Figure 72. Inlet pressure history , Run 7020, = 6°, VN = 150 fps,
= 0.2 hz
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Figure 73. Ai rfoil pressure port designation 

~~~~~_-- - --- .-.-- - - -~~~~ - .--- . - —- --.-.,~~~~~~~~~~ .., -



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

0-I PRESSLJ~~ 9~~~ACE P(AVE) SLJCTICN 9LF~FAEE 145
L.E’ L.E.

10 Ni~~II Iy i i~~
’
~~~~~~~, 

2/

(7>N Il 20

—
_-- ,ci4 ‘279

9. I ~1 4~~I I I ,)~~’( I 
j4 • 251’ .•~.L/

ki I I I f’~ ’ I ~~ is

_ _ _ _ _  ‘is

I- I •~4 
• 

.17

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~14.26S _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

~~r—t— I-~L~~L~~~~- i— T- _L
~ .t- i r—i--i---~ -...4-—L~ iS6 14.215’

II 
,i4.272

l—..LJ~~i_-4 IT  
- I -t -t~.4 ~ 

— 
~~~ —j .15

0 i4.2i7’~

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

(141278
~~ 11 - I ~ 1- I J--~ I- t~1~ ‘—I----l - I —I—.-L-4----l _I_ t_~

r . j4

,i4 • 284
3. ~—4-- -4—4 ~~

J__
~ 4. 4 t - V’F-..# ~~~~~_i_.-i-~.r--r~14.2361

,i4.294
2 - I - F-~~ -l---I---I- -4-—I - -t — ‘ _ LLJ~J.__L.K”i~ 12

2601

,±4’306

1 —i-.-I~-t---t - I -I---r- I 
~~ ~ 

4~~I Ij ~~J._f (I  ii.
I.E. T.E.

u TI4~E - - - i~0
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Figure 78. TIme increment pressure profiles, Run 7100, 0< = 6°,
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Figure 183. Time-average center of pressure versus angle of attack
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