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ABSTRACT

Results of a fluid mechanics measurement program in oscillating flow within a

circular duct are presented. The program began with a survey of transition behavior over a

range of oscillation frequency and magnitude and continued with a detailed study at a single

operating point. Such measurements were made in support of Stirling engine development.

Values of three dimensionless parameters, Remax, Rew,and AR, embody the velocity

amplitude, frequency of oscillation and mean fluid displacement of the cycle, respectively.

Measurements were first made over a range of these parameters which included operating

points of allStirling engines. Next, a case was studied with values of these parameters that

are representative of the heat exchanger tubes in the heater section of NASA's Stirling cycle

Space Power Research Engine (SPRE). Measurements were taken of the axial and radial

components of ensemble-averagedvelocity and rms-velocity fluctuation and the dominant

Reynolds shear stress, at various radial positions for each of four axial stations. In each

run, transition from laminar to turbulent flow, and its reverse, were identified and sufficient

data was gathered to propose the transition mechanism. Models of laminar and turbulent

boundary layers were used to process the data into wall coordinates and to evaluate skin

friction coefficients. Such data aids in validating computational models and is useful in

comparing oscillatory flow characteristics to those of fully-developed steady flow.

Data were taken with a contoured entry to each end of the test section and with flush

square inlets so thatthe effects of test section inlet geometry on transition and turbulence
are documented.

The following is presented in two volumes. Volume I contains the text of the report

including figures and supporting appendices. Volume II contains data reduction program

listings and tabulated data (including its graphical presentation).
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NOMENCLATURE

Symbol Units Explanation

AR 2Xm,max= 1 Relativeamplitude of fluid
displacement

A+ Empiricaleffective sublayer
thickness for Van Driest model

2u 2

cf - Skin-frictioncoefficient
Um2

D m Pistondiameter

d m Duct inner diameter

f sec -1 Frequency

kT Correction factor for tangential
cooling of hot-wire sensor

1 . m Duct length

P bar Fluid static pressure

p. Pressure gradient parameter

p bar Average pressure

r m Cross-stream coordinate,
measured from the
duct centerline

R m Pipe inner radius

Red _ Urnd Reynolds number for steadyn
flow, based on the duct diameter
and the bulk-mean velocity

Um,maxd Reynolds number based on theRemax = v
duct diameterand the amplitude
of the bulk-mean velocity

ox:12
Ret0 - _ Kinetic Reynolds number, or _,

Valensi number

Re8 - urn,max8/V Reynolds number based opon
Stokes layer thickness

Re82 = 82urn/v2 Momentumthickness.Reynolds
number

vi



Symbol Units Explanation

s m Streamwisedistance measured
from open end of duct, or the stroke
of the piston

oxt 4VaStr-- _ "-"
Urn,,max Remax Strouhal Number

t see Time

T _ Fluid temperature
r

u m/see Instantaneous velocity

m/see Streamwise component of
ensemble-averagedvelocity

£

u' = _/u -'_ m/see Streamwise component of rms-
velocity fluctuation

Ueff m/see Effective cooling velocity

u._ rn/sec Freestream velocity

Um misec Bulk-mean velocity

Um,max m/sec Amplitude of the bulk-mean
velocity

un • m/see Velocity component normal
to sensor

UT m/see Velocity component tangential
to sensor

u. = ._J_w rn/sec Friction velocity

u+ u
= u'_" Nondimensional velocity, in

wall coordinates

v m/see Radial component of ensemble-
averaged velocity

v' m/see Radial component of rms-velocity
fluctuation

V volts Transducer voltage
cod2

Va = _ Valensi number
4v

-u'v' m2/see2 Reynolds shear stress

x m Streamwise distance, measured
from drive end of duct
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Symbol Units Explanation

xm m Amplitude of displacement of
bulk fluid

y m Cross-stream coordinate,
measured from the duct wall

yu, Distance normal to the wall in _-Y+- n
inner coordinates

Gree..____kk

ot= _ Womerselyparameter

a= (2v / o))1/2 m Stokes-layer thickness

52 m Momentum thickness

0 (o) Crank angle within the cycle
_: Karman constant

_t Nosec/m2 Dynamic viscosity

v m2/sec Kinematic viscosity
vo m2/sec Kinematic viscosity at the

reference state

p kg/m3 Density
't Pa " Shear stress

= u' v"--_ / u'ov' Correlation coefficient

o3= 2 zt f rad/sec Angular frequency

Superscripts
+ Wall coordinate

* Normalized quantity, except
where used in friction velocity, u,

Subscripts

m Average over cross-section
of duct _.

max Maximum during one cycle
o Reference state

w At thewall
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DATA LISTINGS

I. SINGLE-WIRE DATA

SPRE Operating Point

Nozzle Inlet Geometry

(9, 5) (e, u') (e, Um)

Ambient Conditions

axial station

s/d T (°C) P (bar)

0.33 25.68 0.980

16 25.29 0.991

30 25.22 0.989

44 24.06 0.990

Note that the data are tabulated at every 4 degrees of crank position except

within _+10degrees of transition, for which the resolution is every 2 degrees.

I!. SUPPLEMENTAL FIGURES

In order to supplement the three-dimensional figures which appear in the main

body of the thesis, additional figures generated from the single-wire data have
been included after the tabulated data for each of the four axial stations. At

each station, plots are provided of the ensemble-averaged velocity, the

streamwise rms-velocity fluctuation, and the turbulence intensity.



SPRE s_ = 0.33

dR = 0.994 dR = 0.993 dR = 0.990

e D u' D u' _ u'
deg. m/sec m_ec m_ec m/sec m_ec m_ec
4 0.0458 0.0071 0.0388 0.0105 0.0340 0.0127
B 0 0536 0.0065 0.0476 0.0088 0.0453 0 0111

12 0 0652 0.0077 0_0616 0.0076 0.0650 0 0118
14 0 0748 0.0094 0.0?23 0.0096 0.0826 0 0134
16 0 0845 0.0088 0.0849 0.0105 0.1017 0 0167
18 0 0933 0 0106 0.0962 0.0131 0.1175 0 0184
20 0 1035 0 0139 0.1070 0.0158 0.1329 0 0235
22 0 1077 0 0160 0.1163 0.0193 0.1468 0 0291
24 0 1144 0 0168 0.1274 0.0266 0.1598 0 0329
26 0 1246 0 0211 0.1434 0.0335 0 1827 0.0432
28 0 1484 0 0363 0.1609 0.0372 0 2173 0 0638
30 0 1796 0 0418 0 1851 0.0477 0 2544 0 0779
32 0 1953 0 0427 0 2128 0.0625 0 2956 0 0933
36 0 2452 0.1041 0 2647 0.0916 0 3649 0 1351
40 0 2511 0.0812 0 3002 0.1158 0 41?9 0 1507
44 0 3145 0,1099 0 3697 0.1427 0 5204 0 1875
48 0 3483 0.1005 0 4349 0.1446 0 5855 0 1761
52 0 3843 0.1313 0 4?00 0,1557 0 6621 0 2103
56 0 3980 0.1170 0 4965 0.1578 0 6913 0 1970
60 0 43?6 0.1060 0 5391 0 1576 0 7335 0 1828
64 0.5004 0.1279 0 5925 0 1630 0 7968 0 1878
68 0 5330 0.1542 0 6199 0 1534 0 8054 0.1835
72 0 5970 0.1516 0 6479 0 1390 0.8459 0.1813
76 0 5981 0 1098 0 6719 0 1192 0.8752 0.1673
80 0 5987 0 1004 0 6840 0 0851 0.8909 0.1351
84 0 6010 0 06?6 0 6830 0 05?7 0.8761 0.0769
88 0 5789 0 0416 0 6649 0 0307 0.8491 0.0479
92 0 5501 0 0252 0 6564 0 0160 0.8316 0.0286
96 0 5372 0 0241 0 6560 0 0059 0.8207 0 0178

100 0 5175 0 0095 0.6560 0 0035 0.8018 0 00?8
104 0 5040 0 0085 0.6017 0 0164 0.7732 0 0103
108 0 4790 0 0033 0.5804 0 0048 0.7430 0 0054
112 0 4412 0 0077 0.5312 0 0065 0.7190 0 0057
116 0 4060 0 0070 0.5023 0 0085 0.6766 0 0015
120 0 3866 0.0020 0.4498 0 0074 0.6561 0 0007
124 0 3511 0.0080 0.4071 0 0078 0.5895 0 0111
128 0.3164 0.0080 0.3740 0.0091 0.5238 0.0084
132 0.2714 0.0054 0.3304 0.0036 0.4596 0.0137
136 0.2340 0.0016 0.2696 0.0039 0.'3870 0.0023
140 0.1921 0.0020 0.2214 0.0040 0_3010 0.0095
144 0.1540 0.0000 0.1730 0.0031 0.2254 0.0047
148 0.1216 0.0026 0.1291 0.0028 0.1709 0.0045
152 0.0938 0.0036 0.0965 0.0052 0.1205 0.0013
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dR = 0.994 dR = 0.993 dR = 0.990
e 0 u' D u' 0 u'
deg. rn/sec m_ec m_ec m/sec m_ec m_ec
156 0.0679 0.0026 0.0649 0.0026 0.0700 0.0030
160 0.0455 0.0000 0.0422 0.0026 0.0346 0.0024
164 0.02?6 0.0016 0.0217 0.0005 0.0130 0.0003
168 0.0163 0.0023 0.0104 0.0009 0.0042 0.0013
172 0.0133 0.0009 0.0066 0.0001 0.0014 0.0001
176 0.0211 0.0015 0.0121 0.0012 0.0064 0.0008
180 0.0283 0.0009 0.0217 0.0005 0.0130 0.0003

SPRE s/d=0.33

dR = 0.988 dR = 0.984 dR = 0.981

e o u' 5 u' o u'
deg. rn/sec m/sec m_ec m/sec m_ec mlsec

4 0.0320 0.0149 0.0423 0.0218 0.0536 0.0304
8 0.0442 0.0139 0.0641 0.0244 0.0858 0 0348

12 0.0699 0.0158 0.1057 0.0270 0.1394 0 0320
14 0.0925 0 0158 0.1433 0.0299 0.1872 0 0366
16 0.1143 0 0211 0.1775 0.0342 0.2334 0 0459
18 0.1346 0 0250 0,2107 0.0372 0.2754 0 0504
20 0.1549 0 0284 0.2447 0.0428 0.3,2290 0632
22 0.1718 0 0404 0.2773 0.0636 0.3653 0 0804
24 0.1904 0 0476 0.3059 0.0789 0.4042 0 0961
26 0.2183 0 0607 0 3507 0.1018 0.4578 0.1126
28 0.2626 0 0816 0 4157 0.1164 0.5185 0.1268
30 0.3105 0.[006 0 4871 0.1351 0.5925 0.1438
32 0.3669 0.1215 0 5607 0.1449 0.6771 0.1756
36 0.4529 0.1551 0 6597 0.1793 0.7750 0.1957
40 0 4928 0.1721 0 7329 0.2225 0.8509 0.2186
44 0 5893 0.2028 0 8490 0.2503 0.9848 0.2862
48 0 6906 0.1961 0.9355 0.2419 1.1050 0.2739
52 0 7504 0.2018 1.0011 0.2572 1.1766 0.2772
56 0 7903 0.2004 1.0701 0.2752 1.2435 0.2858
60 0 8531 0.1911 1.1350 0.2510 1.2968 0.2686
64 0.9001 0.1821 1.2098 0.2494 1.4140 0.2991
68 0.9391 0.2012 1.2400 0.2691 1.4653 0.3162
72 0.9622 0.1989 1.2986 0.2618 1.4999 0.2889
76 2.0067 0.1776 1.3676 0.2694 1.5580 0.2701
80 1.0368 0.1600 1.3817 0.1891 1.5815 0.2124
84 1.0199 0.0873 1.3620 0.1259 1.5686 0.1456
88 0.9927 0.0615 1.3229 0.0810 1.5267 0.0940
92 0.9730 0.0378 1.2925 0.0439 1.4925 0.0489



dR= 0.988 dR 0.984 dR= 0.981
e D u' O u' fi u'
deg. rn/sec m/sec m_ec m/sec m/sec m_ec

96 0 9601 0.0229 1.2794 0.0261 1.4797 0.0263
100 0 9357 0.0125 1.2428 0.0175 1.4556 0.0160
I04 0 9166 0.00?8 1.2028 0.-0069 1.3973 0_0093
108 0 8806 0.0122 1.1767 0.0124 1.3523 0.0069
112 0 8400 0.0085 1.1259 0.0084 1.3129 0 0153 '
116 0 7902 0.0063 1 0622 0.0040 1.2504 0 0107
120 0 7458 0.0025 1 0082 0,0081 1.1677 0 0041
124 0 6878 0.0073 0 9448 0.0071 1.0927 0 0090
128 0 6530 0.0091 0 8687 0.0070 1.0175 0 0079
132 0.5859 0.0033 0 7954 0.0080 0 9252 0 0076
136 0 4854 0.0128 0 7038 0,0055 0 8338 0 0110
140 0 3785 0.0083 0 6179 0.0042 0 7172 0 0128
144 0 2846 0,0030 0 4717 0,0088 0 5953 0 0096
148 0 2061 0.0099 0.3441 0.0111 0 4506 0.0056
152 0 1395 0.0040 0.2305 0.0071 0 3093 0 0062
156 0 0804 0 0033 0.1317 0 0058 0 1749 0 0074
160 0 0327 0 0030 0.0506 0 0016 0.0705 0 0049
164 0 0082 0 001,3 0.0088 0 0006 0.0137 0 0011
188 0 0016 0 0006 0.0001 0 0001 0.0000 0 0000
172 0 0000 0 0000 0.0022 0 0002 0.0041 0 0001
176 0 0019 0 0002 0.0001 0 0001 0.000.0 0 0000
180 0 0084 0 0015 0.0086 0 0007 0.0117 0 0008

SPRE s_ = 0.33

dR = 0.974 dR = 0,968 dR= 0.948

e 5 u' a u' o u'
deg. m/see m/see m_ec m/sec m_ec m_ec

4 0.1161 0 0534 0.1716 0.0830 0.2940 0.1353
8 0.1804 0 0609 0 2774 0.0844 0.4938 0.1285

12 0.2834 0 0629 0 4196 0.0892 0.6983 0.0880
14 0.3701 0 0630 0 5275 0.08?6 0.?980 0.0841
16 0.4424 0 0741 0 6188 0.0755 0.9118 0.0876
18 0.5157 0 0816 0 6855 0.0791 1.0048 0.1022
20 0.5816 0 0922 0 7391 0,0796 1.1009 0.1251
22 0.6325 0 0922 0 7879 0.0996 1.1694 0.1413
24 0.6682 0 1049 0 8437 0.1223 1.2577 0.1680
26 0.7241 0 1235 0 9155 0.1531 1.3614 0.1993
28 0.8040 0.1588 I 0036 0.1894 1.4671 0.2347
30 0.8890 0.1785 I 1121 0.2284 1.5998 0.2684
32 0.9858 0,2257 I 2272 0.2704 1.7320 0.3013
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#R = 0.974 dR = 0.968 dR = 0.948

e fi u' fi u' fi u'
deg. m/sec m/sec m_ec rrVsec m_ec m_ec

36 1.1154 0,2655 1.3962 0.3193 1.9690 0.3611
40 1.2384 0.3272 1.5175 0.3745 2.1915 0.4221
44 1.3854 0.3739 1.?041 0.4054 2.3792 0.4547
48 1.5686 0.4187 1.8652 0.4388 2.6197 0.4560
52 1.6829 0.4248 2.0333 0.4442 2.8492 0.4453
56 1.7636 0.4207 2.1452 0.4514 2.9400 0.4566
60 1.8286 0 4076 2.2499 0.4518 3.1060 0.4586
64 1.9466 0 4041 2.3708 0.4863 3.2852 0.4592
68 2.0000 0 4324 2.4300 0.4437 3.4210 0.4097
72 2.1032 0 4275 2.5282 0.4380 3.5521 0.4671
76 2 1631 0 3764 2.6479 0.4289 3.6767 0.4325
80 2 2167 0 3059 2.6572 0.3186 3.7516 0.3347
84 2 1763 0 1811 2.6489 0.1956 3.7345 0.2318
88 2 1186 0 1144 2.5982 0.1366 3.6743 0.1620
92 2 0741 0.0684 2.5459 0.0744 3.6151 0.0953
96 2 0519 0.0380 2.5246 0.0450 3.5843 0.0480

100 2 0180 0.0186 2.4691 0.0259 3.5579 0.0190
104 ] 9424 0.0135 2.4026 0.0217 3.4661 0.0257
108 1 8980 0.0088 2.3398 0.0012 3.3902 0.0154
112 I 8170 0.0116 2.2580 0.0210 3.2888 0.0000
116 1 7318 0.0114 2.1524 0.0097 3.1533 0.0127
120 1 6515 0.0026 2.0488 0.0179 3.0317 0.0020
124 1 5635 0.0070 1.9355 0.0116 2.9058 0.0079
128 1 4546 0.0116 1.8172 0.0054 2.7336 0.0121
132 1 3361 0.0149 1.6903 0.0157 2.5548 0.0000
136 1 2183 0.0092 1.5457 0..0115 2.3485 0.0137
140 I 0667 0.0124 1.3675 0.0140 2.1189 0.0136
144 0 9028 0.0081 1.1706 0.0085 1.6631 0.0065
148 0 ?579 0.0116 0.9944 0.0098 1.6397 0 0143
152 0 6464 0.0020 0.8262 0.0061 1.4033 0 0076
156 0 4054 0,0120 0.6557 0.0070 1.1269 0 0090
160 0 1983 0.0074 0.3804 0,0080 0.8470 0 0083
164 0 0553 0.0030 0.1332 0.0077 0.5494 0 0136
168 0 0022 0.0010 0.0137 0.0017 0.1929 0 0060
172 0 0053 0.0007 0.0038 0,0004 0.0116 0 0014
176 0 0001 0.0000 0.0002 0.0002 0.0077 0 0009
180 0 0277 0.0019 0.0476 0,0038 0.0645 0 0032



SPRE s_ = 0.33

_R = 0.928 r/R = 0.861 _R = 0.728
$ _ u' _ u' _ u'
deg. m/sec m/sec m_ec m/sec m_ec m_ec

4 0.3266 0.1.696 0.2064 0.1675 0.0?85 0.0973
8 0.5?46 0.1386 0.58?? 0.1775 0.4488 0.1776

12 0.8030 0.1016 0.9220 0.1323 0.8599 0.1336
14 0.9426 0.1024 1.0984 0.1267 1 0638 0.1254
16 1.0669 0.098? 1.2743 0.1249 1 2543 0.1299
18 1.1857 0.1200 1.4324 0..1387 1 4433 0.1316
20 1.2993 0.1349 1.5930 0.1357 i 6206 0.1321
22 1 4153 0.1519 1.7362 0,1352 1 7?82 0.1331
24 1.5184 0.1724 1.8556 0.1420 1 9255 0.1233
26 1.6256 0.2134 1.9964 0,1477 2 0803 0.1239
28 1.7611 0.24?2 2.1374 0,1661 2.2392 0.1245
30 1.9085 0.264? 2.3062 0.1804 2.4106 0.1138
32 2.0432 0.2823 2.4689 0.1857 2.5652 0.1114
36 2;3248 0.3322 2.7819 0.2007 2.86?3 0.1097
40 2.5423 0.3548 3.0143 0.1895 3.1032 0.1094
44 2.7610 0.3824 3.2?67 0.1971 3.3486 0.1066
48 3.0323 0.3695 3.5661 0.1517 3.6141 0.0868
52 3.3003 0.3491 3.7929 0.1410 3.8302 0.0754
56 3.4609 0.3552 3.9723 0.1402 3.9991 0.0715
60 3.6057 0.3740 4.1292 0.1368 4.1659 0.0554
64 3.8199 0.3617 4.3411 0.1266 4.3751 0.0567
68 3 9793 0.3285 4.4?97 0.0799 4.49!4 0.0466
72 4 1334 0,3130 4.5732 0.0683 4.5846 0.0220
76 4 2055 0.2983 4.6705 0.0544 4.6683 0.0201
80 4 3326 0 2363 4.?553 0.0280 4.7447 0.0160
84 4 3651 0 1706 4.8032 0.0331 4.7879 0.0131
88 4 3221 0 1282 4.8065 0.0269 4.7889 0.0103
92 4 2636 0 0809 4.8096 0.0151 4.7906 0.0084
96 4 2407 0 0414 4.8108 0.0134 4.7921 0.0101

100 4 2050 0 0271 4.7825 0.0208 4.7644 0.0213
104 4 1098 0 0125 4.7245 0.0027 4.7086 0.0076
108 4 0408 0.0156 4.6734 0.0181 4.6590 0.0173
112 3.9584 0.0033 4.5935 0.0166 4.5801 0.0153
116 3.8013 0.0171 4.4415 0.0000 4.4261 0.0064
120 3.6538 0.0179 4.2930 0.0190 4.2880 0.0252
124 3.5311 0.0000 4.1414 0.0171 4.1327 0.0194
128 3.3465 0.0207 3.9817 0.0034 3.9691 0.0103
132 3.1395 0.0173 3.7988 0.0033 3.7882 0.0116
136 2.9443 0.0099 3.5836 0.0103 3.5822 0.0163
140 2.6872 0.0244 3.3488 0.0235 3.3680 0.0207
144 2.4137 0.0132 3.0613 0.0114 3.0937 0.0180
148 2.1102 0.0105 2.7826 0.0101 2.8065 0.0135
152 1.8340 0.0189 2.5215 0.0259 2.5389 0.0040
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dR =0.928 dR= 0.861 dR =0.728
e 5 u' 5 u' 5 u'
deg. rn/sec m/sec m/sec m/sec m_ec m/sec

156 1.5473 0.0100 2.1959 0.0075 2.2465 0.0198
160 1.2105 0.0094 1.8338 0.0104 1.8983 0.0110
164 0.8560 0.0061 1.4620 0.0009 1.5581 0.0030
168 0.5059 0.0100 1.0884 0.0032 1.2130 0.0094
172 0.1423 0.0048 0.7223 0.0018 0.8666 0.0082
176 0.0031 0.0008 0.2353 0.0099 0.4639 0.0078
180 0.0228 0.0019 0.0020 0,0008 0.0295 0.0027

SPRE _d = 0.33

dR = 0.594 dR = 0.461 dR = 0.328
e _ u' 0 u' O u'
deg. m/sec m_ec m_ec m/sec m_ec m_ec

4 0,0536 0.0773 0 0360 0.0568 0 0199 0.0387
8 0.3680 0.1685 0 2841 0.1526 0 2486 0.1416

12 0.8018 0.1317 0 7402 0.1255 0 6919 0.1225
14 1.0091 0.1256 0 9506 0.1249 0 8937 0.1031
16 1.2106 0.1319 , 1448 0.1212 1 1083 0.1165
18 1.4118 0.1296 , 3646 0.1337 1 3288 0.1394
20 1.5987 0.1307 I 5587 0.1342 I 5526 0.1432
22 1.7724 0.1376 , 7315 0.1339 I 7434 0.1352
24 1.9308 0.1363 I 9090 0.1348 1.9112 0.1382
26 2.0906 0.1272 2 0599 0 1388 2.0640 0 1400
28 2.2451 0.13,1 2 2385 0 1387 2.2378 0.1461
30 2.4241 0.1295 2 4150 0 1164 2.4201 0 1424
32 2.5848 0.1180 2 5801 0 1210 2.5780 0.1347
36 2.8912 0.1164 2 8758 0 1239 2.8775 0 1310
40 3.1227 0.1086 3 0961 0 1212 3.0999 0.1165
44 3.3684 0.1032 3 3487 0 1098 3.3514 0 1199
48 3.6343 0.0892 3.5965 0 0922 3.5977 0.0944

52 _.8378 _.0803 3.7947 7998 09300079 .0706 3.9623 _ 0865 _'9623 _.087456 0719
60 4.1622 0.0658 4.1259 0.0697 4.1178 0 0667
64 4.3672 0.0580 4.3343 0.0607 4.3144 0.0662
68 4.4824 0.0432 4.4454 0.0527 4.4337 0.0472
72 4.5884 0.0246 4.5372 0.0240 4.5348 0.0337
76 4.6681 0.0207 4.6246 0.0208 4.6137 0.0304
80 4.7408 0.0207 4.6954 0.0124 4.6823 0.0175
84 4.7817 0.0208 4.7342 0.0148 4.7182 0.0131
88 4.7830 0.0205 4.7340 0.0136 4.7183 0.0129
92 4.7917 0.0157 4.7393 0.0100 4.7226 0.0172
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dR = 0.594 dR = 0.461 dR = 0.328

e fi u' fi u' fi u'
deg. m/see m_ec m_ec rn/sec m_ec m_ec

96 4 7951 0 0116 4.7413 0.0131 4.726? 0.0196
100 4 7581 0 006? 4.7094 0.0194 4 7114 0.0119
104 4 7155 0 0032 4.6562 0.0037 4 6653 0.0171
108 4 6379 0 0215 4.6053 0.0187 4 5631 0.0189
112 4 5643 0 0185 4.5281 0.0151 4 5033 0.0182
116 4 4332 0 0000 4.3768 0.0053 4 3927 0.0040
120 4 2783 0 0091 4.2358 0.0237 4 2283 0.0172
124 4 1266 0 0109 4.0826 0.0185 4 0781 0.0155
128 3 9740 0 0029 3.9238 0.0106 3 9364 0.0041
132 3 7916 0 0033 3.7440 0.0107 3 7535 0.0091
136 3 5788 0.0092 3.5383 0.0157 3 5339 0.0167
140 3 3559 0.0217 3.3228 0.0207 3 3021 0.0233
144 3 0817 0.0174 3.0532 0.0182 3 0333 0.0172
148 2 8046 0.0086 2.7733 0.0151 2 7696 0.0131
152 2 5438 0.0000 2.5056 0 0000 2 5167 0 0028
156 2 2304 0.0164 2.2211 0 0196 2 1986 0 0121
160 1.8978 0.0050 1.8746 0 0117 1 8753 0 0045
164 1.5613 0.0021 1.5343 0 0000 i 5418 0 0038
168 1.2106 0.0058 1.1973 0 0089 1.1952 0 0067
172 0.8641 0.0053 0.8620 0 0094 0.8552 0 0080
176 0.4648 0.0087 0.4546 0.0081 0.4560 0 0073
180 0.0341 O.O03S 0.0354 0.0030 0.0362 0 0032

SPRE sM = 0.33

dR = 0.194 dR = 0.006

fi u' _ u'
deg. rn/sec m_ec m/sec rrVsec

4 0.0205 0 0365 0.0241 0.0486
8 0.2157 0 1299 0.2084 0.1402

12 0.6604 0 1171 0.6475 0.1280
14 0.8715 0 1041 0.8665 0.1103
16 1.0866 0 1120 1.0795 0.1173
18 1.3080 0 1286 1.3149 0.1249
20 1.5347 0 1388 1.5472 0.1336
22 1.7324 0 1372 1.7456 0.1431
24 1.9053 0.1491 1.9121 0.1418
26 2.0707 0.1399 2.0792 0.1377
28 2.2340 0.1530 2.2517 0.1468
30 2.4150 0.1435 2.4257 0.1474
32 2.5871 0.1345 2.5843 0.1290
36 2.8926 0.1234 2.8915 0.1221
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dR = 0,194 dR = 0.006
e D u' _ u'
deg. rrdsec m_ec m_ec m/sec
40 3 1142 0.1231 3.1064 0 1201
44 3 3570 0.1179 3.3511 0 1178
48 3 5990 0.1116 3.6026 0 1034
52 3 8103 0.0989 3.8128 0 0970
56 3 9553 0.0886 3.9673 0 0873
60 4 1152 0.0754 4.1305 0 0802
64 4 3148 0.0662 4 3202 0 0659
68 4 4303 0.0483 4 4401 0 0605
72 4 5268 0.0379 4 5225 0 0372
76 4 6109 0.0292 4 6138 0 0213
80 4 6819 0.0173 4 6817 0.0184
84 4 7153 0.00B5 4 7248 0 0198
88 4 7150 0.0072 4 7225 0 0190
92 4 7192 0.0140 4 7309 0 0209
96 4 7260 0.0192 4 7356 0 0209
I00 4 7120 0.0088 4 7083 0 0125
104 4 6635 0.0176 4 6398 0 0175
108 4 5630 0.0188 4 5897 0 0052
112 4 5045 0 0167 4 5097 0 0018
116 4 3923 0 0000 4 3613 0.0171
120 4 2272 0 0169 4 2501 0 0279
124 4 0786 0 0144 4.0772 0 0155
128 3 9361 0 0000 3.9130 0 0210
132 3 7530 0 0083 3.7358 0 0181
136 3.5336 0 0163 3.5381 0 0197
140 3.3027 0 0220 3.3222 0 0192
144 3 0339 0 0163 3.0489 0 0079
148 2 7693 0 0130 2.7782 0 0198
152 2 5164 0 0000 2.4935 0 0101
156 2 1977 0.0108 2.2200 0 0062
160 I 8747 0.0026 1.8731 0 0090
164 I 5412 0.0042 1.5266 0 0083
168 I 1943 0.0081 1.1944 0 0025
172 0 8541 0.0073 0.8855 0 0017
176 0 4552 0.0068 0.4636 0 0090
180 0 0371 0.0027 0.0371 0.0030
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SPRE s/d= 0.33

Um e Um e um

deg. m/see deg. m/sec deg. m/sec
2 0.0740 90 4.8078 178 0.1559
4 0.1416 92 4.7992 180 0.0472
6 0.2622 94 4.7978
8 0.4277 96 4.7884

i0 0.6108 98 4.7725
12 0.7978 i00 4.7460
14 0.9845 102 4.7172
16 1.1653 104 4.6798
18 1.3450 106 4.6412
20 1 5180 108 4.5997
22 I 6693 110 4.5330
24 1 8101 112 4.4992
26 1 9557 114 4.4107
28 2 1193 316 4.3390
30 2 3029 118 4.2788
32 2 4641 120 4.1857
34 2 6323 122 4.1142
36 2 7818 124 4.0183
38 2 9018 126 3.9408
40 3 0013 128 3.8419
42 3 1438 130 3.7323
44 3 2800 132 3.6355
46 3 4149 134 3,5312
48 3 5546 136 3.4095
50 3 7027 138 3.3132
52 3 7859 140 3.1635
54 3 8752 142 3.0286
56 3 9519 344 2.8760
58 4 0422 146 2 7438
60 4 1301 148 2 5885
62 4 2519 150 2 4567
64 4 3690 152 2 3195
66 4 4419 354 2 1730
68 4 5087 156 2 0135
70 4 6048 158 1 8552
72 4 6516 160 1.6741
74 4 6792 162 1.5017
76 4.7371 164 1.3370
78 4.7829 166 1.1752
80 4.8121 168 1.0047 o
82 4.8371 170 0.8403
84 4.84"78 _72 0.6877
86 4.8395 174 0.5349
88 4.8248 176 0.3457
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Figure 1: Ensemble-averagedvelocityat s/d = 0.33
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Figure 2: Streamwisevelocityfluctuationat s/d= 0.33 ,,
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_ Figure 3: Strearnwiseturbulence intensity, u' / fi, at s/d= 0.33
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SPRE s_ = 16

dR = 0.995 r/R = 0.992 r/R= 0.983
e 0 u' O u' _ u'
deg. m/see m_ec m_ec m/sec m_ec m_ec

4 0.0499 0.0091 0.0392 0 0119 0 0644 0.0282
8 0.05?3 0.0087 0.0495 0 0100 0 0974 0.0301

12 0.0727 0.0080 0.0690 0 0112 0 1587 0.0320
16 0.0973 0.00?2 0.0999 0 0100 0 2471 0.0328
20 0.1131 0 0098 0.1280 0 0131 0 3371 0.0380
24 0.1350 0 0298 0.1624 0 0561 0 4368 0.1359
28 0.2114 0 0510 0 2794 0.0806 0 6894 0.1521
32 0 2655 0 0707 0 3674 0.1130 0 6406 0.1750
36 0 2394 0 0413 0 3264 0.0671 0 7925 0.1097
40 0 2293 0 0224 0 3019 0.0383 0 7531 0.0607
44 0 2425 0 0162 0 3263 0.0296 0 7823 0..0461
48 0 2605 0 0181 0 3537 0 02.61 0 8329 0.0465
52 0 2655 0 0197 0 3611 0:0272 0 8460 0.0480
54 0 2662 0 0194 0 3627 0 0252 0 8515 0.0472
56 0 269400210 0 36590102510 85470.0479
58 0,2760 0 0226 0 3745 0,0271 0 8672 0.0493
60 0.2877 0 0271 0 3910 0.0354 0 8930 0.0614
62 0.3030 0 0366 0 4123 0,0562 0 9260 0.0939
64 0.3237 0 0588 0 4514 0.0950 0 9688 0.1438
66 0.3506 0 1015 0.4897 0.1306 1 0288 0.2312
68 0.3903 0 1464 0.5284 0.1946 1 1187 0.3508
70 0.4289 0 1799 0.5820 0.2273 I 2125 0.4251
72 0.4817 0 2317 0.6453 0.2757 I 3152 0.5137
76 0.5640 0 2439 0.7760 0.3438 1.4974 0.5860
80 0.6581 0 3043 0.8577 0.3539 1 6698 0.62G6
84 0.6855 0.2908 0.8772 0.3578 I 7056 0.6200
88 0.6994 0.2917 0.9276 0.3893 1 7444 0.6151
92 0.6983 0 3068 0.9031 0.3658 1 8339 0.6365
96 0.6762 0 2712 0.932? 0.3724 1 7243 0.6100

100 0.6553 0 3134 0.8509 0.3702 1 6074 0.5988
104 0.5226 0 2693 0.7245 0.3182 1 4033 0.5402
108 0.3883 0 1664 0.5261 0.2304 1 0754 0.3322
112 0.2905 0 1119 0.3969 0.1545 0 8844 0.2284
116 0.2348 0.0489 0.3159 0.0829 0 7572 0.1671
120 0.1918 0.0335 0.2461 0.0571 0 6437 0.1164
124 0.1596 0.0261 0 1963 0.0401 0 5362 0.1057
128 0.1391 0.0211 0 1626 0.0300 0 4469 0.0911
132 0.1215 0.0162 0 1386 0.0226 0 3789 0.0688
136 0.1016 0.0087 0 1083 0.0137 0_2905 0.0464
140 0.0812 0.0084 0 0792 0.0096 0.2041 0.0276
144 0.0655 0.0055 0 0572 0.0056 0.1415 0.0194
148 0.0518 0.0036 0.0412 0.0046 0.0850 0.0136
152 0.0385 0.0037 0.0243 0.0031 0.0384 0.0073
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dR = 0.995 r/R = 0.992 r/R = 0.983
e _ u' O u' _ u'
deg. m/see m_ec m_ec rrdsec m_ec m_ec
156 0.0251 0.0025 0 0117 0.0025 0.0066 0.0028
160 0.0178 0.0005 0 0045 0.0008 0.0004 0.0003
164 0.0177 0.0006 0 0041 0.0008 0.0008 0.0004
168 0.0229 0.0029 0 0094 0.0022 0.0026 0.0021
172 0.0320 0.0045 0 0166 0.0033 0.0119 0.0058
176 0.0387 0.0049 0 0239 0.0052 0.0311 0.0115
180 0.0463 0.0063 0 0342 0.0075 0.0625 0.0228

SPRE sM = 16

r/R= 0.959 r/R= 0.939 r/R= 0.872
e _ u' O u' 0 u'
deg. rrdsec m/see m/see rrgsec m_ec m/soc

4 0.2712 0 1173 0 3455 0.1541 0.2734 0.1933
8 0 4204 0 1100 0 5951 0.1155 0 6513 0.1579
12 0 6245 0 0839 0 8039 0.0867 0 9706 0.1198
16 0 8123 0 0716 1 0510 0.0864 1 3223 0.1023
20 0 9821 0 0675 I 2756 0.0944 1 6846 0 0985
24 1 1899 0 2423 1 5357 0.2714 2 1845 0 2711
28 1 6245 0 2550 2 0798 0.2685 2 5694 0 1983
32 1 8034 0 2973 2 1906 0.2888 2 6259 0 2316
36 1 7522 0 1943 2 2501 0 2117 3 0017 0 1335
40 I 7236 0 1329 2 2749 0 1593 3.1958 0 126.8
44 I 7790 0 1141 2 3620 0 1391 3.3970 0.1304
48 i 8756 0 1109 2 4760 0 1363 3 6153 0 1507
52 I 9279 0 1105 2 5506 0 1368 3 7920 0 1679
54 1 9458 0 1114 2 5754 0 1393 3 8703 0 1646
56 1 9567 0 1066 2 6053 0 1413 3 9356 0 1704
58 I 9840 0 1185 2.6365 0 1542 4 0149 0 2123
60 2.0253 0 1534 2.7007 0.2056 4 1113 0 2938
62 2.0782 0 2377 2.8200 0.3185 4 2186 0 3812
64 2.1664 0.337? 2.9307 0.4399 4 3262 0.4421
66 2.2941 0.4636 3.0790 0.5486 4 3762 0.5166
68 2.4729 0.5986 3.1904 0.6870 4.3871 0.6006
70 2.55?4 0.6174 3.3052 0.6851 4.4580 0.6324
72 2.6912 0.6982 3.4395 0.7268 4.5265 0.5600
76 2.9505 0.7765 3.5936 0.7247 4.5987 0.6451
80 3.1147 0.7300 3.7722 0.7423 4.6843 0.6279
84 3.1667 0.?535 3.8012 0.?265 4.6791 0.6911
88 3.2034 0.7945 3.8137 0.7587 4.7590 0.6584
92 3.2329 0.7436 3.9123 0.7419 4.7822 0.6262
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dR = 0.959 r/R= 0.939 r/R= 0.872
6 6 u' fi u' fi u'
deg. m/sec m/sec m/see m/sec m/see m/sec

96 3 2303 0.?264 3.8506 0.7579 4.6250 0.6642
100 3 1196 0 7759 3.69?7 0.7479 4.6618 0.6683
104 2 7603 0 6706 3.4730 0.6850 4.6415 0.6343
108 2 3775 0 5449 3.1118 0.5649 4.4928 0.5705
112 2 0545 0 4237 2.7702 0.4636 4.2916 0.5018
116 I 8296 0 2960 2.5221 0.3778 4.0751 0.4266
120 I 6246 0 2295 2 2985 0.3056 3.8111 0.3749
124 1 4503 0 1929 2 0852 0.2577 3.5616 0 3009
128 1.3206 0.1604 1 9146 0.203? 3.3640 0 2250
132 1 2210 0 1217 1 7815 0.1516 3.1915 0 1532
136 1 0912 0 0828 1 6190 0.1060 2.9934 0 1072
140 0 9487 0 0591 1 4425 0.0?58 2.7773 0 0888
144 0 8158 0 0419 i 2759 0.0598 2.5430 0 0693
148 0 6797 0 0330 1 0929 0,0468 2,2817 0 0606
152 0 4918 0 0426 0 8939 0.0438 1.9845 0 0537
156 0 2399 0 0363 0 6558 0.0369 1.6377 0 0497
160 0 0451 0 0178 0.3037 0.0498 1.2701 0 0532
164 0 0019 0 0018 0.0464 0.0243 0.8946 0 0545
168 0 0012 0 0017 0.0015 0.0015 0.5346 0 0796
172 0 0365 0 0194 0.0095 0.0114 0.1501 0 0561
176 0 1415 0 0389 0.1273 0.0476 0.0035 0 0094
180 0 3169 0 0708 0.3423 0.0843 0.0901 0 0788

SPRE s_ = 16

dR = 0.739 dR = 0.606 r/R = 0.472
e fi u' fi u' O u'
deg. m/sec m_ec m/sec m/see m/sec m/see

4 0 1116 0.1144 0.0668 0.0899 0.0424 0.0642
8 0 5178 0.1790 0.4176 0.1660 0.3498 0.1605

12 0 9392 0.1270 0.8605 0.1251 0.8083 0.1196
16 I 3461 0.1148 1.2908 0.1180 1,2407 0.1131
20 1 7467 0.1074 1.7132 0.1107 1.6615 0.1046
24 2 3806 0.2035 2.2267 0.1957 2.0631 0.1701
28 2 4453 0.1780 2.3378 0.1499 2.3003 0.1482
32 2 7765 0.1871 2,7691 0.1911 2.7470 0.1915
36 3.2040 0.1207 3.1975 0.1496 3,0965 0.1884
40 3.4855 0.0991 3.5000 0.1159 3.4625 0.1780
44 3.7694 0.0847 3.8068 0.1054 3.7733 0.1317
48 4.0854 0.0777 4.1305 0.0800 4.1233 0.1000
52 4.3565 0.0819 4.4165 0.0737 4.4060 0.1037
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r/R = 0.739 r/R = 0.606 r/R = 0.472
e fi u' fi u' fi u'
deg. m/sec m_ec m_ec rn/sec m_ec m_ec

54 4.4564 0,0877 4.5282 0.0728 4.5145 0.0945
56 4.5460 0.0970 4.6201 0.0777 4.6072 0.0923
58 4.6441 0.1328 4.7118 0.1019 4.6910 0.1135
60 4.7242 0.1744 4.8097 0.1256 4.7953 0.1258
62 4,8175 0,2135 4.9174 0.1448 4.9115 0.1457
64 4.8871 0.2730 4.9926 0.2011 5.0080 0.1627
66 4.9709 0.3124 5.0740 0.2234 5.1085 0.1861
68 4.9945 0.3369 5.1361 0.2507 5.1514 0.2099
70 5.0282 0.3888 5.1715 0.2626 5.1933 0.2215
72 5.0606 0.4027 5.2006 0.2612 5.2199 0.2290
76 5.0799 0.4130 5.2639 0.2873 5.3034 0.2395
80 5.1701 0.4340 5.3242 0.3142 5.3655 0.2616
84 5.2281 0.4285 5.3820 0.3112 5.4701 0.2372
88 5.1939 0.4465 5.4097 0.3050 5.4590 0.2634
92 5.2265 0.4273 5.3949 0.3425 5.4834 0.2467
96 5.1845 0.4616 5.4570 0.3007 5.5353 0.2253

100 5.2515 0.4279 5.4757 0.2504 5.5468 0.1804
104 5.2698 0.3668 5.4608 0.1933 5.5070 0.1367
108 5.2460 0.3281 5 4278 0.1535 5.4607 0.0789
112 5,2041 0.2501 5 3889 0.0883 5.3945 0.0475
116 5,1239 0.1712 5 3437 0.0527 5.3344 0.0488
120 4.9686 0.1252 5 2029 0.0366 5.1900 0.0369
124 4.7608 0.0848 5 0021 0,0217 4.9856 0.0264
128 4,5829 0.0648 4 8185 0 0298 4.8060 0.0309
132 4.3841 0.0358 4 6262 0 0260 4.6182 0.0276
136 4.1427 0.0399 4.3969 0 0141 4.3851 0.0194
140 3.9065 0.0383 4.1325 0 0276 4.1333 0.0319
144 3.5968 0.0275 3.8456 0 0341 3.8473 0.0491
148 3.2763 0.0334 3.5179 0 0316 3.5153 0.0484
152 2.9292 0.0332 3.1947 0 0241 3.2047 0.0252
156 2.5410 0.0276 2.8543 0 0248 2.8647 0.0228
160 2.1576 0.0305 2.5041 0 0268 2.5195 0.0222
164 1,7451 0.0367 2.0838 0 0237 2.1327 0.0289
168 1.3208 0.0386 1.6599 0.0264 1.7171 0.0274
172 0.9026 0.0487 1.2445 0.0326 1.3328 0.0310
176 0.4449 0.0813 0.8120 0.0314 0.9081 0.0344
180 0.0329 0.0429 0.2?48 0,0539 0.4105 0.0561
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SPRE s_ = 16

dR = 0.339 r/R= 0.206 dR = 0.006
8 fi u' O u' 5 u'
deg. m/sec m_ec m/sec rrVsec m/sec m/sec

4 0.030? 0.0502 0.0197 0.0362 0.0244 0.0490
8 0.3098 0.1530 0.2601 0.1361 0.2618 0.1471

12 0.7632 0.1158 0.7315 0.1042 0.7339 0.1175
16 1.1881 0.1107 1.1558 0.1020 1.1586 0.0995
20 1 6083 0.1012 1.5760 0.0923 1.5912 0.0943
24 I 9532 0.1289 1.9170 0.1316 I 9189 0.1113
28 2 3215 0.1611 2.3364 0.1734 2 3739 0.1911
32 2 7292 0.1850 2.7554 0.1960 2 8076 0.1782
36 3 0128 0.1971 2.9521 0.1996 3 0080 0.1975
40 3 3378 0.2212 3.2128 0.2379 3 1900 0.2268
44 3 6811 0 1881 3.5317 0.2513 3 3847 0.2498
48 4 0856 0 1455 3.9364 0.2420 3 6980 0.2901
52 4.3624 0 1639 4.2399 0.2398 3.9511 0.3327
54 4 4901 0 1447 4.3735 0.2277 4.0778 0.3288
56 4 5750 0 1462 4.4765 0.2303 4.2018 0.3257
58 4 6726 0 1539 4.5-851 0.2130 4.3386 0.3350
60 4 7762 0 1522 4 6792 0.2556 4.4371 0.3542
62 4 8774 0 1760 4 8086 0.2448 4.5971 0.3527
64 4 9949 0 2083 4 8853 0.2689 4.7304 0.3672
66 5 0950 0 2094 4 9780 0.2957 4.7498 0.3994
68 5 1548 0 2273 5 0118 0.2985 4.8220 0.4127
70 5 1811 0 2363 5 0851 0.2947 4.8815 0.3915
72 5 2094 0 2370 5 1100 0.3282 4.9306 0.3944
76 5 2870 0 2414 5 2255 0.2838 5.0325 0.4370
80 5 3754 0.2391 5.3141 0.3086 5.1720 0.4036
84 5 4589 0 2430 5.3982 0.2922 5.1702 0.4263
88 5 4662 0 2348 5.4191 0.2753 5.2517 0.3897
92 5 5146 0 2277 5.4520 0.2776 5.3063 0 3950
96 5 5687 0 1820 5.5147 0.2310 5.3318 0 3963
I00 5 5682 0 1591 5.5389 0.2010 5.3816 0 3688
104 5.5272 0 1149 5.5005 0.1440 5.3401 0 3290
108 5.4600 0.0829 5.4240 0.1623 5.2988 0 3291
112 5.4028 0.0614 5.3678 0.1256 5.2242 0 3244
116 5.3240 0.0676 5.2957 0.1087 5.1611 0 2849
120 5.1796 0.0665 5.1540 0.0967 5.0414 0.2825
124 4.9825 0.0468 4.9729 0.0891 4.8835 0.2502
128 4.8027 0 0478 4.7880 0.0693 4.7347 0.1963
132 4.6067 0 0417 4.6006 0 0591 4.5606 0.1720
136 4.3889 0 0242 4.3887 0 0499 4.3532 0.1614
140 4.1304 0 0434 4.1177 0 0685 4.0798 0.1743
144 3.8434 0 0700 3.6128 0 0997 3.7515 0.1674
148 3.5009 0 0843 3.4782 0 1174 3.4945 0.1204
152 3.2048 0 0313 3.1827 0 0481 3.2137 0.0892
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r/R= 0.339 r/R=0.206 r/R=0.006
6 O u' 5 u' _ u'
deg. m/sec m/sec m/sec m/sec m/sec m/sec
156 2.8672 0.0217 2.8655 0 0271 2.9101 0.0433
160 2.523.6 0.0197 2 5225 0 0238 2.5576 0.0399
164 2.1343 0.0293 z!1342 0 0313 2.1819 0.0447
:168 3 7197 0.0274 117187 0 0289 1.7602 0.0402_ ,._,_ o.o_ __,_ oo_,_ ,._ 0.o,,3
_8oo.42,2oo6_ o.,3_ oo_6_o,o_3o_o78
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SPRE _d =16

8 Um e Um 6 Um

deg. m/sec deg. m/sec deg. m/sec
2 0.0542 90 4.8057 178 0.3664
4 0.1313 92 4.8399 180 0.232?
6 0.2641 94 4.8355
8 0.4416 96 4.8221
10 0.6280 98 4.8369
12 0.8126 100 4.8264
14 0.9908 102 4.8016 _
16 1.1783 104 4.7701
18 1.3633 106 4 7267
20 1.5385 108 4 6585
22 1.7365 110 4 5971
24 I 9722 112 4 5422
26 2 1000 114 4 4911
28 2 2359 116 4 4274
30 2 3868 118 4 3448
32 2 5283 120 4 2560
34 2 6990 122 4 1484
36 2.8306 124 4 0545
38 2.9497 126 3 9647
40 3.0612 128 3 8813
42 3.1796 130 3 7915
44 3.3041 132 3 7088
46 3 4475 134 3 6141
48 3 5810 136 3 5036
50 3 700? 138 3 4002
52 3 8023 140 3.2785
54 3 8915 142 3.1577
56 3 9656 144 3.0246
58 4 0454 146 2.8944
60 4 1311 148 2.7445
62 4 2324 150 2.6067
64 4.3206 152 2.4602
66 4 4063 154 2.2945
68 4 4569 156 2.1410
70 4 5111 158 1.9767
72 4 5628 160 1.8088
74 4 6023 162 1.6373
76 4 6466 164 1.4604
78 4 6947 166 1.2917
80 4..7405 168 1.1223
82 4.7683 170 0.9546
84 4.7924 172 0.7988
86 4.8083 174 0.6487
68 4.8099 176 0.5042

2O



1 °,0

Figure 4: Ensemble-averagedvelocityat s/d = 16
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Figure 5: Streamwisevelocityfluctuationat s/d = 16
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Figure 6: Streamwise turbulence intensity, u' / fi, at s/d = 16

Note: Thepeaksappearlowerthantheactualdataduetosmoothingbytheplotting
package.Thepeakturbulenceintensityis 1.02,at 158° forr/R= 0.983.

23



SPRE _d = 30

dR = 0.997 r/R= 0.995 r/R = 0.991
e _ u' fi u' 0 u'
deg. m/sec m_ec m_ec m/sec m/see m/sec

4 0 0483 0.0107 0.0408 0.0120 0 0285 0.0159
8 0 0577 0.0097 0.0504 0.0102 0 0437 0.0175

12 0 0724 0.0093 0.0651 0.0094 0 0675 0.0169
16 0 0941 0.0093 0 0901 0.0108 0 1078 0.0209
20 0 1089 0.0084 0 1097 0.0113 0 1461 0.0210
24 0 1235 0.0115 0 1267 0.0120 0 1750 0.0202
28 0 1406 0.0107 0 1474 0.0138 0 2092 0.0230
32 0.1647 0.0102 0 1713 0 0108 0.2589 0.0272
36 0 1767 0 0099 0 1901 0 0144 0 3005 0.0292
40 0 1833 0 0123 0.1997 0 0153 0 3204 0.0281
44 0 1978 0 0130 0.2174 0 0178 0 3496 0.0299
48 0 2176 0 0152 0.2396 0 0155 0 3941 0.0349
52 0 2261 0 0143 0.2475 0 0156 0 4091 0.0352
56 0 2259 0 0146 0"2471 0 0167 0 4083 0.0359
60 0 2315 0.0140 0 2550 0 0184 0 4246 0.0353
64 0 2384 0.0117 0 2651 0 0199 0 4431 0.0366
68 0 2383 0.0119 0 2660 0.0199 0 4433 0.0359
72 0 2291 0.0136 0 2541 0.0183 0 4210 0.0344
76 0 2228 0.0147 0 2450 0.0153 0 4029 0 0333
78 0.2230 0.0142 0 2451 0.0149 0 4034 0 0329
80 0 2225 0.0146 0 2453 0.0155 0 4042 0 0356
82 0 2215 0 0183 0.2455 0.0204 0 4022 0 0434
84 0 2362 0 1098 0.2566 0.0758 0.4128 0 0858
86 0 3039 0 1963 0.3451 0 2280 0 5354 0 3280
88 0 4972 0 3205 0.59?8 0 3880 0 8964 0 5527
90 0 6503 0 3081 0.7785 0 3741 1 2132 0 4997
92 0 6882 0 2566 0.7883 0 3193 I 2174 0 4676
94 0 6866 0 2631 0.7831 0 2882 1 1846 0 4251
96 0 6806 0.2589 0.7903 0 3148 1 1817 0 4345

100 0.6841 0.2637 0.7795 0 3118 1.1774 0.4438
104 0.6549 0.2551 0.7351 0.2953 1.1427 0.4476
108 0.6501 0.2707 0 7303 0.2901 1.1068 0.4286
112 0.6206 0.2555 0 7134 0.2820 1.0498 0.4259
116 0.5756 0.2461 0 6829 0.2937 1.0066 0.3804
120 0.5376 0.2205 0 6463 0.2797 0.9703 0.4093
124 0.5115 0.2297 0 5890 0.2709 0.9249 0.3718
128 0.4642 0.2118 0 5133 0.2292 0.8114 0.3486
132 0.4247 0.1978 0.4667 0.2248 0.7388 0.3314
136 0.3465 0.1742 0.3902 0.2091 0.6430 0.3125
140 0.2819 0.1503 0.3309 0.1993 0.5014 0.2972
144 0.2137 0.1332 0.2285 0.1526 0.3691 0.2701
148 0.1589 0.1067 0.1803 0.1469 0.2508 0.2302
152 0.1289 0.0895 0.1346 0.1136 0.2005 0.2088
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dR = 0.997 r/R= 0.995 r/R = 0.991
6 _ u' 0 u' _ u'
deg. m/sec m_ec m_ec m/sec m_ec rn/sec
156 0.1143 0.0827 0.1098 0.0931 0.1533 0 1810
160 0.0905 0.0598 0.0868 0.0697 0.1076 0 1308
164 0.0694 0.0427 0.0608 0.0469 0.0692 0 0840
168 0.0496 0.0249 0.0437 0.0307 0.0356 0 0456
172 0.0370 0.0155 0.0269 0.0161 0.0158 0 0240
176 0.0310 0.0_20 0.0208 0.0087 0.0069 0 0101
160 0.0318 0.0089 0.0228 0.0091 0.0081 0.0088

SPRE sM= 30

dR = 0.986 dR = 0.983 r/R = 0.977
6 _ u' O u' _ u'
deg. m/sec m_ec m_ec rn/sec m_ec m_ec

4 0.0373 0 0301 0.0469 0.0385 0.0852 0 0658
8 0,0616 0 0285 0.0858 0.0445 0.1604 0 0744

12 0.1117 0 0296 0.1518 0.0422 0.2772 0 0730
16 0.1848 0 0358 0.2544 0,0547 0.4413 0 0861
20 0.2552 0 0367 0.3525 0.0488 0 5959 0 0?03
24 0.3117 0 0384 0 4238 0.0568 0 6781 0 0526
28 0.3806 0 0451 0 5158 0 0579 0 7574 0 0548
32 0.4739 0 0501 0 6235 0 0478 0 8494 0 0565
36 0.5481 0 0517 0 6778 0 0353 0 9270 0.0579
40 0 5801 0 0446 0 7013 0 0404 0 9657 0.0584
44 0 6182 0 0400 0 ?382 0 0449 I 0141 0.0606
48 0 6692 0 0361 0 7929 0 0429 1 0835 0,0608
52 0 6869 0 0370 0 8189 0.0439 1.1176 0.0627
56 0 6864 0 0366 0".8227 0,0441 1 1234 0.0589
60 0 7017 0 0381 0,8369 0.0437 1 1440 0.0624
64 0 7183 0 0386 0.8567 0.0463 I 1661 0.0618
68 0 7201 0 0376 0.8613 0.0473 I 1713 0.0612
72 0.6999 0 0363 0.8364 0.0445 I 1450 0.0599
76 0.6845 0.0339 0.8137 0.0416 1 1192 0.0573
78 0.6849 0.0334 0.8125 0.0416 1 1168 0.0556
80 0.6857 0.0354 0.8133 0.0445 1 1187 0.0598
82 0.6851 0.0468 0.8156 0.059? 1 1247 0.0934
84 0.7040 0.1422 0.8389 0.1726 I 1769 0.2684
86 0.8815 0.4617 1.0133 0.4917 i 4356 0.6394
88 1.2715 0.6818 1.4986 0.7660 1.9702 0.8691
90 1.6255 0.6443 1.8591 0.7161 2.3519 0.?936
92 1.6913 0.6071 1.9615 0.6624 2.4574 0.6771
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dR = 0.986 dR = 0.983 dR = 0.977
e 8 u' 8 u' 0 u'
deg. m/sec m_ec m/see m/see m/sec m/sec

94 1.6946 0.6074 1.9789 0'6213 2.4678 0.6807
96 1.68710.5502194_ o.6_7_24_36o.,11,_oo_63o2o552_ 19936o6s_o 238_3o,o8o

104 1.6044 0.5642 1.8928 0.6416 2.3860 0.6878 _1081.57490559_ 182220,624_ 2288307423
112 1.5018 0 5265 1.7696 0.6222 2.2401 0.6850
116 1 4436 0 5522 1.6530 0.5737 2.1651 0.6662
120134_ 04865 16474057_9 208380.62711241300304609 _ _33205467 __ 0_=_4_=__=_0_04_0 __00_0_ _0_ 0_0_
132 I 0645 0 4!53 1.3004 0.4861 I 6245 0.5544
136 0 9240 0 3925 1 1475 0.4545 1 4224 0.54?9
140 0 7723 0 3924 0 9200 0.4202 1 2485 0.5131_,_ o_ o_o o_o o4_ o_ o._,_ o_,_ o _ o _ o4,_ o_ o._o__ o_ o_oo9o4_ o_ o _ o4_
_ o_4_ o_ o_ o._ o_ o4_o__o o_9_ 0._0 0_ 0._ 0_ 0._
,, 0,26_0.,_,40,_,_0.,9_20,_ 0._8,9,_ 00_0_0.099000_0_0._,_0._20._0_
,_2002_60.04_0002_200_ 0.0_,0.,0,_,_ 000_0.0,9,000_0.02_200,_0.0_,_o ooo_o.o_2o.oo_o.o_oo.o_2_o.o_

SPRE s_ = 30

dR = 0,970 dR = 0.950 dR = 0.930

e O u' O u' 8 u'
deg. rrdsec m_ec m/sec rn/sec m/sec m_ec

4 0.1244 0.0790 0.2039 0.1408 0.2477 0.1672
8 0.2371 0.1021 0.4289 0.1480 0.5320 0.1631
12 0.4010 0.0961 0.6672 0.1045 0.8054 0.1122
16 0.6112 0.0860 0.8972 0.0964 1.0759 0.1069
20 0.7477 0,0666 1.09860.0958 1.3290 0.1085
24 0.8447 0.0721 1.2469 0.0970 1.5345 0.1073 "
28 0.9495 0.0649 1.3963 0.0953 1.7012 0.1145
32 1.0587 0.0623 1.5541 0.1005 1.9112 0.1143
36 1.1475 0.0668 1.6977 0.1077 2.0948 0.1273
40 1.1992 0.0742 1.7769 0.1103 2.2052 0.1382
44 1.2577 0.0778 1.8667 0.1172 2.3149 0.1497
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r/R = 0.970 dR = 0.950 dR = 0.930

e O u' o u' o u'
deg. rrdsec m/sec m/sec rn/sec m/sec m_ec

48 1.3438 0.0793 1.9718 0.1180 2.4561 0.1481
52 1.3922 0.0820 2.0501 0.1131 2.5581 0.1435
56 1.4033 0,0809 2,0791 0,1087 2,6032 0,1505
60 1.4237 0.0751 2.1183 0.1145 2.6492 0.1488
64 1,4489 0 0686 2,1580 0,1223 2.?04? 0.1513
68 .1,4570 010706 2.1672 0,1196 2,7382 0,1461
72 _.42830.070_ 2 13s40._13_ 2,70730.1473
_6 1.398z0.0684 2 09790.1053 2.67760z480
78 1.3915 0.0701 2 0936 0.1053 2.6813 0.1536
80 1,3911 0,0754 2 0981 0.1211 2.6920 0,1806
82 1.3957 0 1186 2 1212 0.2103 2.7545 0.3238
84 1.4481 0 2883 2 2022 0 4088 2.8287 0.4909
86 1.7108 0 6697 2.4713 0 7212 3 0642 0.7348
88 2.2563 0 8921 2.9321 0 8852 3 2940 0.8319
90 2.6635 0 7983 3.2867 0 7776 3 5876 0.7432
92 2.7510 0 6934 3.4568 0 7104 3 7206 0 6784
94 2.8193 0.7008 3.4468 0 6715 3 8405 0 6174
96 2.8312 0.7270 3 4126 0 7078 3 8389 0 6551
I00 2 8039 0.7302 3 4824 0 6817 3 8441 0 6418
104 2 7562 0,7352 3 4325 0 7138 3 7617 0 6016
108 2 6639 0.7039 3 3806 0 7209 3.6617 0 6342
112 2 5983 0.6966 3 2049 0 6778 3.5856 0 6383
116 2 5513 0.6828 3 1253 0 6559 3.4889 0 6414
120 2 3965 0.6836 3 0126 0 6672 3.3386 0 6138
124 2 2665 0.6244 2 9013 0.6735 3.1638 0.59?'8
128 2 1682 0.6152 2 7201 0.6187 3.0381 0.599?
132 1,9850 0.5949 2 5835 0.6179 2.8437 0.5838
136 1.7621 _,5524 2 3565 0.6043 2.6191 0.5579
140 1.5342 0.5730 2.0324 0.5706 2.3508 0.5599
144 1.2015 0.5604 1.6923 0.5912 1.9875 0.5721
148 1.0081 0.5689 I 4102 0.5976 1.6988 0.5895

_58o.,o_, o._,83 o212o._9,6 .=6_5 5_65
_6, 0._3_ 0.344_0.73s_0.,132 0.8_7 0.4540,68 0.26160.2_0_0.,8_00.3_,3 0.62210.3879_2 0.110_0._2_ 0.26150.2_530._ 0._=_ 0.0=_ 0.0_4_0.0_000._ 0._ 0.__o o.o_ o.o_ o.o_ o.o_ o.o_o_o.o_
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SPRE s_ =30

dR = 0.863 dR = 0.730 dR = 0.597
e o u' 5 u' 0 u'
deg. m/sec m_ec m_ec rrdsec rn/sec rn/sec
4 0.1897 0.1758 0.1271 0.1477 0.1026 0.1369
8 0.5612 0.1980 0 4766 0.2026 0.4384 0.2035
12 0.9225 0.1467 0 8797 0 1478 0.8386 0.1415
16 1 2787 0.1312 i 2826 0 1306 1.2404 0.1306
20 1 6237 0.1134 1 6631 0 1207 1.6287 0.1225
24 I 8994 0.1110 i 9963 0 1017 1.9563 0.1025
28 2 1925 0.0992 2 3145 0 0940 2 2943 0.0945
32 2 4811 0.1054 2 6627 0 0801 2 6494 0.0830
36 2 7599 0.1138 2 9949 0 0639 2 9966 0.0743
40 2 9580 0 1309 3 2665 0.0789 3 2854 0.0763
44 3 1574 0 1445 3 5312 0.0661 3 5637 0.0618
48 3.3837 0 1595 3 8185 0.0877 3 8749 0.0744
52 3 5440 0 1626 4 0665 0.0845 4 1332 0.0648
56 3 6648 0 1599 4 2638 0.0978 4 3637 0.0589
60 3 7640 0 1852 4 4548 0.1104 4.5771 0.0519
64 3 8815 0 1883 4 6565 0.0960 4.7909 0.0634
68 3 9599 0 1934 4 8231 0.1309 5.0007 0.0537
72 3 9941 0 2028 4 9495 0.1237 5.1572 0.0689
76 4 0167 0 2120 5.0540 0.1503 5.3080 0.0?96
78 4 0474 0 2348 5.1188 0 1961 5.3410 0.1123
80 4 1055 0 3165 5.1509 0 2516 5.3593 0.1681
82 4 1659 0 4514 5.1571 0 3271 5 3713 0.2596
84 4 2555 0 5667 5.0901 0 4380 5 3757 0.3253
86 4 2060 0 6791 4.9869 0 5268 5 2971 0.4407
88 4 1898 0 6417 4 7795 0 5685 5 1334 0.4996
90 4 1323 0 6144 4 6516 0 5322 5 0623 0.5127
92 4 2353 0 5335 4 6917 0 4916 4 9664 0 4429
94 4 2621 0 5185 4 7140 0 4528 5 0026 0 4524
96 4 2915 0 5127 4 7246 0 4272 5 0379 0 4072
I00 4 2946 0 5104 4 7360 0.4256 5 0424 0 4070
104 4 2471 0 5052 4.6694 0.4629 4 9469 0 3999
108 4 1281 0.5151 4,5519 0.4556 4 8433 0 4081
112 4 0263 0.5221 4.4635 0.4406 4.7614 0.4292
116 3 9331 0 5159 4.3388 0.4337 4 6459 0.4107
120 3 8360 0 5048 4 2186 0.4224 4 5371 0.3885
124 3 6852 0 4614 4 0709 0.4149 4 3846 0.3707
128 3 4594 0 4555 3 8938 0.4102 4 2170 0,3413
132 3 3623 0 4358 3 7554 0.3608 4 0335 0.3542
136 3 0952 0 4600 3 5720 0.3755 3 8815 0.3448
140 2,8697 0 4463 3 3432 0.3992 3 7086 0.3261
144 2.5185 0 4571 3 0977 0.4084 3.4918 0.3349
148 2,2551 0 4992 2 8749 0.3936 3.2381 0.3486
152 1.9521 0 4861 2 5834 0.3949 2.8854 0.3934
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dR = 0.863 dR = 0.730 dR = 0.597
e 5 u' o u' O u'
deg. m/sec m_ec m_ec m/sec m_ec m_ec
156 1.7407 0.4982 .2.2772 0.4245 2.5686 0.4031
160 1.5122 0.4608 1.9568 0.4098 2.2493 0.3629
164 1.2595 0.4256 1.5218 0.3567 1.8647 0.3313
168 0.9339 0.3594 1.1947 0.3620 1.4303 0.3310
172 0.6254 0.3205 0.8478 0.3237 1.0158 0.3207
176 0.3014 0.2'606 0.4738 0.2886 0.6024 0.2804
180 0.0743 0.1096 0.1391 0.1576 0.1890 0.1798

SPRE _d = 30

dR = 0.463 dR = 0.330 dR = 0.197
6 5 u' 5 u' _ u'
deg. rrVsec m_ec m_ec rrVsec m_ec rn/sec

4 0.0971 0.1316 0 0?32 0.1066 0 0687 0.1002
8 0.4091 0.2016 0 3531 0.1962 0 3376 0.1789

12 0.8217 0.1481 0 7710 0.1438 0 7600 0.1406
16 1.2122 0.1318 1 1743 0 1329 1 1562 0 1275
20 1.5890 0.1211 I 5518 0 1171 I 5440 0 1145
24 I 9259 0.1094 I 8953 0 1008 I 8825 0 0975
28 2 2617 0.1001 2 2262 0 0946 2 2219 0 0894
32 2 6275 0.0880 2 5827 0 0785 2.5886 0 0781
36 2 9802 0.0821 2 9439 0 0832 2.9378 0 0714
40 3 2799 0.0839 3 2453 0 0695 3.2476 0.0713
44 3 5592 0.0671 3 5282 0.0619 3.5302 0.0564
48 3.8774 0.0735 3 8452 0.0715 3.8505 0.0680
52 4 1476 0.0676 4 1218 0.0586 4.1266 0.0557
56 4 3834 0.0490 4 3662 0.0508 4.3699 0.0430
60 4 6030 0.0543 4 5780 0.0519 4.5938 0.0464
64 4 8273 0.0519 4 8073 0.0519 4.8239 0.0432
68 5 0343 0.0471 5 0181 0.0367 5.0317 0.0384
72 5 2086 0.0412 5 1995 0.0393 5.2076 0.0271
76 5 3488 0.0594 5 3285 0.0635 5.3346 0.0602
78 5.3835 0.0836 5.3719 0.0718 5.3848 0.0701
80 5.4358 0.1228 5.4203 0.1020 5.4381 0.0933
82 5.4636 0.1797 5,4855 0.1430 5.5006 0.1362
84 5.5027 0.2541 5.5259 0.2004 5.5880 0.1829
86 5.5492 0.3527 5.6553 0.2932 5.7475 0.2735
88 5.4658 0.4258 5.?252 0.3503 5.8348 0.32??
90 5.3750 0.4176 5.5189 0.3882 5.7121 0.3678
92 5.2904 0.3866 5.4458 0.3606 5.5?36 0.3235
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dR = 0.463 dR = 0.330 dR = 0.197
B D u' _ u' O u'
deg. m/sec m_ec m/sec m/sec m/sec m_ec

94 5.2671 0.4079 5.4283 0.3132 5.5174 0.2973
96 5.3012 0.3708 5.4024 0.3191 5.4866 0.2845

100 5.2760 0.3768 5.3812 0.3190 5.4673 0.2997
104 5.1828 0.3757 5.3070 0.3541 5.4086 0.2862
108 5.0290 0.3864 5.1944 0.3462 5.2862 0.3070 .
112 4 9625 0.3895 5.1088 0.3668 5.1984 0.3145
116 4 8367 0.3923 5.0279 0.3377 5.1315 0.3147
120 4 7924 0.3407 4.9284 0.3276 5.0588 0.2925
124 4 6349 0 3370 4 7958 0.2837 4 8917 0.2485
128 4 4514 0 3171 4 6152 0.2476 4 6810 0.2168
132 4 3041 0 2808 4 3995 0.2225 4 4778 0.1800
138 4 0874 0 2718 4 1884 0.2123 4 2553 0.1516
140 3 9011 0 2420 3 9631 0.1577 3 9988 0.1468
144 3 6859 0 2470 3 7222 0.2011 3 7647 0 1594
148 3 3989 0 2934 3 4945 0.1822 3 5291 0 1844
152 3 1349 0 2861 3 2133 0.2306 3.2556 0 1904
156 2 8028 0 3192 2 8927 0.2416 2 9355 0 2186
160 2 4692 0 3168 2 5394 0.2526 2 5917 0 2230
164 2.0728 0 2965 2 1477 0.2668 2 1986 0 2524
168 1.6280 0 2919 1 7119 0.2847 I 7543 0 2438
172 1.1711 0 3228 I 2445 0.2866 1 2853 0 2922
176 0.7309 0 3033 0.7913 0.2683 0 8241 0 2693
180 0.2771 0.2263 0.3059 0.2227 0 3267 0.2293

SPRE s/d= 30

r/R = 0.004
6 _ u'
cleg. m/sec m/sec

4 0.0483 0.0823
8 O.2880 O.1821

12 0.713.2 0.1397
16 1.1214 0.1212
20 I.5222 O.1050
24 1.6684 O.0920
28 2.2172 0.0854
32 2.5743 0.0757
36 2.9413 0.0733
40 3.2357 0.0684
44 3.5223 0.0591
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dR = 0.004
8 5 u'
deg. m/sec m/sec
48 3.8386 0.0697
52 4.1161 0.0579
56 4.3661 0.0433
60 4.5912 0 0489
64 4.8221 0 0421
68 5.0350 0 0436
72 5.2086 0 0380
76 5.3317 0 0587
78 5.3824 0 0699
80 5 4434 0 0899
82 5 5189 0 1243
84 5 6274 0 1967
86 5 8429 0 2721
88 5 9452 0 2875
90 5 ?876 0 3223
92 5 6441 0 2749
94 5 5613 0 2563
96 5 5436 0 2658

100 5 4992 0 2680
104 5 4438 0.2642
108 5 3695 0.2581
112 5 2783 0.2748
116 5 2111 0.2605
120 5 0778 0.2645
124 4 9092 0.2337
128 4 6908 0.2052
132 4 4353 0.1898
136 4 1803 0.206?
140 3 9119 0.2114
144 3 6736 0.2293
148 3 3997 0.2214
152 3 0768 0.2488
156 2.7157 0.2850
160 2.4331 0.2750
164 2.0180 0.2819
168 1.5719 0.2865
172 1.1803 0.2927
176 0.7590 0.2601
180 0.2964 0.2264

31



SPRE s/d= 30

B Um e Um e Um
deg. m/sec deg. m/sec deg. m/sec

2 0.0650 90 4.5178 178 0.3045
4 0.1289 92 4.5232 180 0.1588
6 0.2573 94 4.5396
8 0.4300 96 4.5506

10 0.6140 98 4.5396
12 0.7884 I00 4.5480
14 0.9614 102 4 5195
16 1.1425 104 4 4788
18 I 3179 106 4 4218
20 I 4791 108 4 3683
22 I 6229 110 4 3209
24 1 7654 112 4 2819
26 1 9026 114 4 2177
28 2 0498 116 4 1812
30 2 2011 118 4 1383
32 2 3539 320 4 0805
34 2 5058 122 4.00?4
36 2 6461 124 3.9339
38 2 7681 126 3.8431
40 2 8776 128 3.7566
42 2 9878 130 3.6666
44 3 1017 132 3.5998
46 3 2278 134 3.4890
48 3 3548 136 3.3942
50 3 4646 138 3,2847
52 3 5617 140 3.1760
54 3 6501 142 3.0565
56 3 7302 144 2.9107
58 3 8031 146 2.7914
60 3.8860 148 2.6639
62 3 9661 150 2.5169
64 4 0506 152 2.3798
66 4 1306 154 2.2533
68 4 1919 156 2.1192
70 4 2457 158 1.9760
72 4 2915 160 1.8491
74 4 3252 162 1.6835
76 4 3718 164 1.5165
78 4 4064 166 1.3386 "
80 4 4411 168 1.1669
82 4 4743 170 0.9951
84 4.5037 172 0.8192 "!
86 4.5366 174 0.6515
88 4.5397 176 0.4711
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' Figure 7: Ensemble-averaged velocity at s/d = 30
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Figure 8: Streamwisevelocityfluctuationat s/d = 30
Centerline view
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Figure 9: Streamwisevelocityfluctuationat s/d= 30
Near-wallview
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Figure 10: Streamwise turbulence intensity, u' / fi, at s/d = 30

Note: Thepeaksappearlowerthantheactualdatadueto smoothingbytheplotting
package.Thepeakturbulenceintensityis1.25,at164° forr/R= 0.986.
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SPRE s_ = 44

dR = 0.999 dR = 0.998 r/R = 0.995
0 u' D u' 0 u'

deg. m/sec m_ec m_ec m/sec m_ec m_ec

4 0.0679 0.0169 0.0394 0.0138 0.0181 0.0168
8 0.0885 0.0151 0.0598 0.0170 0.0410 0.0201
12 0.1145 0.0199 0.0935 0.0230 0.0848 0.0377
16 0.1376 0.0148 0.1130 0.0189 0.1150 0.0305
20 0.1429 0.0135 0.1223 0.0151 0.1232 0.0228
24 0.1522 0.0122 0.1308 0.0146 0.1389 0.0224
28 0.1633 0.0091 0.1450 0.0148 0.1604 0.0194
32 0 1749 0.0109 0.1647 0.0118 0.1901 0.0219
36 0 1875 0.0106 0.1750 0.0132 0.2098 0,0217
40 0 1899 0.0102 0.1797 0.0131 0.2172 0.0213
44 0 1968 0.0099 0.1898 0.0134 0.2318 0.0195
48 0 2150 0.0122 0.2106 0.0153 0.2637 0.0235
52 0 2199 0.0114 0 2178 0.0137 0.2747 0.0221
56 0 2194 0 0108 0 2156 0 0140 0.2697 0.0227
60 0 2229 0 0097 0 2211 0 0123 0.2808 0.0218
64 0.2305 0 0067 0 2301 0 0098 0.2889 0.0189
68 0.2315 0 0064 0 2312 0 0091 0.3011 0.0180
72 0.2255 0 0081 0 2235 0 0100 0.2840 0.0186
76 0.2247 0 0087 0 2214 0 0107 0.2783 0.0184
80 0 2252 0 0080 0 2243 0 0098 0.2847 0.0174
84 0 2215 0 0091 0 2164 0 0116 0.2694 0.0188
88 0 2060 0 0105 0 1884 0 0106 0.2448 0.0148
92 0 1986 0 0078 0 1810 0 0084 0.2327 0.0124
96 0 1853 0 0070 0 1869 0 0096 0.2268 0.0132
98 0 1924 0 0062 0 1835 0,0103 0.2211 0.0149
I00 0 1887 0 0085 0.1766 0.0111 0.2126 0.0186
102 0 1913 0 0491 0.1826 0.0564 0.2.112 0.0509
104 0 2424 0 1590 0.2549 0.1910 0.3006 0.2537
106 0 3962 0 2483 0.5145 0.3587 0.6439 0.4667
108 0.5324 0.2237 0.6467 0.2803 0.8915 0.4358
110 0.5551 0.1949 0.6454 0,2625 0.8907 0.3570
112 0.5107 0.1917 0.5990 0.2353 0.6210 0.3077
114 0.5041 0.1830 0.5345 0.2224 0.7854 0.3078
116 0.4791 0.1796 0.5499 0.2339 0.7430 0.2945
120 0.4520 0.1747 0.5205 0.2097 0.7248 0.3055
124 0 4275 0.1641 0.4888 0.2135 0.6820 0.2944
128 0 3805 0.1546 0.4320 0.1871 0.6063 0.2814
132 0 3639 0.1451 0.3944 0,1796 0.5307 0.2398
136 0 3162 0.1311 0,3397 0.1647 0.4722 0.2415
140 0 2832 0.1135 0.2922 0.1453 0.4088 0.2155
144 0 2388 0.0828 0.2479 0.1210 0.3345 0.1945
148 0.2010 0.0707 0.2067 0.1023 0.2408 0.1476
152 0.1675 0.0573 0.1611 0.0751 0.1847 0.1256
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dR = 0.999 dR = 0.998 r/R= 0.995
e _ u' _ u' _ u'
deg. m/sec m/sec m/sec m/sec m_ec m_ec
156 0.1508 0.0517 0.1234 0.0626 0.1241 0.0885
160 0.1187 0.0351 0.0920 0.0403 0.0826 0.0630
164 0.0926 0.0241 0.0641 0.02?9 0.0459 0.0353
168 0.0?54 0.0183 0.0458 0.0166 0.025? 0.0205
172 0.0639 0.0105 0.0361 0.0078 0.0141 0.0101
176 0.0613 0.0070 0.0341 0,0050 0,0112 0.0052
180 0.0669 0.0080 0.0393 0.0064 0.0161 0.0061

SPRE s_ = 44

dR = 0.993 dR = 0.990 dR = 0.983
e 5 u' 5 u' _ u'
deg. rn/sec m/sec m/sec rn/sec m/sec m_ec

4 0 0120 0.0170 0,0132 0.0252 0.0170 0.0425
8 0 03?2 0.0268 0.0401 0.0291 0.0902 0.0840

12 0 0976 0.0508 0.1057 0,0490 0 2657 0.1313
16 0 1435 0.0434 0.1635 0.0569 0 3847 0.1155
20 0 1611 0.0354 0.1774 0.0447 0 4358 0.1021
24 0 1797 0.0353 0 1999 0.0394 0 5069 0.0943
28 0 2097 0.0352 0 2362 0.0381 0 5867 0.080?
32 0 2575 0.0341 0 30!6 0,0404 0 6783 0.0610
36 0 2907 0.0362 0 3309 0.0382 0 7215 0.05?8
40 0 3022 0.0335 0 3466 0,03?2 0 7398 0.0523
44 0 3258 0.0331 0 3750 0.03?5 0 7732 0.0500
48 0 3697 0.0318 0 4249 0.0382 0 8384 0.0490
52 0 3857 0.0317 0 4451 0.0396 0 8674 0.0491
56 0 3817 0.0323 0 4405 0.0349 0 8576 0.0479
60 0 3962 0.0323 0 4587 0.0373 0 9767 0.0468
64 0 4215 0.0312 0.4950 0.0415 0 9100 0.04?5
68 0 4265 0.0308 0.4945 0.0401 0 9155 0.0456
72 0 4012 0.0325 0.468? 0.0369 0 8858 0.0435
76 0 3890 0.0303 0.4599 0.0333 0 8731 0.0404
80 0 3976 0.0287 0.4722 0.0344 0 8859 0.0392
84 0.3784 0.0252 0.4448 0.0304 0.8613 0.0383
88 0.3487 0.0213 0.4092 0.0260 0 8163 0.0358
92 0.3275 0.0221 0.3843 0.0291 0 7852 0.0350
96 0.3155 0.0217 0.3690 0.0297 0 7663 0.0361
98 0.3052 0.0218 0.3550 0.0287 0 7513 0.0379
100 0.2944 0.0263 0.3416 0.0316 0 7327 0.0419
102 0.2979 0.0887 0.3458 0.1358 0 7365 0.1261
104 0.4547 0.4180 0.4528 0.3597 0 9042 0.4893
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dR = 0.993 dR = 0.990 dR = 0.983

e _ u' _ u' _ u'
deg. m/see m/see m/see m/see m/see m/see

106 0.8857 0 6026 0.9176 0.6649 1.5414 0.8430
108 1.1421 0 5167 1.2536 0.5847 2.0079 0.7134
110 1.1625 0 4379 1.2336 0.4619 1.9946 0.6403
112 1.0661 0 3901 1.1672 0.4382 1.8954 0.6097
114 0 9992 0 3930 1.3289 0.4413 1.7707 0.5622
116 0 9804 0 3759 1.0503 0.4384 1.7904 0.6326
120 0 9366 0.3824 I 0411 0.4056 1.7114 0.5993
124 0 8601 0._752 0 9290 0.3785 1.6133 0.5513
128 0 7832 0 3364 0 8652 0.3637 1.5037 0.5277
132 0 7115 0 3430 0 7741 0.3312 1.3089 0.4?39
136 0 6264 0 2907 0 6980 0.3144 1.2445 0.4469
140 0 5450 0 2882 0 5878 0.3066 1.1051 0.4276
144 0 4543 0 2542 0 4946 0.2581 0.9531 0.3917
148 0 3452 0 2209 0 3784 0.2296 0.7641 0.3678
152 0 2398 0 1676 0 2821 0.1882 0.5678 0.3223
156 0 1605 0 1305 0 2048 0.1691 0.4294 0.2941
160 0 1022 0 0922 0 1165 0.1087 0.2684 0.2334
164 0 0464 0 0523 0 0558 0.0?42 0.1431 0.1627
168 0 0199 0.0239 0 0184 0.0253 0.0494 0.0798
172 0 0073 0.0106 0.0058 0.0104 0.0131 0.0324
176 0 0046 0.0043 0.0035 0.0059 0.0027 0.0071
180 0 0091 0.0061 0.0079 0.0063 0.0080 0.0096

SPRE s_ = 44

dR = 0.977 dR = 0.937 dR = 0.870

e 5 u' D u' _ u'
deg. m_ec m_ec m_ec m_ec m_ec m_ec

4 0.0324 0.0662 0.1517 0.1868 0.1760 0.2203
8 0.1675 0.1230 0.5666 0.202? 0.6532 0.2??2

12 0.4471 0.1809 0.9525 0.2115 1.1394 0.2322
16 0.6054 0.1335 1.1330 0.1637 1.3798 0.1818
20 0.6874 0.0947 1.3518 0.1562 1.7091 0.1466
24 0.7557 0.0932 1.5421 0.1628 2.0057 0.1321
28 0.8294 0.0965 1.6942 0.1627 2.2698 0.1378
32 0.9292 0.0867 I 8833 0.1605 2.5607 0 1370
36 0.9904 0.0775 2 0363 0.1575 2.8223 0 1507
40 1.0278 0.0728 2 1139 0.1576 3.0111 0 1564
44 1.0667 0.0710 2 2146 0.1585 3.2037 0 1615
48 1.1458 0.0675 2 3611 0.1539 3.4,28 0 1782
52 1.1826 0.0675 2.4481 0.1378 3.5804 0 1869
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_R = 0.977 UR = 0.937 dR = 0.870

8 8 u' 8 u' 8 u'
deg. m/sec m_ec m_ec rrgsec m_ec m_ec

56 1.1826 0.0665 2.4660 0.1360 3.6999 0.1829
60 1.2025 0.0645 2.497? 0.1303 3.8072 0.1882
64 1.2392 0.0626 2.5737 0.1307 3.9256 0.1926
66 1.2522 0.0629 2.6085 0.1262 4.0121 0.1994
72 1.2175 0.0558 2.5874 0.1224 4.0438 0.1922
76 1.2023 0.0528 2.5762 0.1192 4.0637 0.1876
80 1.2133 0.0529 2.5989 0.1130 4.1087 0.1756
84 1.1858 0.0519 2.5755 0.1106 4.1202 0.1748
88 1.1302 0.0523 2.4952 0.1095 4.0717 0.1825
92 1.0886 0.0493 2.4268 0.1141 4.0150 0.1885
96 1.0643 0.0452 2.3809 0.1171 3.9688 0.2075
98 1.0461 0.0459 2.3584 0.1284 3.9527 0.2676

100 I 0257 0.0564 2.3458 0.1863 3.9960 0.3967
102 I 0181 0 1077 2.4015 0.4307 4.0803 0.5719
104 I 2060 0 5633 2.5811 0.6970 4.0503 0.7338
106 1 8435 0 9388 3.0566 0.8900 4.0327 0.7855
108 2 4041 0 6467 3.4520 0.7341 4.1306 0.6442
110 2 5028 0 6670 3 6132 0.6264 4.1439 0.5615
112 2 4170 0 6826 3 5184 0.6255 4.1458 0.4927
114 2 3022 0 6674 3 5371 0.6340 4.0591 0 5401
116 2 2432 0 6729 3 4228 0.6203 4.0482 0 5029
120 2 2070 0 6548 3 2797 0.6412 3 8741 0 5011
124 2.0683 0 6151 3 1391 0.6368 3 7211 0 4816
128 I 9162 0.5940 3 0258 0.5923 3 5924 0 4979
132 I 7515 0.5639 2 8029 0.5749 3 3636 0 4703
136 i 6410 0.5497 2 6442 0.5516 3 2182 0 4544
140 1 4515 0.4973 2 4764 0.5440 2 9711 0.4452
144 I 2762 0.4863 2.2044 0.5283 2 7366 0.4145
148 I I000 0.4286 3.9766 0.4827 2 4576 0.4157
152 0 8741 0.4065 1.7075 0.4639 2 1639 0.4141
156 0 6715 0.3726 1.4717 0.4135 1 9133 0.3663
160 0 4760 0.3132 1.1796 0.3852 1 5824 0.3563
164 0 2585 0.2523 0.8549 0.3689 1 2611 0.32-66
168 0 1268 0.1635 0.5624 0.32?5 0 8801 0.3096
172 0 029? 0.0592 0.2632 0.2537 0.5481 0.2928
176 0.0062 0.0135 0.0595 0.0968 0.2069 0.2039
160 0.0172 0.0197 0.0401 0.0524 0.0316 0.0524
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SPRE s_=44

dR = 0.737 dR = 0.603 dR = 0.470

e O u' 5 u' D u'
deg. rrYsec m_ec m/see rrdsec m_ec m_ec

4 0.0885 0.0315 0.0070 0.0105 0.0050 0.0078
8 0.0534 0.0850 0.0131 0.0276 0.0290 0.0590

12 1.0468 0.2725 0.6281 0.3728 0.2761 0.2824
16 1.3727 0.1959 1.2855 0.2300 1.1794 0.2269
20 1.7895 0.1390 1.7556 0,1403 1.7037 0.1484
24 2.0970 0.1156 2.0925 0.1091 2.0709 0.1112
28 2.4110 0.1002 2.4119 0.0979 2.3924 0.1014
32 2.7576 0.0968 2.7561 0.0926 2.7581 0.0911
36 3.0909 0.0828 3.0961 0.0800 3.0888 0.0770
40 3.3628 0.0776 3.3824 0 0695 3.3816 0.0597
44 3.6138 0.0788 3.6493 0 0617 3.6497 0.0590
48 3.9276 0.0748 3.9768 0 0571 3.9765 0.0562
52 4.2056 0.0862 4.2753 0 0570 4.2845 0.0580
56 4.3954 0.0994 4.4960 0 0584 4.50?0 0.0464
60 4.5703 0.1078 4.6900 0 0584 4.7205 0.0564
64 4.7825 0 1162 4.9231 0 0571 4,9566 0.0617
68 4.9590 0 1221 5.1353 0 0660 5.1808 0.0518
72 5.0682 0 1279 5 2695 0.0574 5.2871 0.0486
76 5.1747 0 1307 5 3754 0.0599 5.4235 0.0586
80 5.2?62 0 1309 5 5219 0,0?62 .5.5754 0.0346
84 5"3544 0 1390 5 6261 0.0587 5.6841 0.0574
88 5.3583 0 1445 5 6593 0.0688 5.7430 0.0447
92 5.3583 0 1598 5 7072 0.0823 5.7922 0.0484
96 5.4148 0 2008 5 7574 0.1389 5.8401 0.0994
98 5.4177 0 2614 5 7388 0.1927 5.8261 0.1308
I00 5.4058 0 3432 5 6761 0.2335 5.7786 0.1877
102 5.3163 0.4190 5.5796 0.3126 5.7355 0.2545
104 5.0815 0.6030 5.4226 0 4548 5.6615 0.3645
106 4.7672 0.6295 5.2393 0.5362 5.6126 0.4604
108 4.6493 0.5425 5.0045 0 5013 5.3347 0.4807
110 4.6082 0.4752 4.8748 0.4402 5.1652 0.3988
112 4.5306 0.4079 4.8374 0 4214 5.0798 0.3617
114 4.4953 0.4181 4.7938 0.3767 5.0222 0.3457

116 i:4253 !:3997 4.7369 0 3415 4.9318 0.3364
12o3oo42,9, 98oo.361o,81790.337012, _668 ,_24 _4_6sos8_346565o3266
_28_:,532_:36_o_22,, o3_2 ,,69, o3168132 _6. 3873 40485036234228303114

136 _:5444 !:3910 3.8037 0.3206 4.0040 0.3105
,,o _o _o_ __ o_ _., o._oo_

144 _0580 _13503 3.2835 0.3226 3.4862 0.2935_ =:_ _=_==_ o_oo==_ o=_o=
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dR = 0.737 dR = 0.603 r/R = 0.470

e 5 u' _ u' _ u'
deg. nVsec m/sec m_ec m/sec m/sec m/see

156 2.1837 0.3144 2.3866 0.2893 2.5039 0.2513
160 1.8452 0.3145 2.0209 0.2851 2.1755 0.2633
164 1.4908 0.2?99 1.6438 0.2648 1.7883 0.2344
168 1.1228 0.2??5 1.2411 0.2382 1.3799 0.2413
172 0.?508 0.2625 0.8931 0.2269 0.986? 0.2322
176 0.333? 0.230? 0.4792 0.2439 0.5959 0.2159
180 0.0510 0.0739 0.1000 0.1199 0.1430 0.1402

SPRE s_ = 44

dR = 0.337 r/R = 0.203 r/R = 0.003
6 _ u' O u' _ u'
deg. rn]sec m/see m/sec m/sec m/see m_ec

4 0.0034 0.00?3 0.0028 0.0034 0.0089 0.0039
8 0.0953 0.0923 0.1685 0.0943 0 08?6 0.04?2

12 0.3724 0.2215 0,6451 0.1395 0 6456 0 0839
16 1.1067 0.2131 1.1435 0.1744 1 1697 0 1062
20 1.6283 0.1526 1.6145 0.1437 1 6629 0 1404
24 2.0003 0 1190 1.9770 0.1236 2 0012 0 1364
28 2.3484 0 0981 2.3354 0.1065 2 3418 0 1082
32 2.7098 0 0887 2.7001 0.0890 2 7272 0 0909
36 3.0523 0 0783 3.0553 0.0776 3.096? 0 0761
40 3.3502 0 0651 3.3541 0.0636 3.3966 0.0645
44 3 6133 0 0585 3 6275 0 0534 3,6990 0.0614
48 3 9515 0 0504 3 9538 0 0520 4.0242 0.0610
52 4 2540 0 0478 4 2548 0 0425 4.3224 0.0528
56 4 4?24 0 0508 4 4??8 0 0504 4.5342 0.049?
60 4 6833 0 0500 4 6878 0 0479 4,7682 0.0399
64 4 9177 0.0494 4 9197 0 0463 5.0148 0.0474
68 5 1360 0.0543 5 1507 0 0549 5.2096 0.0450
72 5 2591 0.0318 5.2648 0 0378 5.3599 0.0532
76 5 3855 0.0352 5 4019 0 0423 5.5011 0.0280
60 5 5594 0.0377 5 5734 0 0269 5 6622 0.0357
84 5 6506 0.0407 5 6?16 0 0453 5 7843 0.0540
88 5 7263 0.0464 5 7526 0.0322 5 8620 0.0280
92 5 7796 0.0245 5 7825 0.0303 5 8765 0.0195
96 5 8047 0.0783 5 8270 0.0841 5 8934 0.05?2
98 5.8067 0.1119 5.8260 0.1126 5 9134 0.0812
100 5.7825 0.1649 5.8144 0.1439 5.9168 0.1237
102 5.7?48 0.2305 5.8619 0.2219 5.9570 0.1907
104 5.8543 0.3252 5.9983 0.3054 6.1290 0.2986
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r/R= 0.337 r/R= 0.203 r/R= 0.003
5 u' _ u' _ u'

deg. m/sec m/sec m/sec m/sec m_ec rrgsec

106 5.8227 0,4172 6.0069 0,3?82 6.2211 0.3483
108 5.5471 0.4213 5.6966 0.3846 5 8968 0.3501
110 5,3145 0.3324 5.4396 0,2910 5 5977 0.2781
112 5.1928 0.3056 5.3301 0.2650 5 4856 0.2534
114 5 1612 0.2868 5.2971 0.2533 5 4352 0.2268
116 5 0901 0.2914 5.2512 0.2570 5 3712 .0.2329
120 4 9942 0.2883 5 1096 0.2557 5 2327 0.2397
124 4 8021 0.2780 4 9450 0.2556 5 0781 0.2203
128 4 5895 0 2770 4 7309 0.2542 4 8862 0.2298
132 4 3592 0 2813 4 5000 0.2511 4 6287 0.2287
136 4 1404 0 2840 4 2390 0 2449 4 3841 0_2194
140 3 8972 0 2685 3 9911 0 2422 4 1243 0.2161
144 3 5946 0 2557 3 6979 0 2297 3 8392 0.2089
148 3 2920 0 2573 3 3930 0 2227 3.5093 0.1918
152 2 9939 0 2229 3 0697 0 2078 3.1715 0 1985
156 2 6303 0 2503 2 7204 0 2081 2.8216 0 1973
160 2 2829 0 2283 2 3692 0 2045 2.4679 0 1802
164 1.9014 0 2133 1 9774 0 1912 2.0581 0 1838
168 1.4714 0 2067 1 5760 0 1790 1.6365 0 1681
172 1.0937 0 1917 1 1659 0 1772 1.2344 0 1665
376 0.6787 0 1980 0 7642 0.1687 0.8102 0 1605
180 0.1974 0 1482 0 2501 0.1542 0.2926 0 1555
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SPRE s/d= 44

Um e um e Um
deg. m/sec deg. m/see deg. m_ec

2 0 0610 90 4 6306 178 0.2130
4 0 0669 92 4 6340 180 0.0916
6 0 0858 94 4 6470
8 0 2128 96 4 6503

98 4 640310 0 4628
12 0 7362 100 4 6238
14 0 9702 102 4.6077
16 1 1908 104 4.5708
18 1 3971 106 4 5633
20 I 5783 108 4.5133
22 1 7300 110 4.4450
24 1 8725 112 4.3779
26 2 0116 1i4 4.3304
28 2 1483 116 4.2695
30 2 2953 118 4.2076
32 2 4522 120 4.1425
34 2 6036 122 4.0606
36 2 7346 124 3.9881
38 2 8546 126 3.9148
40 2 9616 128 3.8149
42 3 0555 130 3.70?8
44 3 1771 132 3.6081
46 3 3147 134 3 5120
48 3 4423 136 3 4102
50 3 5688 138 3 2966
52 3 6725 140 3 1850
54 3 7560 142 3 0609
56 3 8309 144 2 9274
58 3 8987 146 2 7944
60 3 9809 148 2 6590
62 4 0741 150 2 5110
64 4 1585 152 2.3685
66 4 2451 154 2.2159
68 4 3104 156 2.0763
70 4 3580 158 1.9201
72 4 3876 160 1.7551
74 4 4212 162 1.5980
76 4 4655 164 1.4134
78 4 5162 166 1.2270
80 4 5670 168 1.0551 "°
82 4 6040 170 0,6909
84 4 6262 172 0.7215
86 4 6325 174 0.5478 *
88 4.6324 176 0.3773
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Figure11" Ensemble-averagedvelocityat s/d = 44
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Figure12: Streamwisevelocityfluctuationat s/d = 44
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Figure13: Streamwiseturbulenceintensity,u' / 5, ats/d= 44

Note: The peaksappearlowerthantheactualdatacluetosmoothingbytheplotting
package.Thepeakturbulenceintensityis 1.30,at 164° forr/R = 0.990.
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I. CROSS-WIREDATA

SPRE Operating Point
Nozzle Inlet Geometry

?

(e, _) (e,u') (e,_) (e,v') (e, u-_')

Ambient Conditions

axial station
s/d T (°C) P (bar)

0.33 28.24 0.983

16 27.20 0.986

30 27.45 0.992

44 28.22 0.989

Note that the data are tabulated at every 4 degrees of crank position except

within 4-10degrees of transition, for which the resolution is every 2 degrees.

I1. SUPPLEMENTALFIGURES

In order to supplement the three-dimensional figures which appear in the main

body of the thesis, additional figures generated from the cross-wire data have
been included after the tabulated data for each of the four axial stations. At

each station, smoothed plots are provided of the streamwise and radial rms-

velocity components, in addition to unsmoothed plots of the Reynolds shear
stress.
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CROSS-WIRE DATA

SPRE $/d -- 0.33

r/R= 0.800

e 8 u' _ v' -_'
deg. m_ec rn/sec m/sec rn/sec m2/sec2

4 0.4228 0 1442 -0.0037 0 0510 -0.0004
8 0.7592 0 1308 0.0295 0 0573 -0.0018
12 1.0543 0 1224 0.0476 0 0716 0.0020
14 1.2319 0 1234 0.0660 0 0591 0.0018
16 1.4369 0 1124 0.0754 0 0539 0.0000
18 1.6428 0 1044 0 0936 0 0653 0.0015
20 1.8385 0 1037 0 1082 0 0542 0.0009
22 2.0077 0 1299 0 1301 0.0813 0.0039
24 2.1336 0 1211 0 1404 0.0710 0.0029
26 2.2679 0 1385 0 1355 0.0891 0.0056
28 2.4336 0 1403 0 1627 0.0994 0.0057
30 2.6012 0 1561 0 1706 0.1159 0.0057
32 2.7859 0.1758 0 1716 0.1056 0.0089
36 3.1658 0.1686 0.1972 0.1414 0.0070
40 3.4388 0.2097 0 2112 0.1824 0.0169
44 3.6418 0.2239 0 2313 0.1953 0.0173
48 3.9453 0.2142 0 2472 0.1836 0.0085
52 4.2239 0.1738 0 2153 0.1892 0.0059
56 4.3971 0.1723 0 2403 0.1425 0.0076
60 4.5231 0 1764 0 2434 0.1584 0.0071
64 4.7320 0 1825 0 2496 0.1729 0.0204
68 4.8728 0 1861 0 2542 0.2051 0.0224
72 4.9824 0 1969 0 2824 0.1399 0.0096
76 5.0919 0 1369 0 3099 0.1414 0.0146
80 5.1970 0 1510 0 3071 0.1392 0.0160
84 5.2939 0 1026 0 3170 0.1155 0.0106
88 5.2917 0 0739 0 2946 0.0748 0.0044
92 5.3002 0.1313 0 3098 0.1397 0.0176
96 5.2889 0.0953 0 3048 0.,0954 0.0086

100 5.2613 0.0634 0 3048 0.0666 0.0039
104 5.2201 0.1126 0 2949 0.1165 0.0129
108 5.1174 0.0987 0 3022 0.1037 0.0100
112 5.0316 0.1373 0 2963 0.1446 0.0195
116 4.9070 0.1231 0 2786 0.1256 0.0152
120 4.7480 0.1185 0 3032 0.1249 0.0146
124 4.5449 0.1097 0 2526 0.1118 0.0121
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e 5 u' _ v' -u'v'

deg. m/sec m/sec m/sec m/sec m2/sec2

128 4.3999 0 1006 0.2249 0.1050 0.0105
132 4.1969 0 0728 0.2592 0.0?49 0.0047
1"36 3.9586 0 1116 0.2533 0.1179 0.0130 ._
140 3.6870 0 0887 0.2196 0.0945 0.0083
144 3.4194 0 0704 0.2176 0.0728 0.0050
148 3.1314 0 0618 0,2043 0.0690 0.0041
152 2.7973 0 0831 0.2004 0.0886 0.0072
156 2.4577 0.0473 0.1785 0.0484 0.0022
160 2 1253 0 0461 0 1586 0.0470 0.0021
164 I 7501 0 0232 0 1476 0.0236 0.0004
168 1 3544 0 0451 0 1389 0.0477 0.0021
172 0 9781 0 0345 0 1214 0.0368 0.0012
176 0 5921 0 0295 0 0954 0.0301 0.0009
180 0 2999 0 0232 0 0361 0.0240 0.0006
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SPRE s/d= 0.33

_R = 0.733

_ u' 9 v' -_'_'

deg. m/sec m/sec m/sec rn/sec m2/sec2

4 0.3664 0.1058 -0.0049 0.0500 -o.0011
8 0.7135 0.1282 0.0232 0.0676 -0.0002

12 1.0306 0.1337 0.0456 0.0724 -0.0009
14 1.2113 0.1191 0.0588 0,0694 -0.0005
16 1 4199 0 1096 0.0736 0.0607 -0.0013
18 I 6272 0 0877 0.0790 0.0596 -0 0001
20 1 8303 0 1073 0.0962 0.0733 0 0012
22 2 0003 0 1187 0.1177 0.0968 0 0029
24 2 1644 0 1338 0.1530 0.0911 0 0024
26 2 3055 0 1386 0.1360 0 1063 0 0039
28 2 4821 0 1385 0.1576 0 1181 0 0049
30 2 6330 0 1660 0.1761 0 1742 0 0155
32 2 8140 0 1590 0.1841 0 1544 0 0078
36 3 1767 0 1732 0.2194 0 1853 0 0134
40 3 4420 0 1616 0.2321 0 1870 0 0020
44 3 6626 0 1792 0.2125 0.2370 0 0109
48 3 9808 0 1829 0.2513 0.2599 0 0106
52 4 2332 0 1763 0.2617 0.2461 0.0106
56 4 3857 0 1564 0.2837 0.2238 0.0095
60 4.5485 0 1330 0 2641 0.2152 0.0127
64 4,7357 0.1910 0 2670 0.2274 0 0231
68 4.9162 0.1487 0 2844 0.1901 0 0150
72 5.0091 0.1193 0 2673 0.1696 0 0128
76 5.0969 0.0775 0 3031 0.1254 0 0059
80 5.2002 0.0469 0 3442 0.0815 0 0009
84 5.2828 0.1057 0.3296 0.1208 0 0105
88 5.2798 0.0716 0 3181 0.0784 0 0050
92 5.2775 0.0628 0 3175 0.0687 0.0039
96 5,2500 0.1074 0 3012 0.1141 0 0119

I00 5.2424 0.0846 0 3103 0.0876 0.0073
104 5.1926 0.1193 0 3168 0.1235 0 0143
108 5.0949 0.1313 0 3046 0.1343 0.0173
112 4.9860 0.1141 0 2708 0.1169 0 0131

116 _.8816 0.0756 0 3060 0.0788 0.0056120 .7343 0.0743 0 2906 0.0772 0 0056

124 _.5563 0.0957 0.2685 0.0974 0.0092128 .4088 0.0346 0.2319 0.0341 0 0011
132 4.1696 0.0568 0.2538 0.0623 0.0034
136 3.9654 0.1157 0.2620 0.1224 0 0141
140 3.6878 0.0928 0.2196 0.0972 0.0090
144 3.4086 0.0670 0.2069 0.0699 0.0045
148 3.1444 0.0700 0.2075 0.0721 0.0048
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e 5 u' _ v' -u-'_'
deg. m/sec m/sec m/sec m/sec m2/sec2
152 2.8076 0.0660 0.1923 0 0716 0.0046
156 2.4864 0.0684 0.1760 0 0709 0.0047
160 2.1528 0.0452 0.1414 0 0487 0.0022
164 1.7881 0.0485 0.1391 0 0508 0.0024
168 1.4137 0.0461 0.1197 0 0487 0.0021
172 1.0693 0.0461 0.1015 0 0483 0.0022
176 0.6740 0.0433 0.0842 0.0462 0.0020
180 0.3251 0.0183 0.0396 0.0191 0.0004

SPRE std = 0.33

dR = 0.600

e _ u' _ v' ._r_,
deg. m_ec rn/sec m/sec m/sec m2/sec2

4 0 3247 0.1047 0.0036 0.0552 -0.0011
8 0 6328 0.1357 0.0164 0.0622 -0.0016

12 0 9604 0.1196 0.0452 0.0771 -0.0003
14 I 1696 0.1264 0.0578 0.0743 -0.0017
16 1 3719 0.1234 0.0733 0.0808 0.0001
18 I 5950 0.1071 0 0856 0.0725 -0.0010
20 1.8077 0 1153 0 1157 0.1029 0.0022
22 1 9792 0 1172 0 1177 0.1146 0.0018
24 2 1155 0 1280 0 1421 0.1207 0 0001
26 2 3120 0 1361 0 1693 0.1488 0 0061
28 2 4598 0 1394 0 1735 0.15.68 0 0058
30 2 6511 0 1614 0 1940 0.1955 0 0179
32 2 8592 0 1580 0.1854 0.2201 0 0077
36 3 2352 0 1646 0.2062 0.2200 0 0142
40 3.4552 0 1906 0.2383 0.2542 0 0155
44 3.7004 0 1828 0.2862 0.2898 0 0155
48 3.9645 0.1900 0.2803 0.3293 0 0245
52 4.2599 0.1238 0.2808 0.2867 0 0056
56 4.4090 0.1246 0.3097 0.265? 0 0071
60 4.5489 0.1259 0.2?27 0.2558 0 0092
64 4.7591 0.1199 0.2574 0.2644 0.0144
68 4.9289 0.1272 0.2411 0.2222 0.0117
72 5.0243 0.1016 0.2785 0.1822 0.0085
76 5.1025 0.1065 0.2929 0.1606 0.0094
80 5.2054 0.0559 0.3193 0.0976 0.0021
84 5.2799 0.I010 0.3284 0.1151 0.0097
88 5.2733 0.0681 0.3215 0.0772 0.0045
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e _ u' _ v' -Y_'
deg. m/sec m/sec m/sec m/sec m2/sec2

92 5 2454 0 0622 0.3134 0 0668 0.0038
96 5 2403 0 0847 0.3212 0 0866 0 0071

100 5 2360 0 1144 0.3349 0 1196 0 0136
104 5 1743 0 1056 0.3301 0 1099 0 0113
108 5 0931 0 0861 0.3355 0 0888 0 0074 ;
112 4 9929 0 0975 0.3098 0 0997 0 0094
116 4 8570 0 0998 0.3093 0 1049 0 0101
120 4 7171 0 0608 0.3012 0 0637 0 0038
124 4.5468 0 0768 0.2864 0.0785 0 0060
128 4.3906 0.0892 0 2402 0.0932 0 0083
132 4.1755 0 0856 0 2858 0.0878 0 0074
136 3.9325 0 0489 0 2534 0.0497 0 0024
140 3.6838 0 0810 0 2389 0.0830 0 0067
144 3.4045 0 0689 0 2253 0.0731 0 0049
148 3.1231 0 0787 0 2017 0.0794 0 0061
152 2.7993 0 0572 0 2005 0.0591 0 0034
156 2.4755 0 0552 0 1762 0.0529 0.0027
160 2.1530 0 0648 0 1570 0.0675 0.0044
164 1.7975 0 0368 0 1485 0.0382 0.0014
168 1.4301 0 0394 0 1197 0.0408 0.0016
372 1.0619 0 0387 0 1038 0.0410 0.0016
176 0.6959 0 0214 0 0721 0.0213 0.0004
180 0.3402 0 0215 0 0377 0.0224 0.0005

SPRE s/d = 0.33 '

dR = 0.467

e 5 u' _ v' -E%'
deg. m_ec rn/sec m/sec m/sec m2/sec2

4 0.3077 0.1003 -0.0018 0.0520 -0.0012
8 0.5992 0.1233 0.0275 0.0735 0.0001

12 0 9130 0.1111 0.0502 0.0765 -0.0011
14 I 1134 0.1174 0.0620 0.0764 -0.0005
16 1 3268 0.1192 0.0898 0.0867 0.0016
18 I 5445 0.1019 0.0884 0.0721 -0.0013
20 1 7668 0.1209 0.1102 0.0940 0.0018
22 I 9459 0.1239 0.1202 0.0929 -0 0014
24 2 1224 0.1452 0.1291 0.1156 -0 0009
26 2.2980 0.1469 0.1561 0.1475 0 0014
28 2.4670 0.1382 0.1779 0.1667 0 0048
30 2.6483 0.1636 0.1920 0.1778 0 0087
32 2.8451 0.1655 0.1974 0.2098 0 0092
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e _ u' _ v' -u-_'

deg. m_ec m/see m_ec m_ec m2/sec2
36 3.2210 0 1626 0.2130 0.2619 0.0153
40 3 4582 0 1400 0.2215 0.2982 0.0078
44 3 7065 0 1582 0.3072 0.3052 0.0112
48 4 0185 0 1723 0.3064 0.2903 0.0102
52 4 2603 0 1622 0.3171 0.3344 0.0119
56 4 4426 0 1552 0.3230 0.3078 0.0175 '"
60 4 5764 0 1230 0.2668 0.3289 0.0129
64 4 7881 0 1621 0.3165 0.3503 0.0327
68 4 9385 0 1181 0.3041 0.2548 0.0130 _
72 5 0391 0 1063 0 2746 0.1971 0.0048
76 5 1194 0.I077 0 3098 0.1835 0.0108
80 5 1940 0.1377 0 3236 0.1662 0.0183
84 5 2898 0.0780 0 3435 0.1056 0 0058
88 5 2962 0.0867 0 3494 0.0877 0 0065
92 5 2733 0.0679 0 3534 0.0716 0 0045
96 5 2376 0.0946 0 3301 0.0979 0 0091

100 5.2203 0.0588 0 3405 0.0620 0 0035
104 5 1854 0.1146 0 3419 0.1222 0 0136
108 5 0933 0.0951 0 3489 0.1012 0 0095
112 4 9914 0.0921 0 3297 0.0958 0 0087
116 4 8546 0.0327 0 3130 0.0337 0 0008
120 4 7185 0.0521 0 3294 0.0534 0 0027
124 4 5527 0.0893 0 3168 0.0935 0 0083
128 4 4054 0.0818 0 2813 0.0865 0 0070
132 4 1717 0 0633 0 3045 0.0595 0 0037
136 3 9359 0 1226 0 2787 0.1294 0 0158
140 3 6786 0 0583 0 2557 0.0604 0 0035
144 3 4224 0 1010 0 2630 0.1050 0.0105
148 3 1210 0 0586 0.2140 0.0635 0.0036
152 2 8110 0 0964 0.2299 0.1008 0.0097
156 2 4899 0 0292 0.1982 0.0312 0.0006
160 2 1554 0 0442 0.1741 0.0462 0.0020
164 1.7940 0 0699 0.1576 0.0748 0.0052
168 1.4339 0.0541 0.1309 0.0566 0.0030
172 1.0594 0.0244 0.1013 0.0249 0.0006
176 0.7006 0.0456 0.0748 _ 0.0474 0.0021
180 0.3436 0.0185 0.0390 0.0185 0.0004

144
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SPRE s/d = 0.33

dR = 0.333

e _ u' _ v' -_'_'

deg. m/sec m/sec m_ec m/see m2/sec2
4 0.2765 0.0917 0.0106 0.0495 0.0003
8 0.5441 0.1181 0.0241 0 0652 0.0006
12 0.8879 0.1116 0.0552 0 0724 -0.0015
14 1.0798 0.1082 0.0724 0 0880 0.0020
16 1.2849 0 1122 0.0910 0 0772 -0.0006
18 I 5066 0 1055 0.0964 0 0716 -0.0018
20 1 7443 0 1197 0.1046 0 0998 0.0023
22 I 9078 0 1123 0.1194 0 1014 0.0008
24 2 1076 0 1366 0.1370 0 1370 -0.0001
26 2 2837 0 1514 0.1729 0 1667 0.0065
28 2 4455 0 1836 0 1946 0.2047 0.0143
30 2 6364 0 1511 0 1799 0 1980 0.0052
32 2 8121 0 1670 0 2002 0 2111 0.0010
36 3 2031 0 1723 0 2196 0 2630 0.0034
40 3 4561 0 1590 0 2212 0 2825 0 0058
44 3 7039 0 1710 0 2452 0 2973 0 0051
48 4 0023 0 1548 0 2659 0 3514 0 0043
52 4 2537 0 1353 _ 2960 0 3183 -0 0010
56 4 4219 0 1468 0 3265 0 3456 0 0136
60 4 5761 0 1266 0.3452 0 3380 0 0071
64 4 7592 0 1043 0.2448 0 3461 0 0026
68 4 9344 0 1148 0.2454 0 2656 0 0054
72 5 0235 0 1139 0.2724 0 2250 0 0122
76 5 0866 0 1018 0.2967 0 1809 0 0101
80 5 1816 0 0859 0 3311 0 1231 0 0071
84 5.2461 0 0657 0 3400 0 0835 0 0046
88 5 2542 0 0943 0 3444 0.1024 0 0094
92 5 2485 0 1339 0 3463 0.1413 0.0188
96 5 2397 0 0399 0 3396 0.0417 0.0017
100 5 2159 0 1483 0 3329 0.1559 0.0228
104 5 1651 0 1175 0 3584 0.1223 0.0142
108 5 0851 0.0913 0.3520 0.0956 0.0087
112 4 9681 0.0902 0.3509 0.0939 0.0083
116 4 8316 0.1136 0.3394 0.1185 0.0134
120 4 7105 0.0858 0.3297 0.0943 0.0080
124 4 5350 0.0930 0.3312 0 0984 0.0089
128 4 4106 0.0874 0.2623 0 0916 0.0080
132 4 1578 0.0475 0.3016 0 0489 0.0023
136 3 9079 0.0909 0.2683 0 0931 0.0082
140 3.6807 0.0714 0.2474 0 0716 0.0050
144 3.3966 0.0563 0.2417 0 0587 0.0033
148 3.1047 0.0627 0.2283 0 0648 0.0039
152 2.7924 0.0412 0.2179 0 0431 0.0017
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e 5 u' _ v' -u-_'

deg. m/sec m/sec m/sec m/sec m2/sec 2

156 2 4764 0.0353 0.1981 0 0367 0.0012
160 2 1530 0.0246 0.1623 0 0237 0.0005
164 1 7885 0.0499 0.1531 0 0527 0.0026
168 1 4209 0.0369 0.1188 0 0380 0.0013
172 1 0622 0.0436 0.1024 0 0457 0.0020
176 0 6963 0.0184 0.0705 0 0186 0.0003
180 0 3390 0.0177 0.0333 0 0181 0.0003

SPRE s/d = 0.33

dR = 0.200

e 5 u' _ v' -_'_'

deg. m_eo m/sec m/sec m/sec m2/sec2

4 0 2680 0 0819 0 0239 0.'0517 0.0013
8 0 5104 0 1170 0 0326 0 0698 0.0029

12 0 8276 0 1070 0 0584 0 0719 0.0012
14 1 0172 0 1009 0 0570 0 0707 -0.0001
16 1 2379 0 1052 0 0929 0 1064 0.0042
18 I 4832 0 1082 0 1036 0 0944 0.0017
20 1 6854 0 1141 0 1082 0 0875 0.0008
22 I 9022 0 1199 0,1217 0 1123 0.0008
24 2 1114 0 1404 0,1246 0 1522 0.0000
26 2.2640 0 1750 0.1690 0 1858 0.0054
28 2.4391 0 1743 0.1794 0 2013 0.0081
30 2.5989 0 1865 0.2095 0 2315 0.0128
32 2.7805 0 1969 0.2058 0 2629 0.0104
36 3.2043 0 1662 0.2020 0 2893 0.0150
40 3.4770 0 1621 0.2499 0 3464 0,0038
44 3.7060 0 1558 0.2290 0 3558 0.0104
48 3.9969 0.1696 0.2845 0 3588 0.0108
52 4.275? 0.1491 0.3202 0 3576 0.0084
56 4.4136 0 1386 0.2454 0 3219 0.0023
60 4.5646 0 1172 0.2317 0 3103 0.0078
64 4 7613 0 1329 0.2139 0 3182 0.0164
68 4 9276 0 1133 0.2564 0 2924 0.0095
72 5 0105 0 1192 0.2538 0 2613 0.0142
76 5 0777 0 0543 0.2921 0.1591 0.0009
80 5 1797 0 1556 0.3236 0.1873 0.0259
84 5 2436 0.0804 0.3327 0.0973 0.0063
88 5 2331 0.1066 0.3237 0.1112 0.0114
92 5 2386 0.1216 0.3433 0.1263 0.0152
96 5 2107 0.1115 0.3168 0.1150 0.0127

I00 5 2147 0.0769 0.3287 0.0802 0.0060
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e _ u' _ v' -u-_'
deg. m_ec m/sec m/sec rr_sec m2/sec2

104 5 1763 0.1182 0.3?44 0.1231 0.0143
108 5 0511 0.0952 0.3239 0.0984 0.0093
112 4 9579 0.0600 0.3419 0.0590 0.0032
116 4 8284 0.0595 0.3376 0.0626 0.0036
120 4 7044 0.0704 0.3185 0.0735 0.0049
124 4 5092 0.0844 0 2968 0.0842 0 0067
128 4 3919 0.0810 0 2494 0.0833 0.0067
132 4.1503 0.0681 0 2926 0.0687 0 0045
136 3 9165 0.0709 0 2659 0.0759 0.0051
140 3 6631 0 0726 0 2254 0.0765 0 0055
144 3 3889 0 0626 0 2377 0.0660 0.0041
148 3 0958 0 0723 0 2089 0.0742 0 0052
152 2 7793 0 0708 0.1977 0.0733 0.0051
156 2 4644 0 0728 0.1863 0.0755 0 0054
160 2 1457 0 0629 0.1568 0.0655 0.0041
164 1 7800 0 0312 0.1478 0.0314 0 0009
168 I 4234 0 0272 0.1225 0.0276 0.0007
172 1 0645 0 0486 0.1069 0.0514 0 0025
176 0 6995 0 0346 0.0737 0.0359 0.0012
180 0 3433 0 0193 0.0338 0.0194 0 0004

SPRE s/d = 0.33

dR = 0.000

e 5 u' _ v' -_'_'
deg. m_ec m/sec m/sec m/sec m2/sec2

4 0.2841 0 0974 0.0335 0.0692 0 0043
8 0.5308 0 1203 0.0391 0 0798 0 0043

12 0.8414 0 1055 0.0658 0 0767 0 0037
14 1.0189 0 1084 0.0852 0 0864 0 0035
16 1.2365 0 0996 0.0919 0 0806 0 0040
18 1.4489 0 1105 0.1012 0 0770 0 0035
20 1.6766 0.1064 0.1022 0 0862 0 0035
22 1.8678 0.1090 0.1053 0.1025 0 0031
24 2.0961 0.1304 0.1251 0.1381 0 0004
26 2.2359 0.1449 0.1226 0.1762 0 0036
28 2.4317 0.1690 0.1519 0.1902 -0 0002
30 2.6295 0.1640 0.1938 0.2010 0.0009
32 2.7983 0.1758 0.2081 0.2459 0.0020
36 3.1809 0.1436 0.1836 0.2684 0.0023
40 3.4778 0.1585 0.1434 0.2874 0.0091
44 3.6992 0.1635 0.1214 0.3242 0.0065
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e _ u' _ v' -u-'_'
deg. m/sec m/sec m/sec m/sec m2/sec 2

48 3.9608 0.1503 0.2113 0.3488 -0.0012
52 4.2308 0.1265 0.2278 0.3350 0.0053
56 4.3925 0.1165 0.2230 0.3806 0.0051
60 4.5378 0.1372 0.2474 0.3732 0.0034
64 4.7321 0.1326 0.2243 0.3531 0.0166
68 4.9011 0 1260 0.2555 0.3105 0.0116
72 4.9761 0 1098 0.2505 0.2421 0.0055
76 5.0468 0 1116 0.2889 0.1859 0.0117
80. 5.1526 0 1415 0.3305 0.1724 0.0214
84 5.2159 0 1005 0.3361 0.1144 0.0101
88 5.2065 0 0476 0.3263 0.0514 0.0021
92 5.2049 0 0795 0.3326 0.0850 0.0067
96 5.2008 0 1117 0.3295 0.1168 0.0130
I00 5.1804 0 0834 0.3267 0.0855 0.0068
104 5 1319 0.1195 0.3558 0.1260 0.0148
108 5 0413 0.0761 0.3348 0.0796 0.0060
112 4 9076 0.0972 0.3144 0.1007 0.0096
116 4 8138 0.1060 0 3414 0.1127 0.0118
120 4 6694 0.0995 0 3037 0.1066 0.0104
124 4 4744 0.0939 0 2822 0.0980 0.0088
128 4 3596 0.0675 0 2348 0.0709 0.0048
132 4 1212 0.0949 0 2770 0.0985 0.0092
136 3 8993. 0.0697 0 2623 0.0688 0.0046
140 3.6543 0.0839 0 2326 0.0876 0.0073
144 3.3636 0 0593 0 2246 0.0612 0.0036
148 3.0873 0 0500 0 2112 0.0551 0.0025
152 2.7623 0 0634 0 1914 0.0654 0.0040
156 2.4553 0 0926 0 1848 0.0982 0.0090
160 2.1314 0 0268 0 1512 0.0274 0.0007
164 1.7689 0 0514 0 1400 0.0526 0.0026
168 1.4200 0 0473 0 1219 0.0491 0.0023
172 1.0522 0.0233 0.0976 0.0231 0.0005
176 0.6964 0.0342 0.0703 0.0358 0.0012
180 0.3429 0.0196 0.0348 0.0198 0.0004
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Figure14: Streamwisevelocityfluctuationat s/d = 0.33
(smoothed)
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CROSS-WIRE DATA

SPRE s/d = 16

r/R= 0.800

e 5 u' _ v' -_'_'
deg. m_ec m/see m/see m/sec m2/sec 2

4 0.4461 0 1531 -0 0060 0 0566 0.0010
8 0.8037 0 1336 0 0199 0 0735 -0.0004

12 1.1030 0 1234 0 0571 0 0703 0.0006
16 1.5007 0 1087 0 0841 0 0581 0.0010
20 1.9468 0 1019 0 1167 0 0631 0.0024
24 2.2698 0 0968 0 1360 0 0679 0.0035
28 2.5781 0 0911 0 1770 0 0623 0.0028
32 2.9333 0 1199 0 1995 0 0922 0.0067
36 3.3227 0 1164 0 2305 0 0816 0.0064
40 3.5714 0 1280 0 2396 0 1034 0.0089
44 3.8202 0 1411 0 2781 0 0829 0.0074
48 4.1732 0 1635 0 2782 0 1156 0 0067
52 4.4142 0.1395 0 3173 0.0534 0 0034
54 4.5015 0 1671 0 3336 0.0944 0 0096
56 4.5817 0 1898 0 3419 0.1083 0 0139
58 4.6959 0 2362 0 3528 0.1052 0 0124
60 4.7340 0 3192 0.3514 0.1118 0 0153

-62 4.8223 0 3949 0.3431 0.1590 0 0369
64 4.9051 0 4097 0.3611 0.1708 0 0382
66 4.9671 0 4536 0.3851 0.2046 0 0291
68 5.0518 0 5151 0.3246 0 2530 0 0567
70 5.1391 0 5232 0.3634 0 2312 0.0421
72 5.1344 0 5465 0.3595 0 2293 0 0599
76 5.2278 0.5225 0.3398 0 2256 0 0460
80 5.3008 0.5411 0.3370 0 2999 0 0743
84 5.2597 0.5891 0.3349 0 2936 0 0638
88 5.2434 0.5874 0.3493 0 2908 0 0559
92 5.2642 0.6368 0.4193 0.3119 0 1043
96 5.27!5 0.5566 0.3542 0.2667 0 0471

100 5.2955 0.5882 0.3632 0.2820 0 0786
104 5.3362 0.4626 0.3934 0.1723 0 0142
108 5.2548 0.4841 0.4154 0.1125 0.0118
112 5.1616 0.3411 0.4266 0.1247 0.0085
116 4.9727 0.29?3 0.4407 0.0902 0.0128
120 4.7500 0.2439 0.44?6 0.1410 0.0203
124 4.5686 0.1599 0.4494 0.1320 0.0166
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e _ u' _ v' -u"_'
de_. m/sec m/sec m/sec• m/sec m2/sec2
128 4.3586 0.1254 0.4086 0.0663 -0.0009
132 4.1215 0.1243 0.4347 0.1115 0 0107
136 3.9179 0.1056 0.4380 0.0920 0 0079
140 3.6605 0.1034 0.4228 0.0951 0 0088
144 3.3768 0 0920 0.3932 0,0922 0 0074
148 3.0425 0 0626 0.3779 0.0568 0 0028
152 2.7014 0 0435 0.3563 0.0389 0 0013
156 2.3705 0 0386 0.3277 0.0338 0 0010
160 2.0101 0 0624 0.3065 0.0644 0 0038
164 1.6036 0 0573 0.2730 0.0576 0 0031
168 1.2065 0 0452 0.2402 0.0423 0 0017
172 0.8648 0 0336 0.2008 0.0310 0 0008
176 0.5390 0 0362 0.1612 0.0345 0 0011
180 0.3578 0 0289 0.0410 0.0276 0 0007
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SPRE s_ = 16

dR = 0.733

e 5 u' 9 v' -_'_'

deg. m/sec m_ec m_ec m/sec m2/sec2

4 0.3959 0 1283 -0.0041 0.0563 -0 0025 ,_
8 0.?566 0 1304 0.0217 0.0717 0 0002

12 1.0760 0 1157 0.0432 0.0656 -0 0006
16 1.4949 0 1023 0.0901 0.0658 0 0004
20 1.9415 0 1146 0.1185 0.0858 0 0044
24 2.2792 0 1143 0.1475 0.0798 0 0033
28 2.6022 0 1089 0.1761 0.0870 0 0054
32 2.9995 0 0850 0 1976 0.0555 0 0019
36 3 3719 0 1112 0 2143 0.0923 0 0071
40 3 6741 0.1123 0 2460 0.0792 0 0049
44 3 9309 0.1057 0 2643 0.0763 0 0053
48 4 3261 0.1448 0 2489 0.1288 0 0139
52 4 5861 0.1121 0 3184 0.0866 0 0062
54 4 7064 0.1205 0 3323 0.0868 0 0066
56 4 8065 0.1855 0 3396 0 1369 0 0174
58 4 8828 0.1976 0 3443 0 1036 0 0110
60 4 9888 0 2962 0 3348 0 1631 0 0271
62 5 1037 0 3097 0 3751 0 1806 0.0317
64 5 1977 0 3501 0 3478 0 1888 0,0342
66 5 2748 0 3678 0 3749 0 2066 0.0231
68 5 2406 0 4041 0 3542 0 2247 0.0342
70 5'.2651 0 4778 0 3629 0 2332 0.0577
72 5 2088 0 5003 0 3387 0 2055 0.0491
76 5 2243 0 5191 0 3378 0 2562 0.0584
80 5 4144 0 4708 0 3556 0 2745 0,0557
84 5 4859 0 4908 0 3739 0 2352 0.0378
88 5 4460 0 4994 0 3514 0 2629 0.0423
92 5 4537 0 5293 0 3849 0 2439 0.0360
96 5 5560 0 5096 0 4061 0 2545 0.0523

100 5 5789 0 4863 0 3848 0 2151 0.0390
104 5 6071 0 4080 0 3945 0 1376 0.0076
108 5 6085 0 2896 0 4071 0 1152 0.0005
112 5 5781 0 2202 0.3944 0 0800 0.0035
116 5 4739 0 1394 0.4249 0 0739 0.0007
120 5 3386 0 1402 0.4785 0.0953 0.0085
124 5 0791 0 1073 0.4222 0.0889 0.0071
128 4 8739 0 1324 0.4280 0.1256 0.0150
132 4.6500 0.0723 0.4170 0.0742 0.0047
136 4.4494 0.iii0 0.3380 0.1129 0.0123
140 4.1362 0.0692 0.3517 0.0667 0.0041
144 3.8373 0.1176 0.3399 0.1194 0.0134
148 3.4868 0.0781 0..3376 0.0766 0.0056
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e _ u' _ v' -_"_'

deg. m/sec m_ec m/sec m/sec m2/sec 2

152 3.1337 0.0601 0.322? 0.0606 0.0034
156 2.7725 0.0665 0.2946 0.0659 0.0041
160 2.4114 0.0701 0.2676 0.0720 0.0047
164 1.9758 0.0430 0.2533 0.0394 0.0015
168 1.5457 0.0289 0.2198 0.0305 0.0008
172 1.1652 0.0541 0.2110 0.0554 0.0029
176 0.7725 0.0366 0.1651 0.0361 0.0011
180 0.4245 0.0338 0.0346 0.0247 0.0001

SPRE s/d = 16

dR = 0.600

e _ u' _ v' -'6"_'

deg. m/sec m/sec m/sec m/sec m2/sec2

4 0 3400 0 1171 -0.0036 0.0496 -0 0012
8 0 6646 0 1248 0 0194 0.0594 -0 0017
12 i 0010 0 1302 0 0536 0.0869 0 0004
16 1 4467 0 1179 0 0915 0.0746 -0 0002
20 1 8810 0 1041 0 1147 0 0826 -0 0008
24 2 2134 0 1046 0 1348 0 0792 0 0009
28 2 5658 0 0970 0 1677 0 0542 -0 0005
32 2 9756 0 0890 0 2065 0 0608 -0 0004
36 3 3651 0 1069 0 2126 0 0833 0 0033
40 3 6937 0.1330 0 2560 0 1111 0.0108
44 3 9772 0.0982 0 2723 0 0807 0.0040
48 4 3728 0.1218 0 2843 0 1234 0.0144
52 4 6290 0.1120 0 3088 0 0993 0.0081
54 4 7919 0.1232 0.3464 0.1157 0.0103
56 4 8915 0.1208 0 3311 0.0926 0.0060
58 5 0003 0.1331 0 3446 0.0998 0.0042
60 5 0568 0.2082 0 3500 0.1754 0.0186
62 5 1864 0.2008 0 3668 0.1688 0.0174
64 5 2344 0.2868 0 3655 0.1961 0.0232
66 5.3282 0.3234 0 3805 0.2483 0.0505
68 5.4059 0.2559 0 3693 0.1855 0.0175
70 5.4157 0.2882 0 3807 0.2125 0.0205
72 5.4212 0.3825 0 3678 0.2563 0.0512
76 5.4886 0.3850 0 3822 0.2088 0.0389
80 5.5916 0.3749 0 3998 0.2339 0.0352
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e B u' 9 v' -u-9'
deg. m/see m/see m/see m/see m2/sec2,

84 5.6439 0.4117 0.3894 0.2156 0.0374
88 5.8832 0.3648 0.3911 0.2612 0.0480
92 5.6803 0.3998 0.3812 0.2433 0.0500
96 5.7514 0.3041 0.4095 0.1740 0.0067
I00 5.7519 0.2929 0.3704 0.1548 0.0145 ,i
104 5.7867 0.2282 0.3991 0.1268 0.0037
108 5.7620 0.1755 0.3578 0.1341 0.0149
112 5.7745 0.1600 0 4162 0.1602 0.0235
116 5.6741 0.0990 0 3732 0.0984 0.0094
120 5.5116 0.1268 0 3575 0.1291 0.0159
124 5.3976 0.1307 0 4243 0.1384 0.0177
128 5.1322 0.1089 0 3580 0.1132 0.0118
132 4.9232 0.1176 0 3531 0.1254 0 0141
136 4 6792 0.1035 0.3493 0.1059 0 0108
140 4 4060 0.1118 0.3372 0.1191 0 0132
144 4 1160 0.0957 0.3005 0.I001 0 0094
148 3 7994 0.0377 0.2928 0.0390 0 0014
152 3 4428 0.0473 0.2507 0.0473 0 0021
156 3 1044 0.0683 0.2279 0.0717 0 0048
160 2 7371 0.0540 0.2195 0.0551 0 0029
164 2.3431 0.0878 0.2058 0.0925 0 0081
168 1.9013 0.0540 0.1665 0.0556 0 0029
172 1.4979 0.0537 0.1509 0.0561 0 0029
176 1.0748 0.0326 0.1280 0.0326 0 0010
180 0.6170 0.0308 0.0881 0.0288 0 0008

SPRE s/d = 16

r/R= 0.467

e 6 u' 9 v' -u'-'_'
deg. m/sec m/sec m/sec m/sec m2/sec2
4 0 2885 0.0957 0.0072 0.0489 -0.0008
8 0 5994 0.1157 0.0338 0.0626 0.0002
12 0 9171 0.1223 0.0569 0.0775 -0.0007
16 I 3598 0.1152 0 1032 0.0891 0.0014
20 1 8238 0.1177 0 1302 0.0893 0.0025 "'
24 2 1564 0.1150 0 1470 0.0886 0.0033
28 2 4953 O. 1001 0 1667 O. 0765 O. 0002
32 2 9165 0.1161 0 1948 0.0973 0.0050
36 3 3663 0.1207 0 2489 0.1232 0.0093
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e fi u' _ v' -__'

deg. m/see m/see m_ec m/sec m2/sec2

40 3.6422 0.1403 0.2516 0.1371 0.0153
44 3.9454 0.1039 0.2574 0.0857 0.0011

48 4.2960 0.1027 0.2976 0.1053 0.0094
52 4.6229 0.1026 0.3180 0.0929 0.0066
54 4.7390 0.0770 0.3285 0.0736 0.0019
56 4.8534 0.0981 0.3407 0.0982 0.0044
58 4.9455 0.1462 0.3216 0.1585 0.0133
60 5.0990 0.1772 0 3844 0.1667 0.0151
62 5.1822 0.1672 0 3863 0.1495 0.0067
64 5.2697 0.2324 0 3676 0.1824 0.0180
66 5.3522 0.2532 0 3829 0.2054 0.0241
68 5 4424 0.2411 0 3705 0.2310 0.0219
70 5 4778 0.2374 0 3850 0.1814 0.0082
72 5 5005 0 2533 0 3856 0.2211 0.0269 -.
76 5 5313 0 2945 0 3516 0.2077 0.0270
80 5 6663 0 2809 0.4191 0.2047 0.0203
84 5 6917 0 3367 0 3728 0.2328 0.0367
68 5 7297 0 2844 0 3752 0.2056 0.0249
92 5 7733 0 2995 0 4075 0.2558 0.0396
96 5 8177 0 2320 0 4170 0.1552 0.0147

100 5 8076 0 2086 0 3768 0.1602 0.0190
104 5 8230 0 1642 0 4038 0 1662 0.0203
108 5.8025 0 1210 0 4168 0 1085 0.0106
112 5 7447 0 1433 0 4037 0 1449 0.0201
116 5 6198 0 0297 0 3886 0 0273 0.0003
120 5 4652 0 0963 0 3625 0 0965 0.0086
124 5 2933 0 0467 0.3903 0 0471 0.0017
128 5 1837 0 0757 0.4545 0 0768 0.0052
132 4 9049 0 1421 0.3785 0.1476 0.0207
136 4 6350 0 1102 0.3279 0 1133 0.0121
140 4 4015 0 1054 0.3368' 0 1103 0.0115
144 4 1696 0 1079 0.2099 0 1113 0.0119
148 3.7784 0 1026 0.2675 0 1051 0.0106
152 3.4460 0.1026 0.2522 0 1039 0.0105
156 3.1197 0.0479 0.2055 0 04'87 0.0022
160 2.7527 0.0665 0.2009 0 0689 0.0045
164 2.3657 0.0688 0.1702 0.0673 0.0043
168 1.9424 0.0593 0.1360 0.0638 0.0037
172 1.5651 0.0179 0.1150 0.0164 0.0002
176 1.1662 0.0386 0.0929 0.0404 0.0015
180 0.7099 0.0295 0.0612 0.0245 0.0006
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SPRE s/d = 16

dR =0.333

e _ u' _ v' -_'_'
deg. m/sec m/sec m/sec rn/sec m2/sec2

4 0 2750 0 0749 0.0082 0.0514 0 0000
8 0 5532 0 1104 0.0305 0.0647 0 0001 _,
12 0 8841 0 1245 0.0522 0 0847 0 0008
16 1 3282 0 1140 0.0939 0 0843 0 0014
20 I 7686 0 1119 0.1225 0 0948 0 0025
24 2 1348 0 0989 0.1459 0 0738 -0 0004
28 2 4811 0 1038 0.1674 0 0960 0 0033
32 2 8873 0 0888 0.2021 0 0732 0 0007
36 3 3309 0 1192 0.2316 0 0979 0 0071
40 3 6259 0 0932 0.2355 0.0764 0 0030
44 3 9425 0 0897 0.2615 0.0799 0.0032
48 4 3287 0 0784 0.2786 0.0796 0.0055
52 4 6301 0 0978 0 3197 0.0923 0.0062
54 4 7453 0 0930 0 3278 0.0928 0.0.043
56 4 8557 0 1103 0 3403 0.i130 0.0056
58 4 9339 0.1442 0 3333 0.1477 0.0094
60 5 0646 0.1653 0 3273 0.1608 0.0123
62 5 2060 0.1962 0 3843 0.2204 0.0233
64 5 3117 0.1798 0 3647 0.1888 0.0085
66 5 3953 0.1887 0 3491 0.2004 0.0111
68 5 4580 0.2062 0 3878 0.2018 0.0101
70 5 5044 0,1760 0 3942 0.2006 0.0078
72 5 5085 0.1890 0 3518 0.1783 0.0049
76 5 5685 0.2130 0 3626 0.2173 0.0061
80 5 6428 0.2533 0 3763 0.2336 0.0300
84 5 7693 0.2253 0 3886 0.2200 0.0163
88 5 7677 0.2515 0 3738 0.2142 0.0187
92 5 7785 0.2693 0.3636 0.2086 0.0316
96 5 8558 0.2114 0.3917 0.1597 0.0136

I00 5 8652 0.1518 0.3908 0.1278 0.0080
104 5 8212 0.1086 0.3865 0.1003 0.0076
108 5 7888 0.1076 0.3819 0.1143 0.0103
112 5 7251 0.0812 0.3824 0.0789 0.0058
116 5.6333 0 0655 0.3566 0.0683 0.0043
120 5.4829 0 0520 0.3424 0.0551 0.0026
124 5.3853 0 1119 0.4304 0.1167 0.0128
128 5.1120 0 1015 0.3485 0.1075 0.0107
132 4.9100 0 0834 0.3385 0.0873 0.0072
136 4.6669 0 0896 0.3477 0.0906 0.0079
140 4.3914 0 0956 0.3142 0.0988 0.0093
144 4.1793 0 0961 0.2357 0.0981 0.0044
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e _ u' _ v' -u'_'

deg. m/sec m/sec m/see m/sec m2/sec2
148 3.80?5 0 1122 0.2753 0.1157 0.0128
152 3.4559 0 1035 0.2391 0.1076 0.0111
156 3.1281 0 0910 0.2075 0.0950 0.0085
160 2.7?45 0 0512 0.1933 0.0520 0.0025
164 2.362? 0 0593 0.1544 0.0602 0.0035
168 1.9742 0 0354 0.1433 0.0372 0.0013
172 1.5846 0 0572 0.1146 0.0585 0.0033
176 1.1839 0.0505 0.0825 0.0520 0.0026
180 0.7397 0.0295 0.0525 0.0280 0.0007

SPRE s/d = 16

dR = 0.200

e 0 u' _ v' -_'_'

deg. m/sec m/sec m/sec m/sec m2/sec 2

4 0.2581 0 0747 0 0135 0 0502 0.0012
8 0.5406 0 1208 0 0423 0 0796 0.0037
12 0,8655 0 1202 0 0585 0 0855 0.0027
16 1.3002 0 0964 0 1156 0 0841 0.0016
20 i 7517 0 11?8 0 1306 0 0903 0.0036
24 2 0978 0 1142 0 1355 0 0889 0.0038
28 2 4436 0 1025 0 1646 0 0990 0.0039
32 2 8839 0.1040 0 1997 0 0807 0.0018
36 3 3141 0 1152 0 2245 0 1024 0.0074
40 3 6296 0 1025 0 2461 0 0925 0.0049
44 3 9391 0 0955 0 2702 0 0856 0.0043
48 4 3095 0 1089 0.2791 0.IIIi 0 0116
52 4 6123 0 1164 0.3193 0 1215 0 0121
54 4 7259 0 0939 0.3230 0 0891 0 0039
56 4 8315 0 1119 0.3143 0 1308 0 0072
58 4 9372 0.1316 0.3314 0 1386 0 0066
60 5.0475 0.1884 0.3403 0 1829 0 0138
62 5 1949 0.1613 0.3543 0 1851 0 0076
64 5 3256 0.1582 0.3627 0 1917 0 0092
66 5 4059 0.1674 0,3647 0 2020 0 0019
68 5 4983 0.2243 0.3909 0 2427 0 0268
70 5 4850 0.1975 0.4156 0.2045 -0 0005
72 5 5086 0.2057 0.3728 0.2289 0 0128
76 5 6063 0.2362 0.3818 0.2366 0 0132
80 5 6385 0.2452 0.3680 0.2232 0 0146
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e _ u' _ v' -_'_'
deg. m/sec m/sec m/sec m/sec m2/sec 2

84 5.7790 0.1969 0.3778 0.20?0 0.0051
88 5.8187 0.2362 0.3852 0 2380 0.0210
92 5.8154 0.2267 0.3881 0 1988 0.0180
96 5.8870 0.1753 0.3906 0 1705 0.0095

100 5.8774 0.1383 0.3974 0 1307 0.0107
104 5.8155 0.1169 0.3764 0 0954 0.0070
108 5.7804 0.1132 0.3832 0 1046 0.0099
112 5.7139 0.0797 0.3761 0 0744 0.0051
116 5.6317 0 1227 0.3763 0.1287 0.0157
120 5.4691 0 1057 0,3427 0.1098 0.0115
124 5.3524 0 0414 0.4009 0.0433 0.0017
128 5 1120 0 1236 0 3625 0.1296 0.0160
132 4 9026 0 0864 0 3379 0 0876 0 0073
136 4 6705 0 0864 0 3553 0 0897 0 0075
140 4 3925 0 I019 0 3091 0 1015 0 0099
144 4 1990 0 0586 0 1812 0 0600 0 0032
148 3 8077 0 0943 0 2630 0 0950 0 0087
152 3 4612 0 I000 0 2463 0 1038 0 0102
156 3 1358 0 0418 0 1892 0 0390 0 0013
160 2 7790 0 0644 0 1880 0 0671 0 0043
164 2 3738 0 0604 0 1529 0 0585 0 0033
168 1 8695 0 0552 0 1283 0 0556 0 0030
172 1 5864 0 0425 0 0855 0 0448 0 0019
176 1 1946 0.0374 0 0760 0 0379 0 0013
180 0 7614 0.0348 0 0494 0 0312 0 0010

SPRE s/d = 16

_R = 0.000

e 8 u' _ v' -'Y_'

deg. m/sec m/sec m/sec m/sec m2/sec 2

4 0.2611 0.0887 0.027? 0.0521 0.0025
8 0.5208 0.1081 0.0416 0.0664 0.0025
12 0.8470 0.1097 0.0706 0.0831 0.0038
16 1.2799 0.1014 0.I028 0.0865 0.0036
20 1.7498 0,1158 0.1409 0.0916 0.0052
24 2.1023 0.1003 0.1562 0.0757 0.0022
28 2.4488 0.1018 0.1808 0.0866 0.0050
32 2.8850 0.1157 0.1895 0.1121 0.0079
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e 5 u' _ v' -u-_'
deg. m/sec m/sec m/sec_ m/sec m2/sec2

36 3.3075 0.1101 0.2178 0.1178 0.0089
40 3.6200 0.1003 0 2449 0.0932 0.0058
•44 3.9137 0.1142 0 2504 0.1099 0.0072
48 4.2762 0.1248 0 2650 0.1250 0.0148
52 4.6005 0.1148 0 3105 0.1194 0.0114
54 4.7152 0.1180 0 3121 0.1096 0.0086
56 4.7807 0.1208 0 3154 0.1150 0.0055
58 4 9060 0.1245 0 3168 0.1433 0.0050
60 5 0734 0.1795 0 3312 0.1863 0.0170
62 5 1813 0.2284 0.3741 0.2287 0.0303
64 5 2912 0.1741 0.3539 0.2013 0.0073
66 5 3894 0.1662 0.3547 0.2152 0.0046
68 5 4489 0.2016 0.3923 0.2332 0.0091
70 5 4832 0.2074 0.3688 0 2707 0.0107
72 5 4942 0,2113 0.3759 0 2307 0.0078
76 5 5555 0.2243 0.3775 0 2408 0.0061
80 5.6830 0.2126 0.3980 0 2298 0.0088
84 5.7422 0.2166 0.4146 0 2160 -0.0038
88 5.7627 0.2334 0 4318 0 2205 0.0046
92 5.8317 0.1849 0 3903 0 1950 0.0130
96 5 8729 0.1585 0 3875 0 1445 0.0044
I00 5 8610 0.1262 0 4005 0 1143 0.0063
104 5 8194 0.1509 0 3741 0 1520 0.0183
108 5 7719 0.0750 0 3763 0 0626 0.0028
112 5 6960 0.0825 0 3681 0.0747 0.0048
116 5 5912 0.1041 0 3593 0.1107 0.0112
120 5 4485 0.1081 0 3467 0.1159 0.0122
124 5 3169 0.0861 0 3918 0.0897 0.0076
128 5 0862 0.1087 0 3605 0.1127 0.0122
132 4 8643 0.1038 0 3094 0.1060 0.0108
136 4 6429 0.1066 0 3292 0 1080 0.0113
140 4 3832 0.1274 0.2879 0 1313 0.0165
144 4 1720 0.0822 0.1759 0 0853 0.0069
148 3 7840 0.0570 0.2451 0 0571 0.0032
152 3 4413 0.0575 0.2254 0 0573 0.0031
156 3 1240 0.0719 0 1812 0 0730 0.0052
160 2 7656 0.0194 0 1759 0 0242 0.0003
164 2.3757 0.0695 0 1344 0 0704 0.0048
168 1.9757 0,0307 0 1068 0 0311 0.0008
172 1.5881 0.0396 0 0829 0 0430 0.0015
176 1.1862 0.0477 0 0539 0 0318 0.0012
180 0.7476 0.0710 0 0216 0 0455 0.0022
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Figure17: Streamwisevelocityfluctuationat s/d = 16
(smoothed)
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Figure18: Radialvelocityfluctuationat s/d= 16
_ (smoothed)

73



{
t
O
\

_ _._
J

i _.1_4

9

Figure 19: Reynolds shear stress at s/d - 16
(not smoothed) .,
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CROSS-WIRE DATA

SPRE s/d = 30

dR = 0.800

e 5 u' v'
deg. m/see m/sA_ m/see m/see m2/seo2
4 0,4472 0 1582 -0.0025 0.0535 -0.0011
8 0.7544 0 1270 0.0274 0.0669 -0.0005
12 1.0445 0 1160 0.0577 0.0645 0.0000
16 1.4388 0 1171 0.0931 0.0586 -0.0001
20 1.8399 0 0938 0.1188 0.0596 0 0009
24 2.1327 0 1146 0.1385 0.0616 0 0029
28 2.4290 0 0903 0.1701 0.0688 0 0027
32 2.8059 0.0981 0.1960 0.0640 0 0033
36 3.1315 0 1085 0.2165 0.0666 0 0046
40 3 3870 0 1258 0.2459 0.0910 0 0079
44 3 6244 0 1351 0.2737 0.0955 0 0083
48 3 9006 0 1346 0.2773 0.0763 0 0045
52 4 1960 0 1853 0.2861 0.1106 0 0108
56 4 3019 0 1799 0.3192 0.1227 0 0139
60 4 4351 0 2046 0.3273 0.1448 0 0216
64 4 6238 0 2201 0.3492 0.1487 0 0210
68 4 7714 0 1791 0 3776 0.0681 0 0034
72 4 8289 0 2047 0 3839 0.0906 0 0103
76 4 8715 0 2504 0 3936 0.1358 0.0228
78 4 9140 0 2240 0 3836 0.1153 0.0131
80 5 0142 0 3122 0 3897 0.1009 0.0107
82 5 0818 0.4065 0 3973 0.1581 0.0263
84 5 1231 0 4484 0.4279 0.1875 0.0367
86 4 9455 0 5751 0.3840 0.3075 0.0641
88 4 7351 0 6579 0.3104 0.4027 0.1464
90 4 6422 0 6116 0.2807 0.4068 0.1354
92 4 6668 0 5325 0.2957 0.3523 0.0930
94 4 7180 0 4917 0.3233 0.3044 0.0707
96 4 7995 0 4836 0.3631 0.3202 0.0937

100 4 7535 0 4552 0.3163 0.2706 0.0570
104 4.6991 0.4284 0.3210 0.2749 0.0595
108 4.5892 0.5144 0.3401 0.3204 0.0905
112 4.5499 0.4457 0.3238 0.2846 0.0610
116 4.4230 0.5059 0.3149 0.3024 0.0775
120 4.2926 0.5235 0.2835 0.3092 0.0912
124 4.1.227 0.4207 0.2570 0.2898 0.0598
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e 5 u' _ v' -_"_'
deg. m_ec m/seo m_ec m/see m2/sec2
128 3 9200 0.4239 0.2444 0.2749 0.0460
132 3 6889 0.3998 0.2488 0.2404 0.0385
136 3 5521 0.4076 0.2630 0.2528 0.0394
140 3 3526 0.4202 0.29?5 0.2298 0.0467
144 3 0497 0.4540 0.2254 0.2527 0 0624
148 2 7508 0.4011 0.2815 0 1981 0 0334
152 2.4668 0.4130 0 2304 0 2402 0 0458
156 2 1376 0.3857 0 1768 0 2169 0 0250
160 1 8145 0.4095 0 1697 0 2122 0 0348
164 I 5397 0.4012 0 1809 0 2064 0 0394
168 i 2162 0.3091 0 1131 0 1846 0 0208
172 0 9114 0.2678 0 0838 0 1390 0 0164
176 0 5792 0.2265 0 0708 0 1168 0 0139
180 0 3661 0.1253 0.0339 0.0697 0 0025
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SPRE s/d = 30

dR = 0.733

e 8 u' _ v' -'Y_'

deg. m/sec m/sec m/sec rrgsec m2/sec2
4 0.4109 0 1408 0.0047 0.0561 -0.0021
8 0.7039 0 1299 0.0242 0.0648 -0.0025

12 1.0161 0 1249 0.0620 0.0759 0.0005
16 1 4378 0 1165 0 0808 0.0737 0.0017
20 1 8398 0 1045 0 1286 0.0655 0.0007
24 2 1562 0 1076 0 1421 0.0736 0.0035
28 2 4580 0 0902 0 1684 0 0688 0.0028
32 2 8609 0.1288 0 2092 0 1047 0.0087
36 3 2070 0.1290 0 2233 0 1074 0.0107
40 3 4558 0.0905 0 2455 0 0680 0.0032
44 3 7183 0.0871 0 2666 0 0430 0 0018
48 4 0906 0 1407 0 2639 0 1142 0 0053
52 4 3386 0 1126 0 3064 0 1071 0 0109
56 4 4911 0 1213 0 3360 0 0582 0 0044
60 4 6867 0 1480 0 3445 0 1057 0 0101
64 4 9277 0 1506 0 3727 0 0821 0 0079
68 5 1311 0 1954 0 4234 0.1234 0 0143
72 5 2337 0.1359 0 4305 0 0576 0 0018
76 5.3096 0.1571 0.4167 0 1068 0 0079
78 5 3586 0 2285 0.4073 0 1420 0 0153
80 5 4683 0 2669 0.4014 0 1232 0 0159
82 5 4239 0 3299 0.4037 0 1166 0 0103
84 5 3493 0 4357 0.3664 0 2189 0 0507
86 5 1744 0 5865 0.3393 0 3148 0 0777
88 5 0382 0 6124 0.4138 0.3660 0 1106
90 4.9143 0 5336 0.3138 0 3727 0 0954
92 4.9120 0 5395 0 2899 0 3211 0 0888
94 5 0180 0 4704 0 3674 0 3098 0.0746
96 5 0239 0.4544 0 3291 0 2903 0.0650

100 5 0056 0.4808 0 3487 0 2767 0.0704
104 4 9230 0.4966 0 3165 0 3008 0.0673
108 4 8070 0.4502 0 3430. 0 2756 0.0617
112 4 7497 0.4147 0 3147 0 2862 0.0471
116 4 6833 0 4316 0 3279 0.2749 0.0524
120 4 5307 0 4391 0 3197 0.2884 0.0735
124 4 3468 0 4324 0 2880 0.2624 0.0636
128 4.1470 0 3836 0 2858 0.2563 0.0421
132 3.9336 0 4282 0 2963 0.2224 0.0468
136 3.7714 0 3997 0 2510 0.2536 0.0434
140 3.5997 0 4218 0 2911 0.2294 0.0414
144 3.2831 0 4232 0 2461 0.2546 0.0617
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e 5 u' _ v' -u"_'
deg. m/sec m/sec m/sec m/sec m2/sec2
148 3 0355 0.4353 0 2657 0.2334 0.0418
152 2 7352 0.4206 0 2647 0.2677 0.0525
156 2 4566 0.3939 0 2337 0.2562 0.0401
160 2 1026 0.4061 0 2163 0,2311 0.0333
164 I 6702 0.3546 0 1306 0.2282 0.0349
168 1 2737 0.3310 0 0979 _.1960 0.0307
172 0 9657 0.2723 0.1003 0.1736 0.0241
176 0 6303 0.2107 0.0566 0.1091 0.0086
180 0 3866 0.1415 0.0338 0.0731 0.0043

SPRE s/d = 30

dR = 0.600

e 5 u' _ v' -U_'

deg. m_ec m/sec m/sec m/sec m2/sec2
4 0.3650 0 1316 -0.0073 0.0557 -0.0029
8 0.6694 0 1213 0 0179 0.0685 -0.0003
12 0.9861 0 1203 0 0539 0.0723 -0.0015
16 1.4051 0 1216 0 0875 0.0738 -0.0015
20 1,8319 0 1068 0 1152 0.0779 -0.0005
24 2._395 0 1162 0 1418 0.0779 0.0012
28 2,4491 0 1038 0 1685 0.0661 0.0014
32 2.8609 0 1028 0 2015 0.0721 0.0021
36 3,2251 0 0933 0 2211 0.0887 0.0034
40 3.5078 0 1193 0 2559 0.0855 0.0063
44 3.7683 0 0968 0.2589 0.0896 0.0063
48 4.1780 0 1364 0.2437 0.1093 0.0064
52 4.4356 0 1049 0.3255 0.0880 0.0075
56 4.6548 0.1070 0.3436 0.0909 0.0081
60 4.8532 0.0960 0 3370 0.0?4? 0.0051
64 5.1479 0.1193 0 3777 0.1099 0.0110
68 5.3912 0.I070 0 4063 0.1065 0,0101
72 5.4700 0.0697 0 3679 0.0464 0.0006
76 5 6279 0.1050 0 3775 0.0765 0.0054
78 5 6728 0.1595 0 3805 0.1168 0.0127
80 5 7562 0.1910 0 4000 0.1192 0.0123 -
82 5 7906 0.2297 0 3895 0.1344 0.0146
84 5 7150 0,3691 0 3873 0.2368 0.0406
86 5 6220 0.4726 0 3722 0.2503 0.0486
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e 6 u' ; v' -u"J'
deg. m_ec m/sec m_ec m/seo m2/sec2
88 5.4040 0 5532 0.3188 0.3458" 0.0930
90 5 3587 0 4818 0.3353 0.3343 0.0729
92 5 3024 0 4633 0.3308 0.2844 0.0634
94 5 3414 0 4463 0.3621 0.2837 0.0624
96 5 3836 0 4195 0.3845 0.2549 0.0536

100 5 3918 0 4136 0.3696 0.2237 0.0382
104 5 3321 0.4444 0.3858 0.2900 0.0670
108 5.2!62 0.4244 0.3928 0.2644 0.0523
112 5 1289 0.4493 0.3680 0.2748 0.0569
116 4 9577 0.4806 0.3507 0.2899 0.0758
120 4 8443 0.4096 0.3427 0.2785 0.0733
124 4 6796 0.3906 0.3377 0.2583 0 0546
128 4 4502 0.3622 0.3001 0.2330 0 0376
132 4 3230 0.3554 0.2856 0.2131 0 0372
136 4 0886 0.3996 0.2809 0.2277 0 0487
140 3 9401 0.3682 0.2885 0.2303 0 0316
144 3 7346 0.3717 0.2574 0.1675 0 0259
148 3 4596 0.3160 0.2778 0.2022 0 0235
152 3 0764 0.4170 0.2518 0.2349 0 0345
156 2 7873 0.3501 0.2119 0.1939 0 0320
160 2 3643 0.4025 0.2126 0.2083 0 0302
164 1 8936 0.3794 0.1527 0.2207 0 0379
168 I 5529 0.3106 0.1557 0.1878 0.0283
172 I 1514 0.2891 0.0929 0.1830 0.0183
176 0 7916 0.2502 0.0760 0.1377 0.0132
180 0 4450 0.1506 0.0450 0.0755 0.0041

SPRE sM = 30

dR = 0.467

e 5 u' _ v' -_'_'
deg. m/sec rrgsec m_ec m/sec m2/sec 2

4 0 3205 0.1028 0.0114 0.0528 0.0001
8 0 6029 0.1402 0.0245 0.0750 -0.0017

12 0 9175 0.1278 0.0618 0.0791 -0.0003
16 1 3359 0.1191 0.0797 0.0806 -0.0024
20 1 7636 0.1066 0.1237 0.0790 -0.0006
24 2 0766 0.1117 0.1384 0.0828 0.0012
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e _ u' _ v' -Y_'
deg. m/sec m/see m/see m/see m2/sec2
28 2.4099 0.1283 0.1762 0.1042 0.0064
32 2.807? 0.1130 0.2062 0.0737 0.0004
36 3.1927 0.0989 0.2148 0.0821 0.0029
40 3 4773 0.0751 0.2397 0.0621 0.0005
44 3 7743 0.1043 0 2634 0.0713 0.0036
48 4 1665 0.1303 0 2346 0.1212 0.0103
52 4 4197 0.0966 0 3165 0.0852 0.0058
56 4 6201 0.1139 0 3175 0.1053 0.0092
60 4 8697 0.1077 0 3365 0.0970 0.0091
64 5 2193 0.1193 0 4151 0.1015 0 0096
68 5 3653 0 0639 0 3660 0.0555 0 0017
72 5 4971 0 1156 0 3638 0.1192 0 0124
76 5 6428 0 1086 0 3760 0.0946 0 0080
78 5 7177 0 1610 0 3866 0.1443 0 0176
80 5 7893 0 1341 0 3900 0.1062 0 0056
82 5 7946 0 1907 0 3814 0.1524 0 0117
84 5 8187 0 3063 0 3866 0,2234 0 0419
86 5 8584 0 3754 0.3724 0,2145 0.0357
88 5 7459 0.4571 0,3397 0.3329 0.0817
90 5 6090 0 4564 0.3303 0.2596 0.0509
92 5 5576 0 4334 0.3283 0.2617 0.0538
94 5 5854 0 4331 0.3920 0.2611 0.0524
96 5 6153 0 4196 0.4119 0.3042 0.0672

I00 5 5797 0 4401 0 3515 0.2347 0.0496
104 5 5452 0 3628 0 3805 0.2372 0.0310
108 5 4114 0.4168 0 3451 0.2550 0.0443
112 5 3362 0,4060 0 4009 0.2467 0 0440
116 5 2502 0.4208 0 3734 0.2740 0 0516
120 5 0956 0.3748 0 3556 0.2410 0 0433
124 4.9263 0 3393 0 3459 0.1888 0 0222
128 4.7605 0 3185 0 3219 0.2321 0 0355
132 4.5040 0 3321 0 2790 0.2447 0 0479
136 4.3394 0 2771 0 2771 0,1941 0 0244
140 4.1706 0 2583 0 2654 0.1366 0 0152
144 3 9240 0 2671 0 2714 0.1715 0 0207
148 3 6300 0 2655 0 2810 0.1886 0.0199
152 3 2796 0 3353 0 2571 0.1635 0.0096
156 3 0164 0.2520 0 2362 0.1860 0.0133
160 2 6084 0.2833 0.2028 0.1808 0.0188
164 2 1309 0.3147 0.1706 0.2369 0.0226
168 1 7169 0.2874 0.1544 0.2041 0.0217
172 1 2689 0.2771 0.0909 0.1870 0.0151
176 0 8284 0.2428 0.0773 0.1459 0.0160
180 0 4829 0.1578 0.0467 0.0908 0.0058
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SPRE sM= 30

dR=0.333

e _ u' _ v' -_'_'
deg. m/sec rn/sec m/sec rn/sec m2/sec2

4 0.2?47 0 0773 0 0170 0.0517 0.0004
8 0.5389 0.1138 0 0285 0.0682 0.0002
12 0.8817 0 1210 0 0633 0.0840 -0.0012
16 1.3005 0.0945 0 0960 0.0818 -0.0002
20 1.7403 0 1124 0 1198 0.0792 -0.0020
24 2 0697 0.1188 0 1536 0.0833 0.0012
28 2 3738 0 1106 0 1681 0.0928 0.0036
32 2 7912 0.1058 0.1855 0.0879 0.0031
36 3 1939 0 0943 0 2100 0.0706 0.0009
40 3 4889 0.0876 0 2487 0.0714 0.0023
44 3 7725 0 0831 0 2567 0.0649 0.0015
48 4 1719 0.1179 0 2444 0.1276 0.0058
52 4 4498 0 1189 0 3099 0.1253 0.0125
56 4 6827 0 1145 0 3444 0.1134 0.0108
60 4 9046 0 1151 0 3318 0.1143 0.0116
64 5.2017 0 1096 0 3805 0.1047 0.0097
68 5 4455 0 1390 0 4014 0.1439 0.0187
72 5 5465 0 0993 0 3555 0.1028 0.0090
76 5 6672 0 1239 0 3551 0.1247 0.0134
78 5 7597 0 1519 0 3862 0.1455 0.0178
80 5 8211 0 1324 0 3661 0.1035 0.0057
82 5 9025 0 1654 0 3943 0.1561 0.0123
84 5 9333 0 2447 0 3880 0.1710 0.0212
86 6 0092 0 3272 0 4001 0.2218 0.0287
88 6 0573 0 3902 0 3616 0,2818 0.0558
90 5 9271 0 4199 0 3685 0.2695 0.0432
92 5 8480 0.4349 0 3715 0.2927 0.0589
94 5 8083 0.3824 0 3515 0.2687 0.0415
96 5 8178 0.3973 0 3839 0.2616 0.0380

100 5 8178 0.3463 0 3870 0.2521 0.0393
104 5 7328 0.3474 0 3677 0.2247 0.0276
108 5.5789 0.3620 0 3716 0.2202 0.0248
112 5.5170 0.3550 0 3846 0.2094 0.0173
116 5.3807 0.3737 0.3638 0.2389 0.0318
120 5,2974 0.3395 0.3757 0.2324 0.0285
124 5.1116 0.3253 0.3737 0 2380 0.0274
128 4.9624 0.3361 0.3321 0 2502 0.0529
132 4.7395 0.2370 0.3175 0 1765 0.0163
136 4.5120 0.1551 0.3077 0 1328 0.0031
140 4.2960 0.1733 0.2466 0 1559 0.0123
144 4.0142 0.1714 0.2756 0 1376 0.0050
148 3.7400 0.2042 0.2498 0 1412 0.0153
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e _ u' _ v' -5"_'

deg. m/s_ rrdsec m/sec m/sec m2/sec 2

152 3.4052 0 2553 0.2371 0.1921 0.0020
156 3.0659 0 2561 0.1755 0.1859 0.0163
160 2.6861 0 2671 0.1967 0.1783 0.0083
164 2.2303 0 2563 0.1636 0.1890 0.0098
168 1.8339 0 2664 0.1318 0.1964 0.0133
172 1.3825 0 2690 0.1189 0.1872 0;0141
176 0.9456 0 2342 0.0931 0.1566 0.0156
180 0.5111 0 1592 0.0438 0.0904 0.0064

SPRE s/d -- 30

dR = 0.200

e _ u' _ v' -_"_'

deg. m/sec m/sec m/sec rn/sec m2/sec 2 • ..

4 0.2644 0.0753 0.0218 0 0501 0.0014
8 0.5110 0 1216 0 0313 0 0718 0 0021

12 0.8520 0 1118 0 0763 0 0810 0 0009
16 1.2527 0 0999 0 1060 0 0696 0 0000
20 1.6710 0 1106 0 1252 0 0908 0 0042
24 2.0262 0 1026 0 1525 0 0835 0 0021
28 2.3639 0 1014 0 1676 0 0984 0 0037
32 2.7835 0 1051 0 2009 0.0932 0 0038
36 3.1659 0 1183 0 2291 0.1118 0 0085
40 3.4537 0 0819 0 2481 0.0693 0.0013
44 3.7378 0 1271 0 2473 0.1182 0.0119
48 4.1524 0.1244 0 2592 0.1086 0.0040
52 4.4225 0.0867 0 3147 0.0892 0.0056
56 4.6495 0.0717 0.3371 0.0652 0.0026
60 4.8774 0.0702 0.3293 0.0583 0.0027
64 5.1664 0.0890 0.3643 0.0805 0.0054
68 5.4158 0_1679 0.3952 0.1714 0.0274
72 5.5226 0.0764 0.3542 0.0715 0.0043
76 5 6409 0.1197 0 3632 0.1274 0.0128
78 5 7144 0.0962 0 3622 0.1045 0.0048
80 5 7977 0.1372 0 3539 0.1307 0.0072
82 5 8813 0.2007 0 3614 0.1842 0.0219
84 5 9653 0.1950 0 3516 0.1764 0.0147
86 6 1590 0.3250 0 3889 0.2476 0.0399
88 6.2116 0.3061 0 3591 0.2553 0.0237
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e _ u' _ v' -u-9

deg. m_ec m/sec m/sec m/sec m2/sec2

90 6 0627 0.4075 0 3777 0.2748 0.0455
92 5 9538 0.3101 0 3984 0.2157 0.0236
94 5 8587 0.335.5 0 3580 0.2512 0.0267
96 5 9027 0.2877 0 3970 0.2233 0.0239

100 5 8501 0.3174 0 3812 0.2174 0.0209
104 5 7968 0.3006 0 3835 0.2048 0.0144
108 5 6861 0.2882 0 3488 0.1988 0.0154
112 5 6043 0.32?4 0 3608 0.2593 0 0259
116 5.4799 0.2893 0 3526 0.2218 0 0118
120 5.3979 0.27?3 0 32?4 0.1911 0 0109
124 5.2439 0.2864 0 3370 0.2234 0 0288
128 5.0158 0.2725 0 3193 0.2182 0 0251
132 4.7339 0.2206 0 2782 0.1725 0 0168
136 4.4914 0.1946 0 2864 0.1538 0 0151
140 4.2754 0.1929 0 2455 0.1491 0 0152
144 3.9894 0.2034 0 2318 0.1471 0 0077
148 3 7441 0.2105 0 2297 0.1507 0 0167
152 3 4030 0.2226 0 2122 0 1478 0 0019
156 3 0378 0.2683 0 1620 0 1734 0 0125
160 2 6719 0.2713 0.1521 0 1942 0 0096
164 2 2520 0.2536 0.1275 0 1957 0.0120
168 1 8411 0.2625 0.0801 0 2016 0.0133
172 1 4337 0.2665 0.1012 0 1655 0.0120
176 0 9965 0.2252 0.0821 0 1574 0.0122
180 0 5649 0.1622 0.0312 0 0937 0.0034

SPRE s/d = 30

dR = 0.000

e 5 u' _ v' -_'

deg. m/sec m/sec m/sec m/sec m2/sec 2

4 0.2584 0.0752 0.0222 0 0513 0.0018
8 0.5016 0.1182 0.0451 0 0760 0.0042

12 0.8136 0.1166 0,0764 0 0872 0.0043
16 1.2239 0.1025 0.0952 0 0878 0.0030
20 1.6723 0.0954 0.1348 0 0890 0.0024
24 1.9864 0.1060 0.1445 0 0866 0.0036
28 2.3326 0.1074 0.1647 0 1007 0.0055
32 2.7505 0.0916 0.1979 0.0886 0.0042
36 3.1388 0.0914 0.2129 0.0812 0.0040
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e 5 u' Q v' -u-'_'
deg. m/sec m/sec m/sec m/sec m2/sec2
40 3.4487 0.I080 0 2485 0.1007 0.0071
44 3.7207 0.0863 0 2510 0.0834 0.0047
48 4.1216 0.1263 0 2347 0.1297 0.0071
52 4 3848 O.0905 0 3076 O.0946 0.0067
56 4 6113 0.0744 0 3164 0.0730 0.0034
60 4 8446 0.1154 0 3150 0.1187 0.0118
64 5 1395 0 1000 0 3536 0.0986 0.0079
68 5 3685 0 0985 0 3668 0.1046 0.0086 "
72 5 4744 0 0824 0.3235 0.0780 0.0052
76 5 6074 0 0835 0 3393 0.0778 0.0033
78 5 6860 0 1027 0 3495 0.1000 0 0049
80 5 7940 0 1374 0 3668 0.1593 0 0121
82 5.8741 0 1792 0 3751 0.1688 0 0124
84 5.9850 0 2422 0 3616 0.1728 0 0133
86 6.1766 0 2992 0 3565 0.2316 0 0191
88 8.2618 0 3130 0 3575 0.2350 0 0140
90 6.1204 0 3879 0 3537 0.2201 0.0203
92 5.9615 0.3266 0 3672 0.2422 0.0113
94 5.8811 0.3143 0 3546 0.2508 0.0193
96 5.8453 0.2822 0 3577 0 2005 -0.0131
100 5 8362 0.2909 0 3682 0 2112 0.0063
104 5 7415 0.2763 0 3646 0 2096 -0.0020
108 5 6736 0.2805 0 3434 0 2105 0.0114
112 5 5963 0.2922 0 3443 0 2149 0.0019
I16 5 5247 0.3121 0 3363 0 2130 0.0063
120 5 3931 0.2772 0 3658 0 2241 0.0076_, __ o._ o_,_,o_,_ o.oo_
_ ,_,_ o._ o_, o_,_ o.o__ ,_o, o._ o2_ o_, o.o_,__o __, o._o_o_,_oo_ -o.ooo,_ __ o._ o_ o_ -o.oo__ _,_ o._ o._ o_ o.oo__ __ o_ o._ o_o_ 0.0054_ __ o._ o._o o._ o.oo__o _._ o._ o._o_,o_oo,-o.oo__ __ o_, o.o_ o._ -o.oo__6__,o_,oi_ o.o_ o._,,_o.oo_
172 1.4133 0 2532 0.0859 0.1836 -0.0006
176 0.9781 012090 0.0792 0.1334 0.0006
180 0.5599 0.1656 0.0313 0.0918 -0.0002
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Figure20" Streamwisevelocityfluctuationat s/d = 30
(smoothed)
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Figure 21" Radial velocity fluctuation at s/d = 30
(smoothed) _
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Figure22: Reynoldsshearstressat s/d = 30
(notsmoothed)
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CROSS-WIRE DATA

SP R E s/d = 44

dR = 0.800
k,

e _ u' _ v' -'6r_'

deg. m/see m/see m_ec rn/sec m2/sec2
4 0.4522 0.1425 -0 0103 0.0561 -0.0009
8 0.7957 0.1309 0 0183 0.0651 -0.0009

12 1.1081 0.1198 0 0568 0 0680 -0.0003
16 1.4820 0.1282 0 0882 0 0767 0.0033
20 1.8827 0.1033 0 1051 0 0649 0 0018
24 2.2207 0.Iiii 0 1416 0 0670 0 0035
28 2.5357 0.1106 0 1664 0 0657 0 0039
32 2.8830 0.1169 0 1849 0 0844 0 0063
36 3.2464 0.1201 0 2193 0 0788 0 0067
40 3.5073 0.1037 0 2400 0 0424 0 0015
44 3 7303 0.1397 0 2462 0 1031 0 0093
48 4 0460 0.1724 0 2845 0 1063 0 0120
52 4 3070 0 1700 0 2719 0 1032 0,0085
56 4 4893 0 1749 0 3250 0.1399 0.0195
60 4 6331 0 2121 0 3291 0.1610 0.0268
64 4 8253 0 2185 0 3565 0.1403 0.0199
68 4 9883 0 1760 0 3700 0 0591 0.0034
72 5 0692 0 1872 0 3762 0.0934 0.0080
76 5 1513 0 2192 0 3943 0.1427 0.0217
80 5 2289 0 2130 0 4039 0.1211 0.0162
84 5 2998 0 2046 0 4281 0.1093 0.0150
88 5 2533 0 2104 0 4011 0.1163 0.0132
92 5 2287 0 2094 0 4191 0.1091 0.0111
96 5 1776 0 2287 0.4165 0.0921 0.0104
98 5 1492 0.3066 0 3917 0.1197 0.0157

I00 5 1589 0 4313 0 3912 0.1399 0.0191
102 5 1818 0 5525 0 3824 0.1668 0.0355
104 5 0879 0 6209 0 3474 0.3430 0.0860
106 4 7442 0 7768 0 3365 0.4172 0.1789
108 4 6660 0 6386 0 2398 0.3881 0.1310
II0 4 6148 0 5137 0 2615 0.3532 0.1121
112 4 6831 0 4254 0 3242 0.2943 0.0664
114 4 6592 0 4379 0.3254 0.2781 0.0768
116 4 5754 0 4624 0.2874 0.2827 0.0737
120 4 4687 0,4630 0.2729 0.2850 0.0762
124 4.2101 0 4240 0.2624 0.2669 0.0427
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deg. m/sec m/sec m/sec m/see m2/sec2
128 4 0531 0.4195 0.2258 0.2700 U.0436
132 3 89?4 0.4415 0.2521 0.2726 0.0435
136 3 6958 0.4080 0.2669 0,3071 0.0567
140 3 3610 0.4096 0.2051 0,2699 0.0449
144 3 1637 0.3974 0 2426 0.2445 0.0366
148 2 8658 0.3741 0 2129 0.2125 0.0358
152 2 5217 0,3492 0 1610 0.2194 0.0413
156 2 1675 0.3270 0 1354 0,1948 0.0295
160 1.9183 0.3058 0 1341 O,1750 0.0232
164 1.5690 0,3181 0 1265 0.1602 0.0282
168 1.2111 0.2461 0 0918 0,1262 0.0133
I72 0.8839 0.2358 0 0754 0,1085 0.0119
176 0.5250 0.1957 0 0462 0,0795 0.0068
180 0.3196 0.1044 0 0283 O,0470 O.0025
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SPRE s/d = 44

dR = 0.733

e 5 u' _ v' -'_'
deg. m/sec m/sec m/sec m/sec m2/sec2 ..

4 0.3766 0.1397 -0.0151 0.0553 -0 0021
8 0.7355 0.1431 0.0141 0.0584 -0 0014
12 1.0757 0.1198 0.0465 0.0726 -0 0017
16 1.4597 0.1127 0.0767 0.0755 0 0008
20 1.8821 0.1109 0.1042 0.0629 0 0008
24 2 2217 0.1189 0.1329 0.0827 0 0040
28 2 5460 0 1085 0 1539 0 0742 0 0041
32 2 9246 0 0878 0 1835 0 0526 0 0006
36 3 3112 0 1389 0 2108 0 1248 0.0134
40 3 6087 0 1087 0 2412 0 0747 0,0045
44 3 8658 0 1003 0 2642 0 0679 0.0043
48 4 2126 0 1276 0 2320 0 0908 0.0010
52 4 4675 0 1130 0.2933 0.0925 0.0089
56 4 7120 0 1567 0 3454 0.1407 0.0191
60 4 8585 0 1547 0 3190 0.1206 0.0136
64 5 1076 0 1377 0 3571 0.0915 0.0094
68 5 3232 0 1637 0 3979 0.1017 0.0107
72 5 4630 0 1336 0 4082 0.0870 0.0058
76 5 5169 0 1786 0 3834 0.1473 0.0172
80 5 5942 0 1305 0 3719 0.0796 0.0031
84 5 6733 0 1483 0 3888 0 0750 0.0037
88 5 6932 0 1843 0 3894 0 1176 0.0118
92 5 6883 0 1717 0 4000 0 0962 0.0076
96 5 6972 0 2291 0.3965 0 1491 0.0212
98 5 7133 0 3063 0.4051 0 1901 0.0306

I00 5 6726 0 3401 0.3867 0 1378 0.0193
102 5 5948 0 4601 0.3803 0 2083 0.0349
104 5 4581 0 6025 0.3901 0 2974 0.1059
I06 5 1104 0 6002 0.3209 0 4185 0.1155
108 4 8957 0 6338 0.2876 0 3847 0.1139
110 4.9102 0 5478 0.2430 0 3369 0.1038
112 4 8994 0 4832 0.3146 0 2620 0.0711
114 4 8174 0 4246 0.3317 0 2927 0.0663
116 4 7651 0 4045 0.3048 0 2931 0.0566
120 4 5942 0 4164 0.2925 0 2520 0.0581
124 4 4716 0 3863 0.2704 0 2635 0.0507
128 4 2346 0.4365 0.2310 0.3004 0.0717
132 4 0133 0.3669 0.2301 0.2485 0.0278
136 3 8312 0.3737 0.2419 0.2521 0.0434
140 3 5161 0.3429 0.2024 0.2321 0.0356
144 3 3057 0.3730 0.2387 0.2108 0 0428
148 3 0008 0.3249 0.1779 0.2033 0.0326
152 2 6712 0.3288 0.1782 0.2081 0.0332
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B _ u' _ v' -_"_'
deg. m/see m/see m/sec m/see m2/sec2

156 2.3349 0.3079 0.1734 0.1962 0.0330
160 2.0123 0.2822 0.1305 0.2123 0.0315
164 1.6478 0.2675 0.1025 0.1660 0.0252
168 1.3010 0.2525 0.1131 0.1468 0.0164
172 0.9278 0.2192 0.0653 0.1027 0.0093
176 0.5821 0.1910 0.0465 0.0819 0.0092
180 0.3475 0.1065 0.0279 0.0546 0.0025

SPRE s_ = 44

dR = 0.600

e 5 u' _ v' -U"_'

deg. m/see mlsec m/see m/see m2/sec 2
4 0 3368 0.1126 -0 0088 0.0536 -0.0018
8 0 6816 0 1334 0 0160 0.0654 -0.0016

12 1 0089 0 1206 0 0424 0 0774 -0.0011
16 1 4312 0 1155 0 0742 0 0727 -0.0013
20 i 8617 0 1215 0 1090 0 0864 -0.0007
24 2 2087 0 1158 0 1301 0 0986 0.0033
28 2 5492 0 1132 0 1513 0 0805 0.0027
32 2 9236 0 1019 0 1989 0 0620 0.0014
36 3 3001 0 0885 0 2152 0 0820 0 0037
40 3 5957 0 1172 0 2285 0 1041 0 0073
44 3 8861 0 0986 0 2487 0 0907 0 0061
48 4 2718 0 1144 0 2305 0 1041 0 0057
52 4.5285 0 0944 0 3101 0 0913 0 0060
56 4 7805 0 1315 0 3390 0 1329 0 0147
60 4 9927 0 1202 0 3470 0 1250 0 0136
64 5 2216 0 1287 0 3615 0 1092 0.0123
68 5 4791 0 0756 0.3899 0 0683 0.0036
72 5 5878 0.0909 0.3588 0 0875 0.0059
76 5 6943 0 0959 0.3517 0 0784 0.0060
80 5 8294 0 1315 0.3603 0,1161 0.0119
84 5 9651 0 1630 0.3813 0 1533 0.0218
88 6 0096 0 1081 0.3823 0 0712 0.0044
92 6 0451 0 1357 0.3838 0 1134 0.0117
96 6 0782 0 1682 0.3786 0.1238 0.0141
98 6.0531 0 2026 0.3825 0.0788 0.0051

100 6.0032 0.2818 0.3779 0.1289 0.0156
102 5.9468 0.2793 0.3776 0.1955 0.0243
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e _ u' _ v, -u"_'

deg. m/sec m/sec m/sec m/sec m2/sec2
104 5.?473 0.43?9 0.3715 0 2661 0.0550
106 5 5184 0,5940 0.3721 0 3302 0.1067
108 5 2993 0.5320 0.2848 0 3494 0.1014
110 5 1873 0.4?44 0.2970 0 2801 0.0503
112 5 1791 0,4059 0.3874 0 2928 0.0585
114 5 0902 0.3955 0.3299 0 2567 0.0566
116 5 0281 0.3967 0.3605 0.2660 0.0517
120 4 8540 0.4199 0.3362 0.2551 0.0522
124 4 7375 0.4294 0.3268 0.2882 0.0705
128 4.5353 0,3511 0.3172 0.2511 0.0392
132 4.2885 0.3635 0.2951 0.2784 0.0583
136 4.0664 0.3393 0.2521 0 2350 0.0313
140 3.7926 0.3397 0 2351 0 2323 0.0359
144 3.5485 0.3311 0 2581 0 2136 0.0341
148 3 2446 0.2897 0 2215 0 2257 0.0298
152 2 8621 0.3358 0 1908 0 2114 0.0382
156 2 5617 0 2588 0 1812 0 1726 0.0189
160 2 1643 0 2805 0 1361 0 1867 0.0276
164 1 8231 0 2545 0 1142 0.1479 0.0201
168 1 4367 0 2177 0 1085 0.1520 0.0190
172 1 0746 0 2070 0.0823 0.1184 0.0112
176 0 6787 0 1862 0,0586 0.0950 0.0097
180 0 3800 0 1135 0.0343 0.0593 0.0042

SPRE s_ = 44

dR = 0.467

e _ u' _ v' -'6"_'

deg. m_ec m_ec m/sec m/see m2_ec2

4 0 3056 0 0956 0.0038 0.0527 -0.0008
8 0 6161 0 1133 0.0154 0.0796 0.0001

12 0 9797 0 1336 0.0468 0.0751 0.0005
16 I 3836 0 1178 0.0817 0.0753 -0.0014
20 1 8341 0 1303 0.1105 0.0920 0.0030
24 2 2036 0 1277 0.1429 0.0890 0.0011
28 2 5305 0 1204 0.1625 0.0961 0.0034
32 2 9152 0 0962 0.1959 0.0743 -0.0003 "
36 3.3242 0 1130 0.2205 0.0986 0.0049
40 3.6276 0 1201 0.2537 0.1042 0.0066
44 3.9263 0 0934 0.2564 0.0887 0.0037
48 4.2970 0 0946 0.2312 0.0843 0.0050
52 4.5842 0 1076 0.317'8 0.1035 0.0084
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e 0 u' _ v' -u-'_'
deg. m_ec m/see m/see m/see m2/sec2
56 4.8104 0 0845 0.3101 0 0797 0.0041
80 5.0541 0 1114 0.3483 0 1121 0.0103
64 5.3401 0 I001 0.3961 0 0935 0.0073
68 5.5347 0 0869 0.3576 0 0802 0.0048
72 5 6648 0 0672 0.3466 0 0658 0.0036
76 5 8058 0 1163 0.3738 0 1145 0.0121
80 5 9636 0 1216 0.3783 0 1227 0.0128
84 6 0882 0.0927 0.3845 0 0933 0.0081
88 6 1584 0 0672 0.4009 0.0579 0.0027
92 6 2206 0 1527 0.4049 0 1440 0.0200
96 6 2290 0 1199 0.3926 0 0901 0.0056
98 6 2016 0 2243 0.3771 0 1893 0.0300
I00 8 1673 0 2247 0.3658 0 1657 0 0183
102 6 0698 0 2853 0.3712 0 2071 0 0240
104 6 0420 0 3569 0.3620 0 2736 0 0434
106 6 0827 0 4551 0 4105 0 3467 0 0799
108 5 7450 0 5014 0 3478 0 3159 0 0840
II0 5 5130 0 4016 0 3216 0 2880 0 0610
112 5 3613 0 3571 0 3579 0 2487 0 0278
114 5 3778 0 3114 0 3743 0.2449 0 0170
116 5 2977 0 3538 0 3618 0 2282 0 0261
120 5 1242 0 3628 0 3394 0 2713 0 0498
124 4 9753 0 3573 0 3815 0 2389 0 0418
128 4 7732 0.3359 0 3228 0 2350 0 0328
132 4 5402 0.3080 0 2923 0 2400 0.0418
136 4 3106 0.2991 0 2567 0 2080 0.0341
140 3 9680 0.3467 0 2236 0 2387 0.0379
144 3 7548 0.2999 0 2361 0 2261 0.0285
148 3 4093 0.3207 0 2024 0 2104 0.0352
152 3 0723 0 2583 0 2154 0 1667 0.0199
156 2 7081 0 2636 0 1929 0 1942 0.0216
160 2 3470 0 2626 0 1428 0 1747 0.0191
164 1 9850 0 2446 0 1511 0 1637 0.0239
168 1 5479 0 2395 0 1041 0 1365 0.0166
172 I 1941 0 2064 0 0983 0.1294 0.0138
176 0 7893 0 1743 0 0512 0.0980 0.0077
180 0 4362 0.II18 0 0371 0.0675 0.0036
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SPRE s_ = 44

dR = 0.333

e _ u' _ v' -_'
deg. m_ec m_ec m_ec m/sec m2_ec2

4 0 2980 0.0961 0.0060 0.0623 -0.0002
8 0 5851 0.1277 0.0270 0.0745 0.0008

12 0 9228 0.1259 0.0450 0.0780 0.0003
16 1 3440 0.1076 0.0768 0.0867 -0.0010
20 1 7855 0 1235 0.1020 0.0776 0.0011
24 2 1405 0.1013 0.1288 0.0761 -0.0012
28 2 4729 0.1337 0.1519 0.0983 0.0040
32 2 8825 0 1116 0.1811 0.0815 0.0017
36 3 2880 0 1125 0.2149 0.0954 0 0036
40 3 6037 0 1122 0.2359 0.0994 0 0051
44 3 8780 0 1090 0 2430 0.1083 0.0068
48 4 2817 0 1071 0 2214 0.1078 0 0047
52 4 5503 0 0802 0 2.99.8 0.0858 0 0037
56 4.8024 0.0993 0 3187 0.1002 0 0071
60 5 0179 0.0854 0 3225 0.0823 0 0056
64 5 2968 0.1227 0 3547 0.1181 0 0119
68 5 5242 0.0884 0 3613 0.0900 0 0059
72 5 6333 0.1090 0.3171 0.1033 0.0099
76 5 7861 0 1135 0.3537 0.1161 0 0121
80 5 9292 0 0630 0.3374 0.0630 0 0027
84 6 0984 0 1438 0.3695 0 1455 0 0202
88 6 1428 0 1120 0.3602 0 1128 0 0120
92 6 2027 0 1223 0.3700 0 1222 0 0139
96 6 1962 0 1525 0.3513 0 1481 0 0175
98 6 2168 0.1729 0.3581 0 1613 0 0177
100 6 _968 0 1972 0.3691 0 1343 0 0137
102 6 1620 0 2520 0.3571 0 1754 0 0207
104 6 2130 0 3580 0.3546 0 2467 0 0353
106 6 2164 0 4265 0.3521 0 3470 0 0607
108 6 0122 0 4175 0.3408 0 2937 0 0425
ii0 5 7198 0 3354 0.3342 0 2311 0 0257
112 5 5931 0 3162 0.3344 0 2463 0.0262
114 5 5333 0 2996 0.3364 0 2363 0.0257
116 5.5100 0.2992 0.3446 0.2471 0.0313
120 5 3121 0.3528 0.3436 0.2108 0.0359
124 5 1467 0.3558 0.3376 0.2371 0.0463
128 4 8953 0.3636 0.3278 0.2625 0.0578
132 4 6968 0.2877 0.2978 0.2355 0.0385 -_
136 4 4358 0.3146 0.2652 0,2264 0.0383
140 4 1994 0.2948 0.2653 0.2266 0.0341
144 3 8511 0.2805 0.2196 0.2174 0.0288
148 3 5329 0.2688 0.1932 0.1822 0.0218
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e 5 u' ; v' -Y_'
deg. m/sec m_ec m/sec nVsec m2/sec2
152 3 1972 0 2271 0.1826 0.1656 0.0121
156 2 8405 0 2531 0.1619 0.1697 0.0156
160 2 4740 0 2461 0,1686 0.1882 0.0228
164 2 0768 0 2065 0.1444 0.1491 0.0116
168 1 6524 0 1949 0.1027 0.1413 0.0086
172 i 2388 0 1797 0.0779 0.1283 0.0096
176 0 8439 0 1576 0.0453 0.i000 0.0050
180 0 4782 0 1216 0.0369 0.0616 0.0038

SPRE s/d = 44

dR = 0.200

e 5 u' _ v' -_"_'

deg. m/seo m/sec m/sec m/sec m2/sec2
4 0 3218 0 1214 0.0325 0.0732 0.0046
8 0 5833 0 1298 0.0233 0 0869 0 0021

12 0 8923 0 1143 0,0540 0.0778 0 0005
16 1 3195 0 1234 0.0843 0 0902 0 0012
20 i 7432 0 1054 0.1108 0.0799 0 0014
24 2 1165 0 1017 0.1356 0 0731 0 0004
28 2 4421 0 1052 0.1751 0.0843 0 0009
32 2 8522 0 1049 0.1798 0 0824 0 0019
36 3 2515 0 1219 0.2000 0.0948 0 0066
40 3 5736 0 0832 0.2270 0 0709 0.0019
44 3 8768 0 0984 0.2572 0 0947 0.0056
48 4 2647 0 0957 0.2361 0 1059 0.0016
52 4 5458 0 0932 0.3048 0 0939 0.0064
56 4 7973 0.1328 0.3237 0 1424 0.0164
60 5 0154 0 1470 0.3313 0 1588 0.0215
64 5 2706 0 0861 0.3343 0 0849 0.0050
68 5 5352 0 0501 0.3746 0 0497 0.0004
72 5 6319 0 1000 0.3190 0 1039 0.0088
76 5 7749 0 0711 0.3408 0 0731 0.0042
80 5 9385 0 0685 0.3451 0 0661 0.0035
84 6 0947 0.0611 0.3558 0 0630 0.0032
88 6 1608 0.1058 0.3795 0 1090 0.0110
92 6 2119 0.1235 0.3697 0 1335 0.0147
96 6 2149 0.1487 0.3599 0 1450 0.0166
98 6 1963 0.1532 0.3512 0 1535 0.0141

100 6 2010 0.2004 0.3370 0 1685 0.0183
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e u' v'
deg. m/see rrdsec m/seo m/seo m2/seo2
102 6 2352 0.2600 0.3406 0.1930 0.0241
104 6 4041 0.3608 0.3786 0.2667 0.0368
106 6 4804 0.3351 0.3592 0.2978 0.0343
108 6 0446 0.3795 0.3513 0.2665 0.0355
110 5 8585 0.2963 0.3440 0.2228 0.0129 ',
112 5 7088 0.2972 0.3394 0.2234 0.0282
114 5 6487 0.2578 0.3531 0.2041 0.0101
116 5 6085 0.2823 0.3437 0.2206 0.0323
120 5 4756 0 2825 0.2949 0.2258 0.0260
124 5 2777 0 2753 0.3206 0.1828 0.0213
128 5 0670 0 2732 0.3307 0.2191 0.0275
132 4 8251 0 2567 0.3026 0.2376 0.0294
136 4 6104 0 2517 0.2683 0 1895 0.0226
140 4 2676 0 2449 0.2233 0 1848 0.0136
144 3 9821 0 2608 0.2402 0 2007 0.0157
148 3 6069 0 2522 0.1975 0 1909 0.0226
152 3 2497 0 2246 0.1864 0 1701 0.0148
156 2.9425 0 2000 0 1871 0 1963 0.0144
160 2.5362 0 2062 0 1515 0 1625 0.0096
164 2.1672 0 2132 0 1484 0.1612 0.0112
168 1.7292 0 1946 0 0860 0.1311 0.0087
172 1.3276 0 1736 0 0847 0.121'8 0.0095
176 0.9160 0 1407 0 0504 0.0934 0.0022
180 0.5112 0 1200 0 0324 0.0633 0.0025

SPRE s/d = 44

dR = 0.000

e 6 u' _ v' ._-r_,

deg. m/see m/sec m/sec m/see m2/sec2
4 0.3839 0.1349 0.0627 0.0720 0.0057
8 0.6103 0'.1261 0.0546 0 0854 0.0042

12 0.8879 0.1053 0.0674 0 0825 0.0014
16 1.2943 0.1036 0 0970 0 0940 0.0023
20 1.7137 0.1019 0 1288 0 0889 0.0031 -_
24 2.0703 0.1117 0 1373 0 0920 0.0038
28 2.4149 0.1082 0 1388 0 0883 0.0038
32 2.8266 0.0890 0 1837 0 0845 0.0023
36 3.2417 0.1077 0 2113 0 0964 0.0065
40 3.5675 0.0928 0 2212 0 0861 0.0040
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e 6 u' _ v' .u-9 -
deg. m_ec m/sec m/sec m/sec m2/sec2

44 3.8608 O.0822 0 2443 O.0774 O.0033
48 4.2567 0.0905 0 2126 0.0933 0.0017
52 4.5250 0.1162 0 2763 0.1145 0.0106
56 4 7839 0.0997 0 3043 0.1090 0.0082
60 5 0038 0.0617 0 30?8 0,0580 0.0024
64 5 2806 0.1253 0 3439 0.1349 0.0146
68 5 5157 0 1079 0 3568 0,1236 0.0116
72 5 6445 0 1084 0.3154 0.1105 0.0110
76 5 7890 0 0822 0.3354 0.0832 0.0053
80 5 9464 0 1384 0.3315 0.1488 0.0188
84 6 0788 0 0946 0,3368 0.0953 0.0086
88 6 1579 0 1264 0.3538 0.1344 0.0159
92 6 1951 0 0967 0.3322 0.0955 0.0070
96 6 2159 0 1457 0.340? 0.1430 0.0148
98 6 2116 0 1568 0 3357 0.1380 0.0114

100 6 2340 0.1790 0 3510 0.1723 0 0127
102 6 2778 0.2?20 0 3592 0.2363 0 0216
104 6 5112 0.4084 0 3821 0 3192 0 0664
106 6 5550 0.3946 0 3594 0 2485 0 0029
108 6 2652 0.3738 0 3288 0 2531 0 0285
110 5.9013 0.2955 0 2964 0 2094 0 0077
112 5.7703 0.2838 0 3259 0 2064 0 0062
114 5.7274 0.2442 0 3221 0 2104 -0.0012
116 5.6787 0.2510 0 3289 0 2202 0.0018
120 5.5319 0.2705 0 3210 0 2043 0.0054
124 5.3399 0.2302 0 3212 0.1922 0.0043
128 5.1066 0.2464 0.2975 0.2122 0.0041
132 4.8893 0.2452 0.2719 0.2035 0.0154
136 4.5900 0.2266 0.2309 0.1790 0.0125
140 4.3290 0 2341 0.2165 0.1891 0.0140
144 4 0434 0 2199 0.1938 0.1919 0.0047
148 3 6807 0 2092 0.2216 0.1866 0.0058
152 3 3379 0 2166 0.1729 0.1783 0.0068
156 2 9843 0 1988 0.1791 0.1661 0.0052
160 2 5907 0 1915 0.1396 0.1525 0.0094
164 2 1900 0.1907 0.1173 0.1423 0.0020
168 1 7311 0.1866 0.1025 0.1279 0.0021
172 I 3773 0.1572 0.0756 0.1238 0.0018
176 0 9349 0.1327 0.0420 0.1049 0.0022
180 0 5284 0.1089 0.0245 0.0662 _.0017
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Figure 23: Streamwise velocity fluctuation at s/d - 44 -_
(smoothed)
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Figure 24: Radialvelocityfluctuationat s/d = 44
(smoothed)
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0.16

0.04

Figure25: Reynolds shear stressat s/d = 44
(not smoothed)
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PROCESSED DATA

Bulk-mean velocity, um, friction velocity, u°, skin friction coefficient, cf, and
Couette flow model versus crank position, e

Note: The symbol in the "model" column indicates which of the Couette
flowmodels,laminar(I)orturbulentCt),wasusedinprocessing.

s/d = 0.33

e (o) um (m/sec) u, (m/sec) cf model

20 1.518 0.138 0.01653 I
30 2.303 0.158 0.00941 t
40 3.001 0.182 0.00735 t
50 3.703 0.215 0.00674 t
60 4.130 0.235 0.00648 t
70 4.605 0.242 0.00552
80 4.812 0.252 0.00548
90 4.808 0.248 0.00532
100 4.746 0.242 0.00520
110 4.533 0.233 0.00528
120 4.186 0.215 0.00528
130 3.732 0.198 0.00563
140 3.164 0.167 0.00557
150 2_457 0.134 0.00595

S/d = 16

e (o) um (m/sec) u. (m/sec) cf model

20 1.539 0.140 0.01656 I
30 2.387 0.187 0.01228 I
40 3.061 0.189 0.00762 I
50 3.701 0.198 0.00573 I
60 4.131 0.200 0.00469 I
70 4.511 0.241 0.00571 t
80 4.741 0.282 0.00708 t
90 4.806 0.294 0.00749 t
100 4.826 0.278 0.00664 t
110 4.597 0.210 0.00417 t
120 4.256 0.169 0.00315 I
130 3.791 0.139 0.00269 I
140 3.279 0.090 0.00151 I
150 2.607 0.087 0.00223 I
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S/d = 30

6 (o) Um (m/sec) U, (m/sec) ct model

20 1.479 O.140 0.01792
30 2.201 0.156 0.01005
40 2.878 0.175 0.00740
50 3.465 0.190 0.00602
60 3.886 0.193 0.00493
70 4.246 O.193 0.00413
80 4.441 0.189 0.00362 I
90 4.518 0.318 0.00991 t o
1O0 4.548 0.315 0.00959 t
110 4.321 0.318 0.01083 t
120 4.080 0.290 0.01010 t
130 3.667 0.248 0.00915 t
140 3.176 0.200 0.00793 t
150 2.517 O.142 0.00637 t
160 1.849 O.1O0 0.00585 t
170 0.995 0.051 0.00525 t

S/d = 44

e (o) um (m/sec) u, (m/sec) cf model

20 1.578 0.147 0.01735
30 2.295 O.170 0.01097
40 2.962 O.180 0.00739 r
50 3.569 O.189 0.00561
60 3.981 O.192 0.00465
70 4.358 0.200 0.00421
80 4.567 O.195 0.00365
90 4.631 0.188 0.00330
1O0 4.624 0.182 0.00310
110 4.445 0.390 0.01540 t
120 4.142 0.298 0.01035 t
130 3.708 0.267 0.01037 t
140 3.185 0.220 0.00954 t
150 2.511 O.156 0.00772 t
160 1.755 O.103 0.00689 t
170 0.891 0.040 0.00403 t

!1. Processed (e, u+, y+) Data: Experiment and Couette Flow Model
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s/d=0.33 Experiment

20 ° 40 ° 60 °

y+ U+ y+ U+ y+ U+
1.31 0 78 1.73 1.65 2.24 2.29
1.81 0 96 2.39 2.30 3.08 3.12
2.30 i 12 3.04 2.71 3.92 3.63
2.92 1 77 3.86 4.03 4.98 4.83
3.54 2 34 4.67 4.68 6.03 5.52
4.78 4 21 6.31 6.80 8.14 7.78
6.02 5 36 7.94 8.34 10.25 9.57
9.74 7 98 12.84 12.04 16.58 13.22

13.46 9 42 17.75 13.97 22.91 15.34
25.85 11 54 34.09 16.56 44.01 17.57
50.63 11 74 66.77 17.05 86.21 17.73
75.41 11 58 99.45 17.16 128.41 17.71
100.19 11 30 132.13 17,01 170.61 17.56
124.97 11 25 164.81 17.03 212.81 17.52
149.75 11 12 197.50 17.11 255.01 17.51
186.92 11 21 246.52 17.07 318.31 17.58

30 ° 50 ° 70 °

y+ u+ y+ u+ y+ u+
1 50 1.17 2.05 2 13 2.30 2.63
2 07 1.61 2.82 2 96 3.17 3.44
2 64 1.96 3.59 3 33 4.04 3.94
3 35 3.08 4 56 4 56 5.13 5.19
4 06 3.75 5 52 5 39 6.21 6.16
5 48 5.63 7 45 7 72 8.39 8.48
6 89 7.04 9 38 9 12 i0.56 10.33

11 15 10.13 15 17 12 79 17.08 14.45
15 41 12.08 20 96 14 88 23.60 16.69
29 59 14.60 40.27 17 13 45.32 18.77
57 96 15.26 78..88 17 36 88.78 18.81
86 34 15.34 117.48 17 44 132.24 18.77

114 71 15.28 156.09 17 30 175.69 18.60
143.08 15.32 194.70 17 26 219.15 18.54
171.45 15.29 233.31 17 27 262.60 18.51
214.01 15.35 291.22 17 32 327.79 18.57
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80 = 100 ° 120 °

y+ u+ y+ u+ y+ u+
2 40 2 71 2 30 2.71 2,05 2.09
3 30 3 54 3 17 3.31 2.82 3.05
"4 21 4 11 4 04 3.87 3.59 3.47
5 34 5 48 5 13 5.14 4.56 4.69
6 47 6 28 6 21 6.01 5 52 5.43
8 73 8 80 8 39 8 34 7 45 7.68
11 O0 I0 54 I0 56 10 20 9 38 9.53
17 78 14 89 17.08 14 70 15 17 14.10
24 57 17 19 23.60 17 38 20 96 16.99
47 20 18 87 45 32 19 76 40 27 19.97
92.45 38 _3 88 78 19 69 78 88 19.94

_37.70 18 81 332 24 19 68 117 48 19.90
182.95 18 63 175 69 19 46 156.09 19.70
228 20 18 58 219 1.5 19 47 194.70 19.67
273.46 18 58 262 60 19 47 233.31 19.66
341.33 18 58 327 79 19 46 291.2.2 19.77

90 o 110 ° 130 °

y+ u+ y+ u+ y+ u+
2 22 2 40 1 88 1.74

2 36 2,66 3 05 3 13 2 60 2,53
3 25 3.38 3 89 3 66 3 31 3.09
4 14 3.96 4 94 4 89 4 20 4.16
5 25 5.26 5 98 5 73 5 08 4.94
6 37 6.07 8 08 8 02 6 86 7.08
8 59 8.43 10 17 9 89 8 64 8.82

10 82 10.35 16 44 14 26 :13 97 13.33
17 50 14.66 22.72 17 09 19 31 16.45
24 18 17.28 43.64 19 75 37 08 19.60
46 45 19.38 85.48 19 68 72 64 19.60
90 98 19,31 127.32 19 71 108:19 19.55

135 52 19.28 169.16 19 47 :143 75 19.38
180 05 19.09 211.00 19 54 179 30 19.32
224 58 19.02 252.84 19 53 214 86 19.32
269 12 19.02 315.60 19 43 268 19 19.40
335 92 19.04
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s/d=0.33Model 3oo
y+ u+

140 ° 20 = 1.0 1.002.0 2.00
y+ u+ y+ u+ 3.0 3. O0

4.0 4.00
1.59 i 33 1.00 0.98 5.0 4.99

" 2.19 i 80 2.00 1.91 6.0 5.99
2.79 2 27 3.00 2.80 7.0 6.97
3 54 3 70 4.00 3.65 8.0 7.95

_ 4 29 4 29 5.00 4.45 9.0 8.91
5 79 6 39 6.00 5.21 10.0 9.85
7 29 8 19 7 O0 5.92 11.0 10.76

11 79 12 69 8 O0 6.59 12'.0 11.65
16 28 16 09 9 O0 7.21 13.0 12.50
31 28 20 05 10 O0 7.79 14 0 13 32
61 27 20 17 II O0 8.33 " "
91 25 20 10 12 O0 8.82 15.0 14.10

121 24 19 90 13 O0 9.27 16.0 14.85
151 23 19 77 14 O0 9.68 17.0 15.5518.0 16.22
181 22 19 78 15 O0 10.04 19.0 16.86
226 20 19 89 20.0 17.4"5

21.0 18.02
22.0 18.55
23.0 19.06
24.0 19.53

150° 25.0 19.98

y+ U+ 26.0 20.4127.0 20.82
1 28 0 89 28.0 21.20
1 76 1 07 29 0 21.56
2 24 1 25 30 0 21.91
2 64 2 09 31 0 22.24
3 44 2 80 32 0 22.55
4 64 5 12 33 0 22.85
5 85 6 77 34 0 23.13
9.46 11 32 35 0 23.40
13.07 14 87 36.0 23.66
25.10 19 69 37.0 23.91
49.16 20 01 38.0 24.15
73.22 19 90 39.0 24 38
97.28 19.79 40.0 24 59

_" 121.35 19.63 41.0 24 80
145.41 19.63 42.0 25 O0
181•50 19.83 43.0 25 20

44.0 25 38
45.0 25 56
46.0 25 74
47.0 25 90
48.0 26 06
49.0 26.22
50.0 26.37
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4O0 50° 60 °

y+ u+ y+ u+ y+ u+
1.0 1.00 1.0 1.00 1.0 1.00
2.0 2.00 2.0 2.00 2.0 2.00
3.0 3.00 3.0 2.99 3.0 2.99
4.0 3 99 4.0 3.97 4.0 3.97
5.0 4 96 5.0 4.92 5.0 4.90
6.0 5 90 6.0 5.82 6.0 5.79 _
7.0 6 81 7.0 6.66 7.0 6.60
8.0 7 66 8.0 7.43 8.0 7.34
9.0 8 46 9.0 8.13 9.0 8.00 _,

10.0 9 19 10.0 8.75 10.0 8.59
11.0 9 86 11.0 9.32 1!.0 9.12
12.0 10 47 12.0 9.82 12.0 9.59
13 0 11 03 13.0 10.28 13.0 10.01
14 0 11 54 14.0 10 69 14.0 10.40
15 0 12 01 15.0 11 06 15.0 10 75
16 0 12 44 16.0 11 40 16.0 11 06
17 0 12 83 17.0 11 72 17.0 11 35
18 0 13 19 18.0 12 O0 18.0 11 62
19 0 13 52 19.0 12 27 19.0 11 86
20 0 13 83 20.0 12 51 20.0 12 09
21 0 14 12 21.0 12 73 21.0 12 30
22 0 14 39 22.'0 12 95 22.0 12.49
23 0 14 63 23.0 13 14 23.0 12.67
24 0 14 87 24.0 13 33 24.0 12.84
25.0 15 09 25.0 13 50 25.0 13.00
26.0 15 29 26.0 13 66 26.0 13.16
27.0 15 48 27.0 13 81 27.0 13.30
28.0 15 67 28.0 13 96 28.0 13.43
29.0 15 84 28,0 14 i0 29.0 13.56
30 0 16 O0 30.0 14.23 30.0 13.68
31 0 16 16 31.0 14.35 31.0 13.80
32 0 16 31 32.0 14.47 32.0 13.91
33 0 16 45 33.0 14.58 33.0 14.02
34 0 16 58 34_0 14.69 34.0 14.12
35 0 16 71 35.0 14.79 35.0 14.21
36 0 16 83 36.0 14.89 36.0 14.31
37 0 16 95 37.0 14.99 37.0 14 40
38 0 17 06 38.0 15.08 38.0 14 48
39 0 17 17 39.0 15 16 39.0 14 57
40 0 17 27 40 0 15 25 40.0 14 65
41 0 17 37 41 0 15 33 41.0 14 72
42 0 17 47 42 0 15 41 42.0 14 80 _!
43 0 17 56 43 0 15 49 43.0 14 87
44 0 17 65 44 0 15 56 44.0 14.94
45 0 17 73 45 0 15 63 45.0 15.01
46 0 17 82 46 0 15.70 4"6.0 15.07
47 0 17 90 47 0 15.77 47.0 15.14
48 0 17 97 48 0 15.83 48.0 15.20
49 0 18 05 49 0 15.89 49.0 15.26
50 0 18 12 50 0 15.96 50.0 15.32
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70 ° 90 ° 110 °

y+ u+ y+ u+ y+ u+
I O0 1.00 1.00 1.00 1 O0 1.00
2 O0 1.99 2.00 2.00 2 O0 2.01
3 O0 2.99 3.00 3.00 3 O0 3.02
4 O0 3 98 4 O0 4.00 4 O0 4.03
5 O0 4 96 5.00 5.00 5 O0 5.04
6 O0 5 95 6.00 6.00 6 O0 6.06
7 O0 6 93 7.00 7.00 7 O0 7.08
8.00 7 90 8.00 8.00 8.00 8.11
9 O0 8 88 9.00 9.00 9.00 9.14
I0 O0 9 85 10,00 I0.00 10.00 10.17
Ii O0 I0 82 ii.00 ii.00 ° 11.oo 11.2o
12 O0 11 79 12.00 12.00 12 O0 12.24
13 O0 12 75 13.00 13.00 13.00 13.28
14 O0 13 71 14.00 14.00 14.00 14:33
15 O0 14 66 15.00 15.00 15.00 15.38

80 ° 100 ° 120 °

y+ u+ y+ u+ y+ u+
I O0 1.00 1.00 1.00 1.00 1.00
2 O0 2.00 2 O0 2.00 2.00 2.01
3 O0 2.89 3 O0 3.01 3.00 3.03
4 O0 3.99 4 O0 4.01 4.00 4.05
5 O0 4 88 5 O0 5 02 5.00 5.08
6 O0 5 98 6 O0 6 03 6.00 6.11
7 O0 6 97 7 O0 7 04 7.00 7.15
8 O0 7 96 8 O0 8 05 8.00 8.20
9 O0 8 95 9 O0 9 06 9.00 9 25

10 O0 9 93 10 O0 10 08 10.00 10 31
11 O0 10 92 ii O0 11 09 11._00 11 38
12 O0 11 90 12 O0 12.11 12.00 12 45
13 O0 12 89 13 O0 13.13 13.00 13 52
14 O0 13 87 14 O0 14.15 14.00 14 61
15 O0 14 85 15 O0 15.17 15.00 15 70
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s/d=16 Experiment

130 ° 150° 20°

y+ u+ y+ u+ y+ u+
1.00 I.01 1.00 1.02 O.95 O.81
2.00 2.02 2.00 2.09 1.47 0.91
3.00 3.05 3.00 3.20 3.28 2.41 _
4.00 "4.08 4.00 4.36 7.92 7.02
5.00 5.13 5.00 5.56 11.79 9.11
6.00 6.18 6.00 6 80 24.69 12.03 7,
7 O0 7.25 7.00 8 09 50,49 12.48
8 O0 8.33 8.00 9 42 76.29 12.24
9 O0 9.41 9,00 10 80 102.09 11,87

10 O0 10 51 10.00 12 22 127.90 11.49
11 O0 11 62 11.00 13 69 153.70 17.26
12 O0 12 74 12.00 15 20 192.40 11.37
13 O0 13 86 13.00 16 75
14 O0 15 O0 14.00 18 35 30°
15 O0 16 15 15.00 20 O0

y+ u+
1.27 1.30

140° 1.96 1.76
y+ U+ 4.38 4.22

10.58 9.35
1.00 1 01 15.75 11.60
2 O0 2 04 32.98 13.82
3 O0 3 09 67.44 13.87
4 O0 4 16 I01.91 13.68
5 O0 5 25 136.37 13.50
6 O0 6 37 170.83 13.60
? O0 7 50 205.29 13.77
8 O0 8 65 256.99 14.129 O0 9 82

10 O0 11 O1
11 O0 12 23 400

12 O0 13 46 y+ u+
13 O0 14 72 1.29 1.21
14 O0 15 99 1.99 1.60
15 O0 17 28, 4.42 3.98

10.69 9.12
15.92 12.04
33.33 16.91
68.16 18.44
103.00 18.52 t,

137.83 18.32
172.66 17.66
207.49 17.00
259.74 16.88

108



50 ° 80 ° 110 °

y+ U+ y+ U+ y+ U+
1.35 1.34 1.92 2.33 1.43 1.59
2.08 1.82 2.96 3.04 2.21 2.17

•_ 4.63 4.26 6.60 5.92 4.91 4.62
11.20 9.62 15.95 11.05 11.88 10 44
16 68 12.73 23.75 13.38 17.69 13 96

_ 34 92 18.72 49.74 16.61 37.04 20 91
71 41 21•37 10171 18.33 75.74 24 86
107 90 21.65 153.68 18.88 114.44 25 75
144 39 21.58 205.65 19.03 153.14 25 83
180 88 21.38 257.62 19.06 191.84 25 86
217 37 20.76 309.59 18.84 230.55 25 73
272 11 19.44 387.55 18.34 288.60 25 20

60 ° 90 ° 120 °

y+ u+ y+ u+ y+ u+
1.36 1.44 2 O0 2.46 1.15 1.13
2.10 1.95 3 09 3.21 1.78 1.46
4.68 4.46 6 68 6.18 3.96 3.81

11.32 10.13 16 63 10.92 9.56 9.61
16.84 13.50 24 76 13.04 14.23 13.60
35.27 20.56 51 85 16.11 29.81 22.55
72.13 23.62 106 03 17.57 60.95 29.40

108.99 24.05 160 22 18.39 92.10 30.79
145.85 23.98 214 40 18.56 123.24 30.71
182.71 23.88 266 58 18.68 154.39 30.65
219.57 23.40 322 76 18.39 185.53 30.50
274.65 22.19 404.04 17.94 232.25 29.83

70 ° 100 ° 130 °

y+ u+ y+ u+ y+ u+
1.64 1.78 1 90 2.36 0.95 0.94
2.53 2.42 2 92 3.06 1.46 1.09
5.64 5.03 6 51 5.78 3.25 2.99

13.64 10-.61 15 73 11.22 7.86 9.16
20.30 13.71 23 41 13.30 11.71 13.31
42.51 18.50 49 03 16.77 24.52 23.61
86.92 20.86 100 26 18.89 50.13 32.26

13i.33 21.46 151 50 19.70 75.75 33.87
_ 175.75 21.55 202.73 19.95 101.37 33.81

220.16 21.50 253.96 20.03 126.98 33.79
264.58 21.10 305.20 19.92 152.60 33.72
331.20 20.25 382.05 19.36 191.02 33.56
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s/d=16 Model

140 ° '20 ° 40 °

y+ u+ y+ u+ y+ u+

0.61 0.90 1.00 0.98 I O0 0.99
0 95 0.88 2.00 1.92 2 O0 1.97
2 11 2.27 3.00 2.81 3 O0 2.94 _
5 09 10.54 4.00 3.67 4 O0 3.89
7 58 16.03" 5.00 4.49 5 O0 4.83
15 87 30.86 6.00 5.26 6 O0 5.75 "
32 46 43.41 7.00 5.99 7 O0 6.67
49 05 45.92 8.00 6.68 8 O0 ?.56
65 63 45.93 9.00 7 33 "9 O0 8.45
82 22 45.89 10.00 7 94 10 O0 9.32
98 81 45.75 11.00 8 51 11 O0 10.17
123.68 45.33 12.00 9 04 12 O0 11.02

13.00 9 52 13.00 11.85
14.00 9 96 14.00 12.66

150° 15.00 10.37 15.O0 13.46

y+ u+ 30 ° 50 °

O. 59 O. 53 y+ u+ y+ u+0.91 0.39
2.04 0.67 1 O0 0.99 1.00 1.00
4.92 7,02 2 00 1.97 2.00 1.98
7.33 11 49 3 00 2.93 3.00 2.96

15.34 24 51 4 00 3.87 4.00 3.92
31.38 35 58 5 O0 4.80 5.00 4.88
47.41 38 66 6 O0 5.71 6.00 5.82
63.44 38 67 7 O0 6.61 7.00 6.76
79.48 38 66 8 00 7.49 8.00 7.68
95.51 38 .'58 9 O0 8.36 9.00 8.60

119.56 38.93 10 O0 9.20 10.00 9.50
11 O0 10.04 11.00l 10.40
12 O0 10.85 12.00 11.28
13.00 11.65 13.O0 12.16
14.00 12.44 14.00 13.02
15.00 13.21 15.O0 13.88
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60 o 70 ° 80 °

y+ u+ y+ u+ y+ u+
1.00 1 O0 1.0 1.00 1.0 1.00
2.00 I 98 2.0 2,00 2.0 2.00
3.00 2 97 3.0 2.99 3.0 2.99
4.00 3 94 4.0 3 96 4.0 3.96
5.00 4 91 5.0 4 89 5 0 4.88

- 6.00 5 86 6.0 5 76 6 0 5.74
7.00 6 82 7.0 6 56 7 0 6.52
8 O0 7 76 8.0 7 28 8 0 7.23

: 9 O0 8.70 9.0 7 93 9 0 7.85
10 O0 9..62 10.0 8 50 10 0 8.41
11 O0 10.55 11.0 9 01 11 0 8.90
12 O0 11.46 12.0 9 47 12.0 9.34
13 O0 12.36 13.0 9 88 13 0 9.73
14 O0 13.26 14.0 10 25 14 0 10.09
15 O0 14.15 15.0 10 58 15 0 10,41

16.0 1089 160 10.70
17.0 ii 16 17 0 I0.97
18.0 11 42 18 0 11.22
19.0 11 65 19 0 11.44
20.0 11.87 20 0 11.-65
21.0 12.07 21 0 11.85
22.0 12.26 22 0 12.03
23.0 12.44 23 0 12.20
24.0 12.60 24 0 12.36
25.0 12.76 25 0 12.51
26.0 12.90 26 0 12:65
27.0 13.04 27.0 12.78
28.0 13.17 28.0 12.91
29.0 13.30 29.0 13.03
30.0 13.41 30.0 13.14
31.0 13 53 31.0 13.25
32.0 13 63 32 0 13.35
33.0 13 74 33 0 1S.45
34.0 13 83 34 0 13.55
35,0 13 93 35 0 13.64
36.0 14 02 36 0 13.73
37.0 14 11 37 0 13.81
38.0 14 19 38 0 13.89
39.0 14 27 39 0 13.97
40.0 14 35 40 0 14.05
41.0 14 42 41 0 14.12
42.0 14 49 42.0 14.19
43.0 14 57 43.0 14.26
44.0 14 63 44.0 1.4.33
45.0 14 70 45.0 14.39
46.0 14.76 46.0 14.45
47.0 14.83 47.0 14,51
48.0 14.89 48.0 14.57
49.0 14.94 49.0 14.63
50.0 15.00 50.0 14.69
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90 ° 100 ° 110 °

y+ U+ y+ U+ y+ U+
1.0 1 O0 1 0 1.00 1.0 1.00
2.0 2 O0 2 0 2.00 2.0 2.00
3.0 2 99 3 0 2.99 3.0 2.99
4.0 3 85 4 0 3.95 4.0 3.95
5.0 4 88 5 0 4.87 5.0 4.86
6.0 5 73 6 0 5.72 6.0 5.69
7.0 6 51 7 0 6.49 7.0 6.45
8.0 7 20 8'.0 7.18 8.0 7.12
8.0 7 82 9.0 7.78 9.0 7.71

10.0 8.36 10.0 8.33 10.0 8.23
11.0 8.85 11.0 8.82 11.0 8.70
12.0 9 28 12.0 9 24 12.0 9.11
13 0 9 67 13 0 "9 63 13.0 8.48
14 0 10 02 14.0 8 87 14.0 9.81
15 0 10 34 15.0 10 29 15.0 10.11
16 0 10 62 16.0 10 57 16.0 10.38
17 0 10 88 17 0 10 83 17.0 10.63
18 0 11 13 18.0 11 07 18.0 10.86
18 0 11 35 18 0 11 29 19.0 11.07
20 0 11 56 20.0 11 48 20.0 11.27
21 0 11 75 21 0 11 68 21.0 11.45
22 0 11 83 22.0 11 86 22.0 11.62
23 0 12 09 23 0 12 02 23.0 11.78
24 0 12 25 24.0 12 18 24.0 11.93
25 0 12 40 25 0 12 32 25.0 12.07
26 0 12 54 26.0 12 46 26.0 12.20
27 0 12 67 27.0 12 59 27 0 12.33
28 0 12.79. 28.0 12 71 28 0 12.45
29 0 12 81 29.0 12 83 28 0 12.56
30 0 13 02 30.0 12 94 30 0 12.67
31 0 13 13 31.0 13 05 31 0 12.77
32 0 13 23 32.0 13 15 32 0 12.87
33 0 13 33 33.0 13 25 33 0 12.96
34 0 13 42 34 0 13 34 34 01 13.05
35 0 13 51 35 0 13 43 35 0 13.14
36.0 13.60 36 0 13.51 36 0 13.22
37.0 13.68 37 0 13.60 37 0 13.30
38.0 13.76 38 0 13.68 38 0 13.38
39.0 13.84 39 0 13.75 39 0 13.46
40.0 13.92 40 0 13.83 40 0 13.53
41.0 13.99 41 0 13.90 41 0 13.60
42.0 14.06 42 0 13.87 42 0 13.67
43.0 14.13 43 0 14.04 43 0 13.73
44.0 14.19 44 0 14.10 44 0 13.80
45.0 14.26 45 0 14.16 45 0 13.86
46.0 14.32 46 0 14.23 46 0 13.92
47.0 14.38 47 0 14.29 47 0 13.88
48.0 14.44 48.0 14.34 48 0 14.03
49.0 14.49 49.0 14_40 49 0 14.09
50.0 14.55 50.0 14.46 50 0 14.14

112



Wd=30 Experiment

120 ° 140° 20 °

y+ u+ y+ u+ y+ u+
1 O0 1.01 1.00 1.06 0.93 0.78
2 O0 2.02 2.00 2.25 1.70 1.04

_ 3 O0 3.06 3.00 3.57 2.73 1.82
4 O0 4 10 4.00 5.01 3.24 2.52
5 O0 5 16 5.00 6.58 4.53 4.26
6 O0 6 22 6.00 8.27 5.81 5.34
7.00 7 31 7.00 10 10 9.67 7.85
8.00 8 40 8.00 12 04 13.53 9.49
9.00 9 50 9.00 14 12 26.38 11.60

10.00 10.62 10.00 16 32 52.10 11.88
11.00 11.75 11.00 18 64 77.81 11.63
12.00 12.90 12.00 21 10 103.52 11.35
13.00 14.05 13.00 23 68 129.24 11.08
14.00 15.22 14.00 26 38 154.95 11.03
15.00 16.40 15.00 29 22 193.52 10.87

130 ° 150 ° 30 o

y+ u+ y+ u+ y. u+
1.00 10l 1.00 1 08 1.03 1.03
2.00 2 06 2.00 2 32 1.88 1.50

_.00 3 13 3,00 3 71 3.04 2.72O0 4 23 4.00 5 27 3.61 3.69
5:00 5 36 5 O0 6 98 5.04 5.15
6 oo 652 6oo _86 648 641_:oo __ _oo _o_ _o_ 9_
8 .00 8 92 8 O0 13 06 15.07 11.53
9.00 10 17 9 O0 15 40 29.40 14.97,ooo _1,4 looo 1_.9_ 58.051_96_oo _2_, _ oo _o_ 8_o 1_8_12.oo1_o7 12oo 23.39 115.361_69_3oo_5.,3 _3oo 2o.3o I_,.oI I_.42_,oo _o82 1,oo 29_o _72.6_1544_oo _24 _5oo 32_ 2_5641_3_
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40 ° 60 ° 80 °

y+ U+ y+ u+ y+ U+
1 16 1 14 1 28 1.32 1.84 1.30
2 12 I 83 2 34 2.20 2.88 2.14
3 41 3 31 3 76 3.64 4.27 3.63
4 05 4 01 4 47 4.34 4.96 4.30
5 66 5 52 6 24 5.93 6.70 5.92
7 26 6 85 8 01 7.38 8.44 7.36
12.09 10 15 13 33 10.98 13.64 11.10
16.91 12 60 18 65 13.73 18.85 14.24
32.98 16 90 36 37 19.50 36.21 21.72
65.12 18 67 71 82 23.08 70.92 27.25
97.26 18 77 107 27 23.72 105.63 28.36
129.40 18 74 142.72 23.85 140,35 28.76
161.55 18 54 178.16 23.72 175.08 28.68
193.69 18 56 213.61 23.80 209.77 28.77
241.90 1R 49 266,78 23.79 261.84 28.80

50° 70 ° 90 °

y+ U+ y+ U+ y+ U+
1.26 1 29 1.28 1.34 2.10 2.45
2.30 2 13 2.34 2.22 3.86 3.82
3.70 3 59 3.76 3.67 6.19 5.11
4.40 4 26 4.47 4 39 7.36 5.85
6.14 5 81 6 24 6 O0 10.28 7.40
7.89 7 22 8 Ol 7 48 13.20 8.38
13 12 i0 60 13 33 11 15 21.96 10.34
18 36 13 22 18 65 14 13 30.72 11.28
35 80 18 22 36 37 20 62 59.93 12.99
70 70 20 82 71 82 25 35 118.33 14.63

105 60 21 10 107 27 26.30 176.74 15.92
140 50 21 14 142 72 26.61 235.15 16.90
175 39 21 01 178 16 26.45 293.55 17.35
210.29 21 05 213.61 26.58 351.96 17.96
262.64 21 O0 266.78 26.65 439.57 18.20
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100= 120° 140°

y+ u+ y+ u+ y+ u+
2.08 2.47 1 92 2.23 1.32 1.65
3.82 3.74 3 52 3.35 2.42 2.51

_' 6.13 5.18 5 65 4.65 3.89 3.86
7.29 6.15 6 71 5.68 4.63 4.60

I0.18 7.56 9 37 7.19 6.47 6.24
13.08 8.90 12 04 8.26 8.30 7.67
21.75 11.06 20 03 I0 39 13.81 10.16
30.43 12.20 28 02 11 51 19.32 11.75
59.36 13.63 54 65 13 23 37.69 14.35

117.22 15.04 107 91 14 55 74.42 16.72
175.07 16.01 161 18 15 65 111.16 18.54
232.93 16.75 214.44 16 53 147.89 19.51
290.78 17.08 267.71 16 99 184.62 19.82
348.64 17.36 320.97 17 44 221.36 19.99
435.42 17.46 400.87 17 51 2?6.46 19.56

1100 130 ° 150 °

y+ u+ y+ u+ y+ u+
2 10 2 29 1.64 1.93 0.94 1.04
3 86 3 46 3.01 3.12 1.72 1.56
6 19 4 90 4.83 4.48 2.76 2.75
7 36 5 55 5.74 5 44 3.29 3.41
10 28 7 07 8.02 6 94 4 59 4.61
13 20 8 38 10.29 8 19 5.89 6.20
21 96 10 28 17.13 10 62 9 81 8.97
30 72 11 20 23.96 11 83 13 72 I0._5
59 93 12 91 46.73 13 73 26 76 14.75
118 33 14 19 92.28 1537 52 84 19.06
176 74 15 02 137.83 16.53 78 92 21.75
235 15 15 71 183.39 17.64 105 O0 23.19
293 55 16 17 228.93 18.10 131 08 23.54
351.96 16.47 274.49 18.50 157.16 23.81
439.57 16.76 342,81 18.44 196.29 22.98
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s/d=30 Model

20 ° 40 ° 600

y+ U+ y+ U+ y+ U+
1 O0 0.98 1.00 0 99 1.00 1.'00
2 O0 1.92 2.00 I 97 2.00 1.98
3 O0 2.81 3.00 2 92 3.00 2.96
4 O0 3.67 4.00 3 86 4.00 3.93 _:!
5 O0 4.48 5.00 4 78 5.00 4.90
6 O0 5.26 6.00 5 69 6.00 5.85
7 O0 5 99 7.00 6 58 7.00 6.79 ._
8 O0 6 68 8.00 7.45 8.00 7.73
9 O0 7 33 9.00- 8 30 9.00 8.66

10 O0 7 93 10.00 9 14 10.00 9.58
11 O0 8 50 11.00 9 96 11.00 10.49
12 O0 9 02 12.00 10 76 12.00 11.40
13 O0 9 51 13.00 II 54 13.00 12.29
14 O0 9 95 14.00 12 31 14.00 13.18
15 O0 i0 35 15.00 13 06 15.00 14.06

30 ° 50 ° 70 °

y+ u+ y+ u+ y+ u+
1.00 0 99 1 O0 0 99 1.00 1.00
2.'00 1 94 2 O0 1 98 2.00 1.99
3.00 2 88 3 O0 2 95 3.00 2.97
4.00 3 78 4 O0 3 91 4.00 3.95
5.00 4 66 5 O0 4 86 5.00 4.93
6.00 5 50 6 O0 5 80 6.00 5.90
7.00 6 33 7 O0 6 72 7.00 6.86
8.00 ? 12 8 O0 7.64 8.00 7.82
9.00 7 89 9 O0 8 54 9.00 8.77
10.00 8 62 10.00 9 43 10.00 9.71
11.00 9 33 11.00 i0 32 11.00 10.65
12.00 10 02 12.00 11 19 12.00 11.59
13.00 10 67 13.00 12 04 13.00 12.51
14.00 11.30 14.00 12 89 14.00 13.44
15.00 11.90 15.00 13 73 15.00 14.35
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80 ° 90 ° 100 °

y+ U+ .... y+ U+ .y+ U+
1.00 1.00 1.0 1.00 1.0 1.00
2.00 1.99 2.0 2.00 2.0 2.00
3.00 2.99 3.0 2.99 3.0 2.99
4.00 3.98 4.0 3.95 4.0 3.95
5.00 4.96 5.0 4.88 5.0 4.87
6.00 5.94 6.0 5.73 6.0 5.72
7.D0 6.92 7.0 6.51 7.0 6.50
8.00 7.90 8.0 7.20 8 0 7.19
9.00 8.87 9.0 7 82 9 0 7.80
10.00 9.84 10.0 8 36 10 0 8.34
11.00 10.81 11.0 8 85 11 0 8.83
12.00 11.7.8 12.0 9 28 12 0 9.26
13.00 12.74 13.0 9 67 13 0 9.64
14.00 13.70 14.0 10 02 14 0 9.99
15.00 14.65 15.0 10.34 15.0 10.30

16.0 10.62 16.0 10.59
17.0 10.89 17.0 10.85
18.0 11.13 18.0 11.09
19.0 11.35 19..0 11.31
20.0 11.56 20.0 11.51
21.0 11.75 21.0 11.70
22.0 11.93 22.0 11.88
23.0 12.09 23.0 12.04
24.0 12.25 24 0 12.20
25.0 12 40 25 0 12.35
26.0 12 54 26 0 12.48
27.0 12 67 27 0 12.61
28.0 12 79 28 0 12.74
29.0 12 91 29 0 12.85
30.0 13 02 30 0 12.97
31.0 13 13 31.0 13.07
32.0 13 23 32.0 13.17
33.0 13 33 33.0 13.27
34.0 13 42 34.0 13.37
35.0 13.51 35.0 13.45
36.0 13.60 36.0 13.54
37.0 13.68 37.0 13.62
38.0 13.76 38.0 13.70
39.0 13.84 39.0 13.78
40.0 13.92 40.0 13.85
41.0 13.99 41.0 13.93
42.0 14.06 42.0 14.00
43.0 14.13 43.0 14.06
44.0 14.19 44.0 14.13
45.0_ 14.26 45 0 14.19
46.0 14.32 46 0 14.25
47.0 14.38 47 0 14.31
48.0 14.44 48 0 14.37
49.0 14.49 49 0 14.43
50.0 14.55 50 0 14.48
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110° 120° 1300

y+ u+ y+ u+ y+ u+
1.0 1.00 1.0 1.00 1.0 1.00
2.0 2.00 2.0 2.00 2.0 2.00
3.0 2.99 3.0 2.99 3.0 2.99
4.0 3.95 4.0 3.95 4.0 3.95
5.0 4 87 5.0 4.86 5.0 4.85
6.0 5 72 6.0 5.71 6.0 5.69
7.0 6 49 7.0 6.47 7.0 6.44
8.0 7 18 8.0 7.15 8.0 7.II
9.0 7 78 9.0 7.76 9.0 7.89
I0.0 8 32 10.0 8.29 i0.0 8.21
ii.0 8 80 II 0 8.76 Ii.0 8.87
12.0 9 23 12 0 9.18 12.0 9.08
13.0 9 61 13 0 9.56 13.D 9.45
14.0 9 96 14 0 9.90 14 0 9.78
15.0 I0 27 15 0 10.21 15 0 10.08
16.0 I0 55 16 0 I0.49 16 0 I0.35
17.0 I0 81 17 0 I0.74 17 0 I0.60
18.0 Ii 05 18 0 10.98 18 0 10 82
19.0 II 27 19 0 11.19 19 0 11 03
20.0 II 47 20 0 11.39 20 0 11 23
21.0 ii 66 21 0 11.58 21 0 II 41
22.0 II 83 22 0 11.75 22 0 II 58
23.0 12 O0 23 0 11.91 23 0 11 74
24.0 12 15 24 0 12.07 24 0 11.88
25.0 12 30 25.0 12.21 25 0 12.02
26 0 12 44 26.0 12.34 26.0 12.16
27 0 12.56 27.0 12.47 27 0 12.28
28 0 12 69 28.0 12.59 28 0 12.40
29 0 12 80 29.0 12.71 29 0 12.51
30 0 12 92 30.0 12 82 30 0 12.62
31 0 13 02 31.0 12 92 31 0 12.72
32 0 13 12 32.0 13 02 32 0 12.82
33 0 13 22 33.0 13 12 33 0 12.91
34 0 13 31 34.0 13 21 34.0 13.00
35 0 13 40 35.0 13 30 35.0 13.09
36.0 13 49 36,0 13.38 36.0 13.17
37 0 13 57 37.0 13 47 37.0 13.25
38 0 13 65 38.0 13 54 38.0 13.33
39 0 13 73 39.0 13 62 39.0 13.40
40 0 13 80 40.0 13 69 40.0 13.48
41 0 13 87 41 0 13 77 41.0 13.55
42 0 13 94 42 0 13 83 42.0 13.61
43 0 14 01 43 0 13.90 43.0 13.68
44 0 14.07 44 0 13.97 44.0 13.74
45 0 14.14 45 0 14.03 45.0 13.80
46 0 14.20 46 0 14.09 46.0 13.86
47 0 14.26 47 0 14.15 47.0 13.92
48.0 14.31 48 0 14.21 48.0 13.98
49.0 14.37 49.0 14.26 49.0 14.03
50.0 14.43 50.0 14.32 50.0 14.09

118



140o 150o s/d=44 Experiment
y+ u+ _:..... y+ u+ 20°

1.0 1.00 1.0 1.00 y+ u+
2.0 2.00 2,0 2.00 0.16 0.97
3.0 2 98 3.0 2.97 0.43 0.83
4.0 3 93 4.0 3 88 0.98 0.84
5.0 4 83 5.0 4 71 1.53 1.10
6.0 5 64 6.0 5 44 2.07 1.21
7,0 6 36 7,0 6 07 3.44 2.96
8.0 6 99 8.0 6 61 4.81 4.68
9.0 7 55 9.0 7 07 13.01 9.20
10.0 8 04 10.0 7 48 26,69 11.63
11.0 8 47 11.0 7 84 54.04 12.17
12.0 8 85 12.0 8 16 81.39 11.94
13.0 9 20 13.0 8.44 108.74 11.59
14.0 9 50 14.0 8.70 136.09 11.08
15.0 9.78 15.0 8.93 163.44 10.98
16.0 10.04 16.0 9.14 204.46 11.31
17.0 10.27 17.0 9,33
18.0 10,48 18.0 9.51
19.0 10.68 19.0 9.68 30°

20.0 10 86 20.0 9.83 y+ u+21"0 11 03 21.0 9.98
22 0 11 19 22.0 10.11 0.18 0.98
23 0 11 34 23.0 10.24 0.50 0.91
24 0 11 48 24 0 10,36 1.13 1.02
25 0 11 61 25 0 1,0.47 1.76 1.37
26 0 11 74 26 0 10.58 2.40 1.59
27 0 11 86 27 0 10.89 3.98 3.74
28 0 11 97 28 0 10.78 5.56 5.17
29 0 12.07 29 0 10,88 15.05 10.48
30 0 12.18 30 0 10.97 30.86 14.23
31 0 12,27 31 0 11 05 62.49 15.15
32.0 12.37 32.0 11 14 94.12 15.21
33.0 12.46 33.0 11 22 125.75 15.08
34.0 12.54 34.0 11 30 157.38 14.79
35,0 12.63 35.0 11 37 189.01 14.76
36.0 12.71 36.0 11 44 236.45 14.88
37.0 12.78 37.0 11 51
38.0 12.86 38.0 11 58
39 0 12.93 39.0 11.65
40 0 13.00 40.0 11 71
41 0 13.07 41.0 11 77
42 0 13.13 42.0 11 83
43 0 13.19 43.0 11 89
44 0 13.25 44.0 11 95
45 0 13.31 45.0 12 O0
46 0 13.37 46.0 12 06
47 0 13.43 47.0 12.11
48 0 13.48 48.0 12.16
49 0 13.54 49.0 12.21
50 0 13.59 50.0 12.26
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40 ° 60 ° 80 °

y+ u+ y+ u+ y+ U+
0.19 1.05 0,21 1.16 0.21 1.15
0.53 1 O0 0.56 1.15 0.57 1.15
1.20 1 21 1.28 1.46 1.30 1.46
1.87 I 68 1.99 2.06 2.02 2.04
2.54 1 93 2.71 2,39 2.75 2.42
4.21 4 11 4.49 4.57 4.56 4.54
5.89 5 71 6.28 6.26 6.38 6,22

15.93 11 74 17.00 13.01 17.26 13.33
32.68 16 73 34.86 19.83 35.40 21.07
66.17 18 68 70.58 23.80 71.68 27.06
99.66 18 79 I06,30 24.43 I07.96 28.32

133.15 18 79 142.02 24.59 144.24 28.59
166.84 18 61 177.75 24.39 180.52 28.51
200.13 18 63 213.47 24.42 216.80 28.58
250.36 18 87 267.05 24.83 271,22 29.04

50 ° 70 ° 90 °

y+ u+ y+ u. y+ u+
0 20 1 15 0 22 1.15 0.20 1.07
0 56 1 14 0 59 1.14 0.55 1.03
1 26 1 45 1 33 1 47 1.25 1.26
I 96 2 03 2 08 2 08 1.95 1.79
2 67 2 35 2 82 2 43 2.65 2 i0
4 42 4 57 4 68 4 52 4.40 4 24
6 18 6 21 6 54 6 19 6.15 5 89

16 73 12 78 17 70 13 O1 16.64 13 07
34 31 18 55 36 31 20 17 34.13 21 49
69 48 21 58 73 52 25 II 69.11 28 49

104 64 21 89 110 73 26 08 104.09 30 20
139 80 21 96 147 94 26 19- 139.06 30 64
174 97 21 74 185 15 26.10 174.04 30 63
210 13 21 77 222.36 26.13 209.02 30.69
262 88 22 12 278,18" 26.43 261.49 31.22
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100 o 120° 140 °

y+ u+ y+ u+ y+ u+
0.20 1 04 0.32 1 52 U.24 1.29
0.54 0 97 0,88 1 75 0 65 1.33
1.21 1 17 1.98 2 43 1 47 1.86
1.88 I 62 3.09 3 14 2 28 2.48
2.57 1 88 4.20 3 49 3 10 2.67
4.26 4 03 6.97 5 74 5 15 5.02
5.95 5 64 9.75 7 41 7 20 6.60
16.11 12 89 26.38 II Ol 19 47 11.26
33.04 21 96 54.10 13 O0 39 94 13.50
66.90 29 70 109.54 14 43 80 87 15.I0
100,76 31 19 164.99 15 43 121.80 16.19
134.63 31 75 220.43 16 17 162.74 17.07
168.49 31 77 275.88 16 76 203.67 17.71
202.35 31 95 331.32 17.15 244.60 18.14
253,14 32 51 414.48 17.56 305.99 18.75

110 ° 130 ° 150 °

y+ u+ y+ u+ y+ u+
0.42 1.42 0.29 1.36 0.17 1.17
1.15 1.65 0.79 1 57 0.46 I.16
2.60 2.28 1.78 2 12 1.04 1 42
4 05 2 98 2.77 2 80 1 62 1 86
5 50 3 16 3.77 3 14 2 20 2 19
9 13 5 II 6.25 5 33 3 65 4 50

12 76 6 42 8.73 6 93 5 i0 6 25
34 52 9 26 23.64 I0 80 13 81 11 70
70 80 I0 63 48.47 13 Ol 28 32 14 92
143 36 II 82 98.15 14 44 57 35 16 92
215 92 12 50 147.83 15.51 86 37 18 21
288 49 13 24 197.50 16.32 115 39 19 34
361 04" 13 63 247.18 16.71 144 42 20,00
433 61 13.95 296.85 17.28 173.44 20_79
542 45 14.35 371.37 17.78 216.98 21.25
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s/d=44 Model

160 ° 20 ° 40 °

y+ u+ y+ u+ y+ u+
0.11 1 15 1 O0 0.98 1 O0 0.99
0 30 0 89 2 O0 1.93 2 O0 1.97
0 69 0 80 3 O0 2.84 3 O0 2.93
I 07 0 99 4 O0 3.72 4 O0 3.87
I 45 I 13 5 O0 4.56 5 O0 4.80
2 41 2 61 6 O0 5.37 6 O0 5,72
3 3? 4 62 7 O0 6.14. 7.00 6.62
9 12 11 45 8 O0 6.87 8 O0 7.50

18.70 15 36 9 O0 7.57 9 O0 8.37
37.86 17 92 10 O0 8.24 10 O0 9.22
57.03 19 62 11 O0 8.87 11 O0 10.05
76.19 21 12 12 O0 9.46 12 O0 10.87
95.35 22 16 13 O0 10.02 13 O0 11.68
114.52 23 O0 14 O0 10.55 14 O0 12.47
143.26 23 96 15 O0 11.04 15.00 13.24

170 ° 30 ° 50 °

y+ u+ y+ u+ y+ u+
0.04 1,72 1.00 0 99 1 O0 0.99
0.12 1.02 2.00 1 96 2 O0 1.98
0.27 0,46 3.00 2 91 3 O0 2.95
0.42 0.31 4.00 3 83 4 O0 3.91
0.56 0,30 5.00 4 74 5 O0 4.86
0.94 0 66 6.00 5 62 6 O0 5.80
1.31 1 58 7.00 6 49 7 O0 6.72
3.54 9 87 8.00 7 33 8 O0 7.64
7.26 18 17 9.00 8 15 9 O0 8 54

14.70 23 75 10.00 8 95 10 O0 9 43
22.15 26 68 11.00 9 73 11 O0 10 31
29.59 29 69 12.00 10 49 12 O0 11 18
37,03 32.16 13.00 11 23 13 O0 12 04
44.47 34.06 14.00 11 94 14 O0 12 89
55.64 35.87 15.00 12 64 15 O0 13 72
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60 ° 80 ° 100 °

y+ u+ y+ u+ y+ u+
1.00 1.00 1.00 I O0 1.00 1.00
2.00 1.98 2.00 1 99 2.00 2.01
3.00 2.96 3.00 2 99 3.00 3.02
4.00 3.93 4.00 3 98 4.00 4.03
5.00 4.89 5.00 4 97 5.00 5.04
6.00 5.85 6.00 5 95 6.00 6.06
7.00 6.79 7.00 6 93 '7.00 7.08
B.00 '7.73 8 O0 7 91 8.00 8.11
9 O0 8.66 9 O0 8 89 9.00 9.14

10 O0 9.58 10 O0 9 86 10.00 10.1'7
11 O0 10.49 11 O0 10 83 11.00 11.21
12 O0 11.39 12 O0 11 80 12.00 12.25
13 O0 12.29 13 O0 12 76 13.00 13.29
14 O0 13.18 14 O0 13 73 14.00 14.34
15 O0 14.05 15 O0 14.69 15.00 15.39

70 ° 90 °

y+ U+ y+ U+
1 O0 1 O0 1.00 1.00
2 O0 1 99 2.00 2.00
3 O0 2 98 3.00 3.00
4 O0 3 96 4,00 4 O0
5 O0 4 84 5 O0 5 O0
6 O0 5 91 6 O0 6 O0
7 O0 6 88 7 O0 7 O0
8 O0 7 84 8 O0 8 O0
9 O0 8 79 9 O0 9 O0

10 O0 9 75 10 O0 I0 O0
II O0 I0 68 11 O0 11 O0
12.00 11 63 12 O0 12 O0
13.00 12 57 13 O0 13 O0
14.00 13 50 14.00 14 O0
15.00 14 43 15.00 15 O0
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110" 120° 130°

y+ u+ y+ u+ y+ u+
1.0 i O0 1.0 1.00 1.0 1.00
2.0 2 O0 2.0 2 O0 2.0 2.00
3.0 2 99 3.0 2 99 3.0 2.99
4.0 3 95 4.0 3 95 4.0 3.95
5 0 4 87 5.0 4 87 5.0 4.86
6 0 5 72 6.0 5 71 6.0 5.70
7 0 6 50 7 0 6 48 7.0 6.45
8 0 7 19 8 0 7 16 8.0 7.12
9 0 7 80 9 0 7 76 9.0 7.72
10 0 8 34 10 0 8.30 10.0 8.24
11 0 8 83 11 0 8 77 11.0 8.71
12 0 9 26 12 0 9 19 12.0 9.12
13 0 9 64 13 0 9 57 13.0 9.49
14 0 9 99 14 0 9 91 14.0 9.B3
15 0 10 30 15 0 10 22 15.0 10.13
16 0 10 59 16 0 10 50 16.0 10.40
17 0 10 85 17 0 10 75 17.0 10.65
18.0 11 09 18 0 10 99 18.0 10.88
19.0 11 31 19.0 11 21 19.0 11.10
20.0 II 51 20.0 II 41 20.0 11.29
21.0 11 70 21 0 11 59 21.0 11.48
22.0 11 88 22 0 11 77 22.0 11.65
23.0 12 04 23 0 11 93 23.0 11.81
24.0 12 20 24 0 12 08 24.0 11.96
25.0 12 34 25 0 12 23 25.0 12.10
26.0 12 48 26 0 12.36 26.0 12.23
27 0 12 61 27 0 12.49 27.0 12.36
28 0 12.74 28 0 12.61 28.0 12.48
29 0 12 85 29 0 12.73 29 0 12.59
30 0 12 96 30 0 12.84 30 0 12.70
31 0 13 07 31 0 12.94 31 0 12.80
32 0 13 17 32 0 13.04 32 0 12.90
33 0 13 27 33 0 13.14 33 0 12.99
34 0 13 36 34 0 13.23 34 0 13.09
35 0 13 45 35 0 13.32 35 0 13.17
36.0 13 54 36.0 13.40 36 0 13.26
37 0 13 62 37.0 13.49 37 0 13.34
38 0 13.70 38.0 13.56 38 0 13.42
39 0 13.78 39.0 13 64 39 0 13.49
40 0 13.85 40.0 13 71 40 0 13.56
41 0 13 93 41.0 13 78 41 0 13.63
42 0 13 99 42.0 13 85 42.0 13.70
43 0 14 06 43.0 13 92 43.0 13.77
44 0 14 13 44.0 13 98 44.0 13.83
45.0 14 19 45.0 14 05 45.0 13 89 "
46.0 14 25 46.0 14 11 46.0 13 95
47.0 14 31 47.0 14.17 47,0 14 01
48.0 14 37 48.0 14.23 48.0 14 07
49.0 14 43 49.0 14.28 49.0 14 12
50.0 14.48 50.0 14.34 50.0 14 18
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1400 150° 160°

y+ U+ y+ u+ y+ u+
1.0 1.00 1.0 1.00 1.0 1.00
2.0 2.00 2.0 2.00 2.0 1.99
3.0 2.98 3.0 2.97 3.0 2.92
4.0 3.94 4.0 3.90 4.0 3.74
5.0 4.84 5.0 4.76 5.0 4.44
6.0 5.66 6.0 5.51 6.0 5.02
? 0 6.39 7.0 6.17 7.0 5.51
8 0 _ 7.04 8 0 6.74 8.0 5.92
9 0 7 61 9 0 7.24 9,0 6.27
10 0 8 12 10 0 7 67 10.0 6.58
11 0 8 56 11 0 8 05 11.0 6.86
12 0 8 96 12 0 8 39 12.0 7.10
13 0 9 31 13 0 8 69 13.0 7.32
14 0 9 63 14.0 8 96 14.0 7.52
15 0 9 91 15 0 9 21 15.0 7.70
16.0 10 18 16 0 9 43 16.0 7.87
17 0 I0 41 17 0 9.63 17.0 8.02
18 0 I0 63 18 0 9.82 18.0 8.17
19 0 I0 84 19 0 I0.00 19 0 8.30
20 0 11 02 20 0 10.16 20 0 B.43
21 0 11 20 21 0 1,0.31 21 0 8 55
22 0 11 36 22 0 10,46 22 0 8 67
23 0 II 52 23 0 10.59 23 0 8 78
24 0 1"1 66' 24 0 10 72 24 0 8 88
25 0 II 79 25 0 I0 83 25 0 8 98
26 0 II 92 26 0 I0 95 26 0 9 07
27 0 12 04 27 0 II 06 27.0 9 17
28 0 12 16 28 0 11 16 28.0 9 25
29 0 12 27 29 0 11 26 29.0 9,34
30 0 12 37 30 0 11 35 30.0 9.42
31 0 12 47 31 0 11 44 31 0 9.50
32 0 12 57 32 0 11 53 32 0 9.57
33 0 12 66 33 0 11 61 33 0 9.65
34 0 12.75 34 0 11 69 34 0 9.72
35 0 12.83 35 0 ii 76 35 0 9.79
36.0 12.91 36 0 11 84 36 0 9.85
37.0 12.99 37 0 11 91 37 0 9.92
38.0 13.06 38 0 11 98 38 0 9.98
39.0 13.14 39 0 12 05 39 0 10.05
40.0 13.21 40 0 12 11 40.0 10.11
41.0 13.28 41 0 12 18 41.0 I0.16
42.0 13.34 42.0 12 24 42.0 10.22
43.0 13.41 43 0 12 30 43.0 10.28
44.0 13.47 44 0 12 36 44.0 10.33
45.0 13.53 45 0 12 41 45.0 10.39
46.0 13.59 46 0 12.47 46.0 10.44
47.0 13.65 47 0 12.52 47.0 10.49
48.0 13.70 48 0 12.57 48.0 10.54
49.0 13.76 49 0 12.63 49.0 I0.59
50.0 13.81 50 0 12.68 50.0 10.64
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170 °

y+ u+
1 0 1.00
2 0 1.80
3 0 2.42
4 0 2.92 ,,
5 0 3.34
6 0 3.69
7 0 4.01
8 0 4.28
9 0 4.53
10 0 4.76
ii 0 4.96
12 0 5.16
13 0 5.33
14 0 5.5O
15 0 5.65'
1.6 o 5.80
17 0 5 94
18 0 6 07
19 0 6 19
20 0 6 31
21 0 6 42
22.0 6 53
23.0 6 63
24.0 6.73
25.0 6 82
26.0 6 91
27.0 7 O0
28 0 7 09
29 0 7 17
30 0 7 25
31 0 7 32
32 0 7 40
33 0 7 47
34 0 7 54
35 0 7 61
36 0 7 68
37 0 7 74
38 0 7 8O
39 0 7 86
40.0 7 92
41.0 7 98
42.0 8 04
43.0 8 i0
44.o 8 15
45.0 8 20
46.0 8.26
47.0 8.31
48.0 8.36
49.0 8.41
50.0 8.45
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I. Data Acquisition Program Listings

Note: All the programswere writtenin C and executedon a
UNIX operatingsystem.

CROSS

This is the main program for cross-wire data acquisition, adapted from

the single-wire acquisition program, SINGLE, written by J. Seume

(1988). It calls the subroutines ENTER_COND, SET_UP_VMX, and
ACQUIREX.

ENTER_COND

This subroutine inputs the test conditions specific to the data set,

including piston bore, pipe diameter, stroke, test section length, axial

probe location, drive speed, and number of readings per cycle.

SET_UP_VMX

This subroutine sets up the NORLAND digital storage oscilloscope on
the IEEE interface for data storage and transfer.

ACQUIREX

This subroutine acquires cross-wire anemometer data with the

NORLAND, updates quantities for the calculation of streamwise and

radial ensemble-averaged and fluctuating velocities, and velocity
correlations, and stores them in a file.

AIR_STATEX

This subroutine is called by ACQUIREX and supplies ambient air
conditions to the acquisition program.
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I!. Data ProcessingProgramListings

PROCESSX

This is the main program for the processing of cross-wire data into traces

and profiles of both the streamwise and radial component of ensemble-

averaged and rms-velocity fluctuations, and the Reynolds shear stress.

VEL_REDTURB

This data reduction program converts profiles of ensemble-averaged

velocity into wall coordinates, iterating on the wall shear stress and

y-offset to fit the data to the Couette flow model for turbulent-like flow,

including the effect of pressure gradient.

DUPDYP

This subroutine is called by VEL_REDTURB and calculates the slope
in wall coordinates based on the Van Driest mixing length model.

VEL_REDLAM

This data reduction program converts profiles of ensemble-averaged

velocity into wall coordinates, iterating on the wall shear stress and

y-offset to fit the data to the Couette flow model for laminar-like flow,
including the effect of pressure gradient.
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CROSS
_include <stdio,h>
sdefine void int

/* definition of external variables */
in% ib3;
int mrad, lastrad, lestcycle, iuerr, irmserr;
int" ndummy : 50;

_ int abort, diarnosis, add_to_set, m_cycle, oldfile, old_file = O;
int no_inst;
int m_out : O, n_out[20];
double mstroke,mbore,,mdiam, mlen_h, maxial, speed;
double %_dry, %_wet, p_atm;
int nread : I, nlaE : O, mcycle = O;
char fllename[30];
char usage[]= "Usage:slngle [-a runid or -d or -m mcycle or -n or -o m_out n.
out[1...m_out]]kn";

main(argc,erEv)
/_ Data acquisitionmain proEram,"cross",for crosswire anemometer
measurements. G. Friedman,8/90 */
/* The programis an adaptationof single.c,writtenby J. Seume for use
with single wires */

_nt argo;
char _ar_v[];
{
_include <string.h>

int i;

extern int abort, diagnosis, add_to_set, m_cycle, mcycle;
extern int no_ins%;
ex_ern in% m_out, n_out[];
extern char filename[];

void set_up_vmx();
void enter_cond();
void acquirex();

/* setvbuf (stdout,NULL,_IONBF,1); _/
/_ Set defaultvalues. _/
diagnosis: 05
add_to_set= 0;.
m_cycle : O;
no_inst : O;

/* Read commandline for controlparameters._/
while(_,+,ar&rv== ,-.)

{--ergo;
switch(,..*arEv)
{
case 'a':

/* Add to an already existing data set. */
add_to_set = 1;
strcpy(filename, "'/usr/geoff/shwdata/");

" atrcpy(&filename[19],_++arcv);
--argc;
break;

case 'd':

/_ Prlnt out diagnosticinformation.I/
diagnosis : 1;
break;

ease 'm':
/s Set maximum number of cycles to be acquired

to a value differentfrom the default
specifiedin acquire.e,a/

m_cxcle = 1;
mcyc3e : atoi{,.+arEv);
--argc;

129



break;
case 'n':

/* Do not access the A/D converter. _/
no_ins% : 1;
--argc;
break;

case 'OD:

/* Set maximumnumberof cyclesto be a_quired
to a value different from the default

specified in acquire.€, s/
m_out : etoi(*+*arEv);
if(m_out> 9)(

printf("m_out: _d > 9 :> Choose ", m_out);
printf(_'m_ou%<: 9 !\n');
}

for(i : I; i <: m_out; i..) {
__out[i] : atoi(:.+arEv);
if(diagnosis) printf("n_out[_d]: _d\_",

i, n_out[i]);
}

--argc;
break;

default:
prlntf("_s",usaEe);
break ;

]
)

/s _zzzzz_z_zsz_z_szz_zzltzz_ _/
/* Calls to the various subroutines _/

/* Enter experimental conditions, s/
enter_cond();
If(abort)jo%o the_end;

/_ Set up A/D converter,s/
if(! no_inst)set_up_vmx();
If(abort)€oto the_end;

/. Acquire data a_d store them in fi_e under
directory/usr/geoff/ahwdata_/

ecquirex();
If(abort)_oto %he_end;
/_ Addressfor abort sequence,i/
the_end:;
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ENTER_COND
enter_tend()
I" Enter nominaltest conditions._I
{
.include<stdio.h>
.include<math.h>
_Anclude<strlnE.h>

.defineNSTROKE 5

.defineNBORE 4
_defineNDIAH S
.defineNLENGTH9
#defineNAXIAL 21
_defineIDLENGTH10
_defineNDUP_fY50
.defineHCYCLE 100
.definePI (4.. atan(!.O))
.defineNU 26.e-06/_ nominalkinematicviscosity_/

extern in% abort, add_to_set;/* = I => Add runs to Im existinE
set of data. */

extern int diaEnosis;
extern int old_file;
extern £nt m_cycle,mcycle;
extern in% oldfile;/" : I => File existed and will be updated../
extern double mstroke,mbore,mdiam, mlenEth,maxial, speed;
extern int nread; /* number of readingsper cycle _/
ex%ern Int nlsE; /_ number of samplepulses (readinEs)by which TDC %fidget

lags TDC _I
ex_ern char filename[];

FILE =storefile;

int i, Istroke,Ibore, idla_, ilen&-th,laxlal,ispeed,Inerr;
double Remax, Va, Ar, Icverd, zoverl, xoverd, uavemax;
staticdouble stroke[NSTROKE]: {0.0,14.0,9.9,7.0,4.95,3.5};
staticdouble lag_angle[NSTROKE_= {0.0,0.0,280.,90,,270.,2_0,);

/_ _ag_angle= angle by which TDC 1_riEgersirnal lags TDC _/
static double bore[NBORE]: {0.0,)4.0,8.5,5.0);

/t Ideal diameterswould be: {0.0,14.142,8.409,5.0);8/
staticdouble diam[NDIAH3= {0.0,1.5,2.125);
staticint nlen_ths[NDIAH][NLENGTR]=

{(o},
{o,I,2,3,4,5,6),
(o,?,8}
};

static double lenJrth[NLENGTB] : {0.0,42.,60.,90.,102.72,120.,127.5,59.5,127.5]
static double axiaI[NLENGTH][NAXIAL]=

(1o.o),
{001.5,3,6012,24,30.72},
{0,1.5,3,S, 12,24,30,36,48,51.36,54,57,58.5},
(0,1.5,3,6,12,24,30,36,45,48,51.36,54,57,58.5,

66,72,78,84,87,88.5},
{0,1.5,3,6,12,24,30,36,48,51.36,54,57,58.5,

72,78.72,90.72,96.72,99.72,101.22},

{0,1.5,3,6,12,24,30,36,48,51.36,54,57,58.5,
72,96,108,114,117,118.5),

{0,1.5,3,6,12,24,30,35,48,52.36,54,57,58.5,
63.75,72,79.5,103.5,115.5,121.5,124.5,126},

{0,2.125,4.25,8.5,17,25.5,29.75,34,
42.5,52,55.25,57.375},

{0,2.125,4.25,8.5,17,25.5,29.75,34,
42.5,51,55.25,57.375,
63.75,93.5,110.5,11S.0,123.25,125.375}

};
statlcchar dummy[NDUMMY];/s dummy array to keep room for further

descriptorsfor r_s _/
char runld[10],reap[5];
char year[3], month[3];
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if(! add_to_set) {

/_ Set the maximum number of cycles to be acquired, s/
Af(_m_cycle) mcycle = MCYCLE;

/= Read run identificationand checkwhetherthe corresponding
file alreadyexists._/

for(Inert= I; inerr; ) {
prlntf("knEnterrun identification:\n\_");
printf("(Usethe formatmmddyysswhere: \n");
prin%f("mm = month, dd = day, F7 = Fear,\n");
prin_f("and ss = a sequencenumberof %he day's");
prlntf("runs)kn");
scanf("_s",runid); i
prlntf("mm= _c%c ", runid[0],runld[1]);
printf("dd= Zc%c ", runldt2],Funid[3]);
printf("Zy= Xo_c ", runid[4],runid[5]);
printf("ss= _c%ckn ", runid[6],runid[7]);
strcpy(f_lename,"/usr/geoff/shwdata/");
strcpy(&filename[19],runld);
prlntf("The filenameis '_s'knkn",filename);
storefile: fopen(filename,"r+");
if(srorefile== NULL)

{printf("This file did not exist but _ay now "_;
printf('becreated.\n");
oldfile : 0;1

else
{prlntf(" Sis file exists and data may be added.\n')
oldfile = 1;]

prln_f("\nEntry correct? (y or n)\n");
acanf("_s",resp);
if(resp[O]=: 'y' :_ resp[0] :: 'Y')

{inerr = 0;]
else if(resp[O]== 'n' :: resp[O]== 'N')

{Inert : I;)
else

{prlntf("Respondwlth y, Y for 'yes' ");
printf("orwith n, N for 'no' next tlme.kn");]

)
if(_ oldfile)

{printf(" File has now been created.kn");
storefile = fopen(filena_e,"a+");}

folose(storefile);
/* Read nominal, test conditions from key board. */
If(! oldfile){

prln%f("knEn%ernominaltest conditions.\n");
for(inert= l; Inert; )

{prlntf("knStroke:\n");
prlntf(" stroke ¢odekn");
prlntf{" len_h Dumber\n");
prlntf(" (Inches)\n");
for(i = I; i <= NSTROK_-I; i = i + I)

prlntf("\t_?.3fkt\t%dkn",stroke[t], i);
printf("Enter code for stroke len_h.\n");
printf{"[If the desired stroke is not listed, ");
prlntf("entera '0'.]\n");
while(scanf("_d", &istroke)== 0){

getchar();
prlntf("Enter an integercode number!\n");
)

If(istroke:: 0){
prlntf("Enter stroke value in Inches.\n"); .
scanf("_if",&stroke[O]);
)

prlntf("Stroke lenrth : %7.3f",stroke[is%roke]);
printf("Entry correct?(y or n)\n"); _,
scanf("%s'°,resp);
if(resp[03== 'y' :: resp[O]== 'Y')

inert = O;
else if(resp[O]=: 'n' :_ resp[O] :: 'N')

inert = 1;
else {

printf("Respondwlth y, Y for 'yes'");
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printf("orwith n, N for 'no' next $ime.\n");

)
for(Inerr: 2; inert; )

{Prlntf("\nBore:\n");
printf(" bore code\n");
printf(" (inches) number\n");
for[i = I; i _= NBORE-I;i = i * I)

prlntf("\t_7.3f\t_d\n",bore[i],l);
prlntf("Enter code for bore.\n");
printf("[If the desiredbore is not listed,");
printf("entera 'O'.]\n");
while(scanf("_d",&Ibore) == O)

{Eetchar();
prlntf("Enter an inteEercode number!\n");)

if(Ibore== O)
{printf("Enter bore value in Inohes.\n");
scanf("_If",&here[el);}

printf("Bore = Z7.3f in\n",bore[Ibore]);
printf("Entry correct? (y or n)\n");
ecanf["Zs",resp);
If(resp[0]== 'y' :: resp[0] == 'Y')

• {inert : 0;]
else if(resp[O]:: 'n' :: resp[O]:: 'N')

{inert = 1;)
else

{printf("Respond wlth y, Y for 'yes' ");
printf("orwith n, N for 'no'next tlme.\n");})

for(inert= I; inerr; )
{printf("\nTubediameter:\n");
printf(" diameter oode\n");
printf(" (inches) number\n");
for(i = 1; i <: NDIAM-];i = i + I)

printf("\t_7.3f\t_d\n",diam[i],i);
prlntf("Enter code for dlameter.\n");
printf(" [If the desireddiameteris not listed,");
prlntf("entera °O'.]\n");
while(scanf("Zd",&idiam)== O)

{getchar();
prln%f("Enter an integercode number!\n");)

if(idiam == O)
{printf(" Enter diameter value in Inches.\n");
scanf["_If",&diam[0]);)

printf("Tube diameter= _7.3f in\n",diam[idiam]);
printf("Entry correct? (y or n)\n");
scanf("Xs",resp);
if(resp[03== 'y' _ resp[0]== 'Y')

{inert = 0;)
else if(resp[O] == 'n' :: resp[O] == 'N')

{inert : 1;)
else

{Printf("Respondwith y, Y for 'yes' ");
printf("orwith n, N for 'no'next time.\n");}

for(inert : 1; inert;)
{printf("\nTes% section lenir%h: \n");
printf("\ttube\tcode\tlenlth\n");
printf("\%lenEth\tnumber\tover\n");
printf("\t(inches)\tdiameter\n");

_" for(i : 1; i <: NLENGTN-I;i = i * I)
print_("\t_7.2f\t Ed\%_7.2f\n",

]enEth[nlenEths[Idlam][i]],
nlenJrths[idiam][i],

"_ length[nlen_hs[idtam3[i]]/
diam[idiam]);

prlntf("Enter code for test section lenEth.\n");
prlntf("[If the desiredlenf%h is not listed,");
printf("en%era 'O'.]\n");
while(scanf("Zd",&ilenEth)== O)

{_etchar();
prlntf("Enter an Integercode number!\n"');)

If(ilenEth== 0)
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{printf(" Enter tube length in inches.\n");
scanfC"_if", &lenE_h[0]);}

prlntf(" Test eectlon length = XT.2f in\n",
lenEth[ilenrth]);

printf("Entry correct?(y or n)\n");
scanfI"%s", resp);
tf(resp[0] :: 'y' :_ resp[0] :: '¥')

{inerr = 0;}
else if(resp[0] == 'n' :: resp[0] == 'N')

{inert = 1;}
else

{printf(" Respond with y, Y for 'yes' ");
prAntf("or with n, N for 'no'nex_ time.\n");}

}
for(inerr = 1; Inerr; )

{prlntf("\nAxlalprobe location:\n");
printf(" axial code\n");
prlntf(" distance number\n");
printf(" (£nches)\n");
for[i : 1; i <: NAXIAL-1; i = i + 1)

printf(" _6.3f _d\n",
axial[tlenrth][i], 1);

printf(" Enter code for axial distance.\n");
prlntf(" [If _he desired distance is not listed, ");
printf("entera '0'.]\n");
whiIe(scanf("_d",&laxial)== 0)

{getohar();
prlntf("Enter an integercode number_\n");}

if(iaxial:: 0)
{printf("Enter axial distancein Inohes.\_");
scanfI"_if",&axial[ilenEth3[0]);}

printf("Probe location= _6.3f An\n",
axial[ileng_h][iaxial]);

printf("Entry correct?(y or n)\n");
scanf{"_s",resp);
If(resp[0]== 'y' ,':resp[0] := 'Y')

{inerr= 0;)
else if(resp[03:= 'n' :: resp[0]:= 'N')

{inerr = 1;)
else

{prlntf("Respond with y, Y for 'yes' ");
prlntf("orwlth n, N for 'no' next tlme.\n");}

}

for(Anerr = I; inerr; )
{printf("\nbrlve speed:\n");
prlntf("Codeto enter drive shaft rpm = 'l'\n");
printf('Codeto enter flywheelfrequencyAn Hz :");
prlntf("'2'\n");
printf("Enter code for entry.\n");
while(scanf("Zd",&ispeed)== 0)

{getchar();
printf("Enter an integercode nttmber_\n");)

Lf(ispeed== I)
{prlntf("Enter shaft speed,ln rpm.\n");
scanf("Zlf",&speed);
speed = speed / 240.;}

else if (ispeed== 2)
{prLntf("Enter flywheelfrquencyLn Hz.\n");
scanf("_If",&speed);]

prin%f("Shaft speed = _6.1f rpm ", (speedn 240.));
printf("Flywheelfrequency= _7.3f Hz\n",speed);
prln%f("Entry correct?(y or n)\n");
scanf("_s",resp);
if(resp[O] == '¥' :: resp[O] ' 'Y')

{inerr = 0;)
else If(resp[0]== 'n' :: resp[0]== 'N')

{inerr = I;}
else

{printf(" Respond with y, Y for 'Fes' ");
printf("orwith n, N for 'no'next %ime.\n");}

]
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/= The followinglines is used _o incorporate shaft-angle
encoder stEnals with less than 720 pulses l_r revolution, a/

for(inerr : 1; inert; ) {
_rintf("\nEnter number of readings per tycle:\n");
while(scanf("_d",&nread)== 0)

{getchar();
printf("Enter an Integernumber!\n");)

prln_f("_d readingsper cyclewillbetaken.\n",
nread);

printf(" Divide 720 pulses by _f.\n",
_' ?20./(double)nread);

if(speed= (double)nread > 25.)
printf("Frequencyof readinlsis _f Hz_\n"0

speed z (double) nread);
nlag = (lnt)((double)nread * lag_anEle[istroke) / 360.);
if(diagnosis) printf("lag anEle = _lf, nlaE = _d\n",

lag_angle[istroke], nlag);
prAn%f(" Entry correct? (y or n)\n");
ecanf("_s"0 resp);
if(resp[0]=: 'y' :] resp[0] :: *Y')

{inerr : 0;}
else If(resp[0]== 'n' :: reap[0] == 'N')

{inerr : I;}
else

{printf(" Respond with y, Y for 'yes' ");
printf("orwith n, N for 'no'next time.\n");}

)
o

/_ Alterna%Ive:Dummy entry of shaft-angleencoderpulses._/
/= NOT OSED:
nread : 720;
nlag : 2 8 (int)(lag_angle[Istroke]);
if(diaEnosis)printf("lagangle : _if0 nlag : _d\n",

lag_angle[istroke], nlag);
e/

for(inert = _; 1herr; ) {
printf("\nEn_er a 50 character €o_en% line:\n");
printf("(Use_ insteadof blank spaces_)\n");
for{i : 1; i <: 5; i.+) printf("1234567890");
prlntf("\n");
forli : 1; i <: 6; i++) printf("_d ", l-l);
prlntf("\n");
scanf("_s",duchy);
printf("Commentline: \n_s", dummy);
printf("\nEntry correct?(y or n)\n");
ecanf("_s",resp);
if(reap[O] := 'y' :: rest[O] =: 'Y')

{Inerr : 0;}
else if(resp[0]:: 'n' :: reap[0) :: 'N')

{inert : 1;}
else

{printf("Respondwith F, Y for 'yes' ");
printf("orwlth n, N for 'no' next tAme.\n");}

/i Convertto $I base units. _/
mstroke = stroke[Istroke]• 0.0254;
mbore = bore[ibore]* 0.0254;
Bdiam : diam[idiam] * 0.0254;
m]enEth = len&_ch[ilen_h] s 0.0254;
Baxlal = axlal[ilenrth][laxlal)• 0.0254;

/s Write runtd and parameters to new data file. _/
storefile: fopen(filename,"r+");
fwrlte(runld,slzeof(char),]0,s%orefile);
fwrlte(_ms%roke,siseof(double),l,storefile);
fwrite(&mbore,sizeof(double),1,storefile);
fwrlte(&_dlam,slzeof(double),l,storefile);
fwrite(&_length,sizeof(double),1,storefile);
fwrite(_maxial,sizeof(double),l,storefile);
fwri%e(&speed,slzeof(double),_,s%orefile);
fwri_e(&nread,slzeof(in_)01,storefile);
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if(! old_file){
fwrite(_mcycle,alzeof(int),1,storefile);
fwrite(dummy,sizeof(char),NDUMMY,storefile);
)

felose(storefile);
)

else {
/* Read parametersfrom old data file and provide• summeryin

Englishunits, z/
storefile= fopen(filename,"r+");
fread(runid,slseof(char),10,s_orefile);
fread(&mstroke,sizsof(double),l,storefile); _
fread(&_bore,sizeof(double),10stcrefile);
fread(&_dlam,slzeof(double),l,storefile);
fread(_mlenEth,siseof(double),l,storefile);
fread(_maxlal,slzeof(double),l,s%orefile);
fread(&speed,sizeof(double),l,storefile);
fresd(&nread,slzeof(int),l,storefile);
atrncpy(year,&runid[4],2);
strncpy(month,&runld[0],2);
if(atoi(yesr)== B8 _ atoi(month)< 6) old_file= l;
if(! old_file){

fread(&mcTcle,slsecf(Int),l,storefile);
fread(dummy,slzeof(char),NDUMMY,storefile);
)

fclose(storefile);

/_ Determinethe lag in terms of number of pulses,s/
for(i = O; i <= NSTROKE;i.+) {

if(stroke[i]> (0.95s mstroke / 0.0254)
&!_stroke[i]( (1.05s mstroke/ 0.0254)){

nlaE = (int)((double)nread= laE_anEle[i]
/ 360.);

istroke = i;
)

}
if(dia_osis) printf("lag angle = _lf, nlaE = Zd\n",

lag_angZe[istroke], nlag);

printf("\n Input data summary in English u_its:\n");
printf(" stroke = _6.1f in\n", mstroke!0.0254);
printf("bore : _6.1f in\n",mbore/0.0254);
prlntf("test sectiondiameter=\t_6.1fin\n",mdlam/0.0254);
printf("test sectionlen&pth =\t%6.1fin\n"0mlenEth/0.0254)
printf("axial location :\t_6.1fin\n",maxlal/0.0254);
prin_f("drive shaft speed = _6.1f rpm\n",speed*240.);
prlntf("%d readlnEsper cycle\n",nresd);
printf("[Divide720 by _f.]\n",?20./(double)nread);
prlntf("Es\n", dummy);
printf("Type'€ <CR>° to oontinue.\n");
scanf("_s",reap);
)

/z Echo print input da_a in SI units, s/
printf("\nInputdata sunu_aryin SI unlts:\n");
prlntf("stroke = _6.1f mm\n",mstroke=1000);
printf("bore = _6.1f mm\n",mboresl000);
prlntf("test sectiondiameter= _6.1f m_\n", mdla_,1000);
prin_f("test sectionlen&,th = _6.1f mm\n", mlenE%h*1000);
printf("axial location = _6.1fmm\n", maxia1*1000);
prlntf("frequency: _6.3f Hz\n", speed); •
/= estimateof %he amp11_udeof %he bulk-meanvelocity*/
printf("Est_matedamplitudeof the bulk-meanvelocity= ");
usvemax : PI • speed = mstroke• (mbore_mbore)/ (mdiam_mdiam);
prlntf("_5.2fm/see\n",uevemax);

/_ Calculate and print similarity parameters../
printf("\n Nominal similarity parameters:\n");
printf(" Remax = _10.2e\n",

Remax : Plsmbore*mbore_speedamstroke/ mdism / NU);
printf("Vs : _6.1f\n",Va : 0.5,P_speedamdiam*mdiam/ NU);
prlntf("Ar = _6.2f\n",

Ar : mbore*mbore!(mdiam_mdiam)*mstroke/mlen_th);
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prlntf("i/d = _6.1fkn",loverd= mlenf%h / mdiam);
prlntf("x/l = _6.3fkn",xover] = maxlal / m3enEth);
printf("x/d : E6.1fkn",xoverd= maxial / mdiam);
)

else {
sterefile : fopen(fi]ename, "r+");
if(storefile:: NULL)

{_rintf("This file does not exist.\n");
abort : I;)

else {
oldfile : 1;

/i Read parametersfrom old data file. J/
fresd(runid,slzeof(char),10,storefile);
fresd(&mstroke,sizeof(double),l,storefile);
fread(&mbore,sizeof(double),1,storefile);
fread(&mdiam,slzeof(double),1,storefile);
fread(&mlenE%h,sizeof(double),1,storefile);
fread(&maxial,sizeof(double),l,s%orefile);
fread(&speed,sizeof(double),l,storefile);
fread(&nresd,sizeof(int),1,storefile);
strncpy(year,&runld[4],2);
strncpy(month,&runid[0],2);

/* Determine%he lag in terms of numbe: of pulses,z/
for(i : 0; i <: NSTROK_;i*+) {

if(stroke[i]> (0.95• mstroke / 0.0254)
&_ stroke[i]< (1.05• mstroke/ 0.0254)){

nlag : (int)((double)nread• laE_angle[i]
/ 360.);

istroke : i;
]

]
if(diaEnosis) printf("lae anE_e : _lf, nlaE : _dkn",

laE_angle[istroke], nlaE);

/*.Check whether this is a file of the old format. :/
If(a_oi(year)=: 88 &A stoi(month)< 6) old_file : l;
if(! old_file)fread(dummy,sizeof(char),NDUMMY,storefile);

fclose[storefile);
)

)
]
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SET_UP_VMX
aet_up_vmx()
/s Set up NORLANDProwleron IEEE interface,z/
/s This programis an adaptationof set_up_vmfor cross wires _/
{
•Lnclude<_ib.h>
llnclude<stdLo.h>
_Include<string.h>

extern In% ib3;
char aet3[IO0];
char Fesp[IO0];

/n Send messaEe%0 screen,s/
prin%f("NORLANDProwlerwill now be €onfiEured.\n");

/. Identifydevlce and set up In%efface._/
163 = ibflnd("/dev/ib3");[_ Definedevice ID. _/
Ibtmo(ib3,14);/z Timeout= 30sec s/

/_ Set controlson deviceand check interfacecommunications._/

/, Generatestringof controlcommands%0 be sent to device.*/
s_rcpy(set3,"]LA");/_ Beeper off z/
s%rcat(set3,"Y");/z ACQ. MODE */
strcat(set3,"E");/* TRIGGEREDHOLD */
strcat(eet3,"M4096=");/* BLOCK SIZE = 4096 ,/
strcat(set3,"L0=");/_ SAMPLE INTERVAL= EXT. _/
strcatlset3,"Z");/_ TRIGGERSETUP z/
strcatlset3,"G4096=");/* EXTERNALTRIGGER DELAY = 4096 _/
strcat(set3,"ME");/_ SOURCE= EXTERNALS/
sir€at(set3,"[");/" A SETUP z/
etrcatlse_3"@"); /I ACTIVE z/
strcat(set3"C2=");/I RANGE = 2 s/
$trcat se_3 "E0=");/" BIAS = 09 _/
street set3 "GC");/_ COUPLING= DC _/
strcat set3 "'\\");/s B SETUP z/
strcat set3 "@"); /_ ACTIVE _/
street set3 "C2=");/_ RANGE = 2 I/
street set3 "E0=");/_ BIAS = O_ _/
strcat(se%3"GC"); /s COUPLING= DC _/

ibwrt(Ib3,set3,strlen(set3));/s Send stringto devLce._/
while(ERR& Ibsta){

switch (iberr)
{
case O:

{prlntf("iberr = _d: operating system error\n", tberr);
prLntf(" UNIX error code : Xd\n", ibcnt);
break;)

case 1:
{prtntf("iberr : Zd: GFIB must be in char_e.\n", iberr);
break;)

case 2:
{prtn%f("lberr : Kd: WrL%e function detected ",

tberr);
prin%f("no ltsteners.\n");
break;)

case 3:
{prln%f("Iberr= _d: _nterfaceboard", Ibarr);
prlntf("not addressedcorrectly.\n");
break;)

case 4 :
{printf("iberr = %dr invalid arg. to fctn call\n", iberr);
break;)

case _:
{pr_nt_("Lberr = Xd: GPIB-board _ust be ", Iberr);
printf("Sysrem Active Controller.\n");
break;)

case _ :
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{printf("tberr = %d: _/0 operation aborted.\n", iberr);
break;]

case 7:
{printf("iberr : %d: Interface board does not "', iberr);
printf("ex_s_.\n");
break;)

case 10:
{printf("iberr = _d: I/0 started before ", iberr);
printf("previous operation completed. \n");
break;}

case 11:
°_ {printf("iberr = _d: no capabil_ty for ", iberr);

printf("operat_on\n");
break;')

case 14:
{printf("iberr = Zd: command error durini ". iberr);
prAntf("devAoe call\n");
break;)

case 15:
{prin%f("iberr = _d: Serial Poll status ", iberr);
printf("by_t,e lost\n");
break;)

case 16:
{printf("£berr = Xd: S_R remains asserted.\n", iberr);
break;)

)
printf(" => Check NORLa_D and connecticns.\n");
printf(" Type 'c <CR>'when you are ready.\n");
scanfI"Zs",resp);
Ibwrtllb3,set3,strlen(set3));/s Send strlnE to devloe,s/
)

)
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ACQUIREX
acquirex(_
/, This program acquires cross-wire anemometer data with a NORLAND Prowler

digital storage oscilloscope, updates quantities for the calculation of
mean and fluctuating velocitles, and correlations, and stores them in
a file. 0. Friedman, 8/90 ,/

/8 This program is based on a version of ecq_um.€, with wires A and B, written
by J. Seume, 1988 */

{
#iwclude <EPib.h>
_include<stdlo.h>
Sinclude <string.h>
•include<math.h>

_define HREAD 181 /8 maximum number of date array entries s/
_deflne MI_EAD2721 /8 shaft-an_leenooderangles in NORLANDarrays*/
_define HREAD3 903 /_ ueffA storage for 180 pts x 5 cycles =/
#define AMAX 4096 /* number of entriesin NORLANDdata array */
_define SMAX 8452 /_ number of entriesin stringreceivedfrom NORLANDs/
_define MCYCLE 50 /= maximumnumberof cycles _/
_define MRAD 30 /8 maximum number of radial probe locations ./
_deflne STRLNG 30
_defineNDUM_fY50 /8Thisparameteris alsoneededinair_statex.8/
Sdefine PI 3.14159265

extern int Ib3;
extern int diagnosis,m_cycle,old_file,nc_inst;
extern int m_out, n_out[];
externdouble mstroke,mbore,mdiam, mlenfth,mexial, speed;
extern double t_dry,t_wet, p_atm; /8 air conditionsdurin_ run e/
extern int nresd,mcycle;
extern int nlag; /_ number o5 sample pulses (readings)by which the

TDC trigzer lees TDC s/
extern char filename[];

FILE 8storefile0=densfile;
FILE eumfile,evmfile;
int inert, /t error in input data _/

irad, /8 number of current radial probe location */
iuerr = O, irmserr = O0 /#sequence number of angle at which

maximum error in ,,mean and ua_s
occurredin this cycle s/

next_round : 1, /_ acquire another round of data e/
round, /8 A "round" of data are those data points in the

HORLAND'ebufferthat representa completecycle._/
cy_In_buf. /" numberof cyclesinthe NORLA_D'sbuffera/
morerad : 1. /8 acquire at more radial locations _/
fln.__rt: O, /* : I :> finalprintout,lastoy>: mcy¢le _/
Int_prt : O, /# : I :> intermediate printout, m_out >: I _/
tout: l, IZ index fo_n_out[]8/
loyola, /_ number of currentcycle 8/
lastcy, /8 number acquired at one radial location _/
iangle, /e number of current crank location s/
i,kcount,Jcount,lcount,count,ucount,countS, /_ auxiliary counters s
iter

double diet, distance, relrad, /8 probe location _/
accuracy : 0.005, /_ accuracy of umean S/

acallb,bcalib,ncelib, /8 General calibration constants for
substitutionof values below e/

nlnv, /_ inverseof ncalib_/ ,:

I* =,#8888,*=#88,#888#1,s*#8,88==888u81za,,e88_#8#_=N,ma, a/
/8 xwire calibrations ,/
/_ calibration of 7/10/90, cross-wire f35333 for u_et <: 25 m/sac 8/
acalibA : 2.94934,bcalibA : 1.85552,ncslibA : O.435,
acalibB: 3.18061,bcallbB: 1.96477, ncalibB: 0.435,
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/s calibration of 6/20/90, cross-wire 135333 for user <= 17 m/sec
acalibA = 2.83801, boallbA = 1.82569, ncalibA = 0.435,
acallbB= 3.15662,bcalibB= 1.91373,ncallbB : 0.435, =/

/z calibrationof cross-wlreS44135for 0.0 m/s to 17.5 m/s (3/14/90)
/_ Wire A is the same as wire 1 s/
/_ acalibA= 4.08779,bcalibA= 1.35912,DcalibA = .5,
acalibB= 4.24447,bcallbB = 1.41936, ncallbB = .5, _/

/_ calibrationconstants:
E'2 = acalib* bcalib s (veleff)'ncalibs/

_ ref_temp = 27.2, /s dry-bulb temperature at calibration
in degrees Celsius z/

tel_press = 0.991e+05, /_ atmospheric pressure at calibration i© Pa •
tel_dens, /_ densltyat ¢allbratlons/
voffset, /s voltagethat was subtractedfrom

hot wire signalduring conditioning_/
voffsetA,voffsetB,
vgain, /_ multiplicationfactorthat was

applied to voltageduring sisal conditioning
vgainA = 1.0,vgainB = 1.0,
voltage, /_ hot-wirebridge outputvoltages/
%rlgang = 0.0, /_ angle after TDC at which the TDC

trigger is actuated (in degrees)_/
base, argument, /_ auxiliary variables _/
_eleff, /* instantaneous effective velocity in m/s e/
cycles, /_ Dumber of cyclesprocessedat thls point 8/
maxuerr : 0.0, /s accuracyof umean s/
mxrmserr: 0.0,
u_, /_ auxiliary variable for um and v_ s/

u,v0 /* auxiliary variables for u and v,
based upon ueffA and ueffB _/

theta = 45., /_ betweensensorand the normal to flow _/
angle, /_ theta, in radians8/
kt = 0._35, /_ coefficientfor the tangentla]cooling,

based on Champagne'swork, for I/d = 330 _/

k_Aterm,ktBterm, /_ terms from the iterationfor u and v _/
sing,cost,
ueffA_ew,ueffBnew,
V_ew, unew,
epsilonA,epsilonB,
rhsA, lhsA, rhsB, lhsB,

off_set, /_ auxiliary voltage offset variable ,/
volt_€orr, /* voltage correction to account for

Imbienttemperaturedifferencebetween
calibrstlon and run _/

%_sensor: 250., /_ sensor_mperature in degrees Celsius_/
gas_const= 8315., /_ universalgas constantin kE/kmol/K_/
air_mwt = 28.96, /s molecular weight in k_/kmol for air

with mole fractionsof:
N2 - 0.7809
02 - 0.2095
Ar - 0.0096 e/

density, /_ current air density _/
mead_dens; /_ density at at_ospheric pressure _/

staticdouble aumu[MREAD], /* sum of instantaneousvelocities,for u
_ also: values of umean[], re-sorted for

lag in crank-angle _/
sumv[HP_kD],
eumu2[HREAD3, /* sum of squares of instantaneous velocities,

also: values of urms[], re-sorted for
lag in crank-angle _/

sumv2[MREAD_,
sumuv[MP_AD], /_ sum of productof instantaneousvelocities
old_su[MREAD],old_su2[MREAD], /* current values

of sumu, sumu2 _/
old_sv[MREAD],old_sv2[MREAD],cld_suv[MREAD],
ueffA[MREAD3],ueffB, /= effectivevelocitiesfrom

wires A and B, from which get u, v _/
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umean[MREAD], /_ ensemble averaged veloclty, also
used to store the density correction
factor _/

vmean[MREAD],
urms[MREADS, /i velocityfluctuations/
vrms[MR£AD],
upvp[MREAD] /* Reynolds' shear stress */

char resp[5];
char status,byte;
char setS[STRLNG],acquire[2],beeper_on[4];
static char set_range[lO0],rdcmdA[STRLNG],rdcmdB[STRLNG];

In% _iptr, ifactorl,hexdiEit,sign, Ivalue;
int first_time;
int bit7, bit6, bit5, bit4, hlt3, bit2, bitÂ, bit0;
in% air_statex();
double Idptr, factor1, factor2, factor, offset;
static char readstrA[SMAX],resdstrB[SMAX], diEit[2];
static char _ptrdstr; /s pointerto readstr_/
static char dummM[NDUMMY],buffer[NDUMMY];
/_ Preparefor €om_unlcationwith the NORLAND

/_ Generate strlnzafor ACQUIREand Beeper Off commands.*/
strcpy(acquire,"R");
atrcpy(beeper_on,"]LC"); /* Beeper on s/

/s Generate command string for data transfer from NORLAND of array A. */
strcpy(rdcmdA,"_"); /* I/O */
stroat(rdomdA,"K"); /= TRANSFER_/
strcat(rdcmdA,"C"); /* OUTPUT */
strca%(rdcmdA,'G"); /, XFAST BINARY*/
strcat(rdcmdA,"A"); /I ARRAY A 8/

/I Generate commandstringfor data transferfrom NORLANDof array B. _/
strcpy(rdcmdB,"_"); /* I/O */
s%rcat(rdcmdB,"K"); /_ TRANSFERz/
strcat(rdcmdB,"C"); /* OUTPUT _/
strcat(rdcmdB,"G"); /* XFAST BINARY =/
strcat(rdcmdB,"C"); /* ARRAY B s/

/* Generate and send commandstringto reset the voltageranges.8/
strcpy(set_range,"[C"); /* A SETUP RANGE _/
strca%(se%_ranEe,"5="); /_ 5 V s/
strcat(set_range,"\\C"); /8 B SETUPRANGE _/
s_rca_(set_range,"5=")_ /* 5 v _/
_bwrt(ib3,set_range,strle_(set_range));
/= Input and print run informationprior %0

enteringthe main loop for ensembleaverazing s

/_ Calculatenumber of cyclescompletelyrepresentedin one NORLANDbuffe
based upon 720 samples/cyclevia the shaft angle encoder_/
cy_in_buf = 4096 / (MREAD2-1);

/* Print out nlag'._/
£f(dia&mosAa)printf("nlag= Zd\n"0 nlaE);

/s Print out cycles at which Intermediateresultsare to be stored._/
If(dlaE_osis){

for(_ = I; i <: m_out; i+.) {
printf("n_out[_d] = _d\n", i, n_out[i]); ._

/* Set the maximum number of cycles to be acquired, s/ "
if(!m_cycle)mcycle = MCYCLE;

/. Convert temperatures from Celsius to Kelvin. _/
ref_temp *= 273,15;
%_sensor .= 273.15;

/_ Enter voltageoffsetsfor wires A and B. _/
for(count = I; €ount<=2;count+*){
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for(inerr = 2; tnerr; ){
if(count == 1) printf("\nVoltage offset for wire A:\n");

printf("\nVoltale offset for wire B:\n");
printf(" Enter absolute voltage value.\n");
if(count =: I) scanf("Xlf", &voffsetA);
else

scanf("_lf", &voffsetB);
if(count =: 1) printf(" Voltage offset : _7.4E V\n", voffaetA);
else

prlntf(" Voltaae offset = _?.4E V\n", voffsetB);
printf(" Entry correct? (F or n)\n");
scanf("_s", rasp);
if(reap[O] :: '¥' :: resp[O] :: 'Y')

{inerr= 0;)
else if(rasp[O] == 'n' :: rasp[O] == 'N')

{inert = 1;}
else

{pri_tf(" Respond with y, Y for 'Fes' ");
prAntf("or with n, N for 'no' next ti=e.\n");)

)
)

/* The prolram assumes that %hera = 45 deKrees for the
xwire probe. The iteration section must be changed If this
is not the case. */
printf("\nNote that the proKram assumes %hera = 45.\n");

/* ******************************************************** a/

/* Loopfor radialpostions */

for( ; I; ) {

/_ Inltlallzearrays for summationand velocltycalculatlon,t/
forCi = 0; i <= MAEAD; i..){

sumu[i] : 0.0;
sumv[i] : 0.0;
sumu2[i] = 0.0;
suavE[i] : 0.0;
aumuv[i] : 0.0;-
}

/,Wakeup the operatorwiths bell.=/
fcr(i = 0; i < I0; i.*) prlntf("_c",'\007');

/s Enter a commentllne. _/
for(inert= I; inerr;){

prlntf("\nEntera 50 charactercommentline:\n");
printf("(Uee- insteadof blank spacesl)\n");
for(i = _; I <= 5; i..) prln%f("1234567890");
printf("\n");
for(t = _; i <= 6; t.+) printf('Zd ", i-l);
printf("\n");
for(t.='O; I <: NDUHNY; i..) dummyCi] : '\0';
strcpy(dummy,"ensemble-averaaed velocity: ");
prAntf("Xs", dummy);
scanf("Xs",buffer);
street(dummy,buffer);
printf("Commant_Ine: \n_s",dummy);
printf("\nEntry correct? (Y or n)\n");
ecanf("_s", resp);
tf(resp[O] =: '¥' :: reap[O] =: 'Y')

{inert : 0;)
else if(rasp[O] := 'n' :: reap[O] == 'N')

{inert : 1;)
else

{prtntf(" Respond wLth ¥, Y for 'Fes° ");
prtntf("orwi_h n, N for 'no'next %i=e.\n");})

/= Enter room atr conditions, a/
If(! old_file)elr_statex();

/_ Enter probe posltlon._/
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for(inerr = l; inert; ){
printf("\nradial probe locstion:\n");
printf("Codeto enter wall distancein inches: 'l'\n");
prlntf("Codeto enter well distancein mm : '2'\n");
printf("Codeto enter radius as fraction");
printf("ofthe tube radlus = '3'\n");
prlntf("Code1o quit = '0'\n");
prlntf("Enter code for entry.\n");
while(scanf("_d",tired) == 0)

{Eetchar();
prlntf("Enter a_ integercode number!\n");)

switch (irad)
{
case 0:

{goto the_end;
break;)

case I:
{prlntf("Enter wall distancein inches.\n");
scanf("_if",&dlst);
distance= dlst • 0.0254;
break;)

case 2:
{printf(" Enter wall distance in mm.\n");
scanf("Zlf",&dist);
distance : dis& / 1000.;
break;)

case 3:
{prlntf("Enter radius as a _ractionof the");
printf("tube radius.\n");
scanf("Zlf",&relrad);
distance= (1. - relrad)• 0.5 • Ddlam;
break;)

}
printf("Wall distance= _7.4K inches\n",

distance/ 0.0254);
prlntf(" = _6.Sg _\n",

distance= 1000.);
printf("Radius / Tube Radius = _6.3E \n",

I. - 2.adistance/mdlam);
prlntf("Entry correct? (¥ or n)\n");
pzintf("Enter 'y' to start acquisi&ion.\n");
acanf("Zs",resp);
if(reap[O)== 'y' _ reap[03 == 'Y')

{inerr = 0;)
else if(resptO]:: 'n' I_ reapS0) :: 'N')

{inerr : 1;)
else

{prlntf('"Respondwlth y, Y for 'yes' "');
prlntf("orwlth n, N for 'Do'next time.\n');)

)

/# If no instru:ent is available on the IEEE interface ... _/
Af{no_inst)foto the_end;

/* Acquire data with NORLAND until the
_aximu: number of cycles _s reached e/

prtntf(" Data will be acquired now.\n");
/

/_ Set f_a_ for acquisition of first round. :/
first_time : 1;

/s Acquire and process as _an¥ rounds of da%a as requested. :/
for(round : 1, next_round : 1; next_round; round+*){

/# Calculate density transient, s/
ref_dens : re__press : air_mwt / 4as_const / ref_temp;
If((densfile: fopen("densfile","r"))!: NULL) {

fseekIdensfAle,OL,O);
for(i : O; i <: nread; i++) {

if(! fread(&dens_ty,eiseo_(doub_e),l,densfile_
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printf("Readingof densityfailed.\n")
umean[i]= ref_dens/ density;
)

fcloseCdensfile);
)

else {
printf("densfile does not exist, p_stm assumed\n');
mean_dens = p_atm z air_mwt / sas_€onst / t_dry;
for(i : O; i <= nread; l.*) {

umean[i] = tel_dens / mean_dens;
)

)

/t Send string to star% acquisition, e/
ibwrt(ib3,acquire,strlen(aoquire));

/s Walt u_tll NORLANDstartsacqulsltlon.8/
/s (Loopto test whetherNORLAND £a alreadyacqulrinz),e/
do{

ibrsp(Ib3,&ststus_by_e);
if(dlag_osis)prlntf("ststus_byte= %o\n", status_byte)
)

while(!status_brte& 5);
if(dlaEnosia)prin_f("Nstartedacqulsition\n");

/s If this is the first acquisitionat this radialposltlon,
do not attempt1o processdata. t/
if(!flrst_time){

If(dlaEnosls)prlntf("ThlsIs not the first tlme.\n");

/* loop through for both ueffA and ueffB,
the effectivecoolln_velocities _/

for(ucount = 1; ucount<:2; ucount.+){

if(ucount :: 1) {
ncalib : ncalibA;
ptrdstr = readstrA;
acallb = acallbA;
bcalib : bcalibA;
voffse_ : voffsetA;
vgain = v_ainA; }

else
{
ncallb : noalibB;
ptrdstr : readstrB;
acallb: acallbB;
bcalib : bcallbB;
voffset : voffsetB;
vsain = vsainB;}

/_ EvaluateFactorand Offset from data sent in
XFAST binaryformat. See NORLA_D Prowlermanual
volume 2 "O_t_onsfor the Prowler",pp.46-48.8/

/_ Calculate Factor. _/

/* The first two hex di;its (Word 1) represent
the log to the base two,
b_ased by 128, of the first factor
of the Factor._/
ascanf(ptrdstr,"_2X",&tfactorl);

/s Compute%he first factorof the Factor.8/
factorl = pow(2.,((double)_faotor_ - 128.));

/_ The nex_ six box digits (Words 2, 3, 4) represent
•he si_ and the base two fractionsof the aecond
factor of Factor. Calculate €o_tributions to the
second factor, hex-digit by hex-di_i%, n/
for(i:O, factor2:0; i<6; i.+){

atrncpy(di¢tt,(ptrdstr_2+i),l);
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difit[1] = '\0';

/= Determinebit patterncorrespondingto eac_
hex-digit and calculate the second factor. */
sscanf(diEit,"%X",&hexdigit);
bit0 : hexdifit& I;
bit] = hexdigit& 2;
blt2 : hexdigit& 4;
bits = hexdigit& 8;
if(i=:O){

if(bitS)
sign : -1;

else
siCn = 1;

bit3 : 1;
)

if(bit3)factor2: factor2
• pow(2.,-(double)(is4 + I));

if(bit2) factor2 : factor2
4 pow(2.,-(double)(is4 + 2));

if(bit1) factor2 : factor2
4 pow(2,,-(double)(is4 + 3));

it(bitO) factor2 = factor2
+ pow(2.,-(double)(tz4 . 4));

)
factor = (double) sifn • factor1 s factor2;
/J if(diagno_is)printf("factor = tfkn",factor); e/

/_ CalculateOffset.8/

/* The first two hex diEits
(Word I) representthe toe to the base two,
biasedby 128, of the first factor
of the Offset.=/

sscanf((ptrdstr+8),"%2X",&ifactorl);

/_ Computethe first factorof the Offset.8/
Tactorl = pow(2,,((double)ifactorl- 128.));

/* The next six hex digits (Words2, 3, 4) represent
the si_ and the base two fractionsof the second
factor of Offset._/
/* Calculatecontributionsto the second factor,
hex-diEitby hex-diait._/
for(i=0,factor2=0;i<6; i+.){

strncpy(digit,(ptrdstr+10+i),l);
di¢it[1] : '\0';

/_ Determinebit patter_corresponding to each
hex-digitand calculatethe secondfactor.8/
sscanf(digit,"%X",&hexdlgit);
blt0 : hexdigit& 1;
bitl = hexdigit& 2;
blt2 = hexdiEit& 4;
bits : hexdigi% & 8;
if(i==O){

if(bit3)
sifn = -1;

else
siln = 1;

bit3 = 1;
)

if(bitS) factor2 = factor2
. pow(2.,-(double)(iz4+ 1)); _

If(bit2)factor2= factor2
• pow(2.,-(double)(Is4+ 2));

if(bit1)factor2 = factor2
pow(2.,-(double)(i14* 3));

If(bit0) factor2= factor2
• pow(2.,-(double)(i_4* 4));

}
offset = (double)sIEn • factorl• factor2;
If(diaE_osis)prlntf("offset= %fkn",offset);
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if(diaEnosis)printf("fraction and offset are oalc\n");

/s Evaluate individual data points */

icount = (MREAD2 - 1) / nread;
ninv = 1. / ncalib;
off_set : offset _ voffset * vgain;
volt_€orr = aqr_((t_sensor - ref_temp)

/(t_sensor - %_dry)) / vfain;
angle = PI s theta / 1B0.;
sint : sin(angle);
cost = cos(angle);
jcount = O;

for{i = l, iptr = (Int *)(ptrdstr4256);
_- iptr < (int _)(ptrdstr_256+2*cy_in_buf*(MREAD2-1));

i*., iptr..){

/s NOTE: Due _o storage limitations, only ewery
fourthpoint (2 degrees)is included,i.e.
2 4 6 ... 180 182 ... 360 degrees./
if(!(i • icount)){

Jcount++;
/_ Calculatevoltagevalue accordingto
NORLAND Prowlermanual pp.48-49of 5/20/85.s/
voltage = ((double)(_iptr-0X8P00)_factor

. off_set)• volt_corm;

/s Calculateinstantaneousvelocity,t/
/_ King's Law with exponentother than O.S _/
if((base= voltage=voltage- acallb)> 0.0) {

veleff = pow(base/bcalib,ninv);

else {
veleff = 0.0;
}

/* Correc_velocityfor staticpressure,a/
/, Note: Currently,the density transientfor the pressure
correctionis correctedfor angularoffset between
piston TDC and TDC-markerin defdensity; this also applies
to acq_u.c. 4/9/89 JS z/

veleff != umean[jcoun% X (MREAD-1)];

if(ucount == 1) ueffA[jcount] = veleff;
else
{

ueffB : veleff;

lhsA = pow(ueffA[Jcount]02.);
lhsB = pow(ueffB,2.);
v = 'alnt• (ueffA[Jcount]- ueffB);
u = (ueffA[Jcount]- v • alnt) / oost;
Ater = 0;

/a ********************************************s/
/s iterationto determineu and v instantaneous_/

do
{
_ter+.;
ktAterm = pow((kt s sint • (u - v)),2.);
ktBterm = pow((kt a cost * (u + v)),2.);
ueffAnew= aqrt(lhsA- k_Aterm);
ueffBnew= aqr%(lhsB- k-tBterm);
vnew = slnt s (ueffAnew-'ueffBnew);
unew : (ueffAnew- wnew * sin%) / cost;
epsilonA : fabs((vnew- v) / v);
epsilonB= febs((unew- u) / u);
U = unew;
v = v_ew;
if(Iter > 2)
prlntf("i: _d iter : _d epA : _f epB : _f\n",
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t,iter,epsilonA,epsilonB);
)
while ((epsilonA > .00_) :: (epsilon_ > .001));

iangle = Scount X (H_EAD-1);

/* Update %he sumations */
kumu[iangle_ +: u;
sumv[langle] +: v;
sumu2[lanile]+: (u,u);
sumv2[ianEle] 4= (v,v); i_aumuv[langle]+: (u_v);

/_ Output v Instantaneous%o%he file "vmlns%"s/
_f((ianEle== 179) S_ (i < 750)){

vmfile : fopen("/usr/geoff/proc/vmlnst","w");
for(kcount= I; kcount <= 179; kcount++){
fprlntf(vmfile,"Zd\tXlf\n",2= koount,sumv[kcount]);
)
fflush(vmfile);
fclose(vmfile);
prlntf("vminstfile prlnted\n");

}
) /8 end of loop for ueffB _/
] /s end of loop for every 4th pt _/

) /= end of binary strlnEbreakdownloop =/
} /i end of ucount loop for ueffAand ueffB ,/

2f(diaEnosis)printf("dateconverted\n");

/_ tz_as_z_s111_zzzz_s_sss s/
/_ Sectionto determinerun status s/

/i Shouldanotherbuffer of data be acquired?_/
£f((lastcy= (round - I) = cy_in_buf)>: wcycle)

next_round= 0;
if(diaEnosis)'printf("nex%_round: _\n",

next_round);
)

if(diaEnosis)printf("waitfor end of acquisition\n");
If[diaEnosis)printf("ata_us_by_e: _o\n", ata_us_bFte);

/= Send messaEeabout currentround._/
printf("Da_a for round Xd (cycleXd) processed.\n",

(round- I), (round- _) z cy_In_buf);

/_ Walt until NORLAHD is done acquiring._/
/_ (Loopto test whether NORLAND_s stillacqu_rlnE.)a/
i = O;
do{

ibrsp(_b3,&status_byte);
if(dia_ncsis){

+: 1;
ifll > I00){

i : O;
prlnt_("_o\n", s_atus_by_e);
)

)
)

_hile(status_byte & 5);
if(diaEnosis)printf("N stopped acquisition\n");
If(d_aEnosls)prlntf("a_atus_by_e: _o\n", status_byte);

/= If necessary,read-resultsof data acquisition._/
_f(next_round){
_f(d_aEnosls)prln%f("readinEof A will beEin\n");

/= Send commandto read NORLANDbufferfor Chan A. e/
_bwrt(Ib3,rdcmdA,str]en(rdcmdA));
/* Read data from NORLAND.=/
Ibrd[Ib3,readstrA,SMAX);

If(dia_nosls)printf("reading of A done\n");
2f(dlaEnosls)printf("atatus_by_e = _o\n"0 status_byte);
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if(diaamosis)prtntf("reading of B will begin\n");
/* Send:commandto read NORLANDbuffer for Chan B. _/
Ibwr_(ibl, rdcmdB,strlen(rdcmdB));
/* Read data from NORLAND._/
ibrd(Ib3,readstrB,SMAX);

if(diaEnosis)printf("readinE of B done\n");
)

if(dlai_nosls)printf("status_bFte= Eo\n",status_byte);

/* Reset flaE for first round of acquisition.*/
,_ if(first_time)first_time= 0;

/z Calculate the number of cycles stored and entered
into the summation so far. */

cycles = (double)((round - I) s cy_in_buf);
printf("Cycles stored, summed : _f\n",cycles);

/_ Set flaEs for printoutand for updatlnE sums. _/
if(!next_rou_d) {

fin__1"t : I;
)

if(m_out >= I &_ lout <= m_out
&& cycles >= (double)n_out[iout]){

lout++;
int_Prt = 1;
)

if(fin_prt :: int._rt) {
printf("cycles = Zf\n",cycles);

/* Calculate ensemble averaged velocities,
rms velocity fluctuations, a_d shear stresses
based on the summations*/

for(Jangle= I; iang]e <= nread; Jangle++){
um = sumu[lanEle]/ Cycles;
umean[ianKle]= um;
vm = sumv[lanEle3/ cycles;
vmean[lanE1e]= v:;
if((arEume_t: l./(cycles- I.) •

(sumu2[iangle]- umsumscyeles))> 0.0)
urma[iangle]: aqrt(arEument);

elseurms[iangle]= 0.0;
if((arEument= 1.0/(cycles- 1.)

(sumv2[ian_e] - vm:v_:cycles))> 0.0)
vrms[langle]: sqrt(arEument);

elsevr_s[lanE1e]= 0.0;
upvp[ianEle] = 1.O/(cycles - 1.)

(sumuv[ian_le]- u_vw_cycles);
)

}
if(int._:r%){

/s _tore sums in auxiliary arrays %0 be updated
further durin_ subsequent rounds. _/

for(landis = _; Jangle <= nread; ian£1e.+) {
old_su[lanEle]: sumu[lan_le];
old_sv[ian_le] : sumv[iang]e];
old_su2[ian_le]: sumu2[ian_le];
old_sv2[iangle] : sumv2[ianEle];
old_suv[iangle] : aumuv[ian¢le];

• )
)

if(fin_prt _: int_prt) {
if(diaEnoais) printf("fin_prt = Ed, int_prt = _d \n,',

fin_prt, int_prt);

/_ Sort entries in umean and urms arrays accordin_ to
crank angle to account for angular offset
between TDC and trigger. _/
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for(Langle = 1; langle <= nread - nlag; lanEle++)(
aumuEiang]e + nlag] = umean[ia_gle];
sumv[iangle+ nlag] = vmean[langle];
sumu2[langle* nlag3 = urine[lanE]el;
sumv2[iangle* nlaE] = vrms[ianzle];
sumuv_la_gle+ nla_] = upvp[langle];
)

for[lanIle= nresd - nlaE + 1;
Jangle(= nread;Jangle++){

sumu[lanEZe+ nlaE - nread] = umean[lan_le];
sumv[lan_le+ nlaE - nread] = vmean[iangle];
sumu2[iang]e+ nlaE - nread] = urms[langle];
aumv2[iangle4 nlag - nread] = vr_s[lanzle];
sumuv[iangle + nlaE - nread] = upvp[_anEle];
)

/8 _z=,=.=,====,===,s_,=,a_,=zt==_z=s= */
/* Store the results in a binary string */

if(diaEnosis) prtntf("will open storefile\n");
storefile = fopen(filename."r+");
if(dfaEnosis) prtntf("opened s%orefile\n");
if(storefile== NULL)

printf("fopenfailedkn");
/z Move 4o end of file. s/
if(fseek(storefile,0L,2))

printf("faeekfailed\n");
if(fwrlte(&distance.s_zeof(double),l,storefile)_= I)

printf("fwri%efailed\n");
_f(dia_osis)prlntf("dlstance= _f\n",distance);

if(fwrite(&acouracy,aizeof(double),l,storefile)!= I)
prlntf("fwrltefailed\n");
If(dlaE_osis)printf("aeourec¥= _f\n",aceuracy);

_f fwrite(&lastcy,slseof(_nt),l.storefile)!= 2)
printf("fwrltefailed\n");
if(dlaEnosis)prlntf("lastcy= _d\n",lastcy);

if fwrlte(_maxuerr,sizeof(double),l,storefile)!= I)
prln%f("fwri%efailed\n");
_f(dieEnosis)printf("maxuerr= Ef\n"0maxuerr);

_f fwri%e(&_uerr,e_zeof(in%),l,atoref_le)!= I)
prin%f("fwrltefailed\n");
_f(d_aEnos_s)pr_ntf("_uerr= _d\n",luerr);

if fwrlte(&a_rmserr,s_zeof(dou_le),l,etorefile)!= 1)
prln%f("fwr_tefa_led\n");
_f(diaEnosis)printf("_xrmserr= _f\n"0mxrmserr);

_f fwr_%e(&irmserr,s_zeof(_nt),1,storefile)!: 1)
printf("fwrltefailedAn");
If(diaEnosls)prlntf("_rmserr= Ed\n",_mserr);

if fwrlte(&sumu[l],sizeof(double),nread,storefile)
!= nread)

printf("fwr_tefailed\n");
_f(dlaEnosls){
for(count3= I; count3 <= 180; count3++);
prlntf("_mean[_d]= Xf\n",ooun_3,lumu[ooun%3]);

)
if(f.rlte(&sumu2[l],s1_eof(double),nread,storefile)

!= nread)
prlntf("fwr_tefor sumu2 fa_led\n");

If(fwrlte(&sumv[l],slzeof(double),nread,storefile)
!: nread)

prlntf("fwrltefor sU_v failed\n");
_f(fwrlte(&sumv2[l],slzeof(double)°nread0storefile)

!= nread)
prtntf("fwrite for sumv2 failed\n");

If(fwr_te(&sumuv[l],si_eof(double),nread,etorefile)
!= nread)

prlntf("fwrltefor sumuv fa_led\n");
if(! old_file){

If(fwr_te(&t_dry,s_eof(double),1,s%oref_le)
!= I) _rin_f("fwr_tefor t_dry failed\n");

_f(fwr_e_&t_we%,sizeof(double),1,e%orefile)
_= I) printf("fwri%efor %_wet failed\n");

if(fwr_re(&p_atm,sizeof(double)0_°s_orefile)
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_: 1) printf("fwrite for p_atm failed\n"i;
if(fwr_te(dummy,sizeof(char),NDUH_,storefile)

...._'!_: NDUHHY) printf("fwrlte for NDUHHY failed\n");
if(diaK_osls)printf("Commen_: Zs\n", dummy);
}

if(dia_osis) printf("will close storefile\n");
if{fclose(storefile) == EOF) printf("fclose failed\n");
printf("Data were $tored in file.\n");
}

if(fin_prt) {
/= Reset the sums used for avers¢in£ to zero for _he

next calculation of ensemble averases. _/
for(inn€Is : l; iangle <: stead; tangle.+}{

=umu[/an¢le] : 0.0;
sumv[iangle] = 0.0;
sumu2[ianEle] = 0.0;
sumv2[iangle] = 0.0;
sumuv[Aangle3 = 0.0;
}

Aout = 1;

/* Reset fin_prt to zero. s/
fin_Prt= O;
)

If(int_prt){
/_ Reset %he sums used for averagingto zero for the

onEoingcalculationof ensembleaverages.I/
for(Jangle= 1; Jangle <= stead; Jangle++){

sumu[iangle]= old_su[iangle];
sumv[langle] = old_sv[iangle];
sumu2[iangle]: old_su2[iangle];
=umv2[iangle3= old_sv2[iangle3;
sumuv[iangle]= old_suv[langle];
}

/s Reset int_Prtto zero. s/
in%_prt = O;

}
}

the_end: printf("No further data will be acquired.\n");
/* Acqulrexprogramend =/

}
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AIR....STATEX
air_statex[)
/_ Function to e_ter, or read from existing file, the ambient air

conditions and to enter aean static air pressure An a file.
Function adapted from •ir_state.c for cross-wires 3/90 */

{
_include <stdio.h>
_include<string.h>

Sdefine STRLNC 30
Cde_i_e NDUHMY 50

FILE astorefile;

extern ins diaA_nosis, oldfile;
extern ins nresd; /J _umber of readings per cycle =/
extern, char filename[];
extern double %_dry, t_wet, p_•tm; /* air conditions during run,

stored in Kelvin and Pascal internally, t/

Ant inert, /= error in input data z/
i /= auxiliarycounters/

long 'offset;
lone sizeofhesder,sizeofset;
double gas_const= 8315., /a universalEas constantIn kg/kmol/Ks/

•ir_mw_ = 25.96, /* molecularweight in kl/kmolfor air
with mole fractlonaof:

N2 - 0.?809
02 - 0.2095
Ar - 0.0096 =/

density /= air densityAn kg/m'3 s/

char resp[STRLRG];

/_ Open storefile.*/
storefile= fopen(filename_"r");

/_ Enter ambientalr conditions._/
if(diaEnoals)printf{"oldfile= Ed\n",oldfile);
if(oldfile){

prlntf("Currentambient•it €ondltlons:\n");
resp[03 = 'n';

else {
printf("\nEnterambientair oondltlons.\n");
resp[O] : '¥';
oldf_Ie = 1;
}

switch(resp[0_){
case 'n': case 'N':{

/a Determinethe si_e Of the header.=/
aizeofhe•der= (lonE)((10.NDUMMY)ssizeof(ch•r)

+ 6_sizeof(double)
. 2_sizeof[int));°

if(d_•fnos!s)prln%f("slzeofheader= _id\n",sizeofheader);
/_ Determinethe s_ze of a data set. s/
sizeofset : (lonE)(?aslzeof(double)+ 3tsizeof(int)

. 2 = nre•d • stzeof(double)
+ NDUMMY* siseof(char));

/t Additionto size o_ • data set for cross wire a/
siseofse%.: (long)(3 = nread = siseof(double));

if(diagnosis) prlntf("slteofset: _ld\n", siseofset);

/= Determineoffsetof latestair data
from end of flle. _/

fseek[storefile,0L,2);/* Move to end of file. _/

152



If(diagnosis) pri_tf("fseek @ end okkn");

/* Check whether there is an entry for the state
of the air. Read the air data. */

offset : ftell(storefile);
tf(dia_osis) prtntf('°offaet : _ldkn", offset);
if(offset >= sizeofheader + sizeofse_) {

if(dlagnosls) prlntf("ftell >\n");
offset : (lone)(- 3 * siseof(double)

- NDUMMY • slzeof(ohar));
_: fseek(storefile,cffse%,2);

offset : ftell(storefile);
if(diagnosls) {

printf("offset = %Id\n", offset);
printf("errors before reading: ");

_f(feof(atorefile)) prlntf("EOF\n");
if(ferror(storefile)) printf("error\n");
)

if(fread(&t_dry,sizeof(double),l,storefile) != 1) {
if(feof(storefile)) printf("EOF\n");
_f(ferror(storefile)) printf("errorkn');
)

else {
if(dlaEnosls) prlntf("fread of t,dry succ.\n');
)

if(fread(&t_wet,sizeof(double),l,storefile) !: I) {
tf(feof(storeflle)) printf("EOFkn");
tf(ferror(storefile)) printf("errorkn");
)

else {
if(diai_nosis) printf("fread of t_wet aucc.kn");
)

if(fread(&p_atm,sizeof(double),l,storefile) !: 1) {
tf(feof(storefile)) printf("EOF\n");
tf(ferror(s%orefile)) printf("error\_");
)

else {
if(diaEuosis) printf("fread of p_atm succ.kn");
)

printf("dry-bulb temperature = _lf degr. Ckn",
t_dry - 273.15);

printf("wet-bulb temperature : Xlf degr.Ckn",
t_we_ - 273.15);

printf("atmospheric pressure : Xlf bar\n",
p_a%m / 1.e+05);

prlntf("Entry correct? (y/m)");
scanf("_s", reap);
if(reap[O] :: 'y' :: reap[O] :: 'Y')

break;
)

else {
printf("There is no old entry of ambient air data.\n")
)

)
case 'y': case 'Y':{

/_ En_er,_bient air conditions. 8/
for(inert: 1; inert; ){

printf("Enterktdry-bulbtemperature(degr.C),\n");
prlntf("\%wet-bulb temperature (degr.C),kn");
pr_ntf("ktatmospherlcpressure (bar).kn");
ecanf("_if_if_if",&t_dry,&%_wet, &p_atm);
prln%f("dry-bulbtemperature: _If degr.Ckn",

:_ t_dry);
printf(',wet-bulb temperature : Xlf de£r. Ckn",

t_wet);
prAmtf("atmospherlcpressure : Zlf 'barkn",

p_atm);
t_dry +: 273.15;
t_wet +: 273.15;
p_atm *= 1.e.05;
printf("Entry correct? (y/n)\n");
ecanf("_s",resp);
£f(resp[O]-::'y' :: reap[03 :: 'Y')
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inerz = O;
else if(resp[O]== 'n' :: resp[O]== 'N')

inert = 1;
else {

printf("En%ernumbers and \n");
printf("respondwlth F, Y for 'Fes'");
prin%f("or with n, N for 'no' next time.

\n'");
)

]
)

break;
)
_close(storefile);
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PROCESSX
/= "processx.c" processes two channel xwire measurement fills.

G. Friedman, 8/90 =/
/= Program is adapted from "process.o"writtenby J. Seume for single

- wire data processing =/

_include <stdio.h>
Winclude<math.h>
_include <string.h>

_define MRAD 40
SdeflneMREAD 181
Sdeflne IDLENGTHI0
adeflneNDUMMY 50
Sdeflne PI (4. = •tan(l.O))
_define NU 16.e-06

char usage[] = "Usage:procshw [-f runad or -t positionor -p time or\
-v or -a or -d or -- or -r or -R]\n";

main(argc,arEv)
int argc;
char .ara"_[];
{
FILE .storefile;
FILE _tracefile;
FILE =proffile;
FILE _avefile;
FILE aldealfile;

int write all; /_ Write to files the data for all active traces and
for profiles in incremen_s of 30 degs of crank angle. I,

in% diagnosis = 1; /n Print error diagnostics. */
int fas_ = I; /* Enter file i.d. from the commandline,

skip echo print of run parameters,s/
int radial = I; /= Processthe radial velocitycomponentv _/
Int trace = l; /= Generatedata for a plot of the ensemble-averaged

mean-velocityfluctuationtransient
at one r•dia_ location,s/

int profile = I;. /a Generatedata for • plot of a mean-vel,profile_/
int average : l; /z Generate data for a plot of the cross-sectional

mean mean-velocity transient (real and ideal), s/
int rms = I; /* Processx'ms-velocityfluctuationsinsteadof

ensemble-averagedvelocities.=/
int Rss = 1; /a Process Reynolds' shear stress values =/
int position; /= Number of the radialpositionat which s trace shall

be plotted._/
in% itlme; /= Numberof the currentcrank angle s/
in_ not_done= 1; /. Program is not ready to be terminated,s/
int old_file= 0; /_ file formatold or new ? =/
int inerr0 flag, iangle, nrad, nsort, i, _, irad;
int nread; /* number of readings per cycle =/
in% mcycle; /s maximum number of cycles 1o be acquired z/
tnt nangle : 12; /= number of angles at which profiles are to be plotted

when wrlte_all= i s/
int lastcy, tuerr, irmserr;
long p, rptr[MRAD], offset;
long elseofheader,siseofset;
double angle; /* crank angle */
double time; /_ Integercrank •n_le at which • mean-ve_ocltyprof_l(

shall be plotted. =/
.double mstroke, mbore, mdiam, mlenEth, maxi•l, freq;
_ouble relrad;
.double Re=ax, Va, Ar, loverd, xoverl, xoverd, uavemax;
double accuracy,maxuerr,mxrmserr;
static double distance, umea.n[MREAD],urms[MREAD], uave[MREAD];
static double vmean[MREAD],vrms[MREAD],vave[HREAD], upvp[MREAD];
static double dist[MRAD], value, umprf[MRAD], ucl;
double uprt; /a auxiliary variable to print umean, urms =/
double d, aortdist[MRAD];
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double -mint, aint;
double riml, ri; /_ auxiliary radii _/
double fnull : 0.0;
double pi; /z pi : 3.1415 .... s/
double air_viscosity(),air_cond(),air_cp().

air_density(), dry_air_density(), psat_water();
double T_dry, T_wet, .p_atm;
double the, rhod, hum_ratio, air_cent, rh, mu, nu, cond, cp, alpha, Pr;

char runid[10],resp[20],resp2[20],filename[30],title[NDUMMY],dummF[NDUMMY
char tfnameE10],tfnumber[5],pfname[10],pfnumber[5];
thai year[3],month[3];

/= Calculatepi =/
pi = Pl;
printf("nread= %d\n",nread);

/_ Determinethe sizes of header and data sets. s/
aizeofheader= (long)(lO=sizeof[char)+ 6=sizeof(double))

+ sizeof(Int); /= size of the run informationz/
sizeofset= (long)(4_sizeof(double)+ 3_sizeof(int)

+ 2 • nread • alzeof(double));/_ size of one
data set =/

/_ Add to "sizeofs.et"the _ize of the 3 new arrays used in
the cross-wlremeasurementss/
sizeofset+: (long)(3s nread s slzeof(double));

/_ Set defaultsfor commandllne parameters,s/
fast = 0;
radial = O;
trace = O;
profile= 0;
average= O;
diagnosis : O;
write_all = O;
rms : O;
Rss : O;

/= Read the commandline for controlparameters._/
while(=,+.argv:: '-'){

--argc;
awitch(,.+=arEv)
{
ease 'f':

fast : l;
a_rcpy(runld,_++ar_);
--argc;
break;

Qase 't':
trace = 1;
position : atoi(_++arlrv);
--arKc;
break;

case 'V':

radial : 1;
--argo;
break;

Gaae 'p':
profile : I;
time : atof(s+*arEv);
--argc ; :_
break;

• case 'a':
average : l;
--arsc; '_
break;

case 'd':
diagnosis : 1;
--argc;
break;

case 'W':

wrlte_all : 1;
--argc;
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break;
case 'r':

rms : 1;
--argc;
break;

case 'R':
Rss = 1;
--argc;
break;

)
}

if(diag_osis)prtntf("trace position = _d\n",pos_tton);
for(not_done= I; not_done; ){

if(! fast){
/_ Read run Iden%Iflcatlonand check whetherthe correspondlnl
file alreadyexists,s/
for(Inert= I; Inert; ){

printf("\nEnterFun identification:\n\n");
prlntf("(Usethe formatmmddyysswhere: \n");
prlntf("mm = month, dd = day, FY = Fear,\n");
printf("and ss = a sequencenumber of the day's");
pr_ntf("runs)\n");
prlntf("Enter€ %0 continueusing %he same ");
prlntf("run.\n");
prlntf("Entera to atop %he program.\n");
acanf("_s",runld);
if(runid[0]== '€') break;
if(runld[0]== 'a') gore the_end;
printf("mm= _c_c , runld[0]0z_nld[l]);
pr_ntf("dd= Ec_c "', runid[2], runld[3]);
prlntf("yy= _c_c ", runld[4],l_nld[5]);
prlntf("ss= _c_c\n ", runld[6],runld[7]);
atrcpy(filename,"/usr/Eeoff/shwdata/");
atrcpy(&filename[19],runld);
printf("The fllenameis '%s'\n\n",filename);
fclose(storefile);
storefile = fopen(filename. "r.");
if(storeflle:: NULL)

printf("This file does not exist.\n");
else

printf(" This file exists.\n");
printf("\n Entry correct? (y or n or stop)\n");
scanf("_s",reap);
if(resp[O] == 'y' :: resp[O] := 'Y')

{inert = 0;}
else If(reap[0]:: 'n' :: resp[0] :: 'N')

{continue;}
else if(resp[O] := 'a' :: resp[O] :: °S')

{lore %he_end;}
else

{prlntf("Respondwith y, Y for 'yes'; ");
pri_tf("or with n, N for 'no';\n");
printf("or with s, S for 'atop' next ttme.\n");}

)
prlntf("Ifyou want to process instantaneous");
printf("orensemble-averageddata or %Imes,\n");
prlntf("=>enter 'm',\n");
printf("Ifyou want to processdifferences");
printf("orrms-fluctustlonsor anEular veloclty,\n");

_ printf("=>enter 'r',\n");
prlntf("Ifyou want %0 process Re_olds' ");
printf("ahearstreaa,\n");
prlntf("=>enter 'R',\n");

_ acanf("_s",resp);
if(rasp[O] == '_' :: resp[O] := 'r')

{prlntf("Entera 'v' for radialvelocityor any other ");
prlntf("charscterfor the axlal weloclty,\n");
acanf("_s",resp2);

if(rasp2[0]=: 'v') radial = I;
)

if(rasp[O] _: 'm') rms : O;
else _f(resp[0]:: 'r') rms : I;
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else if[resp[O] == 'R') Rss = 1;
else{

printf("Mean veloci%¥ will be processed.\n");
Rss = O;
rms = O;
)

else {
/= Take run i.d. from command line. _/
strcpy(filename,"/usr/geoff/shwdata/");
atrcpy(&filename[19],runid);
storefile= fopen(filename,"r+");
if(storefile== NULL){

prlntf("This file does not exist.kn"');
loto the_end;
)

) /,

/_ Read parametersfrom data file. _/
atorefile= fopen(filename,"r+");
fread(runid,sizeof(char),10,storefile);
freadC&mstroke,slzeof(double),l,atorefile);
fresd(imhore,sizeof(double),l,storefile);
fread(&mdlamsizeof(double),l,storefile);
fread(_mlenE%h,slzeof(double),_,storefile);
fread(&maxial,sizeof(double),l,storefile);
fread(&freq,sizeof(double),_,storefile);
fread(&nread,sizeof(int),l,storefile);
/z Checkwhether thls is a file Of the old format."/
strncpy(year,&runid[4],2);
strncp>(month,&runid[0],2);
If(etoi(year)== 88 _& atoi(month)< 6)

old_file= 1;
else

old_file = O;
if(diaEnosis)printf("old_file: Xd\n",old_file);
if(! old_tile){

fread(&mcycle,slzeof(int),],storefile);
fread(title,sizeof(char),NDUMMY,storefile);
)

fseek(storefile,0L,0);/_ rewind*/

/* Determinethe sizes of header and data sets. _/
mizeofheader= (lonK)(10=slzeof(char)+ 6=sizeof(double))

+ slzeof(in%);/* size of the run information_/
sizeofse%= (long)(4_sizeof(double)+ 3*slzeof(int)

* 2 s nread a sizeof(double));/_ size of one
data set I/

if(_ old_file){
sizeofheader+= (lonK)(slzeof(int)+ NDUMMY = slzeof(char));
alzeofse%*= (lonE)(3w aizeof(double)* NDUMMY • aizeof(char));
)

/s Add to "aizeofset"%he size of the 3 new arrays used in
the - 'crosswire measurements*/
aizeofset+: (lonE)(3s nread 8 sizeof(double));

/* Print title, s/
printf("knTitle:kn");
printf("_skn",tltle)¢

If(! fast){
/_ Print data summariesin EnElishand SI units _
end dimensionlessform. _/
/* Echo prln% input data in Englishunits. _/
printf("knInput data summaryin EnElishunits:kn");
printf("stroke = X6.1f inkn",mstroke/0.0254);
prlntf("bore = E6.1f in\n",mbore/0.0254);
printf("test sectiondiameter: _6.1f Inkn",mdiam/O.0254);
printf("test sectionlenEth = _6.1f inkn",

mlenfth/0.0254);
printf("axial location : _6.1f Inkn",
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maxial/O.0254);
printf(" drive shaft freq = _6.1f rp_\n", freqt240.);
printf( " Zd readinEs taken per cycle\n", nread);
ifC! old_file) {

prin_f(" Maximum number of cycles ");
printf(" 1o be acquired = Xd\n", mcycle);
printS(" Cogent: _s\n", dummy);

prlntf("Type a character followed by <CR> to eonttnue.\n");
_fCscanf("_s", resp));

/* Echo print input date in SI units, t/
printf("\n Input data summary in SI units:\n");
primal(" stroke = _6.1_ _\n", mstroke_lO00);
primal(" bore = _6.Âf _\n", mbore*lO00);

. printf(" test section dis=eter = _6.1f |un\n",
mdiam*lO00);

printf(" test section lenfth = _6.1f eu.\n",
mlengthllO00);

primal(" axial location = _6.1f _\n",
maxial_lO00);

primal(" frequency : _6.3f H_\n", freq);
printf( "' _d readings taken per Cycle\n", nread);

/* estimate of the am_lltude of t_e bulk-mean velocity e/
uavemax : P1 , freq • mstroke • (mbore*mbore) / (mdia_,mdiam);
printf('Estima_e of the amplitude of the bulk-mean velocity ");
primal(": X5.2f m/sec\n", uavemax);

/, Calculate and prin_ similarity par_eters. 8/
Prlntf("\nNominal similarityparameters:\n");
printf("Remax = El0.2e\n",

Remax = Pl*mbore2mbore_freqsmstroke/ mdlam / NU);
printf("Va = Z6.1f\n",

Va = 0.5_Pl_freq_mdlam_mdlam/ NE);
prlntf("Ar = X_.2f\n",

Ar = mboretmbore/(mdla_mdlam)zmstroke/mlenE_h);
prlntf("1/d : _6.1f\_",loverd: mlenEth/ _diam);
primal(" x/l = _6.3f\n", xoverl : maxial / mlen_h);
prim%f(" x/d : X6.1f\n", xoverd : maxial / mdla_);

/s Reset control parameters. _/
trace = 0_
profile = 0;
average = O;

/* Enter type of outpu_ desired. _/
for[inert : 1; inert; ){

printf("\n_nter t for trace\n");
prin%_[" p proz_e\n j;
prim%f(" a average\n");
scanf["_s",resp);
swAtch(resp[0])
{

%race = 1;
printf('Tracewill be plotted.\n");
break;

case '_':
profile = l;
prtntf("Proflle will be plotted.\n");
break;

case 'a':
_ average = 1;

prlntf("Translent of bulk-Lean "];
printf("quantity will be plotted.\n');
break;

default:
printf("Entercorrect code letter.\n");
break;

prln_f("\n En%ry correct? (y or n)\n");
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scanf("Xs°',reap);
If(reap[O]== 'y' _: resp[O]== 'Y')

£nerr = 0;
else if(reap[0]== 'n' :: resp[0] == 'N'){

/* Reset controlparameters._/
trace = 0;
profile= O;
sveraEe : O;
)

else{
printf(" Respond wlth y, Y for 'Fes'; ");
printf("or with n0 N for 'no' next time.\n");
/_ Reset €ontrolparameters._/
%race = O;
profile= 0;
avera%e = O;
)

)
)

/* Scan %he flle for wall distanceentries.*/
fseek(storefile,sizeofheader,O);/= Rewindand move to

beEinnlngof first data set. s/
flaE : 1;
nrad : O;
i : 1;
while(flag !: 0){

flaE : fraad(&dist[i],sIzeof(double),1,s_orefAle);
if(flaE)

{nrad : nrad + 1;
if(diaznosis)printf("Readset _ %d\n",nrad);
rptr[i] : ftell(storefAle)

- (lonE)sizeof(double);
fseek(storefile,sizeofset

- (lonE)sizeof(double),1);}
else

{if(dia6_nosis)printf("flaE: 0\n");)
i=l.l;
)
if(diaEnosis)printf("I of radial data sets = _d\n",nrad);

If(! fast)(
/z Echo list of radial data sets. s/
printf(" There are _d.radial data sets:\n", D.rad);
printf(" (Negative distance indicates deactivated "');
prin_f("data set.\n");
prinlf("Number \%distance \%distance \%radius /\n");
printS(" \t(mm) \%(inches)\%tube ");
prlntf("radius\n");
for(i : I; A <: nrad; i.+) {

prlntf("%d %f %f %f\n",
i, dist[i]_1000.,dist[i_/0.0254,

1. - 2.*dist[i]/mdia:);
)

/: To remove data sets, substitutedls%ancefrom %he
wall byits negative value, a/
printf("\n Do you want %o (de)activate any data set? "');
printf("(yor n)\n");
acanf("%s",rasp);
tf(resp[O] :: 'y' :: resp[O] :: 'Y'){

printf("Enternumbersof sets 1o be "'); °_
printf("(de)actlvated.(Enter'sto ");
printf("termlnate.)\n");
while[scanf("%s",reap)){ _"

if(reap[0] :: 's') break;
i = atoi(resp);
dist[i] : - dist[i];
fseek(storefile,

siseofaet*(long)(i-1)+
sIzeofheader,0);

fwrl%e(&dlst[i],slseof(double),1,storefile);
)
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)
}

if(trace){
if(! fast){

/n _hbose a radial location at which the %re_es are to
be plotted. _/
printf("Enter number of the trace to be plotted.\n");
whAle(scanf("_d", &position) :: 0){

getchar();
prlntf(" Enter the integer _umber ");
printf("of the trace_\n");
)

)
/* Move to the data set of this radial location. 8/
fseek(storefAle,(2onE)(position-1)*siseofaet

* sAseofheader,O); /a Move 1o
beginning of desired data set. */

Af(dAaEnosis)printf("aiseofse% : Xd\n",siseofset);
Af(diagnosis)printf("aizeofheader : Xd\n",sizeofheader);

/* Read An the desired data set. */
fread(&distanoe,sizeof(double),l,storefAle);
fread(&accuracy,sizeof(double),l,storefile);
fread(&lastcy,sizeof(int),l,storeflle);
freadI&maxuerr,siseof(double),l,storefile);
fread(&iuerr,sizeof(int),l,storefile);
fread(&mxrmserr,sizeof(double),l,storefile);
freadI&ir_serr,sAzeof(int),l,storeflle);
fread(&umean[1],siseof(double),nread,storefile);
fread(&urms[_],siseof(double),nread,storefile);
fread(&vmean[1],sizeof[double),nread,storefile);
fread(&vrms[1],siseof(double),nreag,storefile);
fread(&upvp[1],siseof(double),nread,atorefile);
if(! old_file) {

freadI&T_dry,siseof(doub_e),l,storefile);
fread(&T_wet,ai_eof(double),l,atorefile);
fread(&p_atm,sizeof(double),],atorefile);
/* Read and print comment. */
fread(du:_y,slseof(char),NDU_',storefA1e);
printf("Com:ent: _s\n", dum:y);
)

/* Print out air state for this trace, z/
Af(_ old_file) {

printf("dry-bulb temperature : Xlf degr. C\n",
T_dry - 273.15);

printf("wet-bulb temperature : Klf de6r. C\n",
T_wet - 273.15);

printf("atmospherAcpressure : _if bar\n",
p_atm I l.e-05);

)

/z Print out air propertiesfor this trace. =/
If(! old_file_& (! fast))

for(inert : 1; inert;) {
printf("Do FOU want to list property values? ");
printf("(yer n)\n");
aoanf("_s", resp);
tf(resp[O] := 'y' :: resp[O] :: 'Y') {

printf("Enter humidity ratio, air content ");
printf("(ki/m'3) \n");
printf("from psychro_etric ohart ");
printf("ati atmosphere.\n");
scanf("_lfZlf", &hum_ratio, &air_oont);
rhod = dry_air_density(T_dry, p_atm);
rho : (p_atm / 1.013e+05) a air_oont

a (1. * hum_ratio);
printf("Air density (dry, humid) : _lE, _l_\n",

_hod, rho);
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printf("Air density decrease ");
printf("due to humidity = _l_%\n",

(I. - rho / rhod)• 100.);
printf("Rela%Ivehumidity= _l&_\n",

rh = 100. • hum_ratlo
s (p_atm- psat_water(T_dry))
/ 0.622 / psat_wa%er(T_dry));

prlntf("Airdynamicviscosity: _ig\n",
mu = alr_vlscoslty(T_dry));

prlntf("Airkinematicviscosity= _ls\n",
nu = mu / rho);

prin%f("Airthermalconductivity = ZlEkn",
cond = alr_cond(T_dr7));

prin%f("Airspecificheat at constant");
prlntf("pressure: _iE\n",cp = alr_cp(T_dry));
printf("Airthermaldlffuslvi%y= EiE\n",

alpha : cond / rho / Cp);
printf("AirPrandtlnumber = _ig\n",

Pr = nu / alpha);
printf("Entr¥ €orrect? ");
printf("(y or n)\n");
scanf("_s",rasp);
if(reap[0]== 'y' :: reap[0]=: 'Y') {

inert = O;
}

)
else if(reap[O] :: 'n' :: rasp[O] :: 'N') {

inert = O;
)

else {
prlntf("Respondwlth y, Y for 'yes';");
printf("orwith n, N for 'no';\n");
printf("orwlth s, S for 'stop'next %ime.\m");
)

)
/* Print.datain colum_ format to be plotted. _/
%racefile= fopen("trace","w');
for(i = 1; i <= nread;i..){

if(rms) (if(!radial)
{ uprt : urms[i];
if(diaEnosis)prlntf("process_ngurms\n");
}

else
{ uprt = vrms[t];
If(diaEnosls)printf("processlnEvrms\n");
}

)
else if[Rss)

{ uprt : upvp[i];
if(diai_nosla)prlntf("processlnEupvp\n");
)

else
{

_f(!radial)
{ uprt : umean[i];

if(diaEnosis)prin%f("processing umean\n");
}

else
{ uprt : vmean[i];
if(diaEnoaia)printf("processAng vmean\n");
)

fprlntf(tracefile,"_f _f\n",
(double)i z 360. / (double)nread, uprt);

)
_cloae(%racefile);
)

if(wri_e_all){
for(i : 1; i <: nrad; i..){
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/_ Read and process non-deactivated traces. _/
if(dist[iJ > 0.0){

_: _: i__!_ .
i '_::_ Hove 50 the data set of this radial

location. */
fseek(atorefile,(long)(t - l)_sizeofset

+ siseofheader,0); /_ Hove to
beginning of desired data set. s/

/* Read in the desired data set. _/
fread(&distance,sizeof(double),l,storefile);

_ fread(&accuracy,siseof(double),l,storefile);
fread(&]astcy,sizeof(int),l,storefile);
fread(&maxuerr,sizeof(double),l,storefile);
fread(&iuerr,sizeof(int),l,storefile);

'_ fread(&mxr_serr,sizeof(double),l,storefile);
fread(&irmserr, sizeof(int),l,storefile);
fresd(&umean[1],sizeof(double),nread,storefile);
fread(hurws[13,sizeof(double),nread,storefile);
fread(&vwean[1],sizeof(double),nread,storefile);
fread(&vrms[1],sizeof(double),nread,storeflle);
fread(&upvp[l_,siseof(double),nread,storefile);

/: Print data in column for=at to be plotted, s/
$trcpy(tfname,"traoe");
sprlntf(tfnu_ber,"Zd",i);
strcat(tfna_e,tfnumber);
tracefile : fopen(tfname,"w");
for(ianile : 1; ia:ile <: Dread; iangle++)(

if(tins) { if(!radial) uprt : urms[ia_lle];
else

uprt : vrms[iangle] ;
)

else i_(Rss) uprt : upvp[tangle];
else {

if(!radlal) uprt : u_ean[iangle];
else

uprt : vmean[tangle];
)

fprintf(tracefile, "_f _f\n",
(double) ian£1e : 360. / (double) Dread,
uprt);

)
fclose($racefile);
)

)

if(profile :: average :: write_all){
/_ Sort traces with increasing wall distance, s/
/s Write wall distances and data-set pointers into

DeW arrays, omitting deactivated data sets. */
for(t : 1, J : 1; I <: nrad; i++){

if(dist[i] > 0.0){
sor_dist[j] :dtst[i];
rptr[j] = rptr[i];
J:_.l;
)

)
nsort : J - 1;

/s Rearrange t_e arrays, s/
/_ (See section 8.1 of W. B. Press et el.: Numerical

Recipes, Cambrid_e (UK) UDiversity Press 19S6.) _/
for(J : 2; j <: nsort; _.+){

d : aortdist[J];
p : rptr[J];
for(i : J - _; i >: I; --t){

If(sortdlst_i] > d){
sortdist[i+l]

: sortdist[t];
rptr[i.l] : rptr[i_;
)
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else £oto sortmar_;
}

i =0;
=ortmark: sortdist[i+_] = d;

rptr[i+l] = p;
)

if(dia&-nosis){
printf("Sorting results:\n");
printf("= \tdistance \tsorted \n");
for(i = O; i <= nrad; i++)

printf("_d\t%f \tXf \n", i, dlst[i],
sortdlst[i]); _;

)
)

if(profile){ _,
if(] fast){

/= Choosephase angle at which the profileis to
be plotted.=/
printf("Enter%he phase angle.\n");
while(scanf("Xlf",&time) == 0){

letchar();
printf("Enter the Inteler"');
printf("phaseangle!\n");
)

)

/z Calculatethe offsetfrom the beginninEof the data
set to the entry correspondingto the tlmeof

interestin the storagefile. =/
/= If it is for u =/
if(_rsdial&A !Rss)offset = (long)(3z sizeof(int))

* (lonE)(4= slzeof(double))
. (lonf)(rms= nread = aiseof(double))
. (lonE)((time= (double)nread/ 360. - I.)

" 8i=eof(double));
/= If it is for v =/
else if(radial)offset= (long)(3* aiseof(int))

* (long)(4z sizeof(double))
+ (long)(2• nread z sizeof(double))
. (iong)(rms= nread • aizeof(double))
. (Iong)((tlme= (double)nread/ 360. - i.)

a slmeof(double));
/= If it is for upvlp_/
else if(Rss)offset : (long)(3= slseof_int))

+ (long)(4= siseof(double))
+ (long)(4• nresd = sizeof(double))
(long)((timei (double)nread/ 360. - I.)

8 slseof(double));

if[diaEnosis){
printf("offsetof entry : Xld", offset);
printf("nread= Xd", nread);
printf("%Ime= _f", time);
printf("rms= _d", rms);
printf("Rss= _d",Rss);
printf("radial= Xd",radial);

/_ Read entriesfrom data storagefile and write to
plot file. =/

proffile= fopen("proffile","w");
fprintf(proffile,"Zf tE\n", 0.0, umprf[0]= 0.0);
for(i : 1; i <: nsort; i++){

/= Move _o the entries ¢orrespondlnE
to thls phase a=gle, z/

fseek(storefile,(rptr[i]+ offset),0);/= Move to the
desired entry. _/

/= Read in the desired entry. =/
fread(&umPrf[l],sizeof(double),l,storefile);
if(diaEnosis)(

faeek(storefile,(rptr[i], offset),0);



fread(&d,sizeof(double),l,storefile);
printf("radius :_f\n", d);
)

/s Print data in column format to be plotted, s/
fprintf(proffile, "Xf Zg\n",

sortdist[i]/mdiam,
_prf[i]);

)
fcZose(Proffile);
)

if(write_all){
for(ianEle= 1; lanEle <= nangle;lanEle++){

/s Choose phase angle at which the profile iS 1o
be plotted (every 30 deErees), a/
time : (360. / (double)nangle) a (double)£angle;

/z Calculatethe offsetfrom %he beginningof %he data
ae_ to the entry correspondinEto the tlme of
interestin the etoraEefile. _/

/_ If it is for u _/
if(_radial&A !Rss)offset: (long)(3z siseof(Int))

+ (lonE)(4* siseof(double))
(long)(rms• nread = slzeof(double))

+ (lonE)((tlmeI (double)nread/ 360, - I.)
a aizeof(double));

/= If it is for v _/
else If(radial)

offset = (Ions)(3• sizeof(int))
+ (Ions)(4• sizeofldouble))
. (lonE)(2• nread z sizeof(double))
(long)(rms* nread • slzeof(double))
(long)((time• (doublelnread/ 360. - I.)

a slseof(double));
/_ If it is for upvp _/
else if(Rss)

offset : (long)(3• slzeof(Int))
• (long)(4• sizeof(double))
4 (long)(4• nread • sizeof(double))
+ (long)((tlmez (double)nread/ 360. - I.)

siseof(double));

/_ Read entries from data storage file and write to
plot file. */

strcpy(pfname,"profile");
sprintf(pfnumber,"Ed", (int)time);
strcat(pfname,pfnumber);
proffile= fopen(pfname,"w");
fprintf(proffile,"_f Ef\n", 0.0, umprf[0]: 0.0);
for(i : 1; i <: nsort; i++){

/* Move tO the entries corresponding
to %his phase angle, s/

fseek(storefile,(rptr[i]. offset),0);/_ Move
to the desiredentry, s/

if(diasnosis){
fread(&d,si:eof(double),l,storefile);
printf("radius : _f\n", d);

• )

/* Read An the desired entry, s/

fread(&umprf[i],slzeof(double),l,storefile);

/t Print data in oolum_ format to be plotted, s/
fprintf(proffile, "Zf Xg\n",

eortdist[i]/mdiam,
umprf[i]);

)
fcloae(proffile);
)

]
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if(average){
/* Open file for results of computation of the
cross-sectional average mean velocity, z/
avefile = fopen("avefile","w");
if(avefile == NULL) printf("aveflle was not opened.");
idealfile = fopen("idealfile","w");
if(idealfile=: NULL) printf("idealfilewas not opened.");

/* Calculatecross-sectlonalarea for averaging._/
/I The integralexcludesareasbeyondthe centerline,a/
aint = mdiam • mdiam / 8.;

/I Vary time. _/
for(itlme : I; itime <: nread; Itlme++){

if(diagnosis)printf("itime=_d\n",itime);

/I Calculatethe offsetfrom the beginningof the data
set to the entry correspondingto the time of

interestin the storagefile. I/

/_ If it is for u s/
if(_radial)offset = (long)(3s sizeof(int))

. (long)(4• sizeof(double))
(Iong)(rmsn nread s slzeof(double))

. (long)((time• (double)nread/ 360. - I.)
I slzeof(double));

/z otherwiseit is for v s/
else

offset: (long)($• siseofCint))
+ (long)(4m sizeof(double))
+ (long)(2• nread z slzeof(double))
+ (long)(rms* nread s slseof[double))
. (long)((tlmez (double)nread/ 360. - 2.)

a sizeof[double));

/J Read the mean-velocltyprofile.*/
umprf[0]= 0.0; /J Set _ean-velocityat the wall

to _ero, t/
forCi : I; i <: nsort :: sortdist[i]<: 0.Samdlam;i+.){

/I Move to the entriescorresponding
%0 this phase angle._/

fseeklstorefile,(rptr[i]+ offset),O);

/a Read in the desiredentry.I/
fread(&umprf[i],siseof(double),l,storefile);
if(dlaEnosls){

prlntf("veloclty=_f\n",umprf[i]);

/_ Integrateprofilest this time. m/
/a'(Resdthe OscillatingFlow ExperimentLog
entry of 3/15/88for detailson the integration.)s/
-mint = 0.0; /z Set integralto sero. s/
/z The integralexcludesareas beyondthe

oenter-llne,s/
for(i = 1; i <= nsort; l++){

riml : 0.5 8 md!a: - sortdist[i-l];
ri : 0.5 s mdiam - sortdist[i];
if(ri :: rlml) {

continue;
)

else if(sortdlst[i]<= 0.'S8 mdla:) {
/_ Integrationbetweenthe far

wall and the center-llne.J/
umlnt : umint + ((umprf[i-l]-

umprf[i])/ (rlml - ri)
(riml_rlmllriml/3.

- rlzrimllrlml/2.
4 ri_rilri/6.)

+ umprf[i]
0.5 • (rlmlzrlm_ - risri));
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)
else if(rim1 > 0.0 a& ri < 0.0) {

.i_: .i_ _ /* lntegratto_ to the center-line. 8/
/* ucl = interpolated

centerllne veloclty _/
ucl = (umprf[i]- umprf[i-l])/

(sortdis_[i]- sortdist[i-l])
(0.5=mdiam- sortdist[i-l])

4 umprf[i];
umlnt = umint

+ ((umprf[i-l] - ucl) / rlml
8 (rlm1*rlml*riml/3.)

+ ucl • 0.5 s riml*riml);
break;

else {
/z Exclude integration from

center-line to %he near wall. 8/
continue;
)

)
if(dia_osis){

pri_tf("itime : _d, umlnt : _f\n",
itime, umint);

)

/= Calculate and store the mean-velocity
averaged over the cross-section. 8/

fprintf(avefile, "Xf\t_g\n", (angle €

360.* (double)itime/ (double)nread),
umint/alnt);

if(diagnosis)print_("Writlngto •vefile€omplete.\n")
fprlntf(idealfile,"_f\t_g\n",

angle,
pi = freq z mstroke *
mbore,mbore / (mdiam*mdiam)
• fabs(sin(pi*angle/180.)));

if(diagnosis)printf("Writingto files oomplete.\n");
)

fclose(avefile);
fclose(idealfile);
If(diaEnosls)prlntf("Filesclosed.\n");
)

if(fast)not_done: O;
)

/_ Wake up the operatorwith • bell. 8/
for(i : O; i < I0; i++) prlntf("Eo", '\007');

the_e_d:;
/8 End of the processingprogra_ "processx.c"8/
)
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VELREDTURB

/* ve]_redturb
Converts (u,?) data profiles for %urbulen%-llkeportions of the cycle
into (u+,y*) by iterating on the wall shear stress and y-offset.
Results are stored in "'upyp"
The data is compared to curves whlch model the pressure-gradienteffect.
Results are stored in "upyppress
G. Friedman, 10/90 x/

main()
(
_include <stdio.h>
_include <string.h>
_include <math.h>

_define N 200
_define N2 10
_define YPMAX 49
_define TUBE_D 1.5
_define TUEE_R 0.75
_define M 28.96
=define R 8315
=define CONV 0.0254
=define STRLNG 30
_define STRLNG2 100
#define Fl 3.14159265
#define LIMIT _5

FILE ,profile,*da%afile,*presfile;
in% a,b,i,j,k.l,m,inerr;
double um[N],y[N],yorig[N],u%au,uplus[N],yplus[N],ubm;
double yovd,u,yoffse%,dud%,pplus,angle.%mp,lnum,aplu_,factor;
double %_dry,p_s%m,rho,nu,mu;
double h,hover2,s,x,sf,half,dupdyp();
char filename[],%he%a[4],resp[STRLNG],syst[STRLNG2];
char sys:2[ST£LNG2];

printf("This program converts (u,y) data profiles into (uplus,yplus)\n");
printf("by iterating on entered values of cf (%au wall) and yoffsetkn");
prlntf("'* Turbulent profiles ,*\n\n");
printf("Input%he crank position of the profile 1o be conver%ed\n");
scanf("_s",%heta);
printf("theta = %skn",theta);
prln%f('Inpu%%he crank position of %he profile %0 be conver%ed\n");
scanf("%if",&anEle);
prln%f("angle : %f\n",angle);
strcpY(filename,"/usr/geoff/proc/prof");
s%rcpy(&filename[20],t_eta);
profile : fopen(filename,"r");
if(profile == NULL)

{prlntf("Thisfile does not exlst.kn");
exit(); <

)
i = 1;

print_("Note %hat u_ is corrected by 1_0205 for %he temperature errorkn");

do_" • . ..scsnf(prof_le,"_If _lf , &yovd. &u);

um[i] = u • 1.0205; /_ u is in m/see *I
yorig[i] = CONV * yovd * TUBE_D; /" convert y/d %o meters */
printf("i : _d y = %If u = %If\n",i,Forlg[i],um[i]);
i++;

}
while (¥ovd < 0.5);
fclose(profile);
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printf("\nEn%er%_dry (degr.C) and p_atm (bar):\n");
scanf("%if_if", &%_dry, &p_atm);
pr!ntf("t_dry = %If degr. C p_atm = _If bar\n",t_dry,p_atm);
%_dry += 273.15;
p_a%m *= 1.e+05;
rho = p_atm * M / R / __dry,
printf("rho = %f\n",rho);
mu = 9.3277e-08 * %_dry - 1.2248e-05; /_ viscosity at I arm _/
mu *= (I.01325e.05/ p_atm);
printf("knmu = %e\n",mu);
nu _ mu / rho;
prin%f("nu = %e\n",nu);

? for(inerr = I; inert; ){
prin%f("\nInpu%%he necessary y offset (in inches):");
scanf("%if",&yoffse%);
printf("yoffse%= %f\n",yoffse%);
yoffset _= CONV
for(k = I; k <: i-I; k..){

Y[k] : yorig[k] - yoffse%;
/* prir,tf("k = _d y = %if u = %_fkn",k,y[k],um[k]);"/
if(y[k3 <= 0.0) y[k] = 0.0;

}

printf("Lnputu%au\n");
scanf("_if",&u%au);
printf("u%au = _ifkn",utau);

datafile = fopen("upyp","w");
for(J = 1; J <= I-I; j_.){

uplus[j] = um[j] / utau;
yplus[j] = y[j] • u_au / nu;

IfCyplus[j]> 0.0)
/* prin_f("j = %d yplus[j] = %f uplus[j] : _fkn",j,yplus[j],uplus[j]);"/

fprin%f(da%afile,"_f%fkn",yplus[j],uplus[j]);
)
fclose(datafile);

/_ uplus vs. yplus determinationfer effects of p-gradient ./
presfile : fopen("upyppress","w");
u_]us[1] : 1.0;
b : 1;
f_rin_f(presfile,"%d_fkn",b,u_lus[b]);
dud% : -8.725 * cos(angle • P_ / 180.),
pplus : (nu • dud%) / pow(utau,3.);
if(anEle _= _0.0)

factor : 30.175;
else

factor : 20.59;
aplus = 25.0 / ((factor * pplus) * 1.0);
if(aplus <: 0.0)

aplus = 1000;
prin%f("aplus : _fkn",aplus);

h = 0.1;
i hover2 : 0.05;

/* loop %0 determine uplus vs. yplus _/
for(m = l;m <= YPMAX;m++)'{

b=a+l;
s:O.O;
half : dupdyp((double)(a)• hover2,aplus);
for(l = _;i <: (N2-I);I._){

x : (double)a• (double)l'h;
S : s . dupdyp(x,aplus);
half = half • dupdyp(x . hover2,aplus);
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}
sf = (h/6.0)_(dupdyp((double)a,aplus) _ 4.0*half • 2.0_s

4 dupdyp((double)b,aplus) );
/* uplus determination */
uplus[b] = sf . up]us[a];
/, printf("yplus = _d up]us[%d] = _fkn",b,b,uplus[b]); "/
fprin_f(presfile,°'_d _f\n",b,uplus[b]);

}
fclose(presfile);

;rim%f("knScreen plot of velocities desired? y or n\n");
scanf["_s",resp);
_flresp[O] =:'y'){

s%rcpy{sys%,"graph -s -g _ -x i .I 100 ");
s%rca%(sys%,"-y 0 35 5 < upyp : plot"); "
sys%e_(syst);
s%rcpy(sys%2,"graph-s -g I -x I ._ I00 ");
atrcat(sYs%2,"-y 0 35 5 < upyppress : plot");
system(sys%2);
$canf("%s",resp);
system("erase");

}

printf("Paper plot of velocities desired? y or nkn");
scanf("%s",resp);
_f(resp[O] ::'y'){

s%rcpy(sys%,"graph -s -g I -x 1 I 1000 ");
s%rcat(syst,"-y 0 35 5 < upyp : plot -Thpib");
system(sys%);
s%rcpy(syst2,"graph -s -g 0 -x I I 3000 ');
s_rca_(sys%2,"-y 0 35 5 < upyppress : plot -Thpib");
sys_em(syst2);

}

printf("aplus = %f\n",aplus);
prin_f{"Inpu% %he bulk mean veloci%ykn");
scanf("%if",&ubm);

prin%f("ubm = %f\n",ubm);
printf('°utau = %ifkn",utau);
prin%f("cf : _f\n",pow((utau/ubm),2.) * 2.);

prin%f("\nCon%inue %he iteration on yoffse% and u%au?\n");
scanf("_s",resp);
if(reap[O] :: 'n') \herr : O;
]

prin%f("rho = _f\n",rho);
pr_n%f("utau = %fkn",u%au);
prin%f("u%au * _%au = _f\n",u%au * utau);
printf("%auwall= _f\n",u%au • u%au * rho);
prin%f("ubm = _f\n",ubm);
pr_n%f("cf = _f\n",pow((u%au/ubm),2.) • 2.);
printf("ap]us : _f\n",aplus);
printf("yoffset : _lfkn",yoffset);

/* end */
)
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DUPDYP

_include<math.h>

_def$ne KAPPA 0.41
_deflnesquare(x) (x)_ (x)

dou_ie dupdyp(yplus,aplus)
double yplus,aplus;
/_ This rune%iondeterminesduplus/dyplusfor %he givenyplus */

{
_ doubleslope,argl,arg2,arg3;

doubledamping;

damping= 1.0 - 1.0/exp(yplus/aplus);

/_ Van DriestmixinglengthmodelwithvariableA+ _/
argl: aquare(KAPPASyplus);
arg2 : square(damping);
arg3: sqrt(l.0. 4.0*arl_arg2);
slope: (-1.0_ arg3)/(2.0*arg1"arg2);

return(sloPe);
]
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VEL_REDLAM
/* vel_redlam

Converts (u,¥) data profiles in %he laminar-likeportions of the cycle
into (u+,y+)coordinates by iterating on %he wall shear stress and %he
y-offset. Results are stored in "upyp"
Also generates a (u.,y+) curve based on a pressure-gradientinfluenced
model for %he Couette flow region. Results are stored in "upyppress"
G. Friedman, 10/90 _/

main()
{
_include <stdlo.h>
sinclude <string.h> _i
_include <math.h>

•define N 200
•define TUBE_D 1.5
_define TUBE_R 0.75
Sdeflne M 28.96
•define R 8315
_define CONV 0.0254
_define STRLNG 30
mdefine STRLNG2 I00
_define PI 3.14159265
•define LIMIT 15

FILE *profile._datafi_e,,presfile;
int i,j,k l,inerr;
double um[N],y[_],yorig[N],utau,up]us[N],yplus[N],ubm;
double yovd,u,yoffset,du_t,const,angle,tmp,lnum;
double t_dry,p_azm,rho,nu,mu;
char filename[],theta[4],resp[STRLNG],syst[STELNG2];
char syst2[STRLNG2];

printf("This program converts (u,y) data profiles into (uplus,yplus)\n");
printf("by itera%inEon entered values of %au wall and y-offset\n");
prin%f("** Laminar profiles *,\n");
prinlf("Inpu% the crank position of the profile to be conver%edkn");
scanf("_s",%heta);
printf("theta = _s\n",%heta);
printf("Inpu%the crank angle of %he profile %0 be conver%ed\n");
scanf["%if",&angle),
printf("angle = _fkn",angle);
strcpy(filename,"/usr/geoff/proc/prof");
strcpy(&filename[20],theta);
profile = fopen(filename,"r");
if(profile == NULL)

(printf("Thisfile does not exi_t.kn");
.exit();
)

i = 1;
printf("u correctedby 1.0205\n");
do{
fscanf(profile,"_If_if", &yovd, &u);
um[i] : _.0205 * u; /* u is in m/sec _/
yorlg[i] : CONV • yovd • TUBE_D; /* convert y/d %0 meters "/ (
printf("i : %d y : %if u : %ifkn",i,yorig[i],um[i]);
i.+;

while (Ford < 0.5); /_ ignore pts. beyond ctrlne _/
fclose(profile);

printf("knEnter%_dry (deEr.C) and p_stm (bar):\n");
scanf("_ifklf",&%_dry, &p_atm);
printf("%_dr7 : _if degr.C p_stm : _If bar\n",t_dry,p_stm);
t_dry _: 273.15;
p_atm _: I.e+05;
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rho = p_atm • M / R / t_dry;
printf("rho : _f\n",rho);
mu : 9.3277e-08 • \_dry - 1.2248e-05; /_ viscosity a% I arm t/
mu == (I.01325e.05 / p.atm);
prin%f("knmu = _e\n",mu);
nu = mu / rho;
printf("nu = _e\n",nu);

for(inerr = I; inert; ){
prin%f("\nlnput the necessary y offset (in inches):");
scanf("_if",&yoffset);
yoffse% == CONV;
for(k = I; k <: i-l; k._){

prin%f("k = _d y = _lf u : _If\n",k,Y[k],u_,[k]);"/
if(y[\]<= 0,0)yEk]= 0.0;

)

_r!n%f("]npu% utauhn");
scan_("_l_',&u%au);
prinlf('utsu = %If\n",utau);

da%afi]e : fopen("upyp","w");
_or(j : I; j <: i-1; j_.){

u_]u_[j] : um[j] / u%au;
yp_us[j] : y[j] # utau / nu;
/_ prin%_("yplus = %lf uplus = %lf um = %ifkn",yplus[j],up1us[j].um[J]);

if(y_]us[j] > 0,0)
_prinrf(da_afile,"%f%fkn",yplus[J],uplus[j]);

}
fclose(datafile);

_resfile = fopen("upyppress","w");
dud% = 5.725 # cos(angle _ P_ / 180.);
cons% = (nu * dud%) / (2 • pow(u%au,3.));

i : O;

l._;
u_ius[l] : I - const • pow(1.0*l,2.);

inum = I;
/, _rin%f("knyplus : _f u_us : _f",inum,u_lus[l]); */

fprintf(presfile,"_f_fkn",Inum,uplus[l]);
}
fclose(presfile)_

printf("kn_udt = %fkn",du_%);
printf("const : _fkn",const);

printf("\_Screen p_ot of _eloclties desired? 7 or nkn");
scanf("_s",resp);
If(resp[O] ::'y'){

strcpy(syst,"graph-s -g I -x _ .I 100 ");
' strcat(sYSt,"-¥ 0 35 5 < upyp ] plot");

system(.syst);
stycpy(syst2,"graph-s -g _ -x I .I 100 ");

_ stYcat(sYst2,"-Y0 35 5 < upyppress : plot");
system(syst2);
scanf("%s",resp);
system("erase");

prin%f("_aper p_ct Of ve]ocltles 4esired? y or n\n");
scanf("ks",resp);
if(resp[O] ::'Y'){

strcpy(sys%,"graph-s -g I -a I .I _00 ");
s%rca%(s)'st,"-y0 35 5 < upyp : _o_ -Thpib");
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system(sys%);
strcpy(sys_2,"graph -s -l 0 -x ] .] I00 ");
s_rca%Isys_2,"-y 0 35 5 < upyppress I plot -Thpib");
system(syst2);

]

printf("1_pu_ the bulk mean velocity\n");
$canf("_if':,&ubm);
printf("ubm = _f\n",ubm);
printf("u_au = _If\n",utau);
printf("cf : _fkn:',pow((utau/ubm),2.) • 2.);

printf("knContinue the iteration on yoffse% and utau?kn"); i
scanf("_s",resp);
if(resp[O] :: 'n') inerr : O;

printf("rho = _f\n",rho);
prlntf("u_au = _f\n",utau);
printf("u_au • utau = Xf\n",utau • utau);
pr_ntf("_auwall: _fkn",utau* utau_ rho);
prin_f("ubm': _f\n",ubm);
printf("cf : _f\n",pow{(utau/ubm),2.)• 2.);
}

174



_J

I



, FormApproved
REPORT DOCUMENTATION PAGE bMBNo.0704-0188

Public reportingburdenfor this collectionof informationis estimatedto average 1 hourper response, includingthe time for reviewinginstructions,searchingexistingdata sources,
gatheringand maintainingthe data needed, and completingand reviewingthe collectionof information. Send comments regardingthis burden estimateor any other aspect of this
collectionof information,includingsuggestionsfor reducingthis burden, to Washington HeadquartersServices, Directorate for informationOperations and Reports, 1215 Jefferson
Davis Highway,Suite 1204, Arlington,VA 22202-4302, and to the Office of Management and Budget, Paperwork ReductionProject (0704-0188), Washington.DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

March 1992 Final Contractor Report
4. ll,-E AND SUBTITLE 5. FUNDING NUMBERS

Fluid Mechanics Experiments in Oscillatory Flow
VolumeII-Tabulated Data

WU-590-13-11

6. AUTHOR(S) G-NAG3-598

J. Seume, G. Friedman, and T.W. Simon

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

University of Minnesota

Dept. of Mechanical Engineering None
Minneapolis, Minnesota 55455

S. SPONSORINGIMONITORING AGENCY NAMES(S) AND ADDRESS(ES) 10. SPONSORINGIMONITORING
AGENCY REPORT NUMBER

National Aeronautics and Space Administration

Lewis Research Center NASA CR-189128
Cleveland, Ohio 44135-3191

11. SUPPLEMENTARY NOTES

Project Managers, Roy C. Tew and James E. Dudenhoefer, Power Technology Division, NASA Lewis Research Center,
(216) 433-8471

12a. DISTRIBUTIONIAVAILABILITY STATEMENT 112b. DISTRIBUTION CODE

JUnclassified - Unlimited

Subject Category 34

13. ABSTRACT (Maximum200 words)

Resultsof a fluid mechanics measurement program in oscillating flow within a circular duct are presented. The program began with
a survey of transition behavior over a range of oscillation frequency and magnitude and continued with a detailed study at a single
operating point. Such measurements were made in support of Stirling engine development. Values of three dimensionless param-
eters, Remax,Rew,and AR, embody the velocity amplitude, frequency of oscillation and mean fluid displacement of the cycle,
respectively. Measurements were first made over a range of these parameters which included operating points of all Stirling
engines. Next, a case was studied with values of these parameters that are representative of the heat exchanger tubes in the heater
section of NASA's Stirlingcycle Space Power Research Engine (SPRE). Measurements were taken of the axial and radial compo-
nents of ensemble-averaged velocity and rms-velocity fluctuation and the dominant Reynolds shear stress, at various radial
positionsfor each of four axial stations. In each run, transition from laminar to turbulent flow, and its reverse, were identified and
sufficient data was gathered to propose the transition mechanism. Models of laminar and turbulent boundary layers were used to
process the data into wall coordinates and to evaluate skin friction coefficients. Such data aids in validating computational models
and is useful in comparing oscillatory flow characteristics to those of fully-developed steady flow. Data were taken with a con-
toured entry to each end of the test section and with flush square inlets so that the effects of test section inlet geometry on transition
and turbulence are documented. The following is presented in two volumes. VolumeI contains the text of the report including
figures and supporting appendices. VolumeII contains data reduction program listings and tabulated data (including its graphical
presentation).

14. SUBJECT TERMS 15. NUMBER OF PAGES

Fluid mechanics; Oscillating flow; Stirling engines 184
16. PRICE CODE

A09
17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION [ 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT

OF REPORT OF THIS PAGE [ OF ABSTRACT
Unclassified Unclassified Unclassified

NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. Z39-18
298-102





* ' IllillNationalAeronauticsand
SpaceAdministration 3

Lewis Research Center ADDRESSCORRECTIONREQUES_STED
Cleveland, Ohio 44135

Official Business

Penalty for Private Use $300 Postage and Fees Pa_d
National AeronautLcs and

Space Ad m*nlst rall,._n
NASA 451

NASA
III


