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cosine fu net ion. fhe reason for this distortion, which is 

not obtained in experimental results g iven in literature, is 

because of the slightly exagerated peak that can be observed 

in the power spectra for the simulated pressure data ( f i gure 

6.3). 

In the second case the damping factor was increased to 

1.0 and f i gures 6. '7 through 6.10 show the results for this 

case. The power spectrum ( F igure 6.7) has a decreased peak 

amp 1 i tude due to the increased damping making the spectru m 

look more like what has been reported in the literature. 

The side lobes of the cross-correlation functions are 

reduced and the distortion of the contours below 600 Hz is 

much less. 

The third case that was considered was to remove the 

cosine term from the correlation function equation (equation 

6.1) and use a decaying exponential function alone to 

represent the cross-correlation functions. F igure 6 .11 

shows the power spectrum of the exponential function and 

F igure 6 .1 2 shows the surface plot for the cross

e or r· e 1 a t i on fun c t ions with increasin g s epa ration d i stance • 

The frequency-wavenumber spectrum is shown in a surface plot 

in 6 .1 3 and F igure 6.14 shows the contour plot of the 

frequency-wavenumber spectrum which is different than the 

previous contour plots ( F igures 6.6 and 6.10) because of the 
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absence of the cosine function. 

These results for the computer simulated data show that 

the data analysis and post processing procedures are 

functional and can be used to determine the frequency

wavenumber spectrum from a series of cross-correlation 

functions or cross-spectral density functions. 

6 . 2 Simulation of Turbulent Pressure Data 

Another si mu lat ion was done using simulated tu rbu lent 

pressure data to test the data analysis and post processin g 

procedures implemented on the HP 5451C Fourier Analyzer . 

The simulated data was obtained using bandpassed (200 to 

1500 Hz) Gaussian noise fed into two analyzer inputs. One 

input was shifted in time, relative to the other input, by 

one additional channel for each realiz ation relative to the 

previous realization to simulate the effects of the 

convection velocity. 

The results from this simulation are shown in ~·igures 

6 .1 5 through 6 .1 8 . The power spectrum of the bandpassed 

white noise used in these simulations is shown in f igure 

6.15 and F igure 6 .1 6 shows the cross-correlation functions 

for thirty-two simulated spatial separations. Both the 
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power spectrum and the cross - correlation functions were 

obtained usin g the built - in algo r ithms of the f ourier 

Analyzer . The frequency - wavenumber spectrum plots are shown 

in f igures 6 . 16 and 6.17 where again the slope of the root 

of the peaks in the con tour plot repr·esents the convect ion 

velocity and in f igure 6.16 the decay in amplitude of the 

spectrum with increasing frequency and wavenumber,which is 

typical of experimental data, can be observed . The spectrum 

also shows the broadband noise below 2 . 5 kHz which is 

constant across the wavenumber domain as would be expected 

from the use of white noise in the simulation . 

The convective ridge of the frequency - wavenumber 

spectrum can show some irregularities in the amplitude of 

the peak . The reason for this is an inadequate wavenumber 

resolution . This was improved to some extent in the results 

shown here by doublin g the number of data points pr ior to 

transforming to the wavenumber domain . The doubling of data 

points was obtained by adding an equal number of zeros to 

the spatial data . To further improve the wavenumber 

resolution , it may be necessary to increase the number of 

spatial inputs . 

These results , on simulated data , show that the data 

analysis and post processing pr ocedures can be implemented 

on the Fourier analyzer with very good results . The only 
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dis a dv ant age with the technique is that the current method 

to determine the frequency - wavenumber spectrum is 

inefficient and very time consuming. 
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Figure 6.3 Power spectral density function for case 1 of 
simulated cross-correlation data; r = 0.7. 

Time Delay (rnsec) 

Figure 6.4 Simulated cross-correlation data for case 1; 
f = 0.7. · 
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Figure 6.5 Surface plot of the frequency-wavenumber 
spectru!Tl for case 1; r = 0. 7. 

Figure 6.6 Contour plot of the frequency-wavenumber 
spectrum for case 1; f = 0.7. 
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Figure 6.7 Power spectral density function for case 2 of 
simulated cross-correlation data; r = 1.0. 

Time Delay (msec) 

Figure 6.8 Simulated cross-correlation data for case 2; 
f = 1.0. 
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Figure 6.9 Surface plot of the frequency-wavenumber 
spectru:n for case 2; r = 1.0. 

Figure 6.10 Contour .plot of the frequency-wavenumber 
spectrum for case 2; r = 1.0. 
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Figure 6.11 Power spectral density function for case 3 of 

simulated cross-correlation data; cosine term removed from 
equation 6.1. 

Time Delay (msec) 
Figure 6.12 Simulated cross-correlation data for case 3. 
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Figure 6.13 Surface plot of the frequency-wavenumber 
spectrum for case 3. 
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Figure 6.14 Contour plot of the frequency-wavenumber 
spectrum for case 3. 
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Figure 6.15 Power spectral density of bandpassed white 
noise (20 0-1500 Hz bandwidth). 
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Figure 6.16 Cross-correlation results obtained by the 

HP 5451C Fourier Analyzer on the simulated input pressure 
data. 
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Figure 6.17 Surface plot of the frequency-wavenumber 

spectrum for the bandpassed white noise simulation. 

Frequency (Hz) 

Figure 6.18 Contour plot of the frequency-wavenumber 

spectrum for the simulated input pressure data. 
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VII. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

The results from the experiments conducted in this 

study indicate that, while recessed transducer installation 

may be appropriate for experiments conducted in air, when 

water is the fluid medium in turbulent flows, a recessed 

installation of the 

measurement of the 

measuring pressure transducers makes 

spectral properties difficult if not 

impossible. Any further studies of the turbulent pressure 

f 1 u ctu ati ons in pipe flows with water as the fluid med i urn 

must utilize a series of flush mounted transducers set at 

the required separation distance and using the smallest 

transducer size possible to reduce transducer size errors. 

This will also minimize handling of the transducers and thus 

reduce the possibility of transducer failures. 

The results from the experiments also indicate that 

there is a substantial acoustical contribution to the 

turbulent pressure signals measured at the current test 

section location. While part of the acoustical pressure in 

the test section can be attributed to pump generated 

acoustic noise, the presence of bends, elbows and expansion 

and contraction joints both upstream and downstream from the 
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test section are significantly increasing the acoustical 

fluctuating pressures in the pipe flow facility. Measures 

should be considered to reduce the flow disturbances in the 

pipe flow sy stern. Some suggestions are to move the test 

section to the long straight pipe run which is presently the 

discharge line and reverse the flow direction in the system. 

This would eliminate the two forty - five degree bends 

upstream of the test section . In addition, different 

expansion and contraction joints should be investigated to 

provide better flow to and from the test section . The 

installation of a nylon - reinforced rubber hose between the 

pump and the working section may also provide some 

attenuation of the unwanted pump noise. 

The current pipe flow facility provides only a 

measurement of the centerline pipe flow velocity . Because 

the displacement thickness is an important normalizin g 

parameter in turbulent pressure measurements, consideration 

should be given to installing a turbulent velocity profile 

measurement system . This could consist of a plexiglass test 

section usin g the laser veloc imeter to measure the velocity 

profile across the pipe test section . 

The computer simulations of the pressure data 

demonstrated that the data analysis and post processin g 

procedures developed to analyze the turbulent pressure 
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fluctuations will provide a very good means to determine the 

frequency-wavenumber spectrum and represent this data in a 

very clear graphical form which will enhance its 

interpretation and understanding. The improvements, if any, 

required with regards to the processing procedures, are to 

improve the computation a 1 efficiency so that the frequency 

wavenumber spectra can be obtained in shorter times. 

The above suggestions, if implemented, should result in 

a pipe flow system which can be utilized in the 

understanding of pipe flow noise and the effects of pipe 

fittings on the noise radiated from pipe structures. 



APPENDIX I 

Cross-Correlation Simulation Program 

10 OPTION BASE 0 
20 DIM Rxy<0:255,0:511 l,Mxy(1:128,1:256l,T2<512l,R<256>,S<256l,Rs<1:32,1:512 
30 INTEGER I,J 
40 
50 OISP "CALCULATING X-CORRELATIONS" 
60 
70 FOR I=0 TO 255 
80 FOR J=0 TO 511 
90 Rxy<I,Jl=0. 
100 NEXT J 
1 10 NEXT I 
120 FOR I=0 TO 127 
130 X1=.006•I 
140 T1EX1/1 19.66 
150 A=EXP<-T1/.00145l 
160 F0=400+EXP<-. 7+T1 >+200 
170 FOR J=0 TO 511 
180 T2<J>=.0000500•<J-25Sl 
190 Rl<.y<I ,Jl=A+EXP<-.7+F0•2•PI•ABS<<T2<Jl-T1 lll+COS<6.28+F0•<<T2<J>-T1 >>> 
200 NEXT J 
210 NEXT I 
220 FOR I=0 TO 127 STEP 4 
230 FOR J=0 TO 511 
240 Rs<<I+4l/4,J+1 l .. Rxy<I,J> 
250 NEXT J 
260 NEXT I 
270 CREATE BOAT "XCORR1" ,32,4096 
280 ASSIGN ~Path_1 TO "XCORR1" 
290 OUTPUT ~Path_1 ;Rs(+ l 
300 ASSIGN ~Path_! TO * 
310 
320 DISP "TRANSFORMING TO X-SPECTRA" 
330 
340 FOR 1~0 TO 127 
350 FOR J=0 TO 511 STEP 2 
360 R< < J+2 l/2 l=Rxy( I ,J) 
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370 S< < J+2 )/2 >""R xy< I ,J+ I > 
380 NEXT J 
390 CALL Fft< 256,9 ,I ,R< • > ,S< *)) 

400 FOR J .. 0 TO 511 STEP 2 
410 Rxy(1,J>=R <<J+2>12> 
4.20 Rxy< I ,J+l >=S< < J+2 )/2 > 
430 NEXT J 
440 NEXT I 
450 
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460 DISP "TRANSFORMING TO WAVENUMBER SPECTRA" 
470 
480 FOR J•0 TO 511 
490 FOR 1=0 TO 255 STEP 2 
500 R< < 1+2 >12 >=Rxy( I ,J > 
510 S<< 1+2>12>=Rxy(1+1,J> 
520 NEXT I 
530 CALL Fft<128,8,1,R <•>,S <•» 
540 FOR I=0 TO 255 STEP 2 
550 R:><:y( I ,J >=R < < I+2 >12 > 
560 Rxy( I+ I ,J >=S < < I+2 >12 > 
570 NE XT I 
580 NEXT J 
590 
600 OISP "CALCULATING MAGNITUDE. SPECTRUM" 
610 ! 
620 FOR I=0 TO 255 STEP 2 
630 FOR J=0 TO 51 1 STEP 2 
640 Mxy<<I+2l/2,<J+2>/2)c((Rxy <I,J>+Rxy<I,J+1 )) '' 2+ <Rxy(I+l,Jl+Rxy (I+l,J+1 
) • 2) •• 5 

650 NE XT J 
660 NE XT I 
670 
680 DISP "STORING SPECTRUM " 
690 
700 CREATE BOAT "MAG_SPl" ,128,2048 
710 ASSIGN ~Path_! TO "MAG_SP1" 
720 OUTPUT ~Path_l;Mxy<•> 

730 ASSIGN ~Path_! TO • 
740 
750 OISP "DONE" 
760 
770 END 
780 SUB Fft<N,Power,Flg,R_<•>,I_<•>> 
790 Baddta•<N<•0> OR <Flg01 >AND <Flg0-1 >OR <Power<•0> 
800 IF Baddta""0 THEN 850 
810 PRINT FNLinS(2);"ERROR IN SUBPROGRAM Fft." 
820 PRINT "N•";N,"Flg=";Flg,"Power=";Power;FNLin$(2) 
830 PAUSE 



840 GOTO 790 
850 IF Flg=-1 THEN Ifft 
860 Fft: K=0 
870 FOR J=1 TO N-1 
880 Jc2 
890 IF K<NI I THEN 930 
900 K=K-N / 1 
910 I=I+I 
920 GOTO 890 
930 K=K+N / I 
940 IF K<=J THEN 1010 
950 A=R_ < J + 1 > 
960 R_<J+1l•R_<K+1) 
970 R_<K+1 >=A 
980 A=I_<J+1> 
990 I_<J+I >=I <K+1) 
1000 I_< K+l >=A 
1010 NEXT J 
1020 6"'.5 
1030 P=l 
1040 FOR 1=1 TO Power-1 
1050 G.,G+G 
1060 C=1 
1070 E=0 
1080 Q=SQR << 1-P >I 2>•Flg 
1090 P=<1-2•<I=1 >>•SQR <<I+Pl/2) 
I 100 FOR R=l TO G 
1110 FOR J=R TON STEP G+G 
1120 K=J+G 
1130 A=C•R_<K l+E•I_ <K > 
1140 B=E•R_<K>-C•I_<K> 
1150 R_<Kl=R_<J>-A 
1160 I_ < K >=I_< J >+B 
1170 R_<J>=R_<Jl+A 
1180 I_<J>=I_<J>-8 
1190 NEXT J 
1200 A=E•P+C•Q 
1210 C=C•P-E•Q 
I 220 E=A 
1230 NEXT R 
1240 
1250 
1260 
1270 
1280 
1290 

NEXT I 
IF Flg=-1 THEN 

Ifft: A=PI/N 
P-=COS< A> 
Q•Flg•SIN<A> 
A•R_< I) 

I 300 R_ < I >=A+ I_< 1 > 
1310 I_< 1 )a A- I_< I > 

SUBEXIT 
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1320 IF Flg=-1 THEN 1350 
1330 R_< 1 l=R_< 1 l / 2 
1340 I_< 1 l=I_< 1 l / 2 
1350 C=Flg 
1360 E=0 
1370 FOR J=2 TO N/ 2 
1380 A=E•P+C•Q 
1390 C=C•P-E•Q 
1400 E=A 
1410 1\=N-J+Z 
1420 A=R_<Jl+R_<Kl 
1430 B=< I_< J l+I_< K l l•C-< R_< J l-R_< 1\ l l•E 
1440 U=I_<J l-I_<Kl 
1450 V=<I_<Jl+I_<Kll•E+<R_<Jl-R_<Kll•C 
1460 R_<Jl=<A+B l/ 2 
1470 J_(J)=(U-Vl / 2 
1480 R_<K>•<A-Bl/2 
1490 I_<Kl=-(U+V l/2 
1500 NEXT J 
1510 I_(N / 2+1 l=-I_<N / 2+1 l 
1520 IF Flg=-1 THEN Fft 
1530 FOR J=1 TO N 
1540 R_<Jl=R_ <J l / N 
1550 I_ <Jl=I_<J l/N 
1560 NE XT J 
1570 SUBENO I 
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