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SAWARY

Hot-wire anemometer measurements {single wire and X array) were made
4n the mixing region produced by two paralle) streams of air moving at
different velocities. Correlation function, power spectrum function and
amplitude prebability density function profiles were obtained across the
mixing region using digital amalysis.

The system developed for digital analysis of turbulence consisted of
recording the analogue signais on magnetic tape, followed by digTtising to
produce a digital record an another magnetic tape for processing on an
IBM 360/50 computer.

The computer progvams can handle a single time series, two time
series {to calculate cross correlations and cross spectra) and separate the
two signals from an X array probe into the u and v vejocity components.
These time series were then snalysed, using Fast Fourier Transform, to give
correlation function, power spectrum function and Reynolds shear stress
estimates.

Using a digital program developed by Dreyer (1973) an intermittency
sighal associated with a turbulence signal was obtained. The lurbulence
signal was separated {using a rough prosedure} into signals for the
turbulent and non-turbulent zones. Estimates of the correlation fumctions
and power spectra in the two zones were then obtainad which showed expected
trends. This experiment further 1}iustrates the versa? 'lity of the digital
approach to turbulence analysis.

Finally a check on Ph114ps (1967} theory concerning the maintenance
of Reynolds shear stresses was made. The value of 0,23 obtained for the
constant A is in good agreement with that of 0,2 obtained by Wygnanski
and Fledler {1970). -
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ANALYSIS OF TURBULENCE USING A DIGITAL COMPUTER

CHAPTER T
INTRODUCTION

Arvangement of the Dissertation
In this introductory chipter the aim and scope of the project are

described with reference to certain The second chaptey
gives an intraduction to digital Fourier analysts while chapter three

the pavam s used to characterise turbulent flow. Chapter
four describes the digital analysis system produced, while chapter five
describes the experimental apparatus and procedure adopted, 1In chapter
six the experimental resuits are presented, chapter Seven indicates the
various errors involved in the analysis and chapler eight presents
the conclus,ons,
Ihe Aim and Scope of the Project

Turbulence is a random process and {ts analysis I5 Timited to a
knowledge of relationships between statistical measures, such as
averages of variables, products of variables, correlatians anc joint
probabilities, The structure of turbulent flow is described by
¥ollo~Christensen (1971} in the following manner,

Turbulence Is generated in intermittent pursts waich are associa:ad
with distortion of the velocity profiles, The bursis contain
velocity fluctuations of a range of scales and the intermittency (time
fraction of no production) increases with Reynolds number.

It is therefore possible to have a situation where averages might
hide rather than reveal information about the tyrbu'lence process.
Intermittent events tend to be hidden in time averages unless properties
occurring only in the intermittert event are measured.
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Kibens (1968) discussed and showed the importance of separating an
intewittent turbulent signal intoe two zones, turbulent and non-turbulent.
The results for the two dimensional mixing region of Wygnanski and Fiedler
{1970) show differences in the vms values of the vefority fluctuations
and shear stress values in the turbulent bursts and the non-turbulent
Mollo-Christensen (1971) showed that the
by that g 1n the turbuleat

region between bursts.

Froduction of is
bursts, Qbviously it is essential to analyse the turbulent and non-
turbuient regions separately when studying turbulence situations where
the intermittency is significant. In digital analysis an intermittency
signal usually consists of a series of ones or zeros, depending on whether
the signal is turbulent or not at a particular point.

Internitiency sfgnals and zone averages z 2 generally obtained using
2 mumber of hot-wire probes and very sophisticated analogue circuits

{Kibens (1958}, Wygnanski and Fiedler {1969)). Measurements of zone

correlation functions and zone power spectra are extremely difficult to obtainf-

using analogue methods.  Complex analogue systems such as those used
by the authors referenced above are too sxpensive to construct or maintain
in small University Departments.

Digital computer facilities are readily available and most students
obtain training in computer programming.  An nvestigation into the
ut{lization of digital computers for the analysis of turbulence data is
therefore of interest. This investigation is not into on~line digital
analysis but describes the tape recording of relevant data, digitising

1t and then using digital methods of analysis.

§
;

i
)

%

i
S
P

P




o Sy e et b 3

ol s

There are of course varfous other considerations. In favour of

anidlogue methods one can say that:

f)  Computer time may be expensive.
#4)  Larye quantitfes of data are required to ohitain statistically
stable answers, This {ntreduces problems of data handling

as well as increasing the cost of analysis.

114} Analogue methods give the answer fmmediately.

However these advantages quickly disappear if a number of anzlogue
instrumnts are used in series and the impedances are difficuit to |
mateh,  The maintenance of wany different instruments soon requires tite
help of an electronics expert. In certain situations digital analysis
can be an attractive propusition:

{}  Hith the introduction of the Fast Fourler transtorm atgorithm

-hy fovlpy and Tukey (1965) arcurate sstimates of the perivdogram

and velogity correlations can be chtatned fn4malt computation

times,  The algorithm reduces the mmber of multiplications ina

Fourier fram the W oto N og R

where N 1s the size of the sawple heing frsusforwed. Oue to b

the decrease in meltiplicatinns there Is a decrease in round-off
error.  Usiny the Fast Fourfer transform it 1s quicker to

caleylate the autocorrelation going via the frequency domain than
406 conyolye n the time domain. The freguency resolution possible

ustng digftal analysis is somatimes better then that using anatogue

fiters.




When making comparative studies the samn set of data tan oe

@ 1) .

a R
PR ; ) o used for each study, This generally makes intarpreting the 2
gb . Tesyits much easier, .
RENRE R | 1i4) ihen the analysis procedure 45 to be changed the assurfated H .
* program is updated. This eliminates modifying electronic ;
P ‘ equipment and dealing with the assecisted problems.
B T i 4v} Intermittency decisions ‘are easter to make as the complate
o stgnal 15 available to be studfed. Overalt properties can
. - be used to make the decisions. Once these ieve been made
!‘ 4t 45 simple to separate the fluctuations into turbulent and non-turbulent
Xy /? " regions.  Conditional and point averages 25 desceibed by K
2 Kibens (1968) can then be calculated,
v o e v} When separating f-array probe signa.s into the velocity
' h fiuctuations, differences in the directional sensitivity and '
® ﬁ calibration curves of the two sensors can be accounted for,
o g A X The scope of the project invslved the folluwing steps. Firstiy,
R %” ’ » system to ape record, digitise and store the resulting deta in ¢ A
: Torm vompatibie to the JBM 360/50 commeter at the University of the
. kS Wititersrand was evolved.  Secondly,a suite of programs to compute '
i o o I ‘the various functions used in turbulence analysis was written, The
- ;) ) programs are simple to yse and nan be combined to form any desired '
LS. ” wneiysts voth., A general analysis progrem gti1ising the above programs
~ wis K150 written.  Thirdlywersurements were taken in the mining region
" T produced by two paralle] streams of air moving at @ifferant velacities.

The data was analysed using the prepured digital system and 1t comparud ! v

W o favourably with results obtaimed by Wygnanski and Fizdler (1870) ina

simitar ¥low siturtion.  Using properties of the correlation functions :

o : it was possible to abtain an fdea of the accuracy of the analysis and .__J
alsn the statistical stability of the averaged results.




Fimally, using programs developed by Dreyer {1973) which determine
with a

the ¥ signal signal, the

4igital analysis approach was used to cal culzte the correlation Functivns

and power Spectra in the turbulent and non-turbulent zones, These
particular guantities wouTd be very difficult to obtain using analogue
methods and serve to show the versatility of the digital approach to
‘the analysis of turbulence data.

Previous Vork Using the Digital Computer

Digital analysis procwdures have been used to good advantage in
a great variety of different situations.

The most comprehensive use of the digital computer for the analysis
of hot wire anemometer signals js the system described by Xaplzn and
Laufer {1969). Other workers, Frenkiel and Klebanoff {1971} and Van Nita

and Chen (1968) have used digital Fourier amalysis for measuring
correlation functions of turbulent gquantities. Similar systems have
aiso been used in the fields of acoustics and vibration analysis
(Singletuﬁ and Poulter (1967} and Villasenor (1968)). A theoretical
discussion on the application of the fast Fourier transform {s given by
Conley, Lewls and Welch {1970).
i)  Kaplan and Laufer {1969) used a digital computer tu amiyse the
1intermittently turbulent region of the boundary layar, They
used 10 hot=wire anemometers simultaneously and recorded the

signals on an Instrumentation tape recorder.  An amalogue to
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i)

digital converter connacted dirvectly to the digital computer
made fntermediate storage of the #igitised data unnecessary,
Programs were written to calowlate the ntermittancy Function
for each hot-wire signal and then produce condifional and point
averages. It was poseibTe to perform caleculations and Bigitise
data simuitanecusTy by using the compuser's interrupt system,
Care was taken not 'to Tet the calculetions overtake the
digitising and vice versa. In the above application the computer
was used to perform retatively simple valoulations om large
quantities of data,

Van Atta and Chen (1968, 1969) used the digital computer to Fourier
analyse turbulent velocity data ami then calsulate various time
gorrelations of the longitudinad and Jateral velocity
fluctuetions in grid penerated turbtience. The Fast Fourier
transform algorithm was used to obtain the Fourter series
coefficients of the velocity or velocity squared etc. These
were then combingd and *nverse Fourier transformet to give
the correlation function, DbviousTy one particular saries
can be used For verious di“farent order correlations and time

can be sgved by vareful designing of the analysis,

Frankiel and “lebanoff (1971) used digital computing methudls to
study the statistical behaviour of turtulent velocity derivatives
in & nearly isotropfc turbulent f4eTd downstrean of a grid.

The first and sacond derivatives of the velocity Fluctustions were
pbkained using analogue methods as nuserical differentiation is
not very aceurate, The data was digitisad at two ditferent

vates so that o raasonable vange tn “ime delays could be obtained.

ol




iv) A statistical reduction program,designed to reduce and analyse
Jrandom dita processes without vegard to record length,is
described by Keause et al (1970).  Statistical certainty is
constantly checked and updated until desired statistical
acevracies ave realised or the data source 1s extausted. This
discussion is mainly theoretical.

A

Further applications of and discussion on Fast Fourier analysis
can be found n the IEEE Transactions on Audio and Electro-
acoustics (1967 and 1969).
Previous Work on the Two Dimensional Mixing Region

A well-known self-preserv’- shear flow was chosen to compare the
rosults obtained. The Tvr .

:5ional incompressible mixing region
can be treated theoretically and has been studied by Liepman and Laufer (1947}
and vecently by Wygnanski and Fiedler (1970}, Townsend {1956} briefly
discusses the above turbulent flow and compares 1t to other well-keown
flow situations,

vygnanski and Fledler {1970}, using some vavy elaborate analogue
circuits performed & particularly comprehensive {nvestigation. They
took intermittency into account and measured conditional and point
averages. Third and fourth order products of the velecity Fluctuations,
spatial derfvati

of thess f and space-tinme correlations

were also made.
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CHAPTER 11
INTRODUCTION TO DIGITAL FOURIER ANALYSIS

Jrroduction

Chapters TI and III try to clarify the problems and assumptions
involvad in the digital analysis of hot-wire anemometer si'gna’lx. 1t
was thougnt approfriate to discuss Tirst the digital procedures and tnen
move on 1o the more specific calculation of the various properties used
to characterise turbulence flows.

A short theoretical discussion is presented to cover the proposed
anglysis. Various phifails encountered in digital Fourder analysis
are discussed and the method of caloulating correlations and spectra
is described.
Fourier Representation

Any function x(t), defined in the region D +7T can be vepresented

by the Fourler series
@ - "
M) = 2 i (a,fosHgm 4 b SRR
where

T
. 2 2ant
a, 7 }0 x{t) CosS— ot

no= 01,2 ...

T
= 2 2008 4
b= & Io x(2) st g
1F x(t) and % are piecewise continuous and x({t) s assumed
peripiic #n 1, with period T, then the series converges tc x(t} IF
+ 4s 2 point of continuity and 4t converges to
Jiv(e + 0) - £t - o))
4 t is  point of disconvinuity. A detailed analysis of the Fourier
serfes can be found in Papoulis (1562).

H
¢
i
{




a

I—
B

Assuming that the function x(t}

s now sampled at times ki
giving N discrete points.

whieve
T = N
t o= kh
" am
k=0123 .01
the above expression becomes
2 W2 2uk N21 ek
wlen) = g+ % CosSfe 5 b SRR {2-1}
(AR w1 M

For gase of manipulation the above can be represented as a complex
function

8-1
2sink
Xkh) « 3 —
2o b
vhare the time series must now be a complex series X{(kh). In practice

only real series are sbtained and hence the imaginary parts of X{kh}

will be zero,  For 2 real time series only /2 of the couplex
coafficients are unique, thus accounting for the different limits of n

in the two sunmations.

It s useful to see the ralationships between the coefficients in
the two notations,

N1
2nink
X(kn) = nfoA“rr
expanding the exponantial:

N-1
M)~ 5 a(costE) 4 4 sin (2anlyy
n




Now X and R are complex

-1
Therefore X(kk} = x (aF + ih’)(tos(z'“k) 5 15in zvnk) 1

Kkn) = E 2k i S TR
N

{AT
A (A, CosSg= - An511r~—

The sampiad time serles considered Is real and hence the Smeginary pari of
the right hand side is zero.

Therefore X'(kn) = e, (A" cghnk ,;ISi 21mk)

{z-2)
Comparing equations (2-1) and (2-2} we have
a, = R(A)
n = ~TAY)
NOTE: Aﬂ = Zan
Dbviously it is much more compict to use the cemplex notation,
and it will be used in this presentation.
Se now move on to two of the probliems that arise when desling with
digitised fats.
Riasing
The problem 5 most tmportant i errvors are to be
avdided, It 15 best 1lustrated by the Sampiling Theorem
wivith will pe explained below,
Obvinuslyvany froquency of a signal that has been digitised must have
at Yeast two points per gycle for that frequency to be pbserved. This
15 {1lustrated 4n the figure balow.
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THE
9. {2-1) Aliasing
The dotted signal cannet be jdentified at the sampling rate in the
Unﬂ;r:unate‘ly when one tratsforms into the frequency domein

transformation
{Fouriar transfnmatinn\ these higher frequencies reappear at a

Frequency in the range being considered,  Consider the continuous

function x{t) which can be Fourier transformed
"
Xty = f MR Tty

If this signal is now sampled giving & points, time h apart,
the times of sampling are
kh where k = 0, 1,2, .., N
Then

Xk = f" 3o 2D, (2-3)

vhere
F = f:." = sampling Trequency ‘

F, the sampling frequancy is twice the Nyquist frequemcy, This is the

highest frequency that san be distinguished at the particutar sampiing

Frequency .
Equation (2-3) cen be written as

o (mE
= 5[0 felkby,
e v

nE




) . ¢ . .

Since m goes from +» to -= the integral {on sumving} remains
from += to -=.
The exponential ez%lm is perfodic with period F. Since each

integration in the sumation is over a period F one can write

= (F
- 2uik 13
X(kn) = “FEJOA(" + e (0 + nF)y,

- F
- Zutin
NEJOA(n+mF)‘ Foo
where !Zz;gn N Zw;k {n + nof)

therefore

Fa
M) = { Cr gt eften

Let

P o=
AR = A tALE A Loet
Therefore

Xun) [:Azez 1k o4 (2-4)

Equatfon {2-4) 15 the versfon of (2-3) when one has a discrete time
series and not a continuous series. It is Tmportant to notice that the
{ntegration is now over a fixed freguency range 0 to F whereas
it was from += to -=. The Fourier coefficients in (2-4) are the
aliased Fourier coefficients since they contain the contribution due to
frequencies outside the range being considered.

To eliminate alfasing one must ensure that the signal ¥s band Vimited
su that the terms A(n#F)’ A(MZF) are zero.

z
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Assume that one has = signal containing frequencies of up to SZD HZ. [ N ’ o
The sigral s samplad 2t 2 rate of 512 HZ.  The ¥yquist Frequency at
‘this sampling wrate is 256 HZ.  When sne transforms into the freguency
domatn, whare will the effect of the 520 HZ Frequency be Found?

N .
W= g tlggpp b N
A g gy ¥ e I
Therefore the 520 HZ frequencies will conkribute to the B HZ frequency. a N
Altasing 15 @ result of not knowing the frequency content of the ‘

therefore

signal betng snalysed.  To vliminate aldasing one should band-1mTt s
the signal by snalogue Filtering before digitising. Dnce the signal )

‘has been digidised the aliasing errors are present. [ N B
GrapicsTiy, wldasing can be 11lustrated by the foliowing Figure ’

From United Srophysical Corporation {1965).

500 ,
g .
S
g
] B
&
- /
-4
&
3
i 250 300 750
dnput Frequency
5 PR Fig. (2-2) Frequency Folding
. - The folding octurs #t “he Nyquist frequency 250 HZ. A freguency
PN \
. of 520 HZ {input) 45 eyutvaient to B HZ (output) because of the foTding,
g
EOR
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Leakage

This problem results from the fact that we are dealing with 3
discrete sample and not an infinite one.  The Infinite sample has
been windowed by a window that is zero everywhere, except during the
discrete sample where it is 1. Let the Tenc.h of the sample be T.
1f one Fourier analyses a time series of length T, Fourier

coefficients at the discrete frequencies

u = a0
are obtained, where & is the mumber of points.

Consider tha Fourier analysis of a single sine wave, the freguency
of which is one of the calculated W, above. The only frequency
coefficient obtained will be that for the frequency w“.

If on the other hand the frequency of the Sine Wave is not one
of the Id“, Fourier coefficients for all the H" are obtained. This
effect is obtained when the sample length T 1is not a mitiple of the'
period of the fine wave being analysed. The Fourier coefficients peak

near (on the low freguency side) the frequency W and then fall off as

1
L
When the signal contains many frequencies and the frequency resolution is

not small enough, the accumylated Teakage from each frequency can distort

the power spectrum.

i
{




By wultiplying the infinite series by a window that graduaily
changes Trum @ to 1 instead of @ step change the leakage can be reducsd,
Witiplying by a Hanning window reduces the effect to

1w
#hen one uses a window to reduce leakage two other problems are

——iu——l—s {Maling, Morrey and Lang {1967)}
e

introduced.
i) the relative amplitudes of the frequency coeffictents ave
altered
i1) the statistical stability of the spectrum is reduced as the data has
been altered.
The choice of data window used §s a compromise between the Tsakage
reduction and the resulting loss in statistical stability.
Durrani and Nightingale {1972) give a discussion on the effects of data
windows and a1‘sa & conprehensive deseription of the effects of various
different windows. Windows ave discussed by Blackman and Tukey {1953},
In the frequency domain the Hanning window consists of mltiplying
the Fourjer coefficients {sine and cosine terms) by 2 moving average
with factors 174, 1/2 and 1/4.  For an analysis where the Fourier
coefficients are centred about N/2,

a = Jg(n] *2,)

= %'“rm *Ji"n +T‘)‘”n+1

ot pua tEy
Simitarly for the sine coefiiclents

B

=

3 1 1

byt TP TE b f T
1

bN = f(b"-‘ +* bﬂ)
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It is Important 1o note that the Fourier cosffirients must be Hanped
baFore they are rombined to give <he periodopram. Hanning the periodogram

has no noticeable =ffoct on reducling the Teakage.
It can be shown (Villassenor (1968)) that the time dimain

equivalent of the Haming window s the Function

il = 311 - oos 29 (k)

LA PR i

Ea
%

time interval between camples

It may save cowpuie: me to multiply in the time domain rather than
convelyve in the frequency domein.

Using a window changes the input serfes.  According to Bingham,
Godfrey et al {1957) a res.anable compromise (beiwzen changing the
data awd improving the resojution) for data stretching from € = 0
t0 t = T  would consict of two cosinz bells, each .extending for

1/10th of the signal. The zentre B/10th of the signel 1s Teft

The # repr ing the above in the time domain
would be:
RORRIFC0 TS - R PR
L) = xft) QT 2t <D,9T

M) = k(T - os 455 uET et

When using the above windows it is important to remove anmy Vimear trends

in the data, R varying mean dnes not atlow a smooth transition at the
#nds of the data.




2.5

To reduce leakage effacts as Jong 2 sample length as possible should
be used {as many cycles of the Towest frequency as possible). Sample
Tengths large comgured to the low frequencies in the signal are analysed
in this investigation and 5o the Teakage effects should be small.
Althoygh the option of using the Hanning window is available in the
programs 1t was seidom used,

At this stage it is possible to represent the turbulent velocity
sigral by a discrete Fourfer series, Sone problems encountered in
this rep have been d

The next problem is
to caleulate

i) The periodogran

i1} The autocorrelation

of a single series, and

i)  The cross spectrum

i)  The cross correlation

of two serfes.

The Wiener—Khintching Relationship
The above indicates the relationship between the Fourfer coefficients

of two vandom stationary processes and their cross correlatien, A brief
explanation will be given here, while & more complete derivation can be
found in Bendat and Pierso} (1956).

Assume we have two contimuous time series x{t) and w{t). Since
the series are real we can represent them by thelr complex conjugates,

Using complex Fourier representation
ey = | aaeitteg
™

A = L pe()e=12ettar

v

S




where che asterisk represents the complex conjugate.
The covariance is defined as ?

S = EIX(EE]

Hence From definitions above:

Rl = ] erammmryetnlenite gy

It can be shown, {Bendat and Piersol {1966)) thal for = stationary
random process the foliowing reTationship holds:

() = [ 5, matrgpe el Tty

where su,(f) {s the two-sided cross-spectral density function (two~sided
since the limits are from -» to +=). & is Dirac delta function.
Integrating with respect to g, the integral is Zero except when

g = f. Mhen g = §, WPt o o [N
Hence ! ’
. |
(= | s, (netefar (2-5) !
Rt * [ 5y 5
;

where < 5 the time delay.
From equation (2-5) we sse that ny(r) and S‘y(f) are Fourfer
pairs.  Me have the two

nn = [aneTar

and

Rylar = fsxy(f)eu"f"df.
.

From the expression
salglsdn] = 5 (AalE-q)
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vhen § = g
EAOBA] = 5,00 {2-5)

From equation (2-6] we see that by maltiplying the Fourfer Serfes
coefficients of a serieas hy the complex conjugate of the Fourisr
coefficiants of another serjeswe gdtthe cross<spectral density Function
of the two signals.

Using the cross-spectral density in equation {2-8) one is wble to
obtain the cross-corralation between the two Sighals. Obviously when
X = Y bnhe obtains the periodogram and the autocorrelation.

When using snalogue methods to measure the power spectral density
one anly measures positive frequencies.  In that case the physically
realisable one sided power-spectral density fumction ny(f) i5
obtained where E‘y(f) = zsxy(f)

frequency

Fig. {2-3) Physically Realisable One-sided Powetwspectral Density Function

The next section describes the method of analysis wsed for the analysis
of a single sample.

L




2.8
2.8.1

Yethod of Analysis
Single Series Analysis
Assuming that the signal is vandom and stationary, the following
procedure is followed:
i)  The analogue sfgnal is band limited so that aliasing errors-
are eliminated. This is done using analogue filters.
it

The signal is then digitised at a rate that will enable veliable

information concerning thé frequencies of interest to be abtained.

There 1s not much 1iterature on the subject but it seems that

sampiing at least five times the highest frequencies of interest

is adequate. OF course the sampling rate must also be high enough

to prevent aliasing. .

1i4) The series §s then Fast Fowrier transformed using a digital
computer to obtain the Fouriar coefficients A(f) (a{f) + ib{f}).

iv) The Fourder coefficients A(f) can be windowed to reduce leakage
effects.

v} An estimzte of the perfodogrem Sxx(f) is obtained as frllows

Sxx(f) = X(FIX*{f)

Sexlf) = (alf} + 1b{F)}(alf) - ()

slt) = ¥4 + 570 (21)

When the Fourder coefficients are Hanned before being combined to forn

the periodegeam, the periodogiam so formed is known as the medified
periodogram.  If the Fourier coefficients are not Hamned it {s called
a raw perfodogram.  From 2.6 we see that the periodugram is a real
function, Obviously the autocorrelstion will be an even function as from

2.6.1 1t has only cosine temns in its Fourfer series,




vi) The autocorrelation is obtajned by inverse Fourjer transforming

equation {2-7} according to equation {2-5)

WO EW R

The figure below

X{t)

3
a{f) + 1b{f}
a(#) + b{f)
a2y + B¥(R)

Rl L

[ jeally the abova p

time series

Fast Fourier transform
Fourier coefficients

Hanning window (optional)
moditied Fourjer coafficlents
corbining

modified or raw periodogram
inverse Fast fourier transform

autocorrelation

Fi9. 12-%) Single Saries Wethod of Analysis

Two Series Anaiysis

The cross ~vectrun and cross correlatien of two signals X(t) and

v{t) are obtain.d in exactly the same way as for the single +yries amalysis

except that the Fourier coefficients of the X and Y series must be

combined. Assuming the two signals to be random and stationary the

procedure is shown in the figure {2-5).

The cross-spectral density function 1s a complex function,
The veal part %2’ + % s callted the co-spectrum shile the

fmaginary part D" - a%6Y 45 called the quadrature-spectrun.

Since the cross-spectral density function has both sine and cosine

terms, the cross corralation is not nevessarily a symmetrical function.

i

|
]
i
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2.6.3

p1¢3] £ime series Y{t)
| Fast Fourder trassform
¥+ 3% Fourier coefficients & 4
Hanning {cptional)
Fag s modified Fourler &+
1 coefficients 4

T - tl
5 + BP) ¥ 1 08X - )

Tross-speciral density function
inverse Fast Fourder transform

Prelx)
Cross-correlation

Fig. [2-5) Tup Series Method of Apalysis

Zone Averages

The conventional hot-wire anemometer signal is tape-recorded and
digitised as described in 2.6.1. The signal s then processed to
determine which points are in the turbulent zone and which points are
in the non-turhulent zone. This was performed wsing digital programs
developed by Dreyer {1973},  Briefiy, a range of freguencies containing
the turtulent fiuctuations is chosen and a cut-off value for the amplitute
then determined experimentally.

Fron the intermittency programs one obtaing an inteymittency signal
consisting of 2 series of one’s and zero's, depeading on whether the
1 signal is in a turbulent zone or

point in the
The next step Is to form a signal containing
In this analyss

non-turbulent zone.
yelocity fluctyations only from the turialent zone.
17 the velocity values associated with the pne's were added one after
The magnitude of the errors introduced will be dependent on
This s discussed Turther

the other.
the length of the Individual turbulent bursts.

O S

W
2
Hzp
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in Section €.3.8.

Using the digital system available, the furbulent and non-tyrbulent
zones were anglysed according to 2.6.1. For comparison purposes, the
analysts was also performed on the signal From wiich the turbulent and
noni-turbulent zone signals were obtained,

Averaging over Samples

The qu{nt1ty of data obtafned in the digitising process is far oo
large to analyse in one pass through the digital computer. Generally
the data 1s divided into sections, the size being dependent on ‘the
computer available, and the resy)ts of the sections averaged to give
2 final answer.

In this analysis sectfons of 2088 data points were used and quartitres
such as the periodugram and autocorrelation calculated for sach section.
At the ent of the amelysis an average vaue is obiained.

“The averaging of the periodogram jn thismanner is discussed by
Welch (1967) who shows that ‘the statistical accuracy of the results {¥or
a stationary process) depends directly on the sample size and the mmber
of sawples analysed. An idea of the ar wracy in This aniysis was
ohtained by performing the following stusistical test:

i)  For each sample analysed the standard deviation is calrulated (xi).
11} After each sample has been analysed the accumulated mean standard
deviation is maloylated

»

¥=1lru
51(1>

where m -Mimnnbar of Sections (2048 points).

1i1) Assuming the signal to be a random stationary series the quantity
¥ should follow the student "t" distribution {a vesult of the
central Timit theoren).

e

s

|
i
1
P
i
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24,
iy} The variance of the standard deviation is calculated
varlt) = GAE (X -2
i=1
v) The standard deviation of the series of sample standard .
deviations 1s then calculated ) <0 N
0 = ¥ar(K) ol
vi) The following confidence inferval for the mean value of the sample L . -
standard deviation can be set up ; N
4 50 T
T B0 XX 5P :
where Lt SRR
S0 = standard deviation ; - »
t = students "t" coefficient }\
[
m = pumber of sections (2048 potats) I \
If the confidence interval is narrow enough the calculation can be 1
teminated. " B
i o
The theory and possible errors involved in analysing a™long section !
]
of data by dividing 1% into manageable sections is discussed §n detasl ) ° a
by Krause et al {1970). Two points should be considered. [ N R
An error {subdivision error) results when the signals being anaiysed 1 .
have a mean value and the statistic being calculated cannot be obtained ! s
directiy from the signals actuslly recorded. As an éxapmle consider . ,
the cross correlation of two sigials x(t) uvad y(t) with mean values 1 4
% and y. Ths cross correlation '\:y“) 15 defined as
3
. .
¢ o
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Rt = +[exter - Dte + 1 < Pt
0 - Pt
i —
o T In"(t)y(ti‘wf v ()
Vg . -
If the total fime T is divided into m sections of at and
the cross correlation for sach section calculated and then averaged.
L0 i -
Bale) = B e - |
N L
Ryle) = g J ot + e - L2, 29)
The subdivision error will then be (2-0) -~ {243)
- a5+lizg,
w4
¥or m = 1 ihe subdivision error is zevo as expected.
Angther grror can result in calculating autocorrelations and
cross correlations from data. The stati: accuracy of

coefficients with large time Jags (relative to the segment length) will
b¢ less than those of smaller lags if the calculatiss move fr only
one direction,

“To reduce the errr, extra data points must be added to the segment
when large time Yags are being calculated. A s=cond method s to
continue the segment perisdically. The Fast Fourier transform uses the

Tatter mathod.




Note: The series X{kh) is written as a complex function aithough in

36.

The appiicability of Taylors hypothesis is discussed by Lin (1953).
In this case
pylt) = flr)
giving
ooyl 1
and {3-10)
ke = lIJE
The importance of equation (3-10) is that Ve and UJp are
measured using one hot-wire anemometer, whil2 the measurement of
Ap end A vequires h. Assuming Taylors hypothesis Ap and kg
can be obtained using a single hot-wire anemometer.
The experimental apparatus required for measuring the dbove time
and Tength scales is \iescribed by Rasmussen (1968) and DISA {1968),
The Periodogram (Fower spectrun}
1f the discrete série.s #F velocity fluctuations is represented as

k= 1,223,098
X(kn) wo=

where T = total time 0f the series. Then the complex Fourier
coefficients can be obtained from

~2sinkh
Aﬂ -

8
1 5 X{kh)e
ey
reaiity the imaginary part is zero.
The periodogram is dafined as
5{6) = MFIAE*

. I3

1
i
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STAYISYICAL DESCRIPTION OF TURBULENT FLOW USING FOURTER ANALYSIS
CHAPTER IL}
84 Introduction

This thapter wiTl deal with ements used to 1
& turbulent Field. Firstly the response equations of the hotwwire
anenometer are discussed and then corrvelation analysis witi be

introduced. Lastly the various measurements made are mentioned.
3.2 The Hot-Wire Anemometer

The hot-wire snemometer 1z the most common nstrument used in
measuring turbulent velocity fluctuations. The structure and
chavacteristics of the equipment used are descriki~d by Hinze {1959},

In tiis section a description of what the hot-wire anemometer measures 5 FE

1s given. ! - - iy
v ‘ [
u 3, ‘
i f i}
13 1
Fig. {31) Single Hot-wire Sensor H ¢
| Tow
Figure (3-1) shows a hot wire 1n & turbulent Flow, the wire belng ' ° e
perpendicular to the wean velocity U (V =H=0). Veloctty Foome
[

Tluctuagions v, v, w are superimposed on the stream. Effectively,
the velocity measured oy the hot wie g

[l =S+ w2+ 24w

for u, v, w small compared to U {le  han T53)

. «I Uerr sfw+n? = usu




@

The wire essentially messures oKly the longitudinal Fluctuations.
If the hot wire I placed at an angle to the mean velocity, then
the effertive velocity has compansrts {n both the ¢ and v -directions
and hence the effective cooling velocity is a function of both the
¢ and v velocity fluctuations {Fig. {3-2)).
Two hot-wire probes at a point in the stream, symietrically
¥ displaced in an X array sbout the mean flow dirgction are atfected
9

equally by the b fluctuations, but oppositely by the ~ Fluctuations.

Using two wires as described above 1t 15 possible to separate the «
and v fluctuating components (Fig. (3-3)).

Next one must obtain the relationship between the effective
velocity and the u and v velocity components.  Expertmant has shown
{Mebster {1962), Champagne (1965)) that the tangentixl component of tie
velocity along the intlined wire does in fact sffect the heat transfer
From the ot wire. In general the cosine Jaw is assumad which means
that the amount of heat transfer depends only on the flow FieTd through

the norwal component of the velocity acrass the hot wire.
) du8 Ugepls) = UlDlcos 8

oy 7
¥ 8
3 g o
b
1 Fig. (3-2) Inciined Hot-wire Sencor

v} ~ measured velockty at B = 0.




A modified ! by {1955)

Byeels)® = 0(0Y20cos® +icPsis)

wherg

Ugff(s) = yelocity measured 2t 8 = ¢
u(o) = yelocity measured at p = 0
k
It has bean Found (Champagne (1965) and Jorgenson {1971)) that

sensitivity coe i juiant

the value of & depends pn:
1} the lenglth fo dizmeter ratin of the wire
44) the mean velocity

Generally the value of k varies between 0,1 and D,3. The
work by Jorgenson (1971} describes the errors and values oF & Hnvolved
when using the above relationship on probes manufactired by ‘the DISA
Company. It seems that for values of B = 45° it is advisabTe to
use a sensitivity coefficient.

Having a well-substantiated relutionship for the effective mean
vefocity, one requries a similar revationship For the fluctuating
velocity componerts,

A complete derivation can be found in Appendix 1. If second drder
velocity products (uz. vz. wi, uy) are neglected then the Following
Telationship 3 obtained:

< u, v sing cos g (P s
= 1)
=Ff i F‘(s»m s # K tos o)
& = welocity F1
- -
&
%
4 1 4 i




When using this relationship the value of E (average measured

voltage) fs underestimated by approximately
vZ + wZ

2°(s1n % + kK"cos%a)

note, o= Klgpe

For this equation the effective cooling velocity and mean velocity

are related by

. . Uye? = U0V ¥{sirde + kPcos?a) (3-)

. !t Considering the X array fn Fig. (3<3) one obtains an equatien like
(3-1) for each of the wires :
wire 1
¥
! 2
U‘-

“ wire 2

Fig. {3-3) XcAvray Hot-wire Probe

: 2
. | €, Kea
i il ‘,%,vsinacosugl)) for wire (1)

of U{sino + kycos“a (3.2)
<. 2 . .
y u_vs!nucosu(ki 3} for wire (2)

) Ueer U fsindor kzcoszu)

«
B "o Using equation {3-2) we have
o ,
Veina & Kecost -
@ o = sina+k‘coso(u¢"s"'“ os o (K 1))
. 1 sin“e + Ky cos®a
‘ (34)

¥ : 2
e B o = Sinzua‘kgwsznu-" LW R R ER)

sina + k3 cos%a




3.3
3.3.3

The equations {3-4)} are suitable for use in digital analysis.

Records of & and ¢, can be made at jdentical times on magnetic tape.
These are then processed to give the u and v fluctiations. Yhe

sensitivities of the twa wires ave generally differaiit and this fact can
be incorporated into the solution of equation {3-4). Pt %‘»..

When using analogue methods for cbtaining turbulent intensities and
Reyrolds shear stresses, equations (3-4) are mot used. Chanpaghe {1965)

darived torrection factors {a function of k and «) bY which the quantities i

measured, assuming the cosine law, must be multipited to take into account
the directional sensitivity of the probe. It is also requirved that k‘ A >
and k, be the same. !

Corrglation Analysis
Introduction : ) -

Usually the turbulent velocity is assumed to consist of 2 mean velocily
and a superimposed fluctuating component whose average is zero. When
this is used {n the Navier-Stokes equation and the equation averaged,
additional stresses, Reynolds stresses, are intvoduced, e.9. the xy-component
of the Reynolds stress {s defined by

Ty = RV

Xy
These stvesses represent the mean rate of transfer of momentum agvoss .
a surface due to the velocity fluctuations, "
To solve the resulting equations of motion a relationship between
the Reynolds stress and the mean velocity is required,  Another approach s K P
would be to obtain equations describing the behaviour of the: Reynolds
stresses, Any attempt ©o do this using the equations of motion results in
the introduction of triple velocity correlations, and velocity pressure
correlations.  The Yatter can be eliminated but in so doing velocity

currelations at different points are introduced.

L
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3.3.2

3.

To try and terminate the process f contimually introducing higher
order velocity correlations, workers such as Frenkiel and Klebanoff
{1971) and van Atta and Chen {1969) have tried to find relationships
relating, say, the two- and four-velocity correlations. The correlation

between the jves of velocity have been

studied by Frenkiel and Klebanoff {1971).

The turbulent field can be characterised by length scales obtained
from velocity correlations. They are 2150 used o study the spatiai
co‘nﬁgurat‘lun of the turbylent field. If one assumes homogeneity and
isotropy of the turbulent field, theory can be applied to the form of

‘the velocity corr + and useful information eddy sizes
obtained.

Mathematically, correlation amalysis is well covered in the
literature - see Bendat and Piersol {1966), but only recently has it
become possible to measure the correlation functions simply, A
discussion of various methods available is given by Jenson (1570).
Correlation analysis as applied to turbulence is discussed by Hinze {1959)
and Townsend {1956).

Longttudinal and Lateral Length Scales

The scales are obtained from the longitudinal and lateral spatial
correlations of the velocity at two oifferent points, The normalised
lateral spatial correlation s defined as

olr) o uxiulxre)
G uG ¥ 0T

and the rormalised Tongitudinmal correlation as
fr) = u{xdlx + r) _
A uts + 1T

where the velocities « and separation r are shown in figure (3-4).

b
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Flaure (3-8) Longitudinal and Laters] Length Scales ' S e

The way in which the correllation behaves as rwe  depends on the .
turbulent field {perfedicities, etc,}, Assuming isotropy the shape ! e
of the correlation f’uncﬂon in the region v = D can be described in
terms of the velocity and its derivatives,

Considering the longitudinal spatial correlation we have {frow a

Taylor expansion)

2 i
L {3-5) Loy

2y e 1

ere Iy Ly? 6 T

A USrep . o

Since thi~ “ofines a parabola with its vertex at r = 0, 11 e

f{r) = 1 where it osculates the correlstion curve: kg $ ( *
is found from the intersection ~ the parabola with the r axis. - % o .

Ag 15 known a5 the Taylor microscale. X_J ' B
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The Taylor dissipative length scale \‘F 1s associated with the
smaller eddies of the turbuiznce but is not the Tength stale assoviated
with the small eddies responsible for viscous dissipation of energy.
These eddies are susociated with the Kelmogerov tength scale which
for {sotropic turbulence 15 related to the Taylor length scale,

For homogeneous isotropic turbulence the rate of viscous dissipation
is given by

e
e = ')Su(i:l)z {37}
v = yiscosity (kinematic)
The Kolmogorov length scale associated with the dissipating eddies
is defined by

0= (Pt (3-8)
Using equations (3-6), (3-7) and (3-B) om obtains
2
:f = 1582 (3-9)
M vz

A is ganerally larger than n and ot high Reynolds numbers it

correspands to an eddy size containing s negligible part of the total energy
and is responsible for a negiigible part of the total dissipation, Ttisa

measure of the ratio bf the totsl energy to the rate of energy Tuss snd
Tin therefore be regarded as & "reaction time" of the turbulence, A
more complete discussion i5 given by Townsend {1956},
In yeneral the Jatersl correlation will give a microscale An Wizt
A ¥ oy

For homogenous {sotropic turbulence the r&lationship

xf-&‘xg

exists,
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a,

Another length scale, giving the length of the largest correlation
between two velocities can be measured, This Tength would be r* R
vhere ”

flr) = 0 for v )

In fact a sTightly different length scale is defined

A= L:f(r)dr P

where 4, = Macro or integral scale of turbulence. H g .

I¢ §(r) {is a rectangular function then A = r+. Periodicities Guy
or randonmess change the shape of flr) and bence ac can vary : a \, b
considerably from r+, L a\u
Rutororrelation -
The sutocorrelation fs defined as ’ C b
(SCICR SCR L i £
T = tine delay ' : ' e
T = total length of sample ! . R \
* s &

and describes the general dependence of the values of the data at one
tiwe on the values at another time. As T+« the exact autororrelation

is approrched,  Useful properties of the autocorrelation are:

1) R0} = U(t)z E'Rx(‘”
i) Rbe) = R~
Usually one deals with the normalised wutocorrelation

R {7)
pyle) = e




The main appiicat’ « for autocorrelations {although it does not
strictly apply to turbylence studies) 95 in finding deterministic data
that has been disguised in a random background. Deterministic data
{also periodic) have . autocorrelations over all time displacements while
randon data has an autocorrelation that diminishes to zero for large
displacements (Bendat and Piersal (1966)).

The normalised autocerrelation of the u fluctuations

ole)
X I
can, assuining homogenefty be represented by the parabola
2
- .
FX(T) « 1= '—2-
2
near the origin ©# O.
. m

=0

1 s a mitroscale, while a macroscale Jps where

3 = [odoa
can also be defined, The procedure just followed is identical to that
for obtaining the Taylor microscale fram the longitudinal spatial
correlation.
In the case where the turbulent field has a constant mean velocity
U 1in the x direction and the turbulence level

"
=

is Tow, Taylm-‘s hypothesis may be assumed..
3 2
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where * dndicates the complex conjugate. L | R
fe. SR = WE2e le)? do L
where T
A'{f) = coefficient of the cosine term of the Fow ier series Lo s N

{ruzl part of complex coefficient} U

Ai(f) = coeffizient of the sine term of the Fourier series e

{imaginary part of the complex coefficient) & -
: " Hhen bne calculates the Fourier coefficients using the Fatt

& : Fosrjer transform, the set of harmonics  for which the periodegranm is ! S }/
O celeulated  are dependent on the total Tength of the sample sraiysed. )

T, £ek K= 123,002 P

The Periodogram was first introduced by Schuster {1898}, =
Unfortunately, it could not be Fully exploited because of the Yarge H
quantity of calculation fnvoTved. Jones {1965) indicated that for

moderate sample sizes {1 000 points) the modern tomputer mede calculation
of the periodogram feasible, In the same year the Fast Fourier transform w
appeared and made the periodogram a definite proposition. ’

Sriefly, the periodogram describes the relative energy disteibution
arongst the frecuencies of the turbulent Fluctuations.

1 ! s

2 A &
5 0,1 k a .
%0-0 K e
it - a
801 0,1 1 10 300 R 1
. Frequency )

Fig. (3-3) Log-log Plot of Perindogram




Generally, the perfodegram s plotted on.a log-log scale and the
form shown in figure (3-5) usually obtafned.

In the case of a hamogeneous, fsotropic turbulent tield the shape
of the periodogram,alsa catled the Taylor one dimensional:griergy
spectrumcan be discussed theoretically {Lin and Refd (1963)). The
name is such,as only one component of the velocity {s considered,
Xolmogorov predicted that at sufficlently high Reynolds nuibers of the
turbulence {> 7u)) the energy spectrum function takes on the universal
farn

MR

The Reynotds number used is defined in terms of the Taylor
microscale and root mean square of the velocity flucivations,

On the log-log plot one would therefore expect the slope of the
pertodogram to be approximately -5/3, This fact can be used to sheck
the assumption of isotropy, even when the Reynolds number of the turbulence
s siot too high (Bradshaw {1967)), The Taylor micro and macro Tedgth
scajes can be obtained from the Periodogram.

A= %;U:f?s(f)df]'m

p Lim
A o= ﬁf»os(f)

“This 1s possible as the autocorralation and pertudogram are Fourdsr
trangform patrs,

In gewal 4t 1s easier to valculate the Taylor length scales using
the autocorrelation.

Besidas ribing the turbul field the pe gran can
be used to check ¥ any vibrations due to extermal sources are present

{fan speed, 50 cycle twm).




3.3.5

Hoving Axis Autocorrelation
To apply Phillips (1957) theory to the Reynolds Shear Stress
profile one requires the convected integra) time scaie. In his theory
Phillips indicates that the rate of change of Reynolds shear stress in
a shear layer is proportional to the convected integral time scaie,
For the hot~wire configuratian in figuve (3-6)
——————)U r’ u X:}'. |l

Fig. (3-6} Wire Configueation for Moving Axis Autocorrelation

the normalised cross correlotion of the two u velocity fluctuatfons
is defined as
"uu{-"") = ,}_ lx thulxee o ty)
ST, B2 G, eI
For a turbulent Field a curve simil-» to figure {3-7) fs usually

obtatned

wire separation r

coefficient

time delay

Fig. (3-7) Cross Correlation R (r. s}




o
T

If the measurewents are now made for warious values of r the

Tollowing series of curves is obtained ’

==

cosfticient

TH

' time deray
Fig. (3-8} Moving Axis Autocorrelation

Obviously the maximum vaiues of each curve ceurs at the time delay

coinciding with the 'convection velocity® of the turbulence. The i

convection velocity should be the same for esch wire separation. 4 )
discussion on the convection velocities s given by #ills {1954) dnd
& yposzibly better convection velocity defined.

The dotted Tine, passing through the maximm of eath rurve,
defines the autocorrelation of the turbulence in 2 Frame of reference

mowing With the convection yeTocity of the turbulence,

fctording to Davies, Savratt et al {1963) the stape of the

s

moving axis putocorrelation gives an indication of how Yast the

ANy & g i o

tutbulence pattern 5 changing, 1T the turbulent Field is regarded as

Frozen, then the maximm of each curve (Ryy(r.z) vs <) should be the same.
The amount by which 1t decreases shows the amount by which the Tield

hac ehanged while betng convacted downstream. .
The integra) under ihe moving axis autocorrelation is defined as Ly o “

the convected integral time seale. It Is an indication of the time R
5% takes Yor the particular turbyience pattern to dizappear, y

P
et

P—

=
i
R S —
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3.7

.
The Lross Spectram
The cwss spectrum of tio signals 95 a complex function.  The yeal

part is zalled the to-spectrum while the imaginety part is cailed
‘the quedrature-spettrum,

Thus Far the cross spectrum has ot besn osed much in turbuliance
analysis, its physical fntarpretation beimy obsture, but is {in this
analysis) calouluted so that the cross torrelation, whieh has  physical
{nterpretition, e be obtaimed {Townsend {1956)).

Consider two random, stationaty complex sefdes . N

X and ¥ w
where k= 1, 2, .o N
One £an calculate the Fowrier serfe copfficien s
AE) ad B(F)
and thiain the Cross spectrom
Skt = AR
Where * means complex sonjugate.
Thus

co-spectron = ATET + R
mé '
quatirature-spectrum = EL
& = imginery part of the Fourler seres coefticient of X.
In 35 amalysis the cross spectrum oF the v and v velnelty

Flocturtions 3s catoriated.
Ihe tregs Torrelation
THe vross the
of dats on ancther set of data dispiaced by & time delay 7.
contimuods serias x{t) and y{t), the «ross vorrelation s dehined ot

pan 3 {F i C .
Roted = r-—ﬁ»r-joxmy{wm 5

of one et
For e

funetion




i
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B i
The cross osrrelation does mot mecessarily have & Maximm st } v’ Ak
* # D and s also not an even Function I3ke the muioccrrilation. f ’ oy :
Some useful properties oF the cross correlation are T3sted bulows ol .
I .
3 - T
i Ryl = Rl % »
R WL ITEY ) . B
¥ * 2
1<} -
Y Ry il < {RO) + 81003 i

.,
A aormalised cross correlation function Wy /be defined as

pxy(,) = m_ Ve ! -

The above only applies when the two serfes have zero mean walues.

Mhen R”h) = D Tor a1l time displacements then the iwo series are
statistically indspendert. If x[t) and y{t} were statistically R .

independant and had mean values ¢F ¥ and ¥ then the cross correfotion i
would be 3§ for 211 time displacements. b - y
In turbujence studies cross of signals at ! B

points in the Tlow are used to obiain information oa eddy sizas and
movement.  They give 2 "picture” of the turbulent Flow. Tross
sorrslations of the various velocity components give an idea of tha
dependence of the Fluctuations on one another, while the value at
v = D gives values of the Seynplds shear strasses.
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33 The Meastrements Taken

3.4.3 Single Mire Meavurements

. PsIng a single het wire the Following guantities were measured in
" g . "* the turbdient shear layer described in Chapter Y.

7 ® 1) Mean velocity a, .

33 Turhulent fntensity of the a« wvelocfty flnctuetions b

Intensity = ’? ' : I
X where J:I—; = root mean square of Fluctuztions : e C»
S U = mean velocity ' o
. e T ' ‘ 191) The periodogram of the 4 velocity $luctuations. -
o o A i¥)  The autocorrelation of the u welocity fluctuations, From '
g these the Taylor micro and macro stales were obtained and hence - :
: the Kolmogeroy length scale. S S
3.4.2  Twg Mire Measurements LT S
Using an X-arras probe the g were & ' o

i) Mean veTocity . o B
1) Turbutent deensities of wie u and ¥ velocity fluctuations PR S
413) The periotograms for the u and v welolity components

qv) The autotorrelations for the u and v wnlocity componentt

%) The Reynolds shesr z¥rzse fy TP w
wi}  The cross spectrum of the u and v compunents
¥i1) The tvpss corredation of the 4 and v components

Using two hot-wire probes as described in 3.3.5 une obtainedt
¥i11} The moving axis 2vtocorreljation

i
fas  ¥he convecten <% vime scale R Lo
oL 3.4.3  Todfvions] Mesurements o

4 Using intermittency programs develnped by Drever {1573), singlewwire I

. data was parated jnto and xones.  The progrars u ke K
oy developad here were theti used %o caltulate the guantities in 3.8.1 for T a B
eath zane. ; -
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CHAPTER ¥ AN ‘i :
THE_COWPUTER PROGRANS - t w
Beneral K : S
A& brief description of the available computer programs as well ( @ i ; ‘” k
a5 the pyocedure Yor the analysis of datm obtained from a singie hot ? ‘ :
wire and data obtained from tio Kot wires is given, The g " R
general arrangemant of the diyital side of the analysis is described, B ! °
Hore detafled descriptions ave to be Yound in Appendix (I1}. The :
analogue side of the setup is described in Shapter V. K : @
The systen is riot designed for on-line digital analysis. During S
the experiment, usefi] data s stored as an analogue sigmal on the “
instmmentation tape re.order, Having an analogue copy of the signal A L Q;

aliows for versatility in the digitising process as the data can be X
redigitised 4t a different sampling rate iF vecessary, Recording a N K N
clnck ignal onto #n extra channel of The tape yecorder makas it possibia LIRSS
o return to a particular section of data, This ¥s necessary when twe
signals are to be tross rorrelated and they must thareTore start at the
same instant in time,

A the programs have been written in FORTRAN IV, to be processed
by the 1.B.M. 360750 digita] computar at the University of the
Hitwatersrand Computer Cemtre.  Since the programs reauire ¢isc space,

magnetic tapes, orivate Libraries, apA the Calceap plotter, the Job
Lontrol Langusge can becore fairly compiex. Special 'InTine ' L
Procedures’ have besn written to overcome this as well as tu wake

eXesuting the sade program @ number of times fn the same Job, but with

different data, a sinple matter.




The majority of the programs and subroutines are stored on dise,
In case of the Library being damaged they are all also avaiiable on
punched cards,

Data

The main means of supplying data to the programs is from magnetic
tape as the digitiser writes the turbulent veiocity samples onto
magnetic tape in Integer %2 form, Besides being used as an fnput
device, magnetic tapes are alsc used to stove the data,

Other data has to be supplied by means of punched cards, while
the program NLBORE writes information onto temporary disc space, This
can be used as data by subseyuent programs.

Results

The vesults from the various programs are either printed on the
Tine primter, plotted using the Calcomp plotter, written onto temporany
disc space or else written onto magnetic tapes, A specia) program
HLBSTORE has been written to transfer results calculated by NLBAUTO or
HLYCROSS {which calcutate r

and cross correl resp
onto magnetic tane.  Temporary disc space s space available only for
the duration of the Job.
The Programs

AVl the programs and subroutines mentioned in this section are
stored in the Library ACH.NLB.LIB.
are not on the Library, but it is no problem to put them there if

Pregrams not used regularly

necessavy. The name by which asch program or subroutine is
raferenced in the following scstions is the same as the name of
the module in ACMNLE.LIB. that contatns i%.




STATSS
ine STATSS vartous (mean, standard

deviation, minfmum, maximum, total) of an input series,

SCHECK.

Subroutine SCHECK performs 2 Students *t® tett on the mean of a set
of values.

HLBORE,

This is a large general purpose prugram, executed by NLBCROSS or
RLBAUTO, It is discussed further, later in this section.

PGRAM

ubroutine PGRAM the periodogram of an fnpud series.
STGRE.

Program NLBSTORE transfers data written onto disc by NLBONE,
NLBAUTG of NLBCROSS onte magnetic tape.
BCoNy

Pragram HLBCONY converts Integer *2 values supplied by fi
Real *4 values,

Uaitiser into

CHECK.
Program NLBCHEK prints on the Tine printer the first block of any

file on a tape containiny Integer *2 values.

I

Subroutine HAWMIN windows an input array using the Hamming cosfficients.
sy

Subroutine HAANIN windows an {nput array using the Hanning coefficients.
GRAPH.

Subroutine EhA*? vitts 2 single graph using the Calcomp platter.
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SMOOTH
o . -
cr Subrouting SMOOTH is used to smooth an input series using a triangular
: . e smobthing function.
. o REMOVE
o O Subroutine REMOYE calculates the mean and any i-near trend fn an input
. N sample and then removes them it they are laraz- tian & predetermined
$ R value,
s AUTOC
, “ 1 Subroytine AUTOC cvlculates the autvcorrelation of a time series,
o e e using the output from subroutine PGRAM as {ts input,
.o READS
. «“ g ==
. Subroutine REALS is used to read arrays larger than 1024 samples
’ when the data beiny read is Blocked in blocks of 1024,

RHART
Subroutine RHARY performs a Fast Fourier transformation (or fnverse
transforemtion) ¢ & real time series,
seHsT
Subroutine NBHIST is uoed tu plot a Wistogram using the Calcamp plotter.
HoENT
Subrowiine NOMENT calculates some higher order skewness factors for 4
time series.
3.5 Method of Analysis
€enerally the following procedure is usad to anslyse dat2 on an
Integer *2 tapp, See Appendix II for program descriptions.
i) The Intejger *2 tape is checked by running HLBCHECK, One can
sec whether the values are reasonable, By digitising a Sine wave
one can chack {1 the digitiser s functiuning normally.




i) Using KLBCONV the files that are to be analysed are converted
into Real *4 form and then stored on another magnetic tapa.

134} The data on this tupe tan be examinet by using either program
NLBAW? or NLBANYE,

v} NLBSMP is used on a few sampies to theck ¥ the sampling rate
is wufficient, IF not, the analogue signal could be digitised
again at a faster rate.  See Appendix I1.

v} If the datz consists of two simultaneous records, 2.9, fm
u X wire, then 1t is possible to separae the two signals into
the uw and v velscity fuctuations, This is achieved
using MLBSEP. The u and v signals are then stored on
tape,

vi)  The signals are then 3 2 form that can be analysed by one of the
general programs NEBAUTO o NLBCRDSS,  NLBAUTO is used for
analysfs of single series, while NLBCROSS s used whem £1oss Spectra
and cross correlations are required, Both programs in fact
execute the program NLBOME, The difference 3s that WLBCROSS
snalyses two single series stmaltancousty, calculating cross
correlations as wel” as the autocorrelatfons for each serfes.

vii} NLOSTORE can then be used *o transfer the results from the
temporary disc space used by NLBAUTO oy NLBCROSS onte wmagnetic
tape. They can then be anatysed further &t a later stage.

vi1) The results from the magretic ape can then be plotted or the
Catcomp piattes,  Graphs produced by these programs zan be Fourd
in Chapter VI,

§x}  NLBZONE produces two signals, one in the turbulent zone and one in the
non-turbulent zone, from the original signal and an intermittency

signal.

/
/5\




4.8 The Beneval Program NLBGNE
The total signal (a =omplete Tile on the wagnetic tape) is
analysed using sanplec of 1024, 2048, 4096 or 8152 values. The
sam.de size is specified by the user. XF HLBCROSE is executed one of
the signals 5 transierred to temporary disc space.  This wakes
resding alternutely from the two Signals more efficient, The prograw
then veads & semple trom one of the signals and proceeds to analyse it.
4.6.1 Duantities Calvuluted
1) Varioys statistizs are obtainod wsing subroutine STATSS. Yo
avoid having to inipect the somplete signal 'tn Tind the minimuw
and maximom vaiues, =4 times he standard deviation of the
Fivst sample i5 used as the ravge in ampiitude of the signal.
i1} The mean und any Tinear trend is calculated and vomoved i necessary.
111} The periodogran is calculated, 1t s Hanned 1¥ so required by the
aser,
4v]  The awsosorrelation s calculated using the output from subroy s
PERIM used above in 114Y,
v} When mave Than one sample has been analysed, a Students ""
Yest §s performed on the stundard devistions of each semplz.
1f the confidense interyal s narrow enough, coltulations ceuse.
vi}  If WLBCROSS is being executed, the equivalent sampiz from the
oty signal 75 read and 1} » ¢) performed,
¥i*) The ciwss sprcteun of the tap samples §s them caloulated,
vii1) The cross eovrelatien of the two samples 1s then celouieted,
%) The varloss wantitfes caloylated svo added to thuse o¥ the previous
senples and then stored on & tomporsry disc data set,
A S Sy e s e e




4.6.2

x) The program then reads the next c~mpte from the file untii the
specified mmber of sampies have been analysed.

Qutput of NLBONE

Output for each sample analysed is produced as well as overall and averaged

properties of tne complete signal,

For each sample the following is printed on the Vine printer:

#}  Total

H}  Memn

i1§) Standard deviation

iv)  Minimum value

v} Maximem value

W) Sample r.m.s. value

vii) Sample siope

¥1i1) The nuber of samples outside the range considersd for the
amplitude prebabiiity density function.

The above quantities are usefut for checking that the data 75 carrect.

It is easy to read ‘garbage’ from a magnetic tape or disc and

occastonslly the digitiser writes incorrect data, Improbable vesults

can usuaily be picked out by following the minimum and maximum values

of each sample.

Averaged values of the following quantities over the whole sighal

analysed are also printed out

iy Overall total

Y Overall mean

1i1) Averaged standard deviation

iv)  Overall minfimum




%) Overald maximum
wi}  Dverall awmplitude probability density function
¥i1) Averaged perfodpgram

wiii} Averaped agtocorrelation

4x)  Overall rum.s. value

%) The conffdence Interval for 90% significance Student ™t test.
The quartities {vi), {vi{} and {v1if} are alse written onto disc.
Tf NLBCROSS is axecufed, the above quantities ary produced For each of
‘the signals s well as the following:

1) Averaged €pespectram

#i)  Averaged Quadrature-Spectrum

i§) Averaged cross correlation

These yuantities are alsp written onto disc and gan thurefong be
manipulated further by executing another program fmmediately after
NLBAUTD or NLBCRDSS,

-
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CHAPTER
EXPERIMENIAL APPARATUS AND PROCEDURE .
This chapter is in three sections, one deaVing with the turbulent N -
shear layer being studied, the second describes the measuring equipment 4 I =
Be

while the third deals with the experimgntal procedure. S

The Turbulent Shear Layer
A wind tunnel, discussed in detail by Dreyer (1973), was : , (y

constructed so es to produce twe streams of air with different but uniform o B b

velocities at the exit, These two streams then mixed in 2 perspex i .

test section containfng pork holes to allow the hot-wire probes to be .
inserted. Fig. {5-1) shows the wind tunnel and {ndicates the phystcat S - ’
dimenstons of the shear Yayer produced. N

Mean velocity and turbulence intensity profiles can be found in . C i
Chapter VI. The turbulence intensities indicate that it is possible
to use the anemovieters in the constant temperature mode,

More information concarning the shear Tayer {s given below;
i) At the entrance to the test section the fast side velocity is e

17,5 sfsec and is flat to within 3%, -
14} The slow side velocity 1s 7 m/sec and is flat to within 1,5%.
111} Tha layer was two diwensional to within 0,5% on the slow side,

0,6% on the fast sidg,

i) Down the length of the test section ( 1 metre} the mean
valocity increased 8% in the slow region and 3% fn the fast
regfon, The increase {s due to the expanding mixing region and

the growth of boundary layers.
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v) The layer cbtains similarity less than 30 cms downstream of the
spiitter plate.
v') The approximate width of the shear layer is given in the table

below:
Distance {cms) 16,9 31,9 45,9 59,9 73,9
width  (ons) H 3 4 5 3

vit) The traversing mechanism is accurate to within 0,5 mn.
The Anologue Apparatus
The analogue equipment used consisted mainly of DISA equipment,
Because of its complexity, the setup is best described using tigure {5-2)
Basically the system consists of two hot-wire anemometers and thefr
peripherals.  An instrumentation tape vecorder is used to record signal
that is to be analysed, The convected integral time scale was measured
using the analogue correfator as it was not intended to take
intermlttency inte accnunt,
The various units are discussed below, the reference numbers
relating to figure (5-2).
1. A11 the hot-wire probes used were supplied by CISA,  The
models used in this work were:
1) 55F11 Gold plated probe with a straight sensor, The platinm
plated tungsten sensor §s approximately 3 mm, in length an?
5 ym. in diameter, The ends are gold plated leaving 2 sensing
Jength of 1,25 mn.  The widely spaced prongs ensure a low
Jevel of interference between the prongs and sensor (2%},
14)  55A38 X-array probes with the sensor plane parallel o the probe
axis weve used to measure u and v fluctuating components as
well as the Shear Stress. The platinum plated tungsten probus




are 1,2 mm long and 5 wm 1o diameter. The Do semsors are
approximately 1 mm apart and the thermal wake {nterference fs
reduced to a negligible Jevel (Jerune, Guitton and Patel (1971)).
The hot-wire anemometers used are DISA 55D01, operated in the
constant-temperature mode, The frequency response is dependent
on the probe type and probe operating temperaiure, For probes
stmilar to those used for this work the frequency response curve
is flat up to 10 KHY.

Two DISA 55D10 Tineariser units are used to Vinearise the voitage
versus velocity stgnal from the anemometers, The frequency
vesponse curves of the instruments are flat up to 10 KHZ.

The digital woltmeter consisted of a Hewlett Packard 22128
voltage to frequency converter connected to a Hewlett Packard
digital counter, Generally the counting time was 1 second
although perfods of up to 10 seconds are possible, The average
value is displayed visually. The voltmeter could also be
conmested to a printer.

The reot~mean~square voltmeter used was a DISA mosel 55035,
Voltages proportional to the mean sguare, root mean square and
squared value of the input sigral arc available at terminals.
The input voltage range and integra‘.v time constant can be
varied,

DESA 55025 auxillary units are used to band Timit the signals.
The high pass f11ter removed the dc component while the low
pass filters were set at 10 KHZ, the frequency 1imit of the
tape recorder. The unit can be used to invert a signal or
find the difference butween two signals. The analogue filter
roil-off is 6 dBfoctave.




7. The instrumentation tape recorder used is a Philips Ana-leg 7 i e ” “

with four channels plus a voice track, Signals can te vecorded

., at one speed and played back at another without any distortion,
. % .

the greatest speed befng 76 cm/sec. Signals can be recorded Lo

either directly or on frequency modulation, The F.M. frequency ) i

rasponse at the various speeds is

Lo 76 cafsec 0 - 10 KL k
° e 3% on/sec 0 - 5 Wi o %4
9,5 c@/fsec 0 - 1,25KiZ 1, ; ‘ .
° 2,375 c/sec 0 312

& ’ The input voltage range can be varied but the output
: range {s constant at &1 volt. . o

I
- 8. A DISA 55075 time delay unit in conjunction with the anatogue 1 ) =

correlator are used to measure the cross correlation between @
the signals from the two anemometers, [Its operation is based I

on the principle that correlation measurements do not require .
use of the whole analogue signal, It and the correlator are H b . B
especially constructed to work together, Frequencies of up to

W) KHZ can be deiayed for periods of up to 30 msec.
9, The DISA 55070 apalogug correlator is used to measure Tross ) N
correlation functions or normalised cvess correlations of the . 4

hot-wire anemometer signals. For frequencies between 4 HZ and i B

10 KHZ the Frequency response curve is flat. The input can be H B ar

two signals {with or wi.hout 2 time delay between them) or else

1t can be connected to the tima delay unit, The integration k ‘e
time for the time mean value amplifiers can be varied. Terminals

5 o
o
=

on the correlator make it possible ta obtain veltages proportional .
to the following functions: A

P

TR = %




57,

1} The correlation function

i§) Sum of amplified input signals

i) Difference of amplified input signals

iv) The instantaneous squared value of the sum of the
amplified input signais

v} Tnstantaneous squared valucs of the difference between
the amplified input signals

vi} The average value of iv)

vii)  The average value of v)

The digitiser used to convert the anatogue input onto

a  digital tape that can be read by computer is situated at

the Bernard Price Institute for Geophysical Research.

The input range has a maximum of 15 vcits and the digitised
values range between :2048. The output {s on magnetic tape in
an 1.B.M. compatible Integer *2 form. The data is recorded in
blocks of 1024 values, Sampling vates of up to 10 KHZ can be
obtained. Generally a slower playback speed on the analogue tape
deck was used and the digitiser operated at about 4 KHZ.

By recording a clock signal on oha of the channels on the
analogue tape,it s possible to start the digitising process at a
particulsi time. This is used when sigmals from iwo differunt

channels are to be cruss correlated,
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5.3 The Experimental Protedure
Before doing an experimental run the andlogue equipment must be

allowed to warm up for a couple of hours. Eeuerally the procedurs then
L Followed was;
1) The proves to be used are calibrated using the zalibration

rig.  The results are then Fitted to Kinds Jaw asing a least

squares technique and the necessary guanttiies for the

w ” ; Tineariser caleulated, ' o ‘Q
:> E i1} If an X~array probe is to be used 1t is calibrated in the position o o °
¢ shat 4t 95 to be operated in, This e1lows the trus mean P .
of ' ; veloeity to be optained. : C

44} The Vinearisers are adjusted, I both anemometers zre being . Lo L
ol a, e utilised the voltage ranyes for the two linearisers are made
: F squal,  This should give the two calibration wurves simitar

sTopes.

iv} A series of voltages and velocities aver the velocity rangs
expected are read and the lingarity of the calibration curwes

checked.

g ¥)  The probes are then transferred to the traver +chanism - o
and Tined up with the standard markings on the -.: sestion

walls, A zero value, corresponding to the centre of the

- ° : test section is read from the Vernier scale on the traversing ® s
AR machanism, N .

;; ot ¥i} The probes are to their corr N B
= . ) Tinearisers, auxillary units, etc, Ong of the hot wives is . R
B @ Toritored by the Bigita) volimeter and efter the high pass oo

Filter, the root-mean-squere voltmeter,  The other channel
L is connected to the psciltostope so that a visual check an J 1

o the signal being measured nan be made, : .




vii} The probe 1s moved to the First position of the
traverse and the instrument tape recorder st=rted.

® : # The cassette contatns 11 minutes of tape when recovding

ut 76 cms/sec.

B viit) Using the vofce track the siart of the First reading 4s
Pl o indicated. The digital voltmeter and root-mean-square
I voltmeter values are noted. On the voice track are noted the

position in the shear layev, the tape recarder f:put level,
digital voltmeter values and any other relevant informatfon,

Bl

This 1s invaluabie later when checking to sse if the correct
reading 1s being digitised. After about 20 seconds the
termination of the reading is indicated on *he voice track.

Gl

<3,

ix} The travevsing mechanism ts mmediately moved to the next position
! = and the second reading taken, noting the details on the voice track.
The tape recorder is not stopped during a traverse to avoid
unnecessary stopping and starting which wastes tape space.
@ f? RY 1t 4s fmportant to note down which probe s connected te which

a0 anemometer and 1tineariser. The input level on the tape
remorder should be noted as well as the channel being vsed,
\y These are {mportant when trying to obtain velocities ¥rom
2 4 4 digitised values, When using « X-arrdy probe one should further
note  the configuration of the wire with respect to the mean

e velocfty and which thannel is recording which probe signal.

Without the above information the separation of the two X-arrey

signals {nto velocity components is di7™*enit.




L

ot 7 xi)  Wnen measuring the moving axis autocorrelation iwo anemometers - .

A connected to 55F11 probes are used.  One probe is inserted into

S ‘ the traversing mechanism, The other is in a holder that can

e 5744 down the length of the test section, The position across e T
B . the stream is determined by inserzing perspex spacers between ' <« :
the side of the test section and the movable holder. The two

. | probe; are then Yined up s close as possible {x 7 mn) and the

a . o : position across stream vead off the Vernier scale, . ‘4 '

. e xii) The dawnstream probe isthen moveda known distarve downstresm N . N

! and the cross correlation between the two signals measured for

N E varicus time delays between them. The probes are then moved B .

i
i B . further apart and the procedure vepeated. /

N x1i1) Another spacer is thee inserted, vhe position across strean :

Yo Tl g noted and then the readings in (xii) repeated. R . N

? 5 ke xiv) Once 211 the necessary readings rave boen tsken, ansther set
of velocity voltage readings are trken and the ipearity of
the calibration curves checked again.

xv} The temperature is continually checked to see that it does

not vary more than about 2°C.




CHAPTER VI e

6. EXPERIMENTAL RESULTS 7 . ‘
6.1 Calibeation of the Hotwwire Anenometer Probes E .

The voltage ¥s.velocity relationship of the hot-wire probe o | R

: generally foilows Kings taw (Hinze (1959));
L j Ve arE® Ve
vhere o

¥ = voitage

P U = velocity
* A,8,n are constants
° Linearizacion of the hut-wire signals s performed vsing an - .
analogue linearfser as applying Kingh Taw fn the digital programs would L o
i “ be unecorvaical. The linearizer used required a knowledge of the : -
e constants A,% and n and these were obtained by fitting the experiuental
velocity and voltage values to Kingh Taw using the least squares method.
Typical calibration curves for the single-wire and cross-wire .

probes used n this analysis are shown in figures (6-1) and {6-2).
From the curves the tollowing proportionafity constants are obtaimed.

Cross wire

Single wires ¢

4,09
6,74

s
volt
o/

volt

The hot-wire
after each experimental run.

Mrectional Sensitivity of the Hot-wire X-Array Probe .

The directiona] sensitivity of the sensors on the X array probe .

anesometars were checked for linearity Before and . ol

was measured at various mean-stream velocftfes ¥or the angle to the
mean streast at whith the sensor was to be used.

To obtain the &ngle
between the Sensors and the mean-strepm velocity the following procedure

wes folloved, Hj . o
! "
i
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The sensor was rotated to obtain the maximun voltage on one of iis
wires and then rotated in the opposite direction to Find the maximun
voltage on the other wire. Assuming the wires io be symetrical asout
the mean flyw the required angle is half that between the two senspes.
The directional sensitivity coefficient is then obtained from the
equatinn:

WPls) = 6(0)isin’s + KleosBa

where
Be) = velocity with wire at angle o
U{0) = velocity with wire perperdicilar o the mean Tlow
k = directional sensitivity coefficient
u = angle between the sensor and the mean-velocity dirertion

The vatues of k obtained were unsatisfactory as the consiste=y
was poor when one experiment was compared to the mext. R short zpelysis
was conducted to see the effect of various angles « and coefficients
k on the root-mean-square values of the velocity fluctuations and
also on the values of the Reynolds shear stress.

A particular section of tape recorded data was chosen and various
values of k and = inserted into the above equation.  Root-rean-
square values of the resylting u and v velocity Fluchwations as
well as the Reynolds shear stress were calunlated, The vesults are
she . in Table {6-1).

The results show the following trends:

4)  varying only « does not introduce much errar.

11} varylng the values of & for the two sensors {i.e, different
values for each sensor) introduces large varfations in the values
uf the velocity fluctuations. The Reyntlds shear stress is
not affected to the same degree.

ES




Because the values of k) and k, depend directly on £he values
of my and wy, % 3¢ essential o measure By and %, ccurately. $,
The experimental wethod used was not accurate encugh and hence tha cosine

K Jaw was assumed when separating the u and v welocity Fluctuations.
R P 1 T =2 2 —

= ™ i " * unmitm; its o ot LT
. g 47 47 0,00 000 { 36 | 25 5 ' o
T s | 5 noe | 0,00 | 38 2 15
c et 55 39 000 | om0 | a 2 -
o S 47 47 oe | o3 | = | 3 15
‘ 15 5 om | o | » B N
i } ) %:‘:%t_gs—;pbirectiuml Sensitivity fnalysis

6.3 Measurements in tho Free Shear Mixing lLayer
$.3.3  feneral
The results are presented 1n three sections:
4)  Results of & single-wire traverse 30 om. downstream of the
v splitter plate.
41} Resuylts of an X-array traverse across the same section,

4¥%) Zone results obtained by the Ingie-ul
4nto turbulent and non-turbulent zones and then analysing each

2ope separately.

As an initial check, a sine wave was generated using 2 sine wave

generator. It was tape recorded, digitised and processed asing the

digital system available. The frequency of th: siue wave was not a
hurmonic of the total sample length.




Fig. (6-3) shows the periodogram which gives good resolution although
smaller peaks ave evident due to leakage. Fig. (6-4) shows the
amplitude propability density functien which is of the correct form.

In Fig, (6-5) the first few cycles of the autocorrelation are piotted.
The irregular peaks are a result of the frequency not being a harmontc of
the total sample length, and that the Calcomp plotter joins the points
on the graph by straight lines.

Only eight samples of 2048 points each were required to satisfy
the program statistical check. At that stage the students "t" 90%
confidence interval for the mean standard deviation was only 0,023 either
side of the mean standard deviation. The signal to noise ratio obtained
from the pericdegram is approximately 60:1.

The results were written onto magnetic tape and later re-read and
plotted using the Calcomp plotter.  After smoothing, the periodograms and
avtocorrelations were decimated and 512 points piotted.  This procedure
gave adequate detail in the fina) results.

One concludes that the digital system gives good results on a
single sine wave, and performs as 1t nas been intended to work.

Single Hot-wire Traverse 30cms Downstream of the Splitter Plate

At each position marked in Fig. (6-8) a section of hot-wire anemometer
signal was tape recorded ard digitised at about 32 500 samples per second.
Thirty sections each consisting of 2048 pofnts were analysed for sach
position. The main analysis required 14 minutes of computer time.

After averaging over the 30 samples, the Students “4° test on the
standard deviation of the samples indicated that the 90% confidence
interval was about 5% either side of the mear standard deviation.
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The position across the shear layer was rendered dimensionless by
using the variable y where y = %. ¥ = D where the mean
velocity 1s half the value of the two mean-streanm velocities. { ax
in ons and 30 represents 30 cms downstremr of the splitter plate).

Analogue measurements of the mean velocity and r.m.s. values of
the Tongitudinal velocity fluctuations are shown in Table (6-2).
Superimposed on the v.m.s. profile of Fig. {6-6) are scaTed values of
the r.m.s. values calculated from the digital records on magnetic tape.
The two curves are close enough to show that there has been no change
in the anemometer signal during the tape vecording and digitising process.

From the recorded sfgnals and using the digital methods praviousiy
described, theperfodograms at varfous points across the shear layer

were calculated. These are shown in Fig. {6-7). Interesting points
to note are:
i) On the edges of the mixing layer, particularly on the Tow
velocity side, there are peaks in the periodograms occurring
at frequencies of about 5,5 Kz, 6,7 KHz and 10 Kiz. Peaks
at these high frequencies are most urlikely in this turbulent flew.
tising a wave analyser ahd a microphone to check for fan noise
or vibration did not help in identifying the frequencies. The
peaks were found to persist in the cross-wire results and hence
are probably frequencies introduced by the digitiser. They are
of a Tow intensity and only appear ont the low intensity edges
of the turbulent mixing ayer, They could be removed by digital
filtering techniques.
it

The periodograms calculated in the region where the mean velocity
s flat but the r.m.s. values are still changing have 2 low

S
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= Vel
Posi- - /:2- u Ara-
tion |Filefu - [Volts 'Io%«e Hean
¥ jo. | Arbitrary Units (Sealed)[VoTts | Volts
0,080 1 |90 x0? | 301 0,0 (eom f4,82
0,006] 19 {22,3x 02 | 47,2 0,052 |0.,083 [4,82
01| 20 {27,307 | 54,0 | 0171 o167 14,88
s0,00] 21 [0, x 0% | 31,2 | 0,382 {0,352 [3,72
w0,00) 22 6,3x 10t | 2] 0am [0 |26
w0.007] 23 133,802 | 88,1 | 0,085 Jo,082 |2.22
w0, 2 [8,1x16% | 28,3] 0,00 (0,08 [2,20
w153 25 |48 x 107 22,0 0,024 {0,022 {220

able (6-2
5.}

T (6-2)
RM.S. and Mean Velocity Profiles 30 ¢m Oownstresm
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Frequency bulge. This is in the most intermittent region
of the mixing layer and could give an indication of the
Frequency of the turbulent bursts passing the probe.
§11) The periotograms 271 Flatten aut at high frequencies.
This is the noise level introduced by the digitisation process
and the craputational error in the computer programs. The
signal was Filtered at 10KHz using analogue methods,and
playing the signal onto an oscilloscapa showed very 1ittle
Frequency content above 4KHz.
The avtocorrelationscaiculated as the inverse Fourier transform of
the periodograms sre shown in Fig. (6-8). A parabola of the form
2
y =1 22
where y = correlation coefficient
x = time delay

was Titted to the firsl fow points and the Taylork microscale at the
various positions calculated (see Table (6-3) and Fig. {6-9)). The
Taylor's microscale at the centre of the shear layer campares favourably
with that obtained by Hygnanski and Fiedler (1970},

Yalues for the Kolmogorov Jenpth scale were estimated using
equation (39} and the values of the Taylork microscale aiready caiculatad,
These are showm in Teble {6-3).

The Reynolds nuther based on the longitudinal micrbscale and the
.m.5. values of the » velocity Fluctuations are shown in Table {5-3).
From the shapes of the autosorrelation curves the Flow on the

etiges of the mixing ragion has & different structure to that in the

mixing region. The values of Ag & Ul in Table (6-3) show 2 reasomably

i
I
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tonstant vatue in the mixing vegion,with those on the edges increasing.
A sinilar structural difference was observed by Wygnanski and Fiedler
{1970). A similar profils was observed in the cross-wire travarse
{Fig. (6-18) and Fig. {5-193}.

From the recorded signals, amplitude probability density functions
were obtained at the varfous points. The profile is shown in Fig. {6-11).
Using this data the skewness and kuriosis profiles across the sheer

layer were calculated, where

&
1 w3
Kty b - %

skewness = —]—ﬁ——-————7-
2. 43/2
(N',E‘(‘! - W)
N
1 4,
. i
kurtosis = ce—p——————

]
B G - DEE

and

R = nuober of intervals.

X = value of the midpoint of the interval,

X = mean value,

L number of values in a particular range.

In this amalysis N = 35. The various profiles are show in
Fig. {6-10). In the shear layer studied the kurtesis profile exhibited
a similar shape to that obtained by Mygnanski and Fiedler {1970).
The different Flow conditions at the edge of the shear layer probably
account for the differences. nusually Yarge values of the skewness
ave obtained un each Side of the shear layer wher the mean.velocity
profile flattens cut. The profile is different to that of Wygnanski and
Fiedler (1370).

i
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Position y Skewness Kurtosis "y
-0,080 57 4,0
-6,046 16,1 3,7
-0,013 1816 5,0
40,020 3,2 2,8
+9,053 -174,4 34
+0,087 17,0 a7 .
0,120 2,8 3,2 ’
0,153 1.4 3.3
+0,187 5,0 3.9 “
Tabie (6.4
Table of Skemess_and Kurfosis Valtes ; o
»
o
L
o s
= N .
. H .
¢ ’ - et et
L. L.
T ] i
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6.3.3 Cross-wire Traverse 30 cis of the Splitter Plate S

4 w0 The signais from both wires were ‘tape recordet and digitised at
R . 32,5 RHz. »
1t was possible o nbtuin Sectinns vf both sigmals starting at the

save time by means .5F tape recarding a tlack signal, that activeted the s ° 2 7
digitiser, onto the third channel of the tape recorter. P

o, It was Toynd that the digitiser would sometines write tncorrectiy .

R onto the megnetic tape. Unce the Faul{ began ¥t confinuet until ‘the

P 1 digitising stopped. By monitoring the y.m.s. valises of the figitised .
“ samplas 1t was possible to Find 20 ronsecutive blocks of unaffectad daka P b e
Vo @t only four of the measured positions. Mith so few points svailable it
wag not possibie to obtain a goog profile acrass the shear Tayer.

Figure (6-12) compares the y.n.s. values of the two anewometer
signals obtainad by analogue measurement and those From the digital analysis. | T
The scaling constants for the two signals differ by only 2%. ! :

{fnemometer * = 1165, Anemometer 2 = 1ZI4.}  These rexults are alsp 1! R
shown in “tabies (5-5) and {6-5). From these results it can be daduced RN

H
that the signals vonsidered were not mart of a fautty cigitising rum. ’ L
i

Using a computer program, wiich Separates the u- and v- velncity R
components Fram the cross-wive signals according to the equation (3-4), Ty i
the sigruls viere processed assuming the cosine law ‘G “ 3
Qe

LR P {directional sensitivity)

4 = my 7 K5®  {angie the probe makes with the mean~stream M i
vetocity) . o J
N . e o
* i f ) o ' g
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Position T.m.s, Anem. | v.m.s. Anem. | Hean Vel.
¥ wolts wolts Yolts
-0,20 0,026 b,03% 2,617
=0,135 0,028 56,035 2,658
-0,101 0,033 2,655
-0,068 0,006 6,053 ' 2.670
-D,038 0,082 0,090 2,E95
0,018 0,215 0,150 2,670
~4,00% 0,420 0,250 2,510
40,015 0,550 0,320 2,250
40,831 2,580 0,330 1,950
+0,049 0,518 0,300 1,655
40,0685 0,330 0,205 1,420
+0,082 0,140 1,320
40,099 0,380 0,071 1,318
#0,132 0,08% 1,288
2,184 0,038 0,032 e85
#0,198 0,032 1,285
#0,232 0,028 0,027 1,297
Jable (6-5)

Fnalogue Measurcents Using X-Array Probe

F
4

'd
!




83,
b,
Position | 705 Anem. 231%{?1 .5, Rnem, Bigi:al
¥ volts value volts value
volts #olts N
-B,018 | 0,215 D,214 0,138 0,185
+0,005 | 0,560 0,851 0,318 1,318
+0,039 | 0,510 0,518 0,248 0,295 w
+0,099 | 0,080 0,080 0,07 8,071 Dk
-
Table (6-5) !
Aralogue and Bigital r.m s, Heasurements ‘ : )
i -
An attenpt was made to measure the w-and v- velocity fluctuations x ;, s
using the simple unaiogue circuit described in Appendix 171, ; e :
Table {6+7) yives the analogue weasurements of the y- and y- velocity ; T
fluctustions while Table (5-8) shows the results obtained fron the L e
digital analysis. The vary different scaling factors for the u and : °
¥ Fluctuations and the resulting bad it of the v fluctuntions would . g
Jndicate a fault in the amalogue measvreme  of the v fluctuations. o o }
The vesults are plotted in Fig, (5-13). . ’ !
Figs. (6-14) and (6-15) show the periodograms of the u- and v~ N ; : o
velocity fluctustions =t the four points considersd, Peaks ut frequencies i 3 : B B 0
similar to those found in the single-wire measurements are aiso ndticeable . 1
here. The turves show & higher Vow frequency content for the u | i B ©
Fluctuztions. 1 : i
The Reynolds shear stresy was caloulated From the #igits) records amj & i
the values sbipined used to check Phillips'(1967) theory with satisfactory | .
results, Shear stress values are given in Table (6-9). E . ’ K .
i
kA




Pus;tfnn | A:,‘%%g"e A“;%’"‘
volts volts P R
0,214 0,023 0,018
0,147 0,025 o021 | S
~0,081 0,033 0,025 ] .
0,087 0,047 9,087 T
0,3 0,065 8,050 et B
o1 0,150 0,082 N
+0,003 0,250 0,11 '
0,016 0,360 0,220 -
40,036 0,370 0,280
0,063 0,320 0,260 o
+0,069 2,200 2,190 ’ . F
+),086 0,080 0,104 ; e b :
+0,103 0,049 0,062 iy
40,136 0,029 0,036 : X
0,219 0,018 0,024 & w
+0,286 0,017 0,022
+0,319 0,006 0,020
Tabee (67)
Analogae Measurements of ¢:and v~ Velocity Fluctustions. i
)
| -
* 2]
" o




. . 1pigital |#nalogue An}]ggue 1
Pos;twn Fite }—T Iz R

o ¥ [
* volts volts volts volts

0,018 15&% 0,130 8,131 0,151 0,075
+),015 3870 | 0,338 0,332 0,334 9,200
+0,039 1135147 0,352 0,332 0,280 0,750
+0,089 119 & 20§ 0,088 0,057 0,054 | 78

Table {6-8)
Comparison_of Analogue and Digital Values of the w3 v-Veélocity Flactuptions
Position W
T e
0,018 REPELY
40,015 1,4 x 16
40,038 9,2 %16
+0,095 -6,0 x 107
Table {6-3)

Digital Valves of the Feynblds Shear Strass
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The amplitude probability density functions are shown $n Figs. (6-16)
and (6+T7}. A simitar profile was obtatned for the v Fluctuations
using the single-wive probe.

in Figs. (6-18) and {6-18) the Tirst sectfon o” the sutocorrélation
curves for the u- and v- velocity fluctoations ave shown,  The different
shapes of the curves across the shear layer correspond to those obtajned for
the single-wire traverse {Fig. {6-8)). TYhe v- velocity fuctuations
raach zero correlation before the u~ vuiocity Fluctustions and also hecdme
negative. Both correlations have the form for turbulence consisiing
of two eddy ranges {Townsend (1956}). This form is also noticeable in
the single~wire measurements.

The cross-torrelation betueen the u- and v- velocity flucteations
is of interest as Ruv(’ 0) s an estimate of the Reynoids shear Stress.
Compaying this value with: that obtained hy multipiying the fluctuations
shows good agreement. See Yable (7-5).  The cross correlation,
quadrature spectrum and co~spectrum at the four points considered are
shown n Fig. (6-20), Flg. (6-21), Fig. (6-22) ond Fig. (6-23).

The eposs correlation 1s zero for time delays of Bmsecs except for
the high degree of perodicity at y = +0,093 on the low velocity
stde of the shear layer. The periodicity of approximstely 180 Hz 1s
of the same order as the low frequency bulges sean fn all the calcudated
periodograms,

The co-spectrun and quadeature spectrum functions sre not generally
caleulated in turbulence analysis and it is fnteresting to note
the definite manner in which the correlation peaks at 180 Hz are
shown.

In general the singleswire and X-array probe pesults compare favourably,

indicating a reliable analysis system.
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6.3.4  Zone Properties of the Turbulent Shear Layer 30cms Downstream of the
Splitter Plate ' P T
A section of the single-wire probe signal measured in the o

intermittent region of the shear layer was tape-recorded and digitised I
B at 20 KHz.  The intermittency sighal associated with the recorded
velocity fluctuations was obtaimed wed~ _ yighitly modified version of o v T

the intermittency program developed by Dreyer (1973).  Basically the . v o,
intermittency decision is »+de by considering both the frequency and

amplitude of the velocity fluctuations. After deciding which points

are turbulent, a data sequence is formad by adding the turbulent points Los e
§ P w0
LR > one after the other, " } e

The errors introded wili be a function of the mmber of points

in a tuvbulent burst and the digitising rate used. In this analysis
P . turbutent bursts ranged from two points to one hundred points. A
: reaaondble average is twenty semple points. At the sampling vate of
20 KHz, this would give reasonable indications of the frequencies
above 1 KHz, i.e. 3 on *he ?og-log plot.
Comparing the perindugrams to those from the single-wire traverse
indicates that the general shape 1s probably correct. From Fig. (6~7)
the slope of the periodogram does not increase above —‘;L in the non~turbulent
zone but does in the centre of the shear Jayer. The turbulent zone and

non~turbulent zone results show the sam. trend. A better result could

be obtatned by selecting only Tong turbulent bursts or by smoothing
» the intermittency signal, 1.e. when turbulent points are separated
by only a few non-turbulent points, regard all the points as turbulent.




7o obtain the I0 blocks of fturbulent data it was mecessary to
process 44 blocks of the origina? signal. The program analyses 4
blocks of data at a time and yives the calculated Intermittency factor
for each set. The values {11 of them) veried batween 0,17 and 0,28

with an average vajue of 0,23, 22 minutes of

time on the computer were vequiiad to analyse the 44 blocks of data.
his seews rather expeasive as it is only 2,2 seconds of data rual time.
The 13 blocks {makihg 5 samples of 2048 points) of turbulent
data and the same quantiiy of non-turbulent data wera amalysed and
compared with Lhe results of the analysis of 30 sectjons {20 blocks)
of the origiml signal.
A short section of the measured signal with the assocjated
Tate: vitency 3s shown In Fig. {6-24). It would seem that the
4ntermittency signal leaves scme turbulent seciions in the non-turbulent
2onB.
in Fig. (6-25), Fig. {B-26) and Fig. {6-27) periodograms of the

1 signai, zone and

zpne are shoin.
The apparent large Jow frequency content in the non-turbulent zone and
the almost isotropic form §n the turbulent zone are the forms
expected for the perfodograms.  Al7 the periodograms pass through
the Kolmogorov sTope of -g when plotted as a Tog-log piot, The high
Frequency content of the non-furbulent zone is partially due to the
s1ightly incorrect in‘ermittency determination.

The autocorrelztion curves shown in Fig. {6-28), Fig. {6-29)
and Fig. {6-30) also indicate some interesting results. That of
the conventional signal has the classic form of two superimposed ranges
of pddies. S ting the veloeity §
showing only ore tange of eddies {Yownsend {1956)). As expected, the

nives two curves

Jarge eddy scale is associzted with the non-turbulent region while the

5

o

;;If-«‘_“‘,,y_uiu,-, e e /

i




TS ToueH TRERIUT i T FONYE RTRCiAL T1EEY SR

98.

{song) sy

5o 4o 265 935 Gt r
v v aFt -~ i

JLR 8 LYY

vy 5
L
\

fRayun £aryEa

L WA

S JURTRGS




99, E o
50w
2,20 R
o
1,40, Lo .
-~ 8 0*7
I .. ¥
B ;
L . J
B 060 . .
8 B :
5 "
= .
E
- .
] “ . .
220 ) &
a N .
=
& -
] .
8 = N
© .
o o vl ,
g - ] .
= 8 146 2,4 3,2 450 - ! v . g‘?
Log Frequency (HZ) | -
1iK. $6-05) C tional i of u ong 5 “
i vl
1,20 .
= .
hot S .
3 . B
= )
i3 .
g . ot
I A } .
2 .
] e
“ o, »
g 3 .
T b . @
=
g .
]
8 ¢
8
®
3
1,20 =
~2,80 - + N
0,8 1,6 2,4 .2 4,0
Log Freguency (AT)

Figge (6-26) Turbulant Zone Poriedogten of the v Fluotusiinmg P L) i




o,

.

=z
E
%
K
I
b
2
2
v ~0,40
]
&
3
H
g
g
Py
H
e ~Ly20
n iy
3

iy .

0,80 1,60 2,40 3,20 %0
Log Frequency (H2)

Figs {6271 W lant Zone Pe.isdopram of the u

242

Led
-
g ~,
H %
g o
il
8 ~——

~—

EAd

~Gy2

~1,b < \

9,0 95 Lu 1,9 2,0

Ting Dolay {snec)
3onal

Fig. fum2R) b 4 af_ the u Pluotu: sone




0.

Fid
o

Coafficient

L2
©

1
3
3

4

~1,0

0,0 0,5 1,0 1,5 2,0
Pime Dolay (mwce)
Fige (6-29) Turbulent Zone o0 Of 4w u ¢ wotuatio

1,6

Goolf.cient

%4

o, +
0,0

5 in

Time Dola, {(maec)
Figs (6-30) Non-turbulent Zone of the u
Fluotustions




Froguenty
b
g
P
y4

o joild ! '

Ty 5 3
Interval Number .
Fige {6-31) Qonventional Ampiitude Probability Density Function

. it}

33
Intgrval Rumber
Fige (6-32) Tuzbulont Zone Amplituds Probability Density Funcii a




6~33) Non-turbulent Zone Amp itude Probability Dens

Fi,

P
8
o
5
"
5
2
Z
=
£ H
T = 2
£
- E
.
k] 3 e
3 2
fousrbesg
e e

ni.wvm.u.l%é




SN — ._...:_...V.,:_!

104,

small addy scale s associated with the turbwlent region.
Stutlying the amplitude probability density functions in the
various regions (Fig. (6-31), Fig. (5-32) and Fig. {6~33)) shows some

interesting results. The fluctuations seem mormally distributed in
the renventional signal while on separating into zones, the turbufent 2 o o TR
zone velocity Fluctuations are very skew with the Targe velocity
Fluctuations in the direction of mean flow.
Fig. (6-24) which shows “turbulence™ for the positive velocity
Fluctuations more than the negative fluctuatfons.

Tnis agrees also with

Although omly 3 e sanples were analysed, the vesulis show the

powver of the analysis system and also verify conclusions drawn from the

conventional measurenents. : ;
Check of Philiips Theory on the Maintenance of Reynolds Shear Stress A : ' o .
Phillips (1987) obtained the relatjonstip f B M
EL . aZU(x LRI . ‘
w7 Ve L L .
8. :
vhere v, = AeW® " “eddy" viscosity AR
A = gonstant . o
If the Reynolds stress vanishes st swmz puint %y where the T 2

mean velocity gradient is zevo, then the abuve expression tan be i ,.

integrated by parts. I

X .
sy, {x) B o
SO B S 1 .
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Assuming the socond term to be small compared to the First

*{x) = ue(x)g—:-

The convected integrd} time scale was ubtained dn the {o1lmwing
manner. Using two hot-wire probes the cross correlation between ‘the
Jongitudinal Fluctuations for various time delays and wire separations
were measured.  The maxjma of the correlation curves at each point

acrpss the stream were used to it an exponentiat rf the form

s
where
¥y = correlation coefficient
& = time delay
Table (5-10) shows the Foilowing calculated quantities:
4)  Value of a in the exponential function.
i1} talus of d 1in the exponential function,
114} Value of the time delay axis used =s the Timit in the
integrazion of the Fitied exponential function. {X)
ty) The value of the correlation st the integration Vimit. (¥}
v} The calculated convected integral time scale.
Fig. (6-34) shows u plot of the convected fntegral tme scule and

the mean velocity. Fig. (6-35) shows the shape of the oross
vorrelations at rne point in the shear Ylayer, ‘the sTope of the velocity




{ s _
Position 2 b X ¥
y msec. msec
0,01 10,6y | 0.4 58 | 0,008 7,0
0,054 | 0,10 0,40 50 <.0034 6,2
0,039 0,04 0,60 126 0,0034 13,3
0,055 { 0,06 a4 7% 0,0035 8,1
0,005 | 0,07 0.41 73 0,0035 8,8
-6,012 { 0,08 0,59 o7 0,0023 7.8
Table (6-10}
Calculations for the Convected intenrai Time Scale
Position Actual Calculated Residual
Y Volts Yolts
-0,065 2,517 2,507 0,010
-0,048 2,518 2,547 0,028
-0,082 2,516 50 -0,004
~0,015 2,474 2,44 0,033
0,002 2:34 2,315 LR
40,0618 2,16y 2,181 -0,007
+0,035 2,025 2,040 ~0,018
40,052 1,885 1,908 -0,023
40,068 1.783 1,758 ~0,015
+0,085 1,753 1927 0,026
+0,102 1,745 1.7% 0,034
118 1,738 1,765 -0,027
Table {6:1),

Least Squeris Tit for the Hean Velocity Profils

i
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profile was obtainad by Fitting an equation of the Form

y = atbx+ ‘;\'2+dx3

‘to ‘the experimental wean yelocity using the least squares mathod.
The Following squations vesilied

¥ = 2,23 0,98 -0,021x% 40,02

= -v.zs - v.0ax 40,068
2,
LY« 0084002
%’
The point of inflexizn sscurs at
x = D03 mms .8, y = 40,005

The results are shown 1n Table (6-Y1). As the transverse-velocity
Fluckuations were not measured,the Tateral fluctuations (vz) ware
uged.  Table {6-12) shows ‘the values used in the chesk, ‘The value
of the constant £ obuained by Hypnangki and Fiedler (1970) was 0,2
which shows good agreement with the average value of 0,23 sbteinad in
this smlysis.

Praviousty PhiTlips (1963) applied the theory to the data of
Davies st al (1963} ¥or the méxing zone of a jet and obtained 2 volus
of A = 0,i7. Baldsin and Haverstrom (196B) caloulatad 2 For
¥uTly developed pipe ¥itw of adh at frour di¥ferent Raynolds nuabers and
cbtaired an average vabue of A = 0,33, Recently Atesman (1571}

appliied the theory to dats From 2 nearly horogensous shear fiow und
ebtained A = 0,85,




Laloulations for Check on PhiTiips (1967) Thaory

Sy . B -
N AN
Ty Stope of 3 ]
PosTtion Arbitrary Taean ArkAtrary A
¥ Units ~ [Velocity | Units | 758
0,018 {-lAz10%] <008 szt | 7.2 | 0.0
40,015 |~,4x10%) 0,28 |25xw05) 9,0 | oz
40,039 [-1,2x 105 { 0,26 ] 1,9% 705 | 9,2 { 0,%
Table (6-12)
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CHAPTER V11
DISCUSSION ON THE ERRORS

The errors involved result from the following steps in the amalysis:

1} ‘The amalogue instruments.

1)  The digitising process.

411) Sampiing of a continuous signal.
1v}  Analysing a Vimited time of signal,
v)  Computational errdrs.

vi) Statistical errors,

Hn error in all the experimental measurements resulted from the
fact that the mean-velocity iirection was not perpendicular to the hot-
wire probes.  This was due to the expanding mixing regton.

The Analogue System

A1 the analogue equipment is standard equipment and hence the
Timitations are specified. For a1l the units the frequency response
curves are flat up to 10 KHz. The harmonic distortion of the amatogue
tape recorder used 1s less than 0,1%.

Some arvor will be introduced by the amalugue filters in the
Both high pass and low pass filters have a roll-off

Some frequencles higher than 10 KHz will therefors

auxiliary umits,
of EdB/octave.
be present,
Tha Digitising Process

The errors due to quantisation are discussed briefly by Bendit and
Plersol (1966) and from a design point of view by €11sson, Black and
Sage (1970).

Assuming the quantisation errors have a uniform probability
density function over one scale unit, it can be shown that the errors wil)

have a Zero mean valye and a standard deviation of approximately 0,29 units.

i




112,

This can be regarded as the quantisation noise in the desirad signal.
The digitiser used digitises an input voltage of :5 woits

into 2088 units.

the signal to noise ratic due {0 quantication will be

Assuming only half the input voltage is utilized,

R

= 20 Logy, 7070 ¢
= 18 d8
Sampling Errors

It can be swown {Glisson, Black and Sage {1970} that if the
signal has been sampled at twice the Nyquist Frequency and the sigmal is
band timited, no errors are introduced. Aldfasiug ervors, discussed
1n Section 2.3 result if these conditions are not met.

In this analysis the analogue TiTters ware set at 10 KHz. Due to
the digitising rate of aboud 32 KHz and the filter roll-off of 6 dB/octavs,
there will be swall aliasing errors present. Filtering the signal
and feeding it to an oscilloscope showed very little stgnal above
4 KHz. The alfasing errors shculd be minimal.

A sample of data was taken from the cress-wire amlysis at

¥ = 40,039 and processed by program MBSMP {see Appendix I}, The results

{a) = 305

b} = 91

() = 102

) = 208
show that no alfastng should be present.
as it is in the centre of the shear Jayer and will contain the highest

Only ¥ = 0,038 was chosen

frequencies. ALl the signals were digitised at the same rate.

L
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Anylysing a Limtted Time of Signal

As a resu’t of truncating the signal length the resolution of the
resuiting spectram is Vimited. IF a tofal €ime of T seconds is
analysed, the maximum resolution that can be obigmined s %HZ. The
arrors due to Jeskage {Section 2.4) are proportionsl te fhe spectral
Tesuiution.

It van be shown {Glisson, Black and Sage (1970)) that when e
sinusoid is not one of the frequencies catculated in the avsociuted
poviodogram, the signal to noise ratio can drop by sbout 4 4B, This
decrease must be taken fato account when calculating the minimum
input signal to noise ratio of the digitiser.

Tomputational Evrons

The Jargest computatisnal ervors will be in the Fast Fourier
transiorm routine and only this aspect will be Lonsidersd. Various
workers, Welch (1969), G11sson, Black and Sage (1970) and Grasfe (1970}
have distussed the computational errors obtaines hen using Pixed point
arithmetic fn a digital computer, This aspect is important in the
dostyn of special purpose computers.

Using the Tower error bound (i.e. no overflow occurs during the
calgslation) gives o vesult that fncreases at the rate observed for
Floating point celeulations,

roms. (resylt 2
P15, (8Yror) » -2y ¢3
whare
W o= power oF 2 due. & = 2
% = nomber of bits used by the computer to vepresent the
values i.8. B bits plus 4 sign,




The digitiser used For this amalysis represents the data with
11 bits plus one for a sjgn.  Assuming the above relationship, 2
pessimistic signal to noise raiie is obtained
2048
SHR = 0,3 * V8,5
= 2345
= 20 logy, 2345 @B
= b6 d8
It has been shown, Oppenheim and Weinstein {1969) that the errors
in the Fourier transform and 1t5 Tnverse &te mot independent and
hence 2 smaller ratio would be sxpected for the correiation functi-us.
The computer uses Tloating point arithmetic with B = 75 and hence
the errors should be considerably smaller than those calcoulated
above.
Cparacterising the Digital Systen
Regarding ¢he digitiser and digital andlysis programs us a
spectrum analyser one can characterise ft by specifying the Following
quantities:
Resolution
The resolution is calculated as %HZ where T 1s the sample
‘length (in seconds) snalysed, In all the analyses performed & sample
$ize of 2048 points was used.  For the singlaand cross-wire Emalyses
the sanpling rate was 32,5 Kz giving
Resotution = 320 - 15,85 W2
The signal used For zone averages was digitised at 20 Kz giving

a resolution of 3,75 HZ,

Ve

T4,
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Bynamic Range
The dynamic range s 2 rough measure of the abiitty of the

digitiser to pass relative amplitude information contained in the
signal. It can be retated to the number of bimary bits used by the
digitiser

DR = 52+44dB
where

&= = wmrba of bimry bits used by the digitiser to

represent the ddta.,
For this system
DR =6x1T+4 = 70dB

The Minimum Detectable Signal (KPS}

The MBS {s the smallest signal o noise ratio st the input that
teads to a reliabie detection at the amalyser wutput. &GenersTly one
vaquires an output signal to nofse rutiv of dbout 70 d8 (GTisson,
Black and Sage (1970)).

Due tn leskage, the input signal to nolse ratio wiTl drop by @
snea11 aount (= 4 dB) and Piis must be accounted For.

The processing gain (PE) of the analyser gives an indication of
the signal enhancement sbtathad in the anaiyser

PG = 20 g (%%—?:—"') 48

and 1t can be related to the signal band width and 1ergth of the sample
processed.

G o= 10 Totyy (1)
vhere T = total sample time

B = bandwidth of the signal




In this amalysis
% = 10 Toggptie’ x g5l

PG = 2848

Assuwing the minimun output of 10 dB, the minfmum possible signal

te noise ratio at the input 3s

PG = 20 tog[SNR out] - 20 Jog[SNR ir]
PG = 10+ & - HDS
110 = mintmum output, 4 to compensate for Jeakage)
o MDs = -14d3
A rough check is cbtained by considering the sine wave analysis
{Section 6.3.1), The signal to noise ratfp there is about 60 T.e.
35 d3, The corresponding MDS would be 13 dB which is much Jarger
than the mintmen of ~18 dB.
1f the input nbise is white noise, the dynamic range and processing
gain should be about the same. 1 the noise is 1/7 noise, then the
dynanic range should be twn or thres times the processing gafn. In
this case
DR = 70dB
P = 28dB
The Statistical Accyracy of the Results
The computational accuracy of the resulis has been dealt with in
the previous section.  &n fndication of the statistical accuraty
i.2. the acturaty &_... 4o weing a limited section of signal and then
averaging & finite number OF sactfons, should also be cbtained,
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o As a result of the central 1imit theoram. the mean value of the i .
: o standard deviation of each section (2048 points) analysed, should follow . EE B

the Students “t" distribution and hence this was used to ohtain a
confidence interval for the mean value. A more detajled description
of the test can be found in Section (2.7).

Table {7-1) shows the results of the test for the single-wire

o

¢ traverse.  In this amalysis the 90% confidence interval was used,so that
AT 8 Table {7-1) and Table (¥-2) show the final value of the standard
A L deviation, the percentage each side of the mean that the confidence
N ' : tnterval extends and the value of the confi<ence interval. The i

90% confidence fnterval 1s Jess than 53 of the mean value at the centre
LI X A of the shear layer and increases to about 10% at the Jow intensity
edges of the layer. For the present amalysis this accuracy is

acceptable, i
Lok o Table {7-2) shows the results obtained for the X-array probe i ;
traverse across the shear Jayer. The percentages ire siightly higher ; )
than those for the single-wire amalysis but this is probably due in
the fact that only 40 instead »f 60 blucks of data were analysed. The
digitiser was not operating properly when the records at

¥ = -0,001, y = 40,032, y = +0,065 and y = +0,082 vere digitised. [

This is shown up well by the far higher percentages 1.e. 38% and 44% for
the u fluctuations and 39,73 and 45,4% for the v- velocity Viactuations.

e E The other percentages give an acceptable statistical accuracy.

o Y It Another check was made on the resulis by using the following
o P relationships fnvolving the autocorrelation and cross-correlation: :
T E i} Byle=0) = @
o 1) Ryylr = 0) = W
j}? See Tables (7-3) to (7-6).




% of’ Hekn 908
¥ thean 5%. Dev. | Confidence
Tnterval

~0,080 4,3 27,4 1,2
-0,047 3,3 45,6 1,8
-0,010 4,8 52,8 744
+0,020 2,4 36,6 W
+0,053 2,8 250,51 7.2
+0,087 4.6 87,0 2,6
+0,120 5,8 2,3 1.5
+,152 8,8 1221 147
+0,187 8.8 19,7 1.7

Table (7-1)
Resulgs of Statistical Test on the Data fyom the Single- Traverse
Humber of blotks analysed = &0

u velocty fluctuations §| v velocity fluctuations

¥ Maan  {90% Mean {908
St, Confid- St. Confiid-

% ] Devia- | ence % Devia- | ence

1 int, tion, | int.

~0,035] 5,8 8144 4,7 57 135,9 47
~0,018{ 8,1 28,81 7,8 3,6 2z4,7 a2
«0,001(38,1 | 6323 |emz 38,7 | 6281 | 2829

0,015 3.6 | §70,8] 20,7 2,67( 49,4} 13,2
+0,032{38,1 | 5483 | 2335 45,4 | 5194 12359

+0,045] 3,6 | 551,87 19,3 2.3 434,86 9,9
40,068] « . - - -
20,082} ~ . . -
40,028 7,3 95,2 7.0 9.3 7.3 8,1

Dable {7-2)
Results of the Statistical Test on the Crosswire Data
Nuiiber of blocks analysed = 40

o N

L
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A B 4 s
1) )

v Rfe=0) | Pltocks) | Platocks)
0,018 | 0.49x 00 | 0,51 x16° | 0.7 x 10°
40,45 | 0,332105 | 0,38x10° | 0,32 % 10°
40,9 | 0,91 x10% | 0,31 x10° | 0,31 x 108
5,00 |o0%x10® | g x10t| o0«
Tiple (7-3
Timparison for o _velocity componemt

A B 3
y =0 72 (40 20 )
e = 0 % Y Blncks
9,08 | o5 x| om0t ) D52 x 100
0,05 10,28 x10% | 5,25%10°8 | 0,25 x 0%
s0,08 | o9x10° | orex108| 0,19« 00f
0,009 | 0,80 x 10* 0,68 x 10°

Table (74
Comparison Tor v velecity

A

4 Rypf = 0) W(g¥o:ks)

08 | -007 v 10°

w0015 | 0,1 x 108 ] wor
40,008 | -0,12 x 10° ) tatostared

40,098 | 0,65 x 10°

0,34 x 10°
g2 % ¢
0,60 x 10

Table (7-5}
omparison for the Reynolds shear stress
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The root-mean-square values of the signals ave calculated before the
dstn is modificd, while the autocorrelation snd cross correlation are
the Tast quantities calculated. When calculating the auto- and cross-
correlations, values For each section are averaged to jive a final
answer, while this is not tae case when calculating the r.m.s, values.
Comparing the two vesults will give an iden of the ¥Ffects of averaging
a5 well as the accuracy of the analysis procedurs adopted.

It is interesting to note that the differerie between the Ry»R,(v=0}

and the HZ und VE values does not exceed 5% {column ﬁé . The

cotumn %‘5 shows that 40 some cases analysing 40 blocks of data s

sufficient, whereas in others the r.m.s, value con change by 20%.
Rt y = +0,039 one sees that analysing 40 blocks of data vas sufficient
for the u velucity fiuctuations but not for the v fluctuations,

The resuTts show that the statistical accuracy fn the turbulest
shear Toyer 15 good but decreases as one moves Tnto the Tow {ntensity

adges of the fayer,




‘ CHAPTER VEII -
. 8. cONGLUSIONS i
® 8.1 Ihe Analysis System .

"

13

A system for the digitising and digital analysis of analogue
turbulent data has been completed.
written in Fortran 1V and are processed by the IBM 360/50

computer at the University of the Mitwatersrand Computer Ceritre.

The digital programs are

A single time serfes can be analysed providing estimetes of:
a}  The pericdogram,

b) The ampiitude probabitity density fumction.

¢} The autocorrelation,

ifi) Two signals can be analysed simultaneously to give the above

i)

%)

mentioned properties for eacs time serias as wall as

4)  The crass spectrum.

b} The sress correlation.

Zamples of efther 1024, 2048, 4026 vr 8192 values can be anaiysed
and any nacber of samples averagi %o previie the Final answer,
1t is possible to separate the two signals $rom an X-array

probe into the two velccity components. It is pessible o
produce turbuient an non~turbulent zone signals frem the signal
and its associated intermittency signals.

Comparing the reut-mean-square values of the Fluztuitions and the
valug of the autotorrelation at + = 3 (R (x = 0)} gives values
differing by 5%, The values of “w(‘ = G} are ehiatned by
avsraging over 20 samples of 2048 points each.
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vi} Caloulating the root mean squave values of 30 sarples of dats
and comparing it to R.{r = O} caleulated aver 20 samples gives
values differing by up to 20%. The Students “t" test on the
mean value of the standard deviations of the sampies showed a 90%
confidence fnterval of at worst 9%, but generally 5% of the final
mean vatue.

vit) A short sensitivity analysis indicated the importance of correctly
measuring the angles a and ap betweer the hot-wire sensors
and the mean-flow direction. Different values of the directional

sensitivity coefficients k‘ and k2 change the relative

root-mean-square valuas of the u and v fluctuations conpidarably.

The accuracy o¥ the values of k, and ky depend primarily on the

values 4f o and a,.

Turbylence Results

i} Usiny ngitel Fourier analysis it is possible to obtain turbulence
quantities which are very difficult to measure using analogue
methods.  In this {nvestigation estimates of the periodogram and
autucorreletion of the turbulent and non-turbulent zomes in the
interntttent regfon of a free mixing lay¥er were obtained.

it The turbulent-zone

The power spectra are of the expected form,
. eriodogram 15 the classic turbulent-flow periodagram which passes
theaugh the Kolnogoroy slape of ~ S, Indications are that the

Tow fraquency content s higher in the non-furbulent zane than In
the turbulent zone.

it1) The autccorreiation of the mixture {intemittent signal) indicates
isotropic turbulence with two distinct eddy sizes (Townsend {1956)).
From the zeme calculations one sees that the Targe eddies are °n
the non-turbulent zome while the smaller sddy size fs associated

with the turbulent region. Both cutocorrelations tail off ay




expected for u welority Fluctuations.
The amplitude probability density function of the mixturs shows

the velocity fluctuations to be rearly nonmal.  Dn sepavation

there wre two distinct distributions. Both are skew with their

tails in the direction ¥ meen flow.

From the conventiona! memsurements parformed across ‘the shear layer

30 cm downstream of the splitter plate, the following conclusions

tan be dravm;

a}

b}

)

d}

®

Velues of the Taylor microstale measured using the auto-
correlation are sinflar to those pbiwinad by Wygnanski and
Fiedjer {1970). The averape value meross the shear layer
is 1,4 times Targer than that obtafned by Leipman and Layfer
(1947).

The single-wire traverse results show ditferent €low structures
5 observed by Wygnanski znd Fiedler (1970).  The different
ragions could also be deduced from the autocorrelation of
the v- velocity Fluctuations.

#io Tinear redationship between the convected integral ‘time
seale and slope of the wean velocity profile wos found.

This supports the resvlts of Wygnancki and Fiedler (1570)
but not thise of Mevies =t a1 (1863).

dpplying the evailable data to Philisps (1967) theory wn the
maiytenanze of Reynolds shear stresses gave an average watuw
of the sonstent A to be 0,23,  This comperes favourdbly

with the value of 0,20 obtained by Uygnanski and Fiedier (3878). “

“The periodograms at all the peints considered $oTiow Ko'imogorsov's

universal eguidVibriun theory over & short range of freguencies.
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The Reynolds munber based on the Taylor microsca,e and

the root-mean-syuare vaiue of the u- velocity Fluctuatims
veries between 20 and 300, The results tend to support
those of Bradshaw (1957).

8.3 Suggastions For Further Work
There ave tyo important aspects of the work whith shuuld be
investigated further.
1)}  The accuracy of the vesult as & funcsion of sample length anabysed.
and the number of samples averaged to give the final rasult.
11} The methad of separating the inte-wittent signal inte turhulent ard
non~turbulent zones must be faproved to give batter avcuragy in the
Tow frequancy regions.
9 i
L
§
e A * x
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NOMENCLATURE
A Congtant In PHil11ips' treory and Kmg's Taw.
t\n Digital forw of the complex Fourfer eoefficient.
Al Inaginuey part of the Fourier coefficient.
A Real part of the Fourfer voefficient.
&%), B{R) ... Cortinuous Torm of the complex Fourder coefficient. L
Ar{$), Br($) Compiex conjugate of A(f) and B(f}. 3 ;
B Band ¢idth of the sigmal and King's law constant.
R Dynanic range.
P Sampling fraguency {twice the Kyquist frequency).
tos Hintmun detectable signal.
] Sample size.
141 Processing gafn.
Ry} = Ryla) Autocorrelation ‘;
3] Crossecorrelation function of the X and y series, | .
sxx(f) = sx(f) Spectral density Function. 3 N
Sxy(” Twowsided cross-spectral density functien of the
x amdl y series.
SR Stgnal to noise ratis. :
T Period of the Fourfer series.
o, ¥, ¥ Hean velacity components.
. i ueff Effective mean velucity measured Sy the atemometer, .
| M N XLy Lomplex form of the contimous time series. '
- & ‘ . E ] Kkh) Coaptex fom of the digitised time serdfes, «
.\M N | at bYs ete. Sine and Costne toms of the ni' hamonic in
Fourier serips of % and y sigmals.
. i
|




aff), b(f)

Gy c.‘, C?
#(r)

otr)

h

1

Ky ks ky

LR
*(z)
*{kh}

&
u
b= 1:4

'~‘u LT
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Cosine and Sine terms n the Fourier series
(continous notation).

Ingtantaneous effective velooity fluctuations,

Rormalised Tongitudinal correlation.

Normalised latera] correlstion.

Time between samples.

T

Directional sensttivity coefficients of the hot-
wire sensors.

Number of bits used by the dightiser,

Harmonics 0 the digital Fourfer series
n=0,1,2 .00

Separation betwesn two sensors.

Student's "t statistic.

Fluctuating velocity components.

Continuous veal tiwe domatn Function,

Digitised veal time domain function.

Diwensionless position across the shear Tayer
y=Dyhere U= &%ﬂ

Augde between the hot-wive sensor and the mean
stream velocity.

0enss

Tine deiay

Taylor dissipative length stale (mimroseale}.

Migroscale obtained from the lateral covrelation.

Rate of vistous dissipation.

Rinematic viscosity.

Kpimggoroy lanyth:scate.

Macro or integral svale of turbulence,




Normalised autocorrelation,

Microscate obtained from the autecorrelation.
Bacroscale obtafned from the autocorrelation.
Hormalised cross correlation.

fonvected integral time scale.

Decibels 20 logyy SHR {SHR Tn volts}

Average valoe of quaatity in brackets.
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APPENDIX I

The Hot-Wire Resporse Equations
A Hot-wire is assumed 40 be in a plane perpendicular to the Z

direction, Iis direction i3 given by the unit vector §

g

S—

Z

]

Figgre I

“The mezn velocity I5 essumed to be in the xy plane, and without
1355 o generality can be assumed fn the x-~direction, The effective
tasling velocity s assumed to be the velocity perpendicular to the

wire pius a fraction k of the velncity parailel to the wire.

Yo = Yoprp * Hoare -1
How o
¥ = instantawesus velocity vector
u+ u%
IREER
i L ‘
als0
Yerp W1 - 55)
ooy = (1
L,
" 1 Il 5

- == iAot

=

b

g

o




where the dirgction vector 5 is weitten as

§ = {cosa+] sina
= e+ ds
Working in terms of components
Ugdy = Wy
where From (i-1)

Bag o= Ry omsysy b ks {1-2}
5p =& 7 csa
s, = 8 = sing
53 2 0

For constant temperatitre, Yinearised mode of nperatisn, the Hot-

wire voltege E s proportipnal o the magnitude of the effective

cooling velocity.

E = Kiw{ {1-3)
AN
Fron {I-1)
ton [nzcsﬂ % s 0 U*u‘
LA 01 0] - jos 52 of 4k fes sZ 0 v o
) LR ‘ooo o ool | w ]
pdding the First two matrices snd using the velationshin 52 * 52 = g
s 0 15 D. U+
Wy = Jjees 1us? o} +k| es s2 0ll] v
: on\J OGDJ|W[
Hurtiptying the two matrices and simp)ifying one obiatng
(0 4 ik + $B1)) + csvipe-1)
Wy = U westk - 1) ¢ visEeD) 2 )
K " i
i
= T T




Now the magnitude of the effective velocity vector Heo
2 2 2

Wl = W« wg® +g? e g
= L+ wdko+ (1 - k) + asvl - DR
FIU*u)es (k- 3) + visPl - e NP4
simptifying
I[leiz = (U2 + By + uz)(s2 + kzcz) + v""(szk2 + ;2)
+ 200+ ves(k < 1) + 2
2 . 2 22 1sc 2l ¢ B
W12 = 13s? + 4% )[1+(-+ ik-i— iy
e T 2 ¥ sl 4 kD
2
+ bt + __".(L:l)ﬂ]
V(T + K28y V(% + Ko 2)
Yo ohtain lNe! use is made of the Binomial expansion :

;
2y, f

+a® = 14T

2 2.2 2
(k -1gsc Rl l'c)
h|=Uz+kc[1+ + 4 + 4 YXTsC b e
r,e g Y ZUZ UZ(SZ « C‘)

+Em -]
2!

3 202 222
1 Au® | av(kE « 1)%"e
-.‘..—E-{-
L U(sz»kzrsz)i

U(s” + k¢
1k = ilse

T kD

2
+ U%%;%;—;y{f;—*- ... higher order velocity tewmsi]
%

. T
= e e
2
W
Ty el
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Heglecting the contributions from second cyrder tems ti the velocities
(2, 2, ) 1F £ = F+o andusing (-3)

where £ is the instentaneous measured voltage, On averaging (I-4)

T e WSl Kt

s

and

- 2
P R e i = lzcs.]
b ¢

The largest terms negiected Tn the mean velvcity ave

Bt

28T i Z)

1¥ these terms are not << 1 then tie above approximation is

invalid,




APPENDIX 1T
THE _COMPUTER PROGRAMS
The various programs available for the analysis of digita] turbulence

data are described in this section. Rather thar give the actual program
a description s given {where necessary) of how the various quantitiss are
calculated. A general description of the software is given as well as
instructions on how to use eash program or subroutine.

Primarily the object was not fo write one enormous program
catculating everything, but to write subroutines performing the various
calculations which could later be combined to form more complex progruns.
Thismeans that the user can write progrems satisfying his own particular
needs. There have aiso been a nuwber of fairly general grograms written.

The General Layout
The first time that computer programs are vrequired is ence the analogue

signal has been digitised. It {s informative to know what the digitised tape

actually looks 1ike,
———— File

i
YA 7 R 7L V77 h
File dek Intdrlock
rark (1084 920
samples)

The digitiser samples the analoyue signal and then converts it into
an Integer *2 number, The samples are then written in blacks of 1024
onto the magnetic tape. Integer *2 means that each value is represented
as an integer using two BYFES, Each BYTE comsists of 4 BITS. A bit
15 the basic onfoff element used for binary representation, The
magnetic tapes available xan handle 1600 BPI {Bits per inch) although
we operate at 800 BPI.  When a particular section of duty has been

A




digitised and written onto wagnetic tapes, the FILE can be. terminated
by using a TAPE MARK,  This 1s produced by the digitiser itself.
Sumarising we have:

1) FILES - The size of which we detemine.

i) BLOCKS A group of 1024 values (2048 Bytes).

The magnitude of an Integer *2 variable is Yimited and so the data
is converted to the Real *4 representation so that too larger values
are not encountered in the calculations. After checking and then
converting the data we can proceed to calculate turbulence characteristics.

Generally when debugging a program one only requires a small
quantity of data. A catalogued data set on dicc is available and
programs to transfer about 4095 pofnts have been written. Using this
data has two advantages:

1)  Faster turnaround time of the programs
11} Less wear and tear on the magnetic tapes.

A Library has been formed on disc which contains a1l the subroutines
and the projrams that are evecuted by "In Line Prodedures”.  This
removes the need for large decks of cards and allews the same subroutines
to be used in different prograns at the same tfme. It 1s very simple
to add more subroutines to the Library, Al programs and subroutines
are also on punched cards in case the Library is damaged.

The general programs ave written {n a menner that makes it possible to
store the resulis on magnetic tape. This {s most useful if one
intends at a later stage to compare results or try different methods
of plotting them.

£ach of the programs and subroutines available will be dfscussed
separately, and vhere necessary the theory discussed, Because of its
fmportance the Fast Fourier Transformation will be discussed first.
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SUBROUTINES
SUBROUTINE RHARY

This subyoutine perforns a Fast Fourier Transformation or Inverse
Fourier Transformation on real data,  The FFT algorithm {Cooley % Tukey 1965}
1s used o ensuring fast execution times compared to tonventionat methods
e.g. Boertzel. SUBROUTINE RHAR! converts the real dats intv & three
dimensional complex array which is then processed by SUBRGUTINE HARM.

The output of HARM is then manipulated to give the Fourier Coefficlents
of the original time series, The subroutine can only handle samples

that are a power of 2.

Name
SUBROUTINE RHARI {A, M, INV, S,IFERR, NN}
Purpase
Performs Fourier Transformations on vedl, one dimensiona) data.
Pescription of Parameters
A : As input contzins the data to be transformed
i) Time Domain to Frequency Domain
The input consists 2¥*{¥H1) Lime samples, The output tonsists
of 28%{M1) + 2 values where:
Al1) = 0,C, value {mean)
Alzy = 0.0
R{(3) to A(2v*{M1) + 2) contain the cosine and sine terms
of the Fourier series
A{2) = Cosine term of st harmonic
A{8) = Sine term of Ist harmonic etc.




£l

o

i 1) Frequency Domain to Time lomain

ks The irput A contains A(Z¥{N1)}42) freguency domain vailes
A1) = DT
A2) = 0.0

A3} = Cosine term

A(4} = Stne term, stc.

#:  Integer constant wiich determines the size of A{in time domain
= 2(M1))
INY: Work area, must be dimensioned fo 1/4 size of A

St Work area, to be dimensioned 3s for IW

IFERR: Error indicator
i) IF NN = D+ 1, -1 then ¥ IFERR - 1 the

vaite of M 1s 20 < W< 3,
i) If NN = 42, -2 then IFERR = 1 mmans that the Sine and
Inverse Tables are not Targe enough or have not been computed.
N This ts an option parameter which may have the Following valuss
i) 0 - Set up Sine and Inverse Tables only
i)

- Set up the Sine and Inverse Tables and calculate the

Fourjer Transfora
H-1 2xi

LOILINA Afk)e T K
»

411} =1 - Sgt up the Sine and Inverse Tables and caiculate the

Inverse Fourier Transform

8
Ak} = 1“350 s




i) 2 - Calculate the Fourier Trawsforms only {assume that the Sine
and Inverse Tables exist).

v} -2 - Calcelate the Taverse fourier Tramsform only. Hssume
Sine and Inverse Tables exist.

Pamarks

M is Vimited to 3 > W< 2D

Subroutines and functions Reoiired

HRRM
Some timing information is given beiow:
Sample Size Approx, time {secs)
w2 2.8
2048 $
4036 132




AL

This subroutine calculates various statistical properties of the
sample. It is a simplified and modified 5.5.P, routine. Calculation
of the dmplitude Probabil{ty Density {s uptiomal.

If the input array is ‘)\, the To1lowing guantities are calculated:

4} The maximum-value of A,

T 44} The mindem value of A

SUBROUTINE _ STATSS }
1
t
¥
i

i91) The totel A, e "
iv) A2 F
%} The mean % e :

v Z ;
vi) The standerd deviation b= memml : -
vii) The mmber o vaTues nutside rewge used for A,P.JILF, .

Hote: | P

2 [
w(% ~ mean} T Y
= 3’,(;{2 - ZafVmeRn + meanz) N
« o - Cumean + owean? Lo

= B -
But mean W )

= pof . 2hRIXK | Nx EX L

L e .
= 2,(2 . mgsx o

e is the quentity sctually calculated
Haue
SUBROUTIHE STATSS (A, #0, UBG, FREQ, PCT, STATS, NYES)

furpose PR
falovlates wurious statistics and the Auplitude Probabitity Densiiy {

Functlon of o semple.

T

B >




DESCRIPTION 'OF  PARAMEYERS

NO: Nuwber of pofuts., The dimension of A,
URO: An array of dimension 3
1) UHO{2} s the number of intervels vequired fur the
Amptitude Probability Rensity Function,

) IF {1} = UBD{3) then the subroutine cdlculates

the minimm and maximm values of the array,
Dthervise:
MBA(1} = minfmun valie.
BBHI) = maximum value,
FREQ: Output avray containing the Amplifude Probability Bemsity Function
Dimension UE0(2).
VCT: FREQ/NO*00
SYATS: Dutput array of dimension 7 containing the follmting:
sSTATS(1) = Total.
STATS(Z) = Mean,
STATS{3} = Standard deviation.
STATS() = Mintmm value.
STATS(3) = wHaximm value,
STRIS(6) = Sum of A
STATS(7) = Mo uf posnts outside range.
WYES: Option paramuter:
i} WYES = 1 (ouses Amplitude Probability Demsity Function to
be caleulated,
1) WES # 1 Iadlcates that the AR.DLF, i not to Ye calowlated.

!
Lo
A The imput array. 1t is not aitered durimy execubion of the subroutine. o <
{
i
i
i
]
i

S T T T T e ey LLARI



Remrts.
Hone

Sybroutines and Functions Used
Hone

I3
B

-
YU




ITINE _REMOY

This subroutine checks the sample to ses if there is 4 mean or
Tinear trend, Atthough the 0,C, is filtersd nut of the signal,
means and Finear trends in each sample can still be found.

The wethod used is that described by Bendat & Piersol (1966).
It ouly uses 2/3 of the datx points and hence saves compp*— time.

Let the original signal be represented as

ug) = Tt~ D+ xl) O<teT
whare
¥ = sample wean
T = average stope of U{t)
T = total time
Graphicatly
- o
{
) i 2

k1
e nesd the quantities 1) U
H) ¥

Integrating between the inmits 0 and T/3

an UELE [T/B
I ue)dt = | Udt + aft-g)at + #{t}dt -1
bl v o 0
Intagrating between
Hax
4 v . T
[oteiae = [me+ [5te - e + [amae -1
/3 w3 23 a3




Shviousty
13, o

T
[To - [we
o @3

Subtracting 1 from U
a T T_ T
Juterse ~ [ Cutmier - [ - e+ [ o -
2173 0 a3 an

3y 73
Wt o-ghdt - | x(t)dt
[, mt=hue- [ o
The serjes x(t) has no limear trend and hente
T/ T
[Ptwrer = [ateyas
° )
Hance we have
i 178 T Y73,
[umsn - [Tumae < [Gre e o [ o - P
0

2173 o 2173

T - -z T T
" t k] « lar?
";u(t~%)‘it=g?-! /3.«.2_{ § o
21/3 z a3

T

T 2 T
3 I 3t Tt
We - Dt = -t

fo ®e-F i, T,

Tharefire
hs T/3 2oyl
[oe < [Tuwer - 5
2t [4

Theeefore

3. 'f;_?{f;:g)dt . J';ﬁu(x;)at}

= 15t

B




A

The corresponding version of 281 For use with discrete dafa wouwtd be:
U{t) is represented ar
Yoy s # o= 1,2 .. W
t = mn h = time intervs? beieen samples

iy N w3
= . EE p
= BNWC I Uln) - 3 U
7 !i' tn) & [n)]
let v = -'3!

Therefore

e

1 # N3
= FE2RE £ 0ln) - 3 U(n)}
33 z_% o
. B w3
= m[ai Uln) - SU(“)]
Finally, 3

= N M
F o N “Efq.?,("’ - n:IU(n)l

Sinte we use large samples §t is generaily sufficient to fake + as
the {nteger neaver® W/3,
The serjes x{t) <an be calculated as Tolloss:

xtnbd = k) - T Bhin-Fa 0 & dn

Hame,
SUKROUTINE REMOVE {X, H, N, RESILT)
Purpose.
Tha subroutine calculites the maan and slopa fnr 2 sample and then

vemoves one, both or neither depeading on the magnitude of them,

1;
!
{
;
L
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Deseriphion pf Parameters

%z Tnput srray of dimenston M.
moditipd signal,

H:  Time betwaen sampies =¥ X

BESULT:

A output 1t consisias of the

Contains the waan and Slope 7F the sample.
RESULT (1) = mean
RESULT {2) = slape

Dimension is 2.

femarks

By changing the vaTues in ‘the IF statements dn the subroutine
W ‘the eritical values of ‘the mean walue and sTope can be waried.
Fonctions and Subroutines Used

D Hone.

Far the size of sample used the routine yives reasonably accurate
e ru5ults us shown in the table below:

Sanple Size Actunl Siope Lalculyted Slove
0o 0,2 0,22
m 0,2 0.1
590 02 0,20




\\; SES
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SUBRUUTINE HAMHEH
The subroutine HAMMS the input signal. 1In effect it is a woving

average, the coafficients deing 0,463 1.08; 0,45,

Name
SHUBROTINE HAMMIN {A, N} 5
Purpose !
The subroutine Hamms the input array, :

Description of Parameters ,‘
A Input array. As output it is the Hamned array. 9

B Number of points in the sample.
Remarks

None.

w1

Subroptines_and Functions Used

fone.,

p
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SUBROUTINE _HRSNIN
The subroutine HANNS the sample, In eFfett 4t 45 5 wving avevage,
the coefficients being D.25; 0,5; 0,25,

Ramg ks o L N
SUBROUTINE HANNIN (3. W} e
furpose .
The subroutine Hanns the fnput 2rray A S B
Deseripbion of Parametars ¢
A Input Brray,  As output 4% 15 the Hanned array, i ) LRI N
t:  MNumber of points in the Sample. . =
Remarks ‘ i B
Hone i
- V
i P e
i i : -
i
i B
]
° {
i
! et
-
B
i
| '
8 ;
|
=i
E

e




SUBROUTINE _PGRAM
The subroutine calculates:
1} The Fourier series coefficients a{f), b{f).
1) The Periodogran coefficients a{f)2 + »(r)2
111} The Phase angles Tan{b{F}/a{f)) of the input signal.
routine uses the Fast Fourder Transform Algorithm.
Yaime,

The

SUBRDUTINE PGRAM {DATA, N, AMP, D, WYES, INV, 5)
Purpose

The subroutine calculatss the Fourier coefficients of the input

arrgy using the Fast Fourder Transform, The coefficients can be

¢
They ave then combined %o give the Periodogram )

The Phase information is also calculated.
Description of Parameters

Hanned if required.

{Power Spectrum}.

DATA: As input DATA is the Real array of N defa pojnts.

Dimensdon
N+ 4

The output array is of size N + 2 and consists of
DATA {1) = mean value
UATA {2} = 0.0

BATA (3} = st Cosine term o o
DATA {4} = 1Ist Sine tem v b
<. . ondete. _— n ’K .
AP: Array of amplitude squared tevms ln2 + hz). Dimension N2, N ;\ ‘ K
[N The D.0. term s not {ncluded. o j@
N:  Number of points in the ipput. It must be a power of 2. . B
i L 0:  Reray of Phase informetion. Dimension N/Z. 2 SUETRE R
‘;: et NYES: s an option puvameter, If NYES = 1 then the Fourier A »
K : i goefficients are Hanned, IF NYES # 1 then the coefficients are N
' i ot Hanned. &_ﬂ - . E
o : | |
v o




W
B @ Vi
* . ¥
fa = “ S
A.20
HiV: Work area vequired for subrbutine RHARY .  Dimenston N/8.
St Work area reguirved for subroutine RHART .  Dimension N/8,
Remarks
The input array is destroyed on passing through the subroutine.
functions and Subroutines Used
RHART .
e ) 4 kY
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SUBROUTINE__AUTOC

The subroutine rearranges the output of subroutine PGRAM and then
Inverse Fast Fourfer Transforms ft.
with PERAM.

It should be psed {n tonjunction
The mean vaiue «of the array to be IFFT is wade equal to

zero. The Cosine terms are squal to ‘the Periodogram voefficients while

the Sine terms are 211 zero.
coefficients with time Tags being muitiples of the time interval
betwsen samples. DBecavse the autocorreletion function is an even
function only half of the calculated coefficients are un‘gue.
Name
SUBROUTINE AUTOC (DATA, AMP, N, INV, S)
burpose
The subroutine rearrangesthe Periodogram coefficients and then
IFFT them to glve the autocorrelation function. In general the
Pariodogram coefficients are cbtained using PGRAIL
Bescription of Parameters
DATA: Is the cutput array of rrelation coeff " fon
Nt 4,

: Input array of Periodogram coefficients, Dimansion N/2.
o Muribar of points i the autocerrelation (same as origingl
time serfes).
INV: Mork ares for subroutine RHARY, dimension N/B.
S Work ares for subroutine RHAR], dimension §/B.
Remarks,
Generally used th conjunction with subrouting PGRAM.
Functtons and Subroutines Used
RHART,

The output consists of the autocorrelation




SUBROUTINE _READS

The dats on the magnetic tapes i5 biocked <n groups of 1023
samples, The maxinum mmber of points any READ statement can vead
1s one block i.e. 1024 values, I¥ a sample of say 4096 points is to g

be read, exch biock that is read must be put into different areas of
‘the zample array. I #his {5 not done then the First 1024 points wiTl
be overswritten by those from the next READ. The subrouttne veads

any sample size (a multiple of 1024) greater than 1024,

A o Name H
P e :
f b SUBROUTINE READS (N, NA, DATA) ' s
o, i Purpose : .
o To read an array 21024 points when the date is blocked in blogks @ . p
. ; i i
e e of 1024, [ 3

; : Descripgion of Parameters
L H Size of scmple to be read.

NA:  The data set reference number of the data to be used,
- DATA: Output array of deta, dimension N.

Romarks,

e Samples of Tess then 1024 points rannot be rept.
) Functions and Subroutings Used

Nome.




SUBROUTINE _SHOOTH

) The subroy’ .ae takes fhe fnput array and smouths it usirg a moving
oy e J avarage technique. The width of the trianpular weighting Yunction is

- . i varigble, Tt is a useful method of smoothing the Reriodogram
N (Singleton and Pnui’ter W57}, An optiomg) check is available to
; » sefaguard very sharp peaks which would otherwise be vemoved, It is
- : 2 fairly time consuming process but useful for Finel “tailoring" of

s the resdlts.

N/ AR If the span of the smoothing function is 8, then;
: . 7, X - 11=7) + 2RI1) + BUT) + 2R(IH) + TAR(142)
. 1) = W

P where

v W= Sl i

4 when using a span of 3, the effect is jdentizal to Hanming the sample.

Hame . .
. SUBROUTINE SHOOTH (X, 1S, #, 1T}
Purpose
L % ‘ ‘The subroutine smooths an nput arvay using a trisvgular swmouthing “
<'{ | functien the span of which s varisbie. i
BN Description of Parameters [ ;
- X: Input array of dimension Y.  As output 1t cortains the smoothed f :
i data.
‘ 5 K: Humber of poitits,
mﬁ,‘%/‘l Toe % 1S:  Span of the swoothing Function.
o toy IT: 1T = D, then sharp peaks are left,

IT = 1, then sharp peaks are smoothed,




None.
Some time fnformation i shown v+ aore below:
Sample Size S Tige (secs)
024 3 10
1024 T ]
w24 15 k)
)
Y
™ X 4

Remarks

Functions and Subroutings Used

Tee maximem span that can be used is 19,
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SUBPOUTINE _WOMENT.

The subroutine caleulates Higher Order Skevness fattors of the
input srray. It is written so that if the sample 75 oo large to be
handled in one pass, smaller samples can be taken and the results
averaged. The moments calculated ave defined by,

fulx, t & 1) = ulx, t} .

S} 2 Tlatx, €+ 1) - ulx, )T
where the overbar implies aversging and where ulx, t), ulx, t+ %)
are velucities at the same point in space, but qifferent instants in
time, The two guantities

Tt o r o e 2y
Tulz, t +h) - ulx, t)]

and

E;(x, t4h) - ub:i_&;ftT
are the outvuts since they can be averaged over succesSive samples.
Only one vajue of NV can be calculated at any time, but as many diffenot
values of the time delay as required can be caleulated. The time
delay must be multiples of the time Tnterval between samples.
MOTE: this s not the optimum way to calcwlate the moments above.
The F.F.T. can be used as described by Ven Atta and Chan (19633,
Hame

SUBROUTINS MOMENT (X, N, 8T, NI, NP, TEMP, BEMP)
Purpase

The subroutine calcufates higher wrder skewness factors for 2

particular valte of W over as wany time intetvals as raquired.

e g

i 1 i A\




PROGRAMS
The previous section described most of the subroutines avaiiable.
They can be used by any program written by the programmer, This section
describes some of the programs avaiieble to perform particular calculations.
One general program that calculates Cross correlations and sutecorrelations
has been written, Most programs ave available in two forms, the
difference being the form of the Job Comtrot Language processing it.
The Tirst form is the standard I.8.M, Job Condrol Language, in
the secand form In-1ine procedures have been utilised, The necessary
Jeb Control Language foo the program is formed inte a standard procedure.
8y usTng substitution Job Control Language it is possible to change
any particular parameter in the Job Somtrol Language by ovar-riding
4t in aither the PROC or EXEC statements.
To use In-1ine procedures the program must be compiled and Linkage
Edited and storad in a Partitiuned Vata Set, whereas for stendard
WJob Contro? Language the program can be in card form., The biggest
advantage of the In-Tine pracedure mode of execution is that the same
program can be executed a number of times in the szme J0B using the
minimm of Job Control Language. Each time the routine {s exacuted
different Job Control Language parameters or data can be used. Graphically
a JOB conststing of an In-line procedure i5 shown below:




A3l

Beginning of Job
Formation of Procedure

PROCI.
It 15 J.C.L. to read
of fTape
Exccute PROCY with
Hame = NLBOI
File =2
Time = §

The that cap be Varied

Execute FORTRAN
Program {cards) to

i) Name of tape {Name = ),
plot resuits.

1} File to be read {File = )
1i1) Execution time (Time = ).

Execute PROCT
Name = NLBOT
File= 6
Time = 10

The actua) program to be executed
15 storad on disc and i3 found by
PROCY.

Execute a different

Plottin
-

There 1s no reason why +r Die-line procedure cannot pe exacuted

alternately with various smailer Fortran programs whi:h output results,
1f the same plotting program 15 ussd-each Lime It would be  advaniiguous
4o form another In-line procedure that executes the plotting routine

Define File Staiements have been used to transfer data from on:
step in the program to apoiher, The disc dafa set formed by a Defina
Fila statement is only erased at the end of « J08B, Small programs
deing soeeific caleulatw + arefore be executed after a Jarge
general program, the data beih, ecad ofF the duta set that the general
pragram wrote onto.

The First programs mentioned are for checking the dota on the apes

and converting the data into o vonvenient form,




PROGRAM _NLBCHECK

The program s used to sheck the duta nn the digitised tape
containing integer *2 data. It is possible to print the first block
of any F{le on the tape to see if the values are those expected. The
program reads right through the file and any error interrupting the
reading voutine will cduse a message $0 be written. The program is
available in two forms, one using standard dob Control Language; the
other the In-line procedure NLBPROCT, The program is stored as the
modute CHEK on the Library ASM.NLL.LIB,  In general it 1s easier to
use the form using the In-line procedure.

The following deck of cards {s required to Execute the program:

#/MLBCHECK 0B —_—

2/NLBPROCY  FROC Formation of
In-1ine
7/NLBPROCT  PEND Procedure

//ONE EXEC HLBPROCT, NAME = s TIE = ate,
date cards for step ONE
J7TW0 EXEC NLBPROC1, NAME = s TINE = ete.
data cards for step THO
‘These are two parameters thal can be changed:
i} MRME = :  name of tape to be reud,
44)  FROM = :  file number to La rean.
If a1l $he steps use the sane tape then the NAME = paramdter cen be
specified on the FROC statement
JMLBPRDY  PROG, RMME = BLEGD
1i1) One data card giving the file pumber of the file
to be vead must be supplied for each EXEL statemant

o e
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PROGRAM M BCONY
The object is to convert the Integer *2 results on the digitiser
tape into Real *4 results, The standard representation 1s Real %4

variables,

Depending on the analysis to be performed it might be advartageous

j
|
!
i
a5 the allowable magnitude of Real ¥4 is higher than that s ¥ Intsger 2 "
i
7

to have certain Tiles of information next to one ancther. Files that ‘}y
were terminated because the digitiser had a Partty checkycan be weglested /",/ )
compietely, The program reads a particular file, converts 1t to Real #4, <<
counts the number of blocks and then writes the complete file onto ansther
magnetic tape.

The program is available with standard Job Lontrol Language or
using the In-tine procedure NLEPROC.

The varisble parameters are: )
i} TAPE = : Name of Integer *2 tape. : /
$) N0 = : Home of Real *4 tape. : 4
T} FRON = : Numher of the file to be read. ‘ e T
iy} T0 = ; MNumber of the file to be written,
W 1T = : Execution time required,
1tsc
vi) Integer ¥2 tape is ROLASEL .
¥i§} Rea) *4 tape is LABELLED.

vit?) fath EXEG statewent requires a data card, Any information can

ix)

be written onto the first 20 characters, If no information is
vequired place 2 blank card as the date card,

Aeb Ce™t. » Language messages are on SYSONT = B white progrem
mes3at o BYSOUT = A,




Bescription of Parameters

X Inpet array.
N: Number of points.
#T:  An array, the members being the time delays to be caiculated
(miTtiples of the time interval betwsen samples).
NI: Dimensior of NT. It is the mumber of time intervels to be
calculated,
NP:  Power of the skewness Tactor.
TENP: Array of dimersion I co uaining the values of
Tulx, £ + 1) - uix, £}F
for each time delay
BEMP: Array of dimension NI, containing ‘the values of
Tatw, £+ 1) - ulxs OF
for each time delay.
Remarks

skewness factors is (Frenkiel ang Kiebanoff (1966)).

A reference indicating the importance of the above type ¢~

Funztions. wd Subrottines Used

Hone,




SUBROUTINE NBHIST
The subroutine plots a Histogram on the Calcomp Plotter, The

user must supply the frequencies to be plotted, the number uf intervals
a5 well as the minfmum and maximum values of the avray, The tast i )
two guantities are net essential as they are Just used to calculate
the ranges of each interval. e

Nape

SUBROUTINE MBHIST {X%, YY, YL, NUM, K) : .

Purpose N L.
The subroutine plots a Histogram on the Calcomp Plotter, 3

Description of Parameters [ e
XK: X co-ordinate of the lef: hand side of the Histogram {inches), L 1‘ " 0
Y¥: ¥ oawordinate of the left hand corner of the Histogram (inches), B y W
XL:  Width of the Histogram {inches). ; . .
fLi  Maximm height of the Histogram (inches), y Sl
HUM:  Input aryay of dimenston K containing the frequencies to be S
plotted ) & "

HUM(KAT) = erinimum value of array
HU#(K#2) = maximm valve of array.

K:  Humber of frequencies to be plotted.

Remarks
At the end of the routine a new origin is defined, 2 fnches past

s ey the end of the Histogran and at y = 0,5 inches,
LTl g’ Functions and Subroutines Used
IRTE S The plotter subroutines are stored oh the System Library SYST.LOAD.
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SUBROUYINE, GRAPH !

Glven two avrays, this subroutine plots them on the Calcomp i .
Plotter {r y it Y. It is advisable t0 vead the write H
up on the Culcomp Plotter supplied by the Lomputing Centre to be able ‘L 1,
to wake fuil use of the routine. i
Mame

SUBROUTINE GRAPH (X, ¥, XL, YL, NP, LT, INT, INC)
purpose

The arrays X and Y are plotted on réctanguiar axes on the

Calcomp Plstter,

Deseription of Parameters

X Input array (X axis).  Dimension (NP + 2),
Y:  Input avray {Y axis), Dimension [ + 2).
¥:  Llength of X axis {inches).

YL:  tength of the ¥ axis {inches),

NP:  Number of points $a the X and Y arrays.

LF:  Equivalent o LINTYP in the Calcemp write-up. 1t deseribes
the type of line to be drawn while the magnitude detevmings
the frequency of the plotted points.

IHT: Eqoivalent to INTEQ in the Calcomp weité-up.  [ts magnitude
determines what type of symbol 78 to be plotted.

e Equivalent to IR in the Taleomp weite-up, It 15 used 2o
select the data to be plotted,  Somctines only every n"
point s to be plotted,




Bemarks
Provision has been made for headfugs along each of the axes and the
writing of a title. They are suppiied as data on punched cards,
The headings van be up to 20 cha~acters in length, The data must be
supplied as follows:
i) ¥ axis heading,
41) ¥ axis heading.
i) title.
iv)  3FI0.2 characters §n the following orders
XC - X cowordinate of the title.
¥C - ¥ co-ordinate of the title,
2 - height of the characters to be printed {wn the title}.

Functions and Subroutd

The plotter subrobtines are stored on the System Library $Y21.0.04D,




0oL
A32
COLUMNS OX DATA CARD R SRR
T L L R PO ;
File number {right Justified Inbeger) I :
¥} The Tape being vaad must be a NOLABEL tape. s "}\
v} A1 Jab Tontrol Language messanet are printed on SYSOUT = B ° o
uwhile any messages written by the program ftself are on SYSOUT = AL i .
2 : This keeps the two separate. l’
. . tx/ Read the ¥irst block of files 6 « 10 on tape NLBOD S 2[
A | PR Y
, J7MLBLHECK 308 - P
I . JINEPROC] PROC NAME = WNLBOO ‘
’ AR procedure . J
; 7/MBPROCT PERD ; co
B 7/ ESEC NUBPROC1, FROM = 6 i ‘
05001
1 EXEC NLBPROCY, FROM = 7
. onon1
n 77 EXEC NLBPROCT, FROM = 8
08001
7/ EXEC NLBPROE1, FROM = 9
3001
g 77 EXEC NUSPROCT, FRON = 10
10001
I£]




Ex/  File muber ¥4 on KLBO is to be converted to Real *4 and written
as File number T on NLBOT. The estimsted time vequired is 2 minutes, o Lol

i}
then File 23 is to be writien as File number 2, o -
7/NLBLORY 305 - -

//NLBPROC PROT, TAPE = REBO , DNTO = K ™91, 1T = 2

[/ HLEPRDL PEND . s
#/ EVEC NLBPROC, FROM = 14, T =1 L R
FILE 14 70 FILE1 { -
77 TYEC RLBPVOT, FROM = 23, T + 2 !
FILE 237D FLE 2 UM 4
"
Obviously File number £ of NLEOT camnot be written before File B
niber 1 Was been written,  The Real *4 tave must therefore be written
in sequence.  Thr program is Stoved as HLECON on the Library ACHJLE.LIB.




PROGRAM _NLBTEST
' This prograit is used to check eath digitised file for digitising

arrors and to caiculate the mean value of the File. This is necessary
when calculating the rom.s. values of the file using progvam BLESEP.

Y The In-Tine procedure NLBTEST executes the wodule NLOOK which is
. Lo
stored on the Vibrary ACM.NCB.LIB.

o Paveenters to be supplied
1)  Name of the magnetic tape to he used

v »
; TAE =
S s i) Exeoution time requived
R T e
o R $14) File mmber to be processed
FiLE =

One data card is ressived to supply the file mmber, The format
is I2.




PROGRAM NLBSYP
This program reads a sampie from the Real *2 tape and then checks

+F the sampling rate is at Teast four times the highest frequescies
prescut.  The method was suggested by Vitlasenor {1968).

The user detewmves from where the ssmple is read.  Semple size
{a power of E) is suppTied as deta,  Briefly, the foTlowing procedure
is fullowed:
i} The sample Kk is read where k = 3,2 ... 8.

i)  The sample is divided inta iwc Zerfes, nne consisting of
the odd values of X, and the other cimsisiing of the

even yalues of X,

T = total time

*e

S

1) The Fourder series coefficients
K £)s 4 (9}, T 5} are then calcuiated for the series
v Yo L using the Fast Fourler Transform algorithm,

v}  The following quuntivies ere calculated and returned by the
pregrams

L% s
(8) URMEVEN @ E (/YR DN
ke

n/4 2
(b) OM-BOTH 1 T (VRN
sl

WA :
() BVR-EOH: I WL (R)/-i 0)F
P

E

HARMONICS: i 5, G135
b1 N
w1 N2
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The Y, and Z, serfes extend {3ess one time interval) for the same
total time T as Xk so that the samplingy rates for these series is 1/2
that for X, I X has N points in the series then there ave N2
harmonies calculated. The Yk and Zk series have ¥/2 points and hence
N4 harmonics, Since all the sampies extend over the same total time T,
the first N/4 haruonies of each should be identicat,

We now assume that there are no frequencies higher than the Nyquist
frequencies of Yk ard Zk (that s 1/2 the Nyquist frequency of Xk).

(a} is the difference between the Fourier coefficients of similar

series displaced by one time interval, The magnitude should give an
estimate of allowable errors and can be used as a maxfmum possible value
of the others,

Aoy frequency that isaliasedwill be added onto differest frequencies ;
fn the X, series compared to the Y, and I, serjes. If this occurs, :
the sums {b) and {c) should be relatively large, A harmonic that will
be atiased in the Y, and Z, serfes but ot the X, series will give
yalues of {b) and {c) half as great as before, but {ts effect will be
shown on {d) as well. In this case {b), (c) and (d} should ai} have
approximately the same value,

The program is executed and the raturned values of (a}, (b}, {c)
and {d} examined to see 1f ary of {b}, {c) or {(d} are Jarger than {a}.
1f s0, the sampling rate is not four times the highesc frequencies

present in the signal.




PROGRANS NLBRLOT! AND NLBPLOTZ

These two programs plot the veswlis of NLBAUTD and NLBCRUSS -
vespectively.  The results must be in the fom written by RLRSTORE. . P ¢ 3
fto data cards, besides thuse vequired by subroutine GRAPH are : L
required as al} the recessary information s on-the dalu sats prodused 3 wh ’
by NLBSTORE.  The job control simiement {
/{GO.FTO2F..0 BB ~ L.,
speci¥ies from where the resulis are to be read.

The size of the axts, symbols printed, etz.,are varied by changing
the parameters in subroutine GRAPH.

B ° [N




(a) Information on esch sample

The foliowing 15 printed cut for sach sample analyssti:

i) Total,

i4)  #ean.

ii1} Standerd deviation,

1y)  Minimum value.

v) Maximun valoe

vi) Sample R.M.5,

vii) Wumber of semples sutsite the rangs used for the
Amplitude Probability Density function. As the

overall range 4s not known hefore the amalysis,
the first sample is analysed and 4 *STANDARD
TEVIATION % Mean s takan as the range for the
AP.0.F..  The A.P.D,F, for the First sample
s not used, A gheck 15 made on the nunber of
values outsids this range,

¢ifl)}  Sample size.

ix} Sampie sinpe.

103

Information wo 8}) samples
The following overall proparties are printed:

1) Dveral) average.

41} Overall wirigum,

311} Dverall maximum.

4v)  Overall RM.S,

v)  Overall Standard deyiation.
vi}  Minimm value used for A,P.B.F,
vit) Maximum value used for A,P.OLF,




b

SRR
gL

BPPENDIX 311

‘The mnulogue values of the 4 and v velociiy components were
measured using the circuit shown in Fig, (11113,

Fig. (111-1) Eircuit for Obtaining the u and v Velocity Vluctuations

and the Reynolds Shear Stress

B hot-wire fransducer placed in 3 flow velocity Field is primarily
setsitive to the velocily component normal %o the pxis of the hot wire,
It therefore enly indicates the TongTtudinel conponent of flow veloeity
Fluctustions shen the wire axis {s Pplaced parpepdicular to the mesn
Flow direction. It the hot-wire sxis 35 placed at an anple of 43° with
vespect 4o the mean Flow velocity, then the transduter hns aqual
sensitivity to the Inbgitudinal componant of Flow velncily Fluctuations
4 and the frosverse component :.  For measurement of the transverse
comiponent an X-probe 1z used.  An X-prove consists of two mutually
perpendicutar wirgs placed at an angle of 457 with respect fo the @irvection
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vit1) Total mumber of points in the serfes that were
‘outside the above range,
ik} The Student “t* 90% confidence nterval for the mean
value of the Standard deviation.
%}  The percentage of the mean value that the ahave
interval constitutes.
1}  The overal Amplftude Prohabl}ity Density furction is
printed as the number of the fnterval versus the frenuency.
xt1) Either the Hanned or Unhanned Peripdogram 1s printed,
Values of 999 indicate that the particuiar value was
not ealewlated,
x1i1) The normalised autotorrelation is printed, Once again
any values of 999 indicate that the value was nat
calcylated.
1F the analysis was only & single series analysis dbove would
constitute all the Cutput. Yhen a two-ywries amalysis is
being performed sach sertes is treated separatmly as gbove.
After the output Tor sach series is printed the combined
output, comsisting of the Cross-spectrum and Gross-zorrelation
s printed,
) Co-spectrun s privted,
) Quadratuve-ipectrum 1s printed.
i1§) Cross-corrslation is printed.
Inforpation gtorsd on temporary dise space
Twn zempovary s data sets are defined using a DEFINE FILE

statemedt, sssentfally one for each sevies to be analysed.
Each data set consists of 7 revords, eath of which ton be up %o




The fa%towing cavds are required when using the program:
J/HLESHP 058 -
Jf EXEC FORTEOCLS -
14 FORT.SYSIN 0D

prégran -
" o » o
J/KED SYSLIB T : SRR
. - i
1/0.5s3 00 % v '
Data card give Sawple size (Integer, Kots, 1~ 4) ) e o
#50,7103F00 B0 - ¢ R
Tiie TD card for FIO3FO0! must divest the program o the sample to . H »a\;
o, E
be vead,  AS the program will not be wsed frequently tt is anly used E‘gv)
with standard dob Conbrol Language, e
A sample of 4095 poldts fakes approximately ?% wirnttes 4o process, ‘ “
! &
] u: AN
i <
T H
RN §
| .
¥
Of
ag 1
{ i
“e




Chagrit® s . N .
eed it e e

of mean Fiow velocity. The hof wires are comerted to two constant-
temperature anemoweters as shown in Fig, (1111}, L

The output signals From the anemometers are fetf to the cirnuits §
which compute the stm und difference of input signals. The sum X !
signal S 1o twice the va'lue of the longftudinal 5

componeat 0¥ the turbulence whilst the difference sinmls correspords

to twice the value of the This

wiT1 he seen from the following:
Assuming the Cosine Law for Zhe wives the sutpul of hox wires 1 and

B o fau+bv)
2y = (a - bv)

whare 2 omi b are sensitivity coefficients, ‘The two anesometers
should be adjusted to have equal sensitivities. “The sum and

Hitference signals are them:

B eptey v 2

By = By~ % Zay

‘The v.m.5. value of these signals is proportional to the Tongftudiml

and transverse componenits of the tuvhulenze.

Y

i P s




4100 words lang (% word = 4 bytes = 1 Real *4 value). The
averdge vatues of the correlations and Spectra are stored on
these data sets.

When the analysis ends, the following quantities reside
on sach data set,
1) Single serigs amalysis

The data set defined by DEFINE FILE 7{7,M00, U, IT)

contains:

Record Number

1

: Copttains the first N/2 values of the Fourter coefficfents,

o

: Contafns the Yast #/2 « 2 seefficients i.e. from
N2+ 1 to N+ 2where [ ic the sample size. The
cogfficients are divided into twe s0 that sample oizss
of 8192 can be analysed. The coeffistents of each
sample are written over those of the previous sampiz,

o

i Contains the N/2 Pertodagram coefficients, The
values for all the sawples are added -

value on disc = (a2 + b%)
1=1

3 = rumber of samples amatysed,

-

+ Contains the frequencies for the Amplitude Prohability
Benstty function as well as other informatisn, ff K1
is the wumber of frequencies in che A,P.D.F, the
Tocations
1+ X} comtain the Froquencles.

K+ 1 contains 4999 {to be used as a marker),

S e

b
!
i
i
!




PROGRAMS NLBANY AND NLBANYS

If the user is interested in any particular section of a file
on the Real *4 tape these programs can be used tp print it, transfer it
to the disc data set ACM.NLB.HELLT or plot it.

RLBANY prints the required blocks and writes them onto an On-1ine
disc data set. It is standard Fortran 1V and requires one data card
with two integer values
Columns. 1+3+86+9

MK
M e The number of the block beFore the first one to be read,
N = The number of blocks to be printed,

NLBANYG performs the same functfon except that thesection read s
plotted on the Calcomp Plotter, For space considerations only 8 blocks
{maximm) of 1024 points can be processed. The number must aiso be
an integer muttipie of 1024, One data card with fwo integer values is
required
Columus 1+3+6

H‘ H'
M = The number of the block before the First une to be read.
N = The number of blocks to be read.

As written the program reads off NLBOI but this can be thanged
€asily. The data set written onto 3s catalogued and cafled
ACHLHLBHELLT,




K1 + 2 contains N [sample size),

Kt + 3 contafns K1 {number of intervals),

R) + 4 contains OT {time interva] between samiley),

K1+ 5 contatng DVM {the mean value of signal fed in

as data)s

Kl + § contains JA(1) (File mmber of X series to be
analysady,

K1 + 7 contains JA{2) {Fite nuwber of ¥ series to be
analysed).

K1 + 8 contains JA(3) (which indicatas whather a si.le

or two series analpsis is performed).
5 ; Contains the autocorralation cosffictents (totalled
over each sample}, There are N/2 + 1 coeffinienss.
6 & 7 ; Are not used in the single seriss analysis.
1) Iwo sories nalysis
“There are two disc data suts defined by
BEFINE FILE 7 {7, 4100, U, IT)
and  DEFINE FILE 8 (7, 4100, U, 37}
Records 1 o 5 are the same as for the single series analysis,

BEFIE FILE 7 containing the tnformation un the X series and
DEFINE FULE 8 contalning ihe information on the ¥ sevies, The
records § and 7 of each data set coniain the fallowing

infarmation.
DEFINE FILE 7

Regord

% : Lontains the ft/2 Lo-spectrum coefficients.
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PROGRAM NLBZONE /
This program processes -the output of NLBINT, 1% reads 4096
velocity values, the i internittency sgnals and ‘the

velocity Tluctuations fnto two signals, one containing the turbulent
points and one containing the non-turbulent points. These two signals
&re written onto an output device. Execution is terminated when the
end of the data file is reached, The output is written in blocks of o

1024 values.
No data cards are required but the following Jub Control Statements

must be specified:
1) //G0.FTHSFRRY DD ...
s the unit from which the data §s read. -

i1} //SYSUTZ DD in STEP 2 4s the unit onto which the furbulent

signal must be written. e

{91} /75YSUTZ 0D in STEP 3 1s the unit onto which fhe non-turbulent .
points imust be written.
The program writes the separated signals onto temporary disc
spuce and the system program IEBGENER is then used o write from the disc onto
the  units specified by the user.
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7 : Tontains the /2 Nuadrature~specirim
coefFicients.

DEFTRE FILE &

Regord

: Gontains the First B/Z + 1 Lross~ correlation coefFictents .
t Cantains the last N/2 + 1 to N + 2 coefFicients.,

- o

1) Deta
Two data nards are raquived, providing the FoTlowing infermation:
o B L

1) Sample size Ne

i) ‘Nuber of samples {maximum) to-be analysed,NS,

i11) Bumber of intervals for the Amplitude Probability
Density function, K1,

4v} Indicator as to whether Fourier coefficients must
be Hanned or not, AR,
NHo= T Yes
LU B )

»)  The mean value of the stgnals (of use when analysing
turbilence Fuctuation. only),DYM.

¥} The time interynl {mzec) between values of the

signal, DT,
b) TARD 2
1) File mmber For X seriss JA ).
1) Fife musber for ¥ sariec 3A(2),




PROGRAM HLBINT

Once the frequency range and amplitude cut-off have been decided upon,
the program is used to obtain an intermittency signal. This s a
modified version of a program written by Drayer (1973} and the particu®s.
write-up should be consulted.

Briefly, the program reads 4096 values of the vecorded signal
{//FT03F061) and thenwrites the section of signa), followed by its
associated intermittency signal,onto an output device {//FTOAFDOT).

The caleulation is terminated in two wayst
i} Mo more data is available to be read.
i1) Enough turbulent and non-turbulent points have been calculated.

1 one is only interested in obtaining, say 10240 turbulent

points and 10240 non-turbulent points then the IF statements in

the main routine must be altered.

&.g. IF(NTURB.GT.10240) turbulent points

IF(NNTUB.ET.10240) non-turbulent points.

The .GT. is necessary as the progras continues until the next multiple
of 1024 points has been reached. The output is written in blocks of
1024 values.

The graph section has been by-passed in thiz version as so many
points are analysed. No data cards are required for the progran, but
the following job control cards must be specified:

4} //60.FI03FO01 D ...

s the unit from where the data is read
) //60.FT04F001 0D ...

is the unit onto which the signal and fts associated intermittency

signal are written.

-



111} Indicator ‘showing whuther a single br two series
analysis is to be performeds
JA(3} = B Single sertes,
JM3) = 1 Two serdes,

The Figu¥r below tndicates how the data s to be arranged

on the data cards,

Cotumn 1 5 LY 18 bul n 40
Card 1

Quatttity L} s 4] N VM jus
Fornat 6 15 5 3 F10,2 ¥ig,2
Cotumn . 2 7 6

Tard 2
Quantity JA(1) M2} JA(3)
Format, 2 12 I2

Figure Giving Forwst of Data Cards

NOTE:  Integer numbers must be vight Justified,

The twput to NLBONE has been discuzsed as has 1is output and the
path of anslysis, It fs now only necessary to describe the In<1ine
procedures vequived to execute the program,  The Program NLBONE roniains
211 the Jsb Control Language to run the program In the sonventiona) way,
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PROGAAM NLBSEP

This program is used to separate the iignals from the two wires of an
%-array probe into the {nstantaneous values of the u and v velocity
Fluctuations. The user must supply the angles each wire makes with the
mean-streas velocity as well as the directional sensitivity coefficiant
of each wire. Quantities calculated are:
i) Number of blocks to be manipuloted.
41} r.ms. valee & the u componsnt.
141) rums. value of the v component.
4v} The Reynolds Shear Stress,
v) rans. value of the Ist signal before separation into components.

vi} rum.s. value of the 2nd signal before sepavation into compenents.

The 9 and v f signals are writien onto
magnetic tape for later reference.

The propram consists of 5 steps. To save time the program Firs{
transFers the blocks of data to be manipulated onto a temporary disc
data set.  EFficient system programs are used to perform this, The
frea are then read and separated into the u and v welocity eomponents.
These are writien onto another temporary disc data set and then Fimally
transferred to magnetic tape for storage purposes. The progran ussumes
that the data read off magnetic tape is REAL*4 and hlocked in'blocks of
1024 values.

There s no In-line proceture for this routine amd hence job control
cards must be changed when analysing different sets of data.
Theory,

“The program veads 2 blocks of data,
Equations {3-4) are then solved giving the

and ¢,

ing block from file 2.

instantaneous values u and v for the values of ¢, usad.

one fron file 1 and the correspond-




{ PROGRAM NLBAUTO

HLBAUTO is-the aame of the program as wall as the In-tine

pracedure used to execote NLEONE when a single series analysis is to he
performed,

Parameters to ke supplied:

1) MNeme of Real #¢ tape containing data.

TAPE =
i1} Name of program to be execyted.

PUS = HLBONE (in general)
itf) Fite number to be used.

N o=
iy} Execution time required,
T =

v) Disposition of the temporary data sets (DEFINE FILE).

OF = HEM or OLD
NCTE:
v) applies when the program is to be executed a number of times in the
same 408, The first time efther NLBAUTO or NLBCROSS is executed
OF = MEY, On all subsequent occasfons DF = OLD,

Yne program uses 275 K of storage,

Ex/  Autocorvelations and Periadegrams of the fites 3 and £ on NLBO1
are to be calculated. Sample sizes are 2048, and the maximm muber of
samples-to be analysed is 20, The execution time Yor each step is
estimated at 15 minutes,
1) % 15 to be Hamed. 6 must not.
1§}  Howber of intervals is 30 jn each case,




Values of kT‘ k2 o and ap must be sopplied by the user. The
v.m.s. quantities are calculated from sample to sample but the taking
of square roots s only done at the very end of the calculations,

A parameter §n the grogram fs varigd depending on the number of blocks
to be analysed.

dob Control Statements

Steps ONE, TW0, FJUR and FIVE all execute the systen program IEBGENER
which transfers a file of data from one unit to another. The statement

J/SYSUTT 00 ...
indicates the unit from which the data is to be read and

J/8¥SUT2 00 ...
indicates the unit onto which 1t must be written, In steps ONE and
THO the user must specify the correct pavameters for //SYSUTY and
in steps FOUR and FIVE the parameters for //SYSUTZ 0D ...
must be spectfied,

The only paraméter in step THREE that could need specification is
the TIHE.G0 = parameter which depends on the number of blocks hefng
analysed.

Data Cards
Only two data cards are requived. The first contains 4 parameters

in 4F10.2 format, They aret

1} AMPHAT = Angle between the hot-wire sensor ard the mean-Flow
direction for channel 7 {in degrees).

i1) ALPHAZ = same as above, but for thamnel 2.

115) SENSY = ODirectlonal semsitivity coefficiznt for Ghamme? 1. It
15 deTined 1n equation (3-2).

iv} SENSZ = same as above,but for channel 2.




1) For 3BWM = 1,7
BT = 0,002 T ey
W) Fer DWW = 1,6 )
b o= a,002 SR
The J08 set-up would be as follows:
//NLBAUTY 308 - “
//NLBAUTO PROC PDS = NLBONE, TAPE = NLGG, TT = 15
//8LBAUTO PENS
J/ONE EXEC NLBAUTO, N = D03, OF = NEW

FIS¥SIR D%

ms 2 W 3 1,7 00 N

030300 '

/77W0 EXEC NLBAUTO, N - 05, DF = DLO ;

1/5YSIA 20 i

208 20 3 2 1,6 002 i =

060600 :
: . o
H - ¢
i .

o p




“The second card contains 2 values fn 2E12.5 Format
ME} = Average value of cnamnel 1.
AVEz = Average vatue of chamnel 2.
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PROGRAM NLBCROSS

NLBCROSS §s the name of the program as well as the In-line
procedure used to execute NLBONE when performing a two series analysis.
Parameters to be Supplied
1) Name of Real *& tape with both serfes.

DATA =
i1}  Name of program to be executed,

s =
i1} Execution time required.

T o=
iv)  File number of X array,

% =
v} File number of Y array,

¥y =
vi} Disposition of the temporary Cata sets.

DF = OLD or HEW (see HLBAUTO)

The data for BLBONE is as described in the section for NLBONE.

Ex/  Cross-correlatt and pectra are required of Files 3 and

6 on NLBO1.  Both must be Hanned, otherwise the information is the same
as the previous example. The JOB setup would beg

//BLBCROSS J0B -~

//NLBCROSS PROC DATA = NLBOT, PDS = NLBONE

//RLBERASS PEND

7/ EXEC NLBCROSS, TT = 15, % = 03, Y = 06, OF = MEW
7/SYSIN 0D *

2008 20 3% 1 1,7 002

030601
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PROGRAM NLBOY: “ 5 S
2o 3
This program is the only general routinz written, It is faiely .o
complex and will be discussed in some detail. The routine makes use y

of the subroutines 2iready discussed and hence the theory banind them
is not shown.  The ¥5Tlowing Functions are caleuiated:

1) Verious statistics of the samples, o
i1} The Perfodogram. )
141} T~ autocorrelation. 5

i¥)  The Co-Spectra of two sampiss,

v}  The Quadrature-Spectrum of two sampies.

vi) The Cross-correlation,

vil) The Amplitude Probability Density function. P -
The nutine tan be used to analyse 2 single time series in which {

case the quantities {iv}, (v} and (vi} are not caleulated, Briefly,

the program reads a sample and calculates the qusntities (i) » {vii} for

the sample,

The resulis are then averaged with the results of previous samples

and stored on a tempovary disc data set. Depending on the mmiber of 1 e
samples already anaiysed or the result of the Student "t" test another 11‘ . =y I
sample is read or the program proceeds te print the vesults, ; . -
o ! 4 The vesults on disc can be read and stored on magnetic tape by "
i v

NLBSTORE.  HLBPLOT1 wil1 plot single series analyses data (read off tape),
while NLBPLOTZ will plot data from a two series calculation, The programs

4,

are discussed later.

7he program is used in conjunction with two different Ir-line

procedurss, depending on whether one is dojng a single serfes or two

- 5 series manipulation. The single series procedurg is called NLBAUTO




NOTE:

The program assuites that a1 the data appiies to both signals
1.¢, both have the same mean value,

Tha program uses 275K of storage,

Timing information:

Sample Size o, of Sanples Time,
2048 4 § wins,
.
i
[

4.8




wiiTe that For two series telculations is calted NLBCROSS,  The program
zan a1so be executed using standurd Job fontrol Language. a set of which
is avaflable,

Sample sizes are decided on by the user and can be pither 1024,
2048, 4096 or B192. The present form of the program cannot ‘take
samptes Targer than B192 due to hardware Timitations on the computer.

Besides the final averaged results, some results for each sample are

veturned by the program.  bhen calculating fwo series quantities, both
signals must be on the same tape (but different files}. Dapending on
‘the number of samples to he analysed, an appropriate quantity of the

second Tile is transferred fo disc to facilitate easy reading of the

N two files.
. O A simpliFied block diagram of the program is given belaw, A1}
vq, : ‘the necessary subroutines are stored in the Library ACM,KLB.LIB, as

. is the program NLBOKE,

5 RS ‘ROTE: Cross- correlatiops ave given as va(‘() vihere
. X s the First series
il e ~y Y 1is the second series

S o N 7 A
P ———
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FROGRAM KLBSTORE

This program s designed to read the results on the tewporary
disc data sets and then write them onto magnetic tape. The results can
: then be manipulated or plotted at a later stage.

. The In-line procedure NLBSTORE is used to execute the program,
i Ne data is necessar,'.as the program reads it off the dfsc. The Define
o . i File records of 4700 ave read and depending on the sample size, 4ivided
i
i

into varying numbess of blocks of 1024, For convenience each record s
divided into the same number of blocks, so that some of the bluzks
written contain nothing.

Ex/ N.BCROSS executed with N = 4096.

i) JA(3) = 1 and hence two files to be read.

e i1) 2048 Periodoprem coefficients.

ifi) Therefore 2 blocks uf 1024 (sometimes 1 or 2 values in next block
. are neglected).

i¥) 2 blocks from each record on DEFINE FILE 7 { ) are written onto

magretic tape, and then the same amount of OEFINE FILE S ( )
written oto tape.

e v} £ A3) = 0 i.e. NLBAUTO then DEFINE FILE 8 { ) is neglected
W ol and records (6) and [7) on DEFINE FILE 7 { ) are not read since
they would contain information from NLBCROSS.

RS The parameters to be supplied in NLASTORE are:
%

1) Name of labelled tape,
.y TAPE =

§1}  File onto wirich the results must be written,
FILE =

. 411} Time of 2 minutes is specified.
N : Tha records containiny the Fourier Coefficients are not tran=ferred.

Ao an example to llustrate the use of MUDAUTY, NLECROSS and NLBSTORL,




BLOCK DIAGRAM OF NLBONE

Change
to ¥
o /r\« L Yes
oy
=
A .
« ¥
P
1
Ay

T e T o sl A i Ya S P

Start.
Read in program constants.

If two series analysis, then transfer the requived
apount of 2nd file to disc and return to 1st fite.

Read sample,

Average ampiitude probability density function
{1st sample neglected),

Remove mean and 1inear trends
Catculate periodogram ,

Average periodogram coefficients and store Fourter
coefficients for cross-correlation.

Calcufate autacorrelation.

Avevage the autocorrelation

Call check on mean of sample st.dev.

1t {s an autocorrelation and more samples must be
analysed.

analysed {or results accurate enough

The last sample analysed was from 1st file (X).
Calevlate cross-specteun of last X and ¥ samples,
Average cross-spectrum,

Calculate cross- correlation of last X and ¥ samples.
Average cro.s- correlation.

Have all the samples been analysed or are results
arcurate enough?

Change back to X.

Is this a two serfes calculation?

Calculate min. max., st.dev,, total, amp.prob.dens.function
{on 2nd sample use 4 * st.dev, of st sample as range).

It is an autocorrelation and all th? samples have been

@
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Charge do loop parameter,

Output for each sample of X series and for ¥
series if do loop veturns.

Output overall averaged vesuits for X series
and for Y series ¥f do Toop returns,

Is this a two series analysis?
B output velation and £
End,

Theory,

The theory behind al) the steps besides the decision makiny has
been described elsewhere. To try and minimise the computer time
used, a statistical check on the mezn of the sample Standard
Deviation is performed. For a more complete explanation of the
theory and problems involved see F.R. Krause et al {1970). A
maximum nunber of samples to be analysed 1. specified, but #f the
statistical test 1s satisfied befere that stage then raecution of
the program is terminated.

In this program only the Stanvard Daviatior of each sampla is
checked,  The fdesl situation woyid be wherz each of the guantities
caleulated has ts own statistical test. As each test is
satisfied so that quantity is not calaulated any more, This would

then give the lowest execution time.

(31} Qutput

The program prints out information appeitaining to each samdle
as well as overall properties. Various pavameters as wel™ o§
quantities such as the autocorrelation, Amplitude Probability
Dessity function ave stored on @ temporavy disc data set and
can therefore be used by a program executed after NLBONE {as long
25 it 15 StiT in the same ob}. Firstiy the information printed
out will be described.

=




A.B1

£ ,ﬂ parform the exanzle for HLBAUTD, writing answers of FILE & onfo fivst
| file of RESULY, As the next step perform the exampie Ffor NLBGROSS and
write the resuits onte file 2 of RESULT.
. The job setup would be:
4 J/MLBALL 308 -
@ e, J/RLBANID PROC PIS = KLBONE, TAPE = KLBO1, TT = 15

£/2LBAUTC PEND
JMNLBCROSS PROC DATA = HLEOY, PDS = RLBDKE, TT = 15

o
S 7/NLBCROSS PEND
= 4 //MLBSTORE PROC TAPE = RESILT
Al
° //NLESTORE PEND
.?. J/OKE EXEC HLBAUTO, B = 03, OF = NEW

J45Y5IN 1D *
2043 20 3 1 3,7 002

030300
. /7RG TXEC ALBAITO, ¥ = 06, F = OLD
-l FSVSIH DD %
2048 20 30 2 1,7 ,002
& ' DEBBH

: : /FIV EXEC HLBSTORE, FILE = BT
J/SIX EXEC NLBCROSS, X = 03,Y = 06, T = 15, DF = HEM
#75YSIH T *
048 2 30 1 1,7 6,802
N i 030601

Z/5EV THEG JLBSTORE, FLLE = 2

HOTE: HLBORDSE colewTates the mstocorreiation of 03 and OF amnmsay.







