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TURBULENCE IN WATER

PRINCIPLES AND MEASURING TECHNIQUES OF TURBULENCE
CHARACTERISTICS IN OPEN-CHANNEL FLOWS

By R. S. McQuivey

ABSTRACT

Turbulence velocity fluctuations in open-channel shear flows
cause or strongly influence a large number of fluid-mechanics
phenomena of interest to engineers. Turbulence measurements
in fluids have been made with varying degrees of success, but
only recently have measurements of turbulence in water been
made with any degree of reliability. This recent improvement
is due to the development of hot-film anemometry, which has
given the researcher a tool for studying the structure of
turbulence in open-channel flows. The fine spatial resolution
(due to the small size of the sensor) and the good frequency
response of the hot-film anemometer system are unmatched
by any other system now available for making turbulence
measurements in open-channel flows.

This report describes the statistical turbulence character-
istics that best define the structure of the flow field and the
relation between the characteristics and the equations of
motion and energy. A detailed description of instrumentation,
sensor selection, and theory of operation is presented along
with a discussion of calibration characteristics, heat-transfer
relations, hot-film and hot-wire measurements, and possible
sources of errors in turbulence measurements. The report
explains in detail a procedure to circumvent contamination
problems so that measurements can be made in natural rivers
and streams; it also presents a mathematical and experimental
justification for the procedure. Aspects of analog and digital
data reduction are discussed along with some guidelines to
insure meaningful measurement of turbulence characteristics.

INTRODUCTION

As a part of the research program of the Water
Resources Division of the U.S. Geological Survey,
several projects have been organized to study the
mechanics of water and sediment movement in
open-channel flow. Answers to problems of flow
resistance, sediment transport, turbulent dif-
fusion, dispersion, and related topics have been
sought. Early attempts to find solutions to these
problems only considered the mean-flow variables
and the fluid properties. In mean-flow studies,
as has been a common procedure in open-channel-
flow studies, the turbulent motions have been
intentionally ignored, and the fluid has been
treated as a fictitious “laminar flow” with special

fluid properties. However, many fluid-mechanics
phenomena are entirely caused or strongly influ-
enced by the turbulent velocity fluctuations and
scales and, therefore, by the statistical character-
isties which have been used to describe the turbu-
lence structure. Therefore, an attempt should be
made to statistically define the turbulence
structure.

Several early attempts were made by vari-
ous investigators to develop phenomenological
theories of turbulence. These theories are essen-
tially simplified models of turbulent mass and
momentum transfer. They include certain sup-
posedly universal constants determined on the
basis of laboratory measurements of mean velocity
and average boundary shear, and they involve
endowing the fluid with a property called “eddy
viscosity,” or more generally, “eddy diffusion co-
efficient.” If an attempt is made to account for
behavior in terms of “eddy viscosity,” the fluid
appears to be very peculiar. It might be described
as non-Newtonian because of the dependence of
the viscosity on the rate of shear. “Eddy viscosity”
varies from point to point in one part of the flow
and remains practically constant in other parts,
and the numerical value is often hundreds of
times larger than that of ordinary viscosity and
bears no definite relation to it. Even more uncon-
ventional is the fact that “eddy viscosity” increases
with the size of the flow field as well as with over-
all velocity. A fluid flowing in a large stream, for
example, behaves as though it had a larger vis-
cosity than the same fluid flowing in a small
stream. Also, at high flow rates the viscosity
appears to be larger than at low flow rates.

Neither the experimental investigations of gross
parameters in turbulent flows nor the phenomeno-
logical theories of turbulence provides sufficient
insight into the real structure of turbulence, nor
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do they lead to any understanding of the turbu-
lence mechanism or to quantitative estimates of
the turbulence characteristics. These practices
and theories have been maximally utilized, and
no additional understanding of the mechanics of
flow can be obtained by employing them.

Reference must always be made back to the
turbulence mechanism in order to ultimately
understand the structure of the flow field and the
relation between the turbulence characteristics
and the many basic flow processes.

The mechanism of turbulent motion in open-
channel flow is so complex that a general physical
model on which to base an analysis has not been
formulated; therefore, a statistical approach must
be used to obtain some of the variables that are
physically significant and convenient to measure
experimentally. This report defines the statistical
characteristics of turbulence as suggested by the
equations of motion and energy.

The approach to the problem is to experimentally
obtain as much information about the character-
istics of turbulence in open-channel flows as pos-
sible, and then from the experimental results try
to obtain a clear idea of the structure and motion
of turbulence. This approach in delineating the
kinematics of turbulent motion depends on be-
coming extremely familiar with the turbulence
characteristics and their distributions in the
various flow fields of interest.

From an energy standpoint, the production,
growth, dissipation, and distribution of turbu-
lence in the flow field are of fundamental impor-
tance to understanding fluid motion involving
friction, drag, and diffusion and dispersion of
heat, mass, and momentum. The statistical char-
acteristics guide the experimenter as to what
variables and parameters to measure.

Only recently has turbulence in water been
measurable with any degree of reliability. The
development of hot-film anemometry has given
the experimenter a tool for studying the structure
of turbulence in open-channel flow. Increased use
of film sensors and constant-temperature com-
pensating circuitry, supplemented by root-mean-
square voltmeters, FM recording equipment, and
digital computers, has made anemometry more
practical. However, many experimenters are
employing hot-film anemometry without under-
standing the limitations, the possible errors, and
the details of data-reduction procedures.

This report discusses in detail several items
relating to the use of hot-film anemometry: ane-
mometers and hot-film sensors available and their
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selection, limitations, advantages, disadvantages,
and possible frequency-response problems; useful
readout and signal-conditioning equipment avail-
able; operational procedures; contamination, drift,
and other operational problems associated with
measurements in natural streams; types of mea-
surements and possible sources of errors; mathe-
matical analysis of the anemometer output for
one- and two-sensor operation; heat-transfer rela-
tions, calibration characteristics, and advantages
and disadvantages of linearization; and analog
and digital data-reduction techniques. The
information in this report provides guidelines that
can assist researchers in organizing experiments
and in making accurate, useful measurements.

TURBULENT FLUID MOTION

The mechanism of turbulent motion in open-
channel flow is so complex that a general physical
model on which to base an analysis has not been
formulated. However, if the problem is approached
using statistical mechanics, certain simplifying
assumptions and concepts can be introduced that
will allow a solution to be obtained for some of the
variables that are convenient to measure experi-
mentally and are of clear physical significance.
The material discussed herein should thus be
viewed as a reasonably rigorous mathematical
presentation, with some simple and limited mech-
anistic ideas injected on the basis of experi-
mental evidence. At present, the details of what is
physically occurring in turbulent shear flows are
simply not known, and a general model of turbulent
motion cannot be expressed in complete mathe-
matical terms at this point.

Flows which occur in open channels belong to a
particular class known as shear flows. Shear flows
are comprised of flow fields in which relative
velocities have been induced by viscous and turbu-
lent shear stresses rather than by pressure
gradients. The flows are, therefore, rotational as
opposed to potential. The discussion is restricted
to shear flows because only in these flows can
turbulent motions arise and sustain themselves.

When tangential stresses are applied to a fluid
having internal friction, shearing motions are
produced in line with the stresses and in
conformity with the shape of the boundaries.
In open-channel flow fields, various kinds of
secondary motions can also be produced. Irregular
secondary motions, called turbulence, are very
important for mixing, diffusion, and dispersion in
open-channel flows, but their direct cause is not
obvious. The occurrence of turbulence does not
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depend on the shape of the boundaries but, like
all secondary flows, depends only on a generating
mechanism which produces motions in directions
other than that of the applied shear.

Turbulence in open-channel flows is convected
downstream in the same manner as any other fluid
property. The turbulence which is convected down-
stream is followed by other turbulence from
upstream. A steady state is maintained if the
turbulence leaving is as vigorous as that arriving.

Because turbulent motions require energy to
produce the frictional stresses, a mechanism must
exist by which turbulent motions capture kinetic
energy from the mean flow. This energy is ex-
pressed by the production term in the energy
equations, which consists of the turbulent shear
stress times the local velocity gradient. In short,
turbulence carries with it the mechanism for sus-
taining itself; the energy produced by turbulence
is sufficient to balance the energy lost by diffusion,
convection, and viscous damping, and thus a steady
state is maintained at each point.

Even though the energizing of turbulence is
expressible in terms of shear stresses, turbulent
pressure gradients are required and must arise
from interactions within the flow itself. These
interactions can be imagined to take the form of
collisions between fluid elements. The resulting
motions can best be described as a superposition
of eddies with various orientations. The eddies
which make up the turbulence arise near the
boundaries, where regions of high shear stress
exist. As individual eddies move about, they com-
bine with others or break down into smaller ones.
The shearing action stretches the eddies with axes
lying along directions in which the fluid is being
strained and intensifies their vorticity. Some
concentrated vortex motions can, therefore, be
expected to exist in a very complex motion.

Various scales of motion oceur in turbulent shear
flows. The largest scale motion is the mean flow,
whose dimensions are characterized by parame-
ters such as flow depth and channel width. Next
are the turbulent motions, whose superimposed
eddies have various dimensions ranging from near
that of the flow depth down to the so-called micro-
scale. All turbulent motions are responsible for
shearing stress in the presence of a mean shear,
and, therefore, all extract energy from the mean
flow to sustain themselves. However, the amount
of energy extracted by the turbulent action
decreases with decreasing scale, so most of the
energy is generally thought to enter the turbulence
by way of the larger eddies at or near the bound-
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aries. Correspondingly, the amount of energy lost
through the damping action of viscosity is assumed
to be negligible in the mean flow and among the
large eddies but to increase progressively with
decreasing size until it finally becomes dominant
among the smallest eddies.

If energy enters the turbulence more by way of
the large eddies than by the small ones and leaves
more by way of the small eddies than by the large
ones, then energy must be transferred from the
larger scale motions to the smaller ones. The suc-
cession of transfer is generally regarded as taking
place from size to size down the scale, and the
number of stages increases with Reynolds number.

Frictional effects, mean velocity distributions,
rate of spreading, and other features of turbulent
flow bear little resemblance to features of laminar
flow. The differences can be attributed to a
diffusiveness of turbulence that far exceeds mo-
lecular diffusion and has a more intimate con-
nection with the mean flow. The mechanism of
turbulent diffusion, however, is similar to that of
molecular diffusion, wherein a molecule moves
and collides with another and so, by a process of
random walk, migrates farther and farther from
some initial point. In turbulent diffusion, large
eddies wander randomly in generally curved paths
and so produce a cumulative increase in the dis-
tance from an initial point.

The degree of energy transfer or of mixing by
turbulent motions so surpasses that by molecular
motions that the latter has little effect other than
to smooth out the local conditions of properties
in their new neighborhood.

Turbulent shear flow in open channels viewed
mathematically is such a complex problem that
any approach to it must lean heavily on experi-
ments. The first stage in delineating the kine-
matics of the turbulence mechanism is to define
the turbulence characteristics in terms of statis-
tical relations of measurable parameters.

SIMPLIFYING ASSUMPTIONS

If statistical relations are to be used to define
the turbulence characteristics, certain assump-
tions must be made about turbulent flow. A com-
plex turbulent motion can be simplified as a mean
that is time invariant and an irregular fluctua-
tion that is a function of time about the mean
value. (Any regular fluctuation would not be con-
sidered as turbulent motion.) (See fig. 1.)

The instantaneous velocity of turbulent motion
at a point is given by
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where U, V, and W are velocity components and i,
J» and k are unit vectors in the x, v, and z directions,
respectively. The instantaneous velocity compo-
nents can be represented by their mean values
and superimposed fluctuations as

U=U+u, V=V+v, and W=W+w,

where U, V, and W are the mean values (bar over
symbols denotes mean, or average) and u, v, and w
are the random fluctuations in the x, y, and z
directions, respectively.

In general, an averaging procedure can be car-
ried out only if certain conditions are satisfied.
Consider the average value of velocity in the x
direction at a point of the flow field with respect
to time. The average value is then defined by

_ . 1 +7T

U—Yl_l_r)rlz—T L U dt. 1)
The period of time during which measurements
are taken, 7, cannot be infinitely long; it must be
a finite time interval. The interval must be large
compared with the time scale of the turbulence.
On the other hand, it must be small compared
with the period of any slow variations in the field
of flow that would not be regarded as belonging
to the turbulence. Obtaining a suitable average
in open-channel flow is seldom any problem.

Other assumptions, such as homogeneity and
isotropy, can be made about turbulent flow. These
simplifying assumptions make the rather complex
problem amenable to theoretical analysis.

The term “homogeneous turbulence” meansthat
the velocity fluctuations in the system are random
and that the average turbulence characteristics
are independent of position in the flow field —that
is, invariant to translation of the axis of reference.

The characteristic features of channel flow are
to some extent a result of homogeneity of the
turbulent motion in the direction of mean flow.
In channel flows the motion is statistically similar
in planes parallel to the boundary, and this con-
siderable degree of homogeneity permits produc-
tive theoretical treatment of the problem without
much necessity for arbitrary assumptions.

The term ‘‘isotropic turbulence’ refers to
a homogeneous system in which the velocity flue-
tuations are not only random but also independent
of the axis of reference —that is, invariant to axis
rotation and reflection. To illustrate the difference
between homogeneous and isotropic turbulence,

TURBULENCE IN WATER

VELOCITY

FIGURE 1. —Turbulent motion as a function of time. Only the
component of motion in the x direetion is shown. U, instan-
taneous velocity; U, mean velocity; u, velocity fluctuation.

consider the root mean squares of the velocity
fluctuations:

u=\/ﬁ, v=\/ﬁ, and w=\/fv__2,

where u, v, and w are used to simplify the notation
in equations. (The root-mean-square notation is
retained in this report to denote actual measure-
ments.) In homogeneous turbulence, the root-
mean-square values could all be different, as in
open-channel flows, but each value must be con-
stant over the entire turbulence field. In isotropic
turbulence, the spherical symmetry requires that
the fluctuations be independent of direction, or
that the root-mean-square values all be equal,
which is not true of open-channel flows. Isotropic
wv) because the random motion means that uv, for
example, would have just as many positive as
negative values. Consequently, the average uv
would be zero. Isotropic flow, therefore, has no
shearing stresses and no gradients of mean
velocity. Such a state of motion cannot exist in
laboratory experiments or in nature.

Turbulent shear flows may be divided into flows
that are nearly homogeneous in the direction of
the flow and those that are not homogeneous in
the direction of flow. Experiments have indicated
that nearly homogeneous flows are restricted, as
are steady and (or) uniform open-channel flows.
Inhomogeneous shear flows are unrestricted, as
are unsteady and (or) nonuniform open-
channel flows.

STATISTICAL RELATIONS
INTENSITY OF TURBULENCE

One of the best visualizations of turbulence is
obtained by measuring the velocity fluctuations
at various points in the flow.
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The intensity of turbulence is defined as the
standard deviation, or root mean square, of the
fluctuating velocity:

U=V, v=\"12, w=\Vw-.

The relative turbulence intensity is usually ex-
pressed as a ratio of the root mean square to the
mean flow velocity, U, or to the shear velocity, Us.
For example, relative turbulence intensity in the
x direction is

Vu2[U or V#2|U,,

where U,=VgRS, in which g is the gravitational
acceleration, R is the hydraulic radius, and S is
the slope of the energy gradient.

CORRELATION FUNCTIONS

Correlation functions often play a major role in
making and analyzing primary experimental
measurements. Taylor (1935) was the first to sug-
gest that a statistical correlation ecan be applied
to fluctuating-velocity terms in turbulence. He
pointed out that no matter what the diameter of
an eddy is, a high degree of correlation will exist
between the velocities at two points in space if
the separation between the points is small com-
pared with the eddy diameter. Conversely, if the
separation between the points is many times the
eddy diameter, then little correlation can be ex-
pected. This concept is very important in con-
sidering the various scales of motion in turbulent
flows and in examining the role of scale in open-
channel flow processes.

Consider the velocity fluctuation at two points
separated by a distance r. A correlation may exist
between the velocities and can be defined as a
function of r:

O(N=u(x) u(x+r). 2

The bar denotes an averaging of measurements
taken for many points at one given time. Phys-
ically, taking so many measurements at one time
is nearly impossible, so the fluctuations at two
given points are measured at different times as
the fluid moves past the measuring instruments.
The basis of statistical turbulence characteristics
is the assumption that statistical averages can be
used to deseribe the system. Three components of
u exist at x [u(x), v(x), w(x)], and three components
of u exist at x+r [u(x+r), v(x+r), w(x+r)]. One-to-one
correlation yields nine possible combinations of
components. Q(r) will have nine terms and can be
expressed as a second-order tensor in Cartesian

Ab

coordinates:

Qu(N=ui(x) u(x+r), 3)

where i and j are indices, and each gives u three
values. For example, ui(x) expands to: u;(x)=u(x);
ux(x)=v(x); and uz;(x)=w(x).

Correlation measurements in the Eulerian
frame of reference system are the most conve-
nient to obtain with present-day equipment. The
Eulerian space correlation function for the velocity
fluctuation in homogeneous flow is

ui(x) uj(x+r)

, @
Vu2(x) - Vui(x+r)

Ry(r)=

where u;, for example, represents the three root-
mean-square values of u, v, and w which can exist
at two points, x and x+r. (See fig. 2.)

By the ergodic hypothesis, when the flow is
statistically homogeneous in one or more direc-
tions, mean turbulence values along lines in these
directions are identical with the time means.

Because the root-mean-square values are inde-
pendent of separation, equation 4 becomes

(5)

Ry ()= ui(x) uj(x+r)

This measurement is difficult to make in the direc-
tion of the flow because of probe and sensor inter-
ference. For isotropic homogeneous turbulence,
the root mean squares are all identical, and
equation 5 becomes

ui(x) ui(x+r)

Using the covariance between velocity compo-
nents at two separated points in the flow to describe
a turbulent flow has become standard practice,
although the covariance is recognized to be an
essentially incomplete one and does not include
time.

Because shear flows are not isotropic, the turbu-
lent shear stresses are not zero, and a correlation
exists between the various cross velocity terms
when the separation distance, r, is zero or finite.
For zero separation, equation 4 reduces to a
Eulerian point correlation function, which is

Ri(r)= (6)

U u;

Even though the function is still dependent on x,

Rj= )
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FIGURE 2. — Probe arrangement for double veloeity correlations.
Dots at the bases of the open arrows represent four probe
locations —two for each pair of covarying velocities.

the x is usually dropped from the notation because
all terms are understood to apply to a single point
for a given computation of R;. The value of Ry,
however, will vary from point to point in the flow.
This variation determines the Reynolds stresses,
or turbulence shear stresses.

Measurements needed for the Eulerian space
correlation are not always possible or convenient
to make because of probe interference or limited
equipment; however, by assuming that x=Ut is
applicable and by replacing the space coordinate,
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x, with an equivalent time coordinate, ¢, the
Eulerian space correlation function can be equated
with a Eulerian time correlation function (a
process called autocorrelation) to give

_ur(t) u(t+7)
where 7 is an increment of time. This correlation
function can be obtained from the output signal
of a single sensor and is much easier to obtain than
the space correlation function. The time correla-
tion part, the numerator, of equation 8 is'an aver-
age of the velocities taken at two times for one
point. Although the autocorrelation technique
can be very convenient, it is limited to uniform
flow, where V&2 is much less than U, and thus
may not be valid in certain shear flows. Hinze
(1959, p. 40) further discussed this point.

Another informative correlation function is the
Eulerian space-time correlation. This function
correlates velocity fluctuations both with respect
to separation distance, r, and with respect to time
separation, 7. The result is a mixed Eulerian
correlation function:

R(7) €)]

wilx,t) ui(x+r, t+7)

Rij(rn)———— =
A= oD Vet )

)

By calculating this function for many values of r,
the funection can be mapped into an rr plane, which
may be more descriptive of the flow structure.

In the previous discussion, the Eulerian coordi-
nate system has been utilized; in this system, the
space correlation function, Ry(r), correlates the
velocity fluctuations at one time for two points,
and the time correlation function, R(7), correlates
the velocity fluctuations at two times for one
point. In turbulence diffusion and dispersion appli-
cations, the Lagrangian coordinate system is more
convenient; in this system, the time correlation
function, RLU(T), correlates the velocity fluctuations
of one fluid particle at two times and at two cor-
responding points along the particle path. Thus,

ui(f) u(i+7)
Vui(): Vuj2(1+7) )

Ry, (7)= (10)

Although this system of coordinates is often much
easier to use, measurement of RLU(-r) is complicated.
At best, Ry, (7) has only been estimated from turbu-
lent diffusion measurements in turbulent shear
flows and from measurements of decaying isotropic
turbulence in the wake of a grid in a wind tunnel.
In isotropic turbulence, the form becomes less
complex:
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u( u(t+7)

RO=Va Ve

11)

Note that Va2 in the Lagrangian system is the
root mean square of the velocity fluctuations
averaged for many fluid particles at different
times and points along their respective paths and
not averaged for many times at one point in space,
as for the Eulerian system. The Eulerian and
Lagrangian time correlations do not yield the same
values; however, additional information may
prove that they are related. The Eulerian system
is used when measuring velocity by fixed probes,
but the Lagrangian system is more convenient
when measuring turbulent diffusion and dis-
persion, because these mixing processes are
measured by the spread of contaminating parti-
cles to different points in the flow.

ENERGY-SPECTRUM FUNCTIONS

The energy spectrum provides information on
how turbulent energy is distributed with respect
to frequency or wave number. The concept of
energy spectra is important in comparing and
understanding turbulent shear flows, and yet little
information and data are available for flow in
open channels.

An analysis of energy spectra involves taking
the Fourier transformation of the various cor-
relations already considered. The Fourier trans-
formation is simply the means by which the
complex random wave form of the turbulent mo-
tion can be broken into a sum of sine waves of
various amplitudes and frequencies. The sum of
the sine waves must equal the original wave form.
The transformed correlations form an energy
spectrum, which is reported as a plot of the ampli-
tudes of the various sine waves against the respec-
tive frequencies of the waves. The spectrum can
provide insight into the distribution of the kinetic
energy of turbulence for various frequencies of
the velocity fluctuations.

Taylor (1938) considered only the one-
dimensional spectrum. However, his theory indi-
cates that the theory of Fourier transformation
can be applied to a statistically steady field to
derive the Fourier transform of the velocity-
correlation tensor. Thus, using tensor notation,
the three-dimensional spectrum is

1

¢ij(k*)=@

fw Qu(r) e-™*-7dr, 12)

where i in the exponent is V—1 and k4 is the wave-

AT

number vector. The components of this vector are
related to the frequency, f, by
ky=27fi|U:. (13)
The spectrum tensor is the transformation of
the general correlation tensor from Eulerian space
to wave-number space; this tensor describes how
the energy, which is associated with each velocity
component, is distributed over various wave num-
bers or frequencies. In essence, a Fourier analysis
of the complex turbulence fluctuations gives a
spectrum of the turbulence energy associated with
a given wave number or frequency. In effect, a
complex wave (in real space) has been broken
down into a number of sine waves (in frequency
space).
The reverse transformation, from the spectrum
tensor to the general correlation tensor, gives:

4o
Q= @y k. 19
if r=0, then this reduces to
+%
Qij(O):f_ Di(ky) dks, (15)

where Qi(0) is the general correlation tensor. The
energy-spectrum tensor, ®;(k,), shows the density
of energy in wave-number space.

Owing to experimental convenience and certain
limitations, measurements for the spectrum func-
tion have been limited to the one-dimensional
spectrum function in the direction of the mean

‘velocity, which is readily measured from the out-

put signal of a single sensor. The one-dimensional
energy spectrum, ®(k,), of the root mean square of
the velocity fluctuation in the x direction, V#?, as
registered from a hot-film anemometer can be
expressed by

f " Dlke)dhs=1E 16)

In turbulent shear flows, the relation between
the one-dimensional spectrum function, ®(k,), and
the three-dimensional spectrum function, ®;(ky),
is not known. However, the one-dimensional func-
tion is often assumed to be an integral effect of
the three-dimensional function. In spite of experi-
mental difficulties, the study of energy spectra
has led to several interesting conclusions.

A normalized spectrum function, F(f), is ex-
pressed in terms of frequency, f, by
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f " F(pdf=1. an

SCALES

The scales of turbulence are important in evalu-
ating the structure of various shear flows. Further-
more, they play a major role in understanding
and evaluating turbulence diffusion processes and
the dissipation and diffusion of energy in open-
channel flows.

The macroscale, which is sometimes considered
the average size of the eddies, is descriptive of the
large eddy structure and has several possible defi-
nitions depending upon the choice of the correla-
tion function. First consider the Eulerian system
of coordinates. A Eulerian length scale, sometimes
called the macroscale of turbulence, can be de-
fined asthe area under the space correlation curve:

L= L "Ry dr. (18)

The Eulerian integral time scale of turbulence is
defined as the area under the time correlation
curve, which was derived by autocorrelation:

T— [ * R() dr. (19)
0

By applying Taylor’s hypothesis (1935), a longi-
tudinal Eulerian length scale can be obtained:

L=UT.. (20)

This relation has meaning only as long as the flow
remains steady. Another Eulerian time scale can
be defined as the area under the space-time
correlation curve:

T'= f : R(r,7) dr. 1)

The microscale is used to describe the small eddy
structure. A microscale relation for the x direc-
tion, A,, can be developed using the cosine trans-
formation of the Eulerian autocorrelation function
and is given by

1 4 2 £
e L

(22)

This length scale gives a measure of the smallest
eddies responsible for the dissipation of energy.
The microscale relation can be developed using
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another statistical method. Assuming a normal
and independent distribution of the velocity fluc-
tuations, the microscale can be calculated from

1w _Average number of zero

o U crossings of u per second.

(23)

In the Lagrangian coordinate system the path
of a particle is followed, and the correlation is
given by equation 10. Several macroscales can be
defined in the Lagrangian system. The Lagrangian

integral time scale is the area under the time

correlation curve:

T,= f T Run) dr. 24)

This scale is usually estimated from the results of
turbulence diffusion experiments. Several other

Lagrangian length scales can be defined; the
transverse Lagrangian scale is defined as

L=V¥ T,. (25)
The Lagrangian length scale is defined as
ALzﬁ TL. (26)

EQUATIONS OF MOTION

Fluctuations which occur in turbulent flow
necessitate added terms in the basic equations of
laminar motion. If an exact representation of
these fluctuations were known, a general solution
could be obtained to account for turbulence. The
additional terms were first investigated by
Reynolds (1895). He assumed that the velocities
in the laminar-flow equations could be replaced
be the instantaneous velocities for turbulent mo-
tion and that the equations would still be com-
pletely valid. He combined the Navier-Stokes
equations for laminar motion with the concept of
an average velocity and a superimposed fluctuat-
ing component; he then averaged the resulting
equation and used certain rules of approximation,
which he formulated, to allow calculation of mean
values. These rules are not rigorous, but they
provide good approximations when the fluctua-
tions are sufficiently numerous and are distributed
at random.

Reynolds (1895) found, for incompressible flow,
that the equation of continuity for turbulent flow
was identical with that for laminar flow but that
the instantaneous velocity at a point was now
replaced by the average velocity at that point.
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The two equations are

Laminar flow:

aU a3V oW _ oU;
E-&——a;+ %2 =0 or I ,—0 and
Turbulent flow:
UV W_ ol_
ax+ ay+ 92 0or o 0. 27

The simplified equations on the right are in
general Cartesian notation, in which the / is a
repeated index and indicates summation of the
three component values.

For the Navier-Stokes equations, Reynolds
found that average properties again appeared in
place of instantaneous properties and that a term
associated with the fluctuations was added. The
two equations in general Cartesian notation are

Navier-Stokes equation for laminar flow:

aU, aU.) aP 82U;
=—+F+ d
( 2t Ui )= an Tt B o, 20 (28)
Reynolds equation for turbulent flow:
aU. au\__aP N azﬁ,- dpuiu;
( +0; ax,) oxi Fit Moxox, ax; (29)

For a given i, the repeated index in any one term
is j and indicates summation of the three com-
ponent values. Each equation, because of the
Cartesian notation, actually represents three
equations. For example, the Reynolds equation
of motion for the x direction is given by equation
29 when i=1:

o7 Ly Ly T

oP (azﬁ 92U | a2ﬁ)
ax Moz ayr oz
i) uv dpuw

puy ’;Z ) (30)

The additional term has nine components, three

of which are shown in the x equation (eq 30). The
terms given by puw; in equation 29 are called the
Reynolds stresses, or turbulent stresses. The
tensor in Cartesian coordinates is

W@ uv uw)
plve V¥ ww |
wu wy W

The tensor is symmetrical, since uv=vu, uw=wu,
and vw=wv. Thus, there are only six mdependent
terms.

The Reynolds equations for incompressible tur-

apu2
ax ay

+F.— (

(31)
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bulent motion ecannot be solved, because there are
ten unknowns and only four equations available —
three motion equations and one continuity equa-
tion. The unknowns are the mean pressure, the

| three mean-velocity components, and the six

Reynolds stresses.

Although obtaining complete solutions to any
problem in open-channel flow from the Reynolds
equations of motion appears prohibitively difficult,
the equations do indicate which mean flow
parameters and turbulence characteristics are
convenient to measure and of reasonable physical
significance.

The special case of fully developed turbulent
open-channel flow, where the viscous and dynamic
processes have reached a statistically stable:state
imposed by the rigid boundaries, leads to several
simplifying conditions. Thus, for a two-dimensional
flow having the appropriate boundary conditions,
the Reynolds equations after one: integration
become :

x direction:

yDS(1—y/D)=p %—pﬁ.

y direction:
P=(D—y)y cos a—p¥, and | (32)
z direction:

avw

P ey )

where D is the depth of flow, § is the slope of the
energy gradient, y is the specific weight of the
fluid, and a is the angle the boundary makes with
respect to the horizontal. These equations are

simpler but are still insufficient to give a general

solution. However, the measured terms can now
be compared with the balance of terms predlcted
by the Reynolds equations. ' '

ENERGY EQUATION

The production, dissipation, and diffusion of
turbulent energy 'are particularly important
in understanding the mechanism of turbulent
motion.

The Reynolds equation of motion can be con-
verted to an expression for the kinetic energy of
the velocity fluctuations. The equation of motion
for each coordinate direction is multiplied by the
velocity in that direction, and the velocity and
pressure fluctuations are introduced as
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U=U+u and P=P+p.

The three component equations are then summed
and averaged according to the Reynolds rules of
averaging. Then the kinetic energy of the mean
motion is subtracted. This procedure yields the
following energy equation for homogeneous flow:

Low Ui, o[ (P w 3 (uF -
2 ar M Gy, axJL(er?) Fa}@ U")
1

( (2 3 4)
# ul | (du
e ax;0x; 2 V(ax) =0, 33)
(6] (6)

where v is the kinematic viscosity of the fluid.
Each term in equation 33 represents a rate of
change of turbulent energy per unit mass—spe-
cifically: (1) time rate of change of the turbulent
kinetic energy, (2) production of turbulent kinetic
energy by shearing stress (that is, energy transfer
from the mean motion), (3) diffusion of energy by
kinetic and pressure effects, (4) transfer of energy
by convection, (5) the work done by viscous shear
stresses in the turbulent motion, (6) dissipation of
turbulent kinetic energy.

One of the main reasons for obtaining such an
energy relation is that insufficient turbulence
information is available from the time-average
momentum equation (eq 29). Averages over
periods of time eliminate a great deal of informa-
tion concerning the contributions of turbulence
to the characteristics of the flow field. To com-
pletely describe the turbulent flow field, not only
the time averages of the turbulence quantities
appearing in the momentum and energy equa-
tions need to be known, but also all higher order
terms that might be obtained by taking higher
moments of the momentum equation. At the pres-
ent time, obtaining all these terms is neither
practical nor, for that matter, possible; thus,
experimental work has been directed mainly
toward obtaining the relative magnitude of the
quantities in the energy equation.

The energy equation for two-dimensional flow,
considering relevant orders of magnitude, may
‘be written as

[pv(2+vi+w?)+vp] +p,(gu' gu,

(2) 3)

puv

2 g ) o

(1)

This equation expresses the fact that energy pro-
duced by the turbulent shear forces at a point in
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the flow field is partly diffused and partly dissi-
pated. Although measurements are not sufficient
to study the complete turbulence energy balance
in an open channel, the production term can be
measured, and the dissipation term can be esti-
mated. Term 1 is the energy produced by the
turbulence shearing stresses; it can be obtained
directly from measurements of uv and from the
mean-velocity profile. Term 2 is the energy
diffused by the turbulence. Term 3 is the energy
dissipated because of the breakdown of large
eddies into small ones.

The dissipation and diffusion terms need to be
expressed in easily measurable quantities. For
isotropic turbulence, Taylor (1935) evaluated the
dissipation term, abbreviated as ¢, using the micro-
scale of turbulence in the x direction, A;, and
obtained

u2
e=15u e (35)
When the distributions of the energy produc-
tion and dissipation are known, the diffusion of
energy can be estimated from equation 34. Note
that because of the approximations involved in
the calculations of dissipation, the conclusions
derived are chiefly qualitative. In effect, the
energy equation has not been completely defined
by measurable quantities, but it has been used
with some measured quantities to obtain a clearer
understanding of turbulent shear flows.

INSTRUMENTATION

Hot-wire anemometry has been used for many
years as a standard technique for turbulence
measurements in air. Recently, the application of
anemometry has expanded greatly owing to better
equipment and to more interest in details of fluid
flow in liquids, such as water. Until recently,
however, serious difficulties attended any attempt
to adapt the anemometer to use in water. Some of
these difficulties, such as contamination of the
sensor by dirt or deposits, occur alsoin air; whereas
others, such as boiling and electrolysis, occur in
liquids only.

Electrolysis is by far the main source of trouble,
causing corrosion of the sensor, generation of
gases, and instability in the electronic control
circuitry. It can be avoided by using nonconducting
liquids. However, this does not solve the basic
problem, and much work has therefore been done
to eliminate or reduce the effect of electrolysis in
conducting liquids. The most successful effective
method is to coat the sensing element to provide
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electrical insulation between the electrical sys-
tem and the liquid, but the coating must be very
thin in order not to affect the frequency response.
'This method permits stable operation of the ane-
mometer in conducting liquids, such as water;
moreover, contamination of the sensing element
by fluid-borne particles appears to be greatly
reduced as a result of this measure. The ane-
mometer thus gives reproducible results and can
be used for quantitative measurements in open-
channel flows.

Increased use of film sensors and compensating
circuitry, supplemented by sensitive accessory
equipment and digital computers, has made ane-
mometry more practical. The fine spatial resolu-
tion (due to the small size of the sensor) and the
good frequency response of the hot-film anemome-
ter system are unmatched by any other system
now available for making turbulence measure-
ments in open-channel flows.

ELECTRONIC CIRCUITRY

A very important part of high-frequency ane-
mometry is the electronic circuitry. It supplies a
controlled amount of electrical current to heat
the sensor and to provide frequency compensation
for the sensor.

The anemometer circuit used for operating
sensors in water should have the following char-
acteristics for best all-around application to
turbulence measurements in open-channel flows:
1. Low noise level. — Because the overheat ratio of

the sensor (ratio of hot to cold resistance) is
low (1.1) and the turbulence level of the water
is often low (less than 10 percent), the lowest
possible internal electronic noise level is
desirable.

2. Adequate frequence response.—Direct current to
2 kHz (kilohertz) is sufficient for most
measurements in water (10 kHz represents a
reasonable upper limit in air). Adequate high-
frequency response is obtainable with most
anemometers. However, low-frequency re-
sponse (0-2 hertz) can vary. The coating of the
sensing element must be very thin in order
not to affect the low-frequency response.

3. Adequate temperature compensation.—Provision
should be made for taking temperature
changes into account to get accurate results.

4. Highpoweroutput.—Water has high heat-transfer
characteristics, and enough power to operate
the largest sensor at the highest anticipated
velocity is needed.

5. Minimal long-term drift. — Because the overheat

All

ratio is low, electronic drift in the electronic
components shows up more in water than in
air. This drift must be kept at an insignificant
amount.

The two basic types of anemometer circuitry
are used with hot-wire and hot-film sensors: con-
stant current and constant temperature. Experi-
menters need to know and understand the
advantages and disadvantages of the operating
characteristics of both anemometer systems.

CONSTANT-CURRENT ANEMOMETER

The constant-current anemometer maintains
the current of the sensor at an essentially con-
stant level by using a large resistor in series with
the sensor. The current is selected so that the
sensor is operated at the desired temperature in
the fluid. If the velocity of the fluid increases, the
heat transfer from the sensor to the fluid
increases, and the sensor will cool; this results
in a decrease in sensor resistance. If a constant
current is maintained in the sensor, the decrease
in resistance will cause a decrease in voltage at
the terminal between the sensor and the resistor.
An amplifier is used to detect this change in volt-
age and to amplify the voltage to a useful signal
level for recording or monitoring. If the velocity
change takes place very rapidly, the response of
the sensor will lag the actual change in velocity,
owing to the thermal inertia of the sensor. To
compensate for this lag, the amplifier is given a
nonlinear characteristic with frequency. By care-
fully matching the frequency characteristics of
the amplifier to those of the sensor, a flat fre-
quency response is possible up to 100 kHz.

The major drawback of the constant-current
system is that the temperature frequency response
of the sensor depends not only on sensor char-
acteristics but also on flow characteristics. The
response depends on both the thermal capacity of
the sensor and the heat-transfer coefficient
between the sensor and its environment. Because
the sensor response changes with changes in flow,
the frequency compensation of the amplifier must
be readjusted whenever the mean flow changes.
This is not practical for fast changes. Therefore,
the constant-current anemometer is most appli-
cable where the fluctuations in velocity are small
compared with the mean velocity.

CONSTANT-TEMPERATURE ANEMOMETER
The constant-temperature anemometer main-
tains the resistance, and thus the temperature, of
the sensor at an essentially constant level by using
a feedback loop (Thermo Systems Inc., 1968). As
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the fluid velocity increases, the sensor will tend

to cool, and its resistance will tend to decrease.

This decrease in resistance, as measured by a

Wheatstone bridge, will cause the voltage across

the bridge to decrease, so the input to the ampli-

fier will decrease. The phase of the amplifier is
such that this decrease in voltage will cause an
increase in the voltage output of the amplifier that
will increase the current through the sensor and
balance the bridge. If the amplifier has a sufficient
gain, it will keep its inputs very close to the
balanced conditions. Therefore, any change in the
sensor resistance will be immediately corrected
by an increase or decrease in the current through
the sensor. By keeping the sensor temperature
constant, this anemometer system overcomes the
main disadvantage of the constant-current system.

The output of the constant-temperature system
is the voltage output of the amplifier, which in
turn is the voltage required to drive the necessary
current through the sensor. Using the feedback
control, the resistance in the bridge is constant,
the voltage across the bridge is directly pro-
portional to the current through the sensor, and
the power is equal to the current squared times
the resistance. Therefore, the square of the volt-
age measured across the bridge is directly pro-
portional to the instantaneous heat transfer
between the sensor and its environment. No
matching of frequency characteristics for the
amplifier and the sensor is required, because the
feedback circuit makes the match automatically.

Present-day constant-temperature systems are
comparable to the constant-current systems in
both noise level and frequency response. How-
ever, the constant-temperature systems are
superior in convenience of operation and in flexi-
bility. Several other basic advantages of constant-
temperature anemometry over constant-current
anemometry include the following:

1. Constant-temperature systems are more com-
patible with hot-film sensors because the
frequency response of hot-film sensors is so
complex. _

2. Operation of a sensor at constant temperature
prevents sensor burnout when the velocity
past the sensor suddenly decreases.

3. Constant-temperature operation is more prac-
tical for measurements in water where large
changes in sensor temperature occur in
response to velocity changes.

4. Constant-temperature systems can be tempera-
ture compensated.

5. Constant-temperature systems. give a. direct
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direct-current output. In a constant-current
system, the measurement of mean voltage
levels is typically made by manually balancing
a built-in bridge, and the minimum frequency
limit of the amplifier system generally is
about 2 Hz (hertz).

6. Constant-temperature systems can measure
large velocity fluctuations, whereas constant-
current systems cannot under most
circumstances.

For these reasons, constant-temperature systems

have essentially replaced constant-current sys-

tems for use in making turbulence measurements.

When choosing among the various constant-
temperature systems, the experimenter should
compare three basic variables: high- and low-
frequency response, background noise, and
power output.

No basic problems are associated with the
electronic circuitry of present-day constant-
temperature anemometers. Rather, the primary
problem is in selecting a hot-film sensor and in
understanding its operation and limitations for
specific fluid-mechanies measurements.

HOT-FILM SENSORS

The basic concept of hot-film sensors was intro-
duced over ten years ago by Ling and Hubbard
(1956), and this type of sensor has been replacing
the hot-wire sensor for many applications in
recent years.

The hot-film sensor is essentially a conducting
metallic film on a ceramic substrate. (See figs.
3-6.) Plating, commonly gold, delineates the sensi-

tive area and provides electrical leads to the ..

circuitry through the probe, to which the sensor
is attached. The metallic film in a typical hot-film
sensor is less than 1 micron thick; therefore, the
physical strength and the effective thermal con-
ductivity of the sensor are determined almost
entirely by the substrate material, which is com-
monly quartz. Most films are platinum, because
platinum resists oxidation and thus has long-term
stability.

Hot-film sensors for water are coated with
quartz about 1 micron thick; for further protection,
the tip of the probe, except for the film itself, is
coated with a temperature- and corrosion-resistant
varnish. This treatment ensures good insulation
that is able to prevent electrolysis with little
sacrifice to frequency response.

Four problems pertaining to the operation of
hot-film anemometers in open-channel flows are
directly related to the sensor and to the measure-
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ment of the basic data: (1) drift caused by fluid-
borne contaminants, (2) calibration for the
voltage-velocity relation, (3) sensitivity to velocity
fluctuations, and (4) noise caused by mechanical
vibrations or introduced through ground loops.

Drift is a change of the output voltage of an
anemometer when there has been no change in
either the velocity, temperature, or properties of
the fluid. Acecumulation of dirt, scale, or lint—in
fact, any organic or inorganic material—on the
sensor surface will reduce the heat transfer to
the water and cause a change in voltage. This one
problem has discouraged many researchers from
using hot-film anemometry. However, in open-
channel flows, the problem is always present, and
techniques must be developed to minimize it.

Noise caused by mechanical vibration is always
a problem in taking measurements in open-channel
flows. Caution should be taken to insure that
mechanical vibrations are insignificant. Noise
introduced through ground loops is always possi-
ble when additional signal-conditioning equipment
is being used. Disconnecting the power-source
ground for all the signal-conditioning equipment
(but not the anemometer) permits the equipment
to be connected to the anemometer-chassis ground
through the cable shield, thereby reducing
ground-loop noise.

Calibration for the voltage-velocity relation is
essential for operating hot-film sensors in open-
channel flows. In fact, when drift due to contami-
nation is possible, a calibration at each point in
the flow is advised. Contamination problems pre-
clude the use of general heat-transfer relations
and a one-time calibration procedure for reducing
turbulence data.

Sensitivity of the hot-film sensor to changes in
velocity is particularly problematic in obtaining
meaningful turbulence measurements. Because
the sensitivity is a derivative of the voltage-
velocity calibration, the calibration at each point
must be made much more precisely than if
accuracy of only a few percent for velocities were
needed. This is particularly true when the voltage-
velocity calibration can change because of
contaminant accumulation.

Many problems associated with operating hot-
film sensors in water can be eliminated or
reduced by understanding each sensor and by
choosing the right sensor for a particular mea-
surement in a particular environment.

SHAPES
The cylindrical hot-film sensor is shown in figure
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CYLINDRICAL HOT FILM

GOLD-PLATED
STAINLESS-STEEL
SUPPORTS

—GOLD PLATING DEFINES
SENSING LENGTH

QUARTZ-COATED PLATINUM-FILM SENSOR
ON QUARTZ ROD

FIGURE 3. —Cylindrical hot-film sensor.

3. It is well suited for detailed studies, particularly
in water, if it is subject to velocities less than
about 8 fps (feet per second) and if the fluid has
been filtered of all fluid-borne contaminants.
Where contaminants are present in the water, the
cylindrical hot-film sensor is virtually impossible
to operate with any degree of reliability; and at
velocities greater than 8 fps, flow separation can
occur. Cylindrical hot films generally require
higher power output and give better sensitivity
than solid sensors. Furthermore, they have better
low-frequency response than sensors of other
shapes. For two- and three-dimensional work, they
are more convenient, and the output is easier to
analyze because of good directional properties.
These sensors can be mounted in single-, two
(cross)-, or three-sensor probe arrangements.

The wedge sensor is shown in figure 4. It is very
strong, does not have flow-separation problems,
and has good high-frequency response. Owing to
high conduction losses, they are not recommended
for turbulence measurements at low velocities
(less than about 1 fps). The directional response
of these probes is not well known and requires

WEDGE HOT FILM

GOLD-FILM ELECTRICAL LEADS

QUARTZ-COATED PLATINUM-FILM

FIGURE 4.—Wedge hot-film sensor.
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that the wedge be alined with the flow stream.
Foreign matter can accumulate on the flat leading
edge, but it does not accumulate as readily as on
the cylinder.

The main advantage of the conical sensor, shown
in figure 5, is the lack of surfaces on which to
catch foreign matter. Also, this sensor is very
insensitive to direction, owing to the cone angle
and the sensor placement.

CONICAL HOT FILM
QUARTZ ROD

QUARTZ-COATED
PLATINUM-FILM

BAND \

GOLD-FILM
ELECTRICA'. LEADS

F1GURE 5. —Conical hot-film sensor.

The Parabolic sensor is shown in figure 6. It has
the advantages of both cones and wedges. It has
a rounded tip to minimize foreign-matter pickup,
yet it has the sensor on the leading edge to give
high-frequency response. The direction of flow
should be within about a 10°-angle of the probe
axis to avoid adverse directional response. Para-
bolic sensors are less vulnerable to breakage than
other sensors because they have no sharp edges,
points, or fragile structure. Adequate high-
frequency response is obtainable during measure-
ments in open-channel flows. However, an
evaluation of the low-frequency response (less
than 2 Hz) has never been carried out. These low
frequencies are of particular interest in open-
channel flows, and possible errors may be reported
because of inadequate low-frequency response.

PARABOLIC HOT FILM

QUARTZ-COATED—__ /(..
PLATINUM FILM N

ON LEADING EDGE - QUARTZ ROD —_]

GOLD-FILM
ELECTRICAL LEADS

END VIEW

FIGURE 6.—Parabolic hot-film sensor.

SELECTION

Various factors must be considered when
selecting a sensor: minimum and maximum flow
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velocity to be measured; strength of the sensor
and rigidity of the sensor supporting structure;
sensor shape, size, and temperature; fluid con-
tamination of the sensor; and stability of the
sensor calibration.

The minimum flow velocity measurable by a
heated sensor depends on the free convection cur-
rents generated by the heat from the sensor. In
water, free convection currents affect fluctuating-
velocity measurements below a mean velocity of
about 0.5 fps, because at these velocities, the free
convection boundary layer has not had time to
come into equilibrium with the flow. Solid sensors
—such as cones, wedges, and parabolas—present
a problem at low velocities because of the high
heat conduction from the film into the substrate.
At low frequencies this conduction causes both the
film and the substrate, not just the film, to heat
and cool, creating a calibration offset when com-
pared with a steady flow calibration. This effect -
is most critical at low velocities (less than 1 fps).
For this reason, cylindrical hot-film sensors are
generally recommended for making turbulence
measurements in low-velocity flows.

In high-velocity flows (over about 8 fps), ex-
traneous turbulence can easily be generated by a
vibrating probe, so a rigid sensor supporting struc-
ture is needed. High-velocity flow may also induce
breakage of the sensor, so a strong sensor, such
as the wedge or parabola, should be used.

In high-velocity flows, cylindrical sensing ele-
ments have two disadvantages due to flow separa-
tion on the downstream side. Eddies can be formed
by this separation; they are picked up as fluctuat-
ing signals and can be confused with the turbu-
lence. Cavities in the flow can also be created
downstream from a cylindrical sensor; a combi-
nation of high sensor temperatures and high
velocities tends to generate cavitation. Conical,
wedge, and parabolic sensors circumvent both
these difficulties.

At high velocities, collision of sediment particles
with the sensor induces a high-frequency spike on
the signal, as shown in figure 7. The experimenter
should be aware of this possible alteration in the
signal, but the additional energy due to the col-
lisions is usually insignificant. Collision of sedi-
ment particles with the sensor also decreases its
usable operation time. The abrasion removes the
protective quartz coating and allows electrolysis
to occur; once this happens a new sensor must be
used. The approximate useful operation time of
sensors in a sediment-laden stream is about
15 hours.
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FIGURE 7.—Photograph of voltage trace from a hot-film sensor,
showing spikes due to sediment particles colliding with
the sensor.

Dirt and foreign particles within a flow field
present the greatest difficulty to making stable
and meaningful measurements. Natural open-
channel flow is usually laden with particles, which
tend to collect on the sensing element and affect
the calibration. The tendency for a sensor to col-
lect foreign matter is related to its shape and size.
The cylindrical sensor is recommended over
sensors of other shapes as long as the fluid can
be filtered of all foreign matter. When the fluid
cannot be filtered, then one of the solid sensors—
notably, the parabolic sensor —is recommended.

Any hot-film sensor can and should be cleaned
after each use with a small camel’s-hair brush.
This is a tedious procedure, but it helps prolong
the life of the sensor. Strong solvents or chemicals
should not be used to remove foreign matter.
Repeated brushings during operation, when the
sensor is still in water, are also suggested.

For a mean-flow measurement to be valid, the
sensor must maintain its calibration over long
time periods, which is possible only under ideal
operating conditions. Compared with stability in
air, stability in water can be a more difficult prob-
lem because of foreign contaminants, gas-bubble
formation on the sensing element at low velocities,
and electrical-conductivity problems. Gas-bubble
formation and electrical-conductivity problems are
usually characteristic of a thin quartz coating or
a hot spot on the sensing element where no quartz
coating is present. Major stability problems are
usually detected by an increasing value of the
cold resistance. When this is detected, the sensor
should be replaced.

In summary, the parabolic sensor is the best
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sensor for general use in open-channel flows. Its
geometry minimizes contaminant buildup, de-
creases the possibility of damage due to breakage,
insures adequate frequency response in high-
velocity- flows, and circumvents cavitation and
eddy formation. However, the cylindrical sensor
is best for low-velocity flows where contaminants
can be filtered out.

CALIBRATION CHARACTERISTICS

Typical voltage-velocity calibration curves for
0.002- and 0.006-inch-diameter cylindrical hot-film
sensors and a 0.0002-inch-diameter hot-wire sensor
in airflow are shown in figure 8 (Richardson and
McQuivey, 1968). The calibration curves are non-
linear; sensitivity is a maximum at low velocities
and decreases toward high velocities. The dis-
advantages of a nonlinear output in terms of con-
venient reading and recording are well known. A
significant advantage of the nonlinear output is
that measurements can be made over a wide range
of flow velocities while maintaining a nearly con-
stant percentage of reading accuracy. Measure-
ments of velocities from a few feet per minute to
supersonic can be made with no change in either
the sensor or the scale reading.

The anemometer output signal is a voltage and
is usually related to the flow velocity as follows:

EZ:A +B (Pm" (Ts_Ta): (36)

where
E =mean voltage,
A and B =constants depending on fluid

properties,

p =fluid density,

U =mean flow velocity in the x direction,

n =an exponent that varies with ve-
locity and with fluid and sensor
properties,

Ts=sensor temperature (hot), and

T,=fluid or environment temperature
(cold).

This relation, known as King’s law when n=0.5,
illustrates the nonlinearity of the anemometer
output. It also shows how voltage is related to
density, velocity, and temperature. Although the
basic variable is mass flow, pU, velocity isindicated
whenever density is constant. Hot-wire and hot-
film sensors have been used to measure tempera-
ture, velocity, mass flow, thermal conductivity,
basic heat transfer, and mass fractions because of
the many variables that can be sensed. Because
so many variables can be sensed, care must be
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0.006-in. hot film
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VOLTAGE (E), IN VOLTS
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0.002-in. hot film

0.0002-in. hot wire
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FIGURE 8.—Relation between mean voltage, E, and mean velocity, U, in airflow. (From Richardson and McQuivey, 1968.)
Different symbols represent different sets of data for a given sensor. Curve represents average of the sets.

taken to isolate or control all the variables that
are not pertinent when measuring a single vari-
able. Temperature compensation is of particular
importance when measuring velocity or mass flow.

King (1914) determined that n=0.5; this value
gives the typical fourth-power relation between
velocity and voltage, as shown in figure 9. In
practice, anemometer sensors do not follow King’s

law precisely, but cylindrical sensors follow more
closely than do sensors of finite length, such as
the conical, wedge, and parabolic sensors.

Most hot-film anemometry data can be obtained
using the basic nonlinear output, but linearizing
circuits are becoming standard additions to an
anemometry system. Making mean-flow measure-
ments is more convenient when the voltage output
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FIGURE=9.—Relation between the mean voltage squared, E?, and the square root of the mean velocity,
VT. Different symbols represent different sets of data for a given sensor. Curve represents average
of the sets.
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is linearly related to flow. However, some accuracy
is lost when the output goes through any signal-
conditioning circuit, so for highest accuracy, the
nonlinear output is best. Where contamination is
a problem and sensor calibration cannot be main-
tained, linearizing circuits cannot be used, and
the nonlinear output must suffice.

COMPARISON WITH HOT-WIRE SENSORS

In order to evaluate the hot film as a trans-
ducer in turbulence investigation, Richardson,
McQuivey, Sandborn, and Jog (1967) measured
turbulence intensities in airflow at the centerline
of a 5.75-inch-diameter pipe using 0.002- and
0.006-inch-diameter eylindrical hot films and
0.0002-inch-diameter hot wires. Hot wires were
used as the standard with which to compare the
hot films, because the response characteristics of
hot wires have been extensively investigated and
hot wires are standard transducers in wind-tunnel
investigations. The results of the measurements
showed that the 0.002-inch-diameter hot film indi-
cated the same turbulence intensities as the
0.0002-inch-diameter hot wires, but the 0.006-inch-
diameter hot film indicated smaller intensities,
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as shown in figure 10. The reason the 0.006-inch-
diameter hot film indicated smaller intensities
thanthe other sensors was attributed to end losses
(heat loss by conduction through the sensor ends
to the supports) and to a possible heat loss to the
ceramic backing. Bellhouse and Schultz (1967) con-
cluded that thermal feedback from the glass back-
ing is important in air but not in water, so hot-film
sensors are satisfactory transducers for turbu-
lence investigations.

HEAT-TRANSFER RELATIONS

The heat transferred between the fluid and
the sensor depends on the fluid velocity, the physi-
cal properties of the fluid, the dimensions and
physical properties of the film or wire, and the
difference in temperature between the film or
wire and the fluid.

The convective heat transfer from a eylindrical
sensor —either wire or film—has had extensive
theoretical and experimental treatment. The
theoretical study that is most extensively quoted
was done by King (1914), who, for potential flow,
derived an expression for the heat transfer from
a cylinder. King’s relation can be expressed as

r—1 17 1 T T

0.05 —

)
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U

RELATIVE TURBULENCE INTENSITY, (

0.04

003 -

0.0002-in. hotwire A @
0.002-in. hot fim @ @

0.006-in. hot film OOD

| ] T

0.02 I 1
4 5 6

1 1 1 1
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REYNOLDS NUMBER (QVQ)

FIGURE 10.—Comparison of turbulence-intensity measurements made using hot-film and hot-wire sensors
in airflow. (From Richardson and others, 1967.) Different symbols represent different sets of data for
a given sensor. Curve represents average of the sets.
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I2R;

R—R_AtB VT,

(37

where
I=electrical current,
R,=electrical resistance of the sensor at
sensor temperature (hot),
R,=electrical resistance of the sensor at
fluid temperature (cold),
A and B=constants depending on fluid prop-
erties, and
VU =square root of the mean velocity of
the flow in the x direction.

King’s relation at best only holds for continuum
flow at large Reynolds numbers. This is not sur-
prising because the flow around a cylinder is
very complex.

The heat-transfer relation has been expressed
in nondimensional terms (Hinze, 1959):

N=AR, P, G), (38)

where
N=Hd[sk(T;—T,), the Nusselt number;
R=UD/v, the Reynolds number;
=uC,/R, the Prandtl number; and
G=gp*d? B(T,—T,)/u? the Grashof number;
in which
H=thermal power transferred between the
sensor and the fluid,
d=characteristic dimension of the sensor,
s=area of the sensor,
k=thermal conductivity of the fluid,
T,=sensor temperature (hot),
T,=fluid or environment temperature (cold),
U=mean velocity of the flow in the x direction,
D=depth of flow,
v=kinematie viscosity of the fluid,
p=dynamic viscosity of the fluid,
Cp=specific heat of the fluid at constant
pressure,
g=gravitational acceleration,
p=density of the fluid, and
B=coefficient of expansion of the fluid.

For a hot-wire sensor, which has a length much
greater than its diameter, the heat-transfer rela-
tion can be expressed as (Hinze, 1959)

N=0.42P%2+(0.57TP"-33R05, (39)

For solid hot-film sensors, specific heat-transfer
relations have not been established, but the

A19

general heat-transfer relation can reasonably be
expressed as
N=a+bP*+cPFRY, (40)

where a, b, ¢, a’, B8', and y' are constants that
have different values according to the character-
istics of the fluid and the sensor. The a represents
heat transfer between film and probe or substrate,
the b term represents conduction and free con-
vection between film and fluid, and the ¢ term
represents forced convection between film
and fluid.

For continuum incompressible flow, the best
experimental relation between mean heat loss
and mean velocity is

S
RR_Ry~—A+B "

(41)
This relation is similar to King’s (eq 37). However,
n is a function of the fluid medium, overheat ratio,
sensor, and mean velocity. As will be shown later,
changes in n greatly affect the conversion of volt-
age fluctuations, which result from fluctuating
heat loss, to velocity fluctuations. The value of n
for a 0.002-inch-diameter hot film in air is 0.30 for
velocities of 20-60 fps and 0.41 for velocities of
60-150 fps. In water, the value of n for the same
sensor is 0.31 for velocities of 0.2-0.6 fps, 0.35 for
velocities of 0.6-1.5 fps, and 0.45 for velocities of
1.5-3.0 fps.

For a constant-temperature hot-film ane-
mometer in a flow with constant fluid properties
(temperature, density, and viscosity), equation 41
can be written as

E?=A'+B' U, (42)
where A’ and B' are constants depending on fluid
properties.

Deviations in the above-discussed equations,
properly applied, are often less than other errors
due to less-than-ideal experimental conditions.
End losses and nonuniformities in sensor surface
temperature can cause errors in specific situations.
However, for measurements in open-channel flows,
general heat-transfer relations are not sufficient
for the reduction of data. Calibration is recom-
mended whenever accuracy is required and when
noncylindrical sensors are used. In fact, a con-
tinuous calibration is suggested for all operations
in open-channel flows.
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VOLTAGE-VELOCITY RELATIONS

Hot-film sensors can become heated above
ambient temperature by the electric current in
the anemometer system. However, by using a
constant-temperature hot-film anemometer, the
electrical resistance and, therefore, temperature
of the film can be kept constant. A slight variation
in velocity will result in a variation in heat loss
from the hot film, which in turn produces an
imbalance in the Wheatstone bridge. Any im-
" balance in the bridge is compensated for by means
of an electronic feedback system, which senses
the imbalance in the bridge and alters the current
to the bridge to rebalance it. Such a feedback
system operates almost instantaneously and is
effective for frequencies up to several kilohertz.

Because fluctuating-velocity measurements are
desired rather than mean-velocity measurements,
the fluctuations in heat transfer from the hot
film must be considered. The velocity fluctuations
can be approximated by assuming that the film
responds as a first-order system; the fluctuations
can then be evaluated from a calibration of the
relation between the film heat loss and the fluc-
tuating velocity. The film heat loss must be known
very accurately so that the first derivative of heat
loss with respect to velocity fluctuation can
be obtained.

Operation of the hot film in the electronic circuit
is assumed to be ideal, so problems of frequency
response do not need to be considered. The problem
is now to find a technique to obtain the turbulence
velocity components from the hot-film voltage out-
put and the calibration curve (fig. 8).

At least four assumptions are made in con-
verting the voltage fluctuations sensed by the
hot-film anemometer to velocity fluctuations:

1. The total instantaneous-velocity vector, U,
can be expressed by a mean value, U, in the
x direction and by fluctuation components —
u, v, and w—in the x, y, and z directions,
respectively.

2. A hot-film sensor held perpendicular to the
flow is sensitive only to the mean and fluc-
tuating component of the velocity in the
direction of flow, the x direction. In other
words, the hot film is sensitive to the first
order of U and u but is sensitive to only the
second order of v and w; the second-order
terms are negligible and can be considered
to be zero where the fluctuations are much
less than the mean.

3. The relation between mean voltage, E, and
mean velocity, U, can be used to convert volt-
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age fluctuations to velocity fluctuations.

4. The change in the slope, dE/dU (the sensitivity),
of the voltage-velocity calibration curve is
small in relation to the velocity fluctuations
normally measured; thus, the tangent of the
curve at the mean velocity can be used to
convert voltage fluctuations to velocity
fluctuations.

These assumptions imply that the fluid prop-
erties, overheat ratio, film diameter (character-
istic), film length, angle of attack, and heat
transfer from the hot film to the fluid are constant.
That is, the heat transfer is a function of only the
velocity of the flow.

The first assumption is the usual one made in
fluid mechanics along with the Reynolds method
of averaging to derive the Navier-Stokes equation
for turbulent flow.

The second assumption is justified on an order-
of-magnitude basis; it applies for low turbulence
intensities (less than 15 percent). The total
instantaneous-velocity vector for a hot-film sensor
placed perpendicular to the mean flow is illustrated
in figure 11.

The total instantaneous velocity is expressed as

U=V U+u)*+v:+w?

Uw,=ﬁ\/ 1 +%"+ (;‘:])2 + (%)2+ (%)2

By expanding the square-root part by a binomial
series expansion,

o033 ) (5

+(higher order terms)] . (449)

(43a)

or

(43b)

Therefore, considering only first-order terms,

z

FIGURE 11.—-Diagram defining the total instantaneous-velocity
vector.
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equation 44 reduces to

U =U+u. (45)

For small fluctuations, where U is much greater
than lu|, |v|, or |w|, a sensor normal to the flow
would be sensitive only to the mean velocity and
its fluctuation in the x direction. Note that equa-
tion 45 is true regardless of whether v and w are
parallel or perpendicular to the hot film.

The third assumption says that the same heat-
transfer relation exists for both the mean and
the fluctuating quantities of voltage and velocity.
According to Sandborn (1966), turbulence does not
affect the heat-transfer characteristics of the hot
film; turbulence effects on heat transfer are
negligible for most anemometry work.

The fourth assumption, that the change in slope
of the calibration curve is small in relation to the
velocity fluctuations, is necessary to convert the
measured voltage fluctuations to the velocity
fluctuations. Sandborn (1966) investigated the
effect of assuming that the voltage-velocity curve
is linear over the range of measured root-mean-
square voltage fluctuations. He found that for a
0.0002-inch-diameter tungsten wire, only 1-percent
error in the turbulence intensity was introduced
by the actual nonlinearity of the calibration curve
for intensities up to 40 percent.

The equation for converting voltage fluctuations
to velocity fluctuations for a hot film perpendicular
to the flow is obtained as follows. The derivative
of the instantaneous voltage output from the
anemometer is

oF
dE= 3T dUy,. (46)

From equation 43a

J— 1 77
dU = Y [(U+uw)du+vdv+wdw]. (47)

Where U is much greater than |u|, |v|, or |w|,
equation 47 reduces to

dUm=du. (48)
So
_dE
dE= aU du. 49)

The general assumption is that dE=e¢ and du=u
(that is, the derivatives are equal to the fluctua-
tions). With this assumption, equation 49 becomes
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dav™
The root mean square of the voltage fluctuation
is normally the measured output of the hot-film
anemometer; therefore, by assuming e=Ve and

=\,

(50)

\/§=g§ vV (51)
where Ve? is the root mean square of the voltage
fluctuation and Va2 is the root mean square of
the velocity fluctuation. The physical meaning of
equation 51 and the assumptions leading up to it
are illustrated in figure 12 for two overheat ratios.

To determine the sensitivity, dE/dU, equation 42
may be differentiated, giving

dE_nB'U*!
dU~ 2E ©2)
If King’s law is assumed to hold, n is 0.5, and
equation 52 reduces to

dE B’
v VT (563)
However, for most hot-film sensors the heat loss
does not follow King’s law; therefore, either
dE/dU must be determined empirically by plotting
E2 against VU to obtain values of n and B’ for
equation 52, or dE/dU must be determined graph-
ically. Determining dE/dU graphically is simpler.
E is plotted against U for a given overheat ratio
and fluid temperature (fig. 13). The tangent of
this curve is dE/dU; it can be determined graphi-
cally and then plotted as a function of U (fig. 14).

The difference between dE/dU determined graph-
ically and dE/dU determined by assuming that
King’s law holds and that equation 53 can be used
is shown in figure 14. The graphical procedure has
the advantage of accounting for variations in n,
but it has the disadvantage of being more tedious
and subject to human judgment in determining
the tangent to the curve. Another advantage of
the graphical procedure is in reducing data where
drift due to contamination buildup on the sensor
is a problem and where the voltage changes for a
given velocity. The graphical procedure can be
used to account for drift problems, as indicated
in figure 12.

The method of determining the longitudinal
turbulence intensity, u, for a single sensor has
just been described. To determine the other com-
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FIGURE 12.—Linearization schematic of the voltage-velocity relation. K, overheat ratio.

ponents of the velocity fluctuation, v and w, and
the cross-velocity correlations—uv, yw, and uw—
a single sensor is held at two different angles to
the mean flow, or two sensors are set in a cross
arrangement.

The output, E, of the constant-temperature hot-
film anemometer, which is indicative of the hot-
film heat loss, can now be assumed to be a
function of the total velocity, U, and the angle
of yaw, ¢, if the geometry and physical properties
of the film remain constant:

E:ﬂUum f)

The total velocity sensed by the hot film at any
moment is given by equation 43. The rectangular
coordinate system is placed so that the mean
velocity, U, is alined in the x direction (fig. 15). For
very small u, v, and w in relation to U, U, can be
assumed to be essentially alined in the x direction.
The angle ¢ is the angle between the position of
the hot film and the direction of the total velocity,
the x direction. It is called the angle of yaw or the

(54)

angle of attack, the angle between the sensor and
a flow particle “attacking” the sensor. The angle ¢
can be thought of as being made up of two angles,
¢ and . Angle ¢ is the angle the hot film makes
with the x axis when the film is rotated in the xy
plane (fig. 154), and angle ¢ is the angle the hot
film makes with the x axis when the film is rotated
in the xz plane (fig. 15B). Any combination of ¢
and ¢ coincides with one value for angle ¢£&. When
the hot film is perfectly alined within the xy plane,
then i is zero, and dE/ay is zero. The heat loss is
quite sensitive to ¢ for small deviations from
perfect alinement. Therefore, a hot film placed
in the xy plane must be alined exactly in this
plane. Considering now a hot film so alined, the
output of the constant-temperature hot-film ane-
mometer can be assumed to be a function of the
total velocity vector, U, and the angle of yaw in
the xy plane, ¢:

E=fUy, }). (565)

In terms of differentials,
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The differential of the total velocity is the same
as equation 47; again assuming U much greater
than |ul, |v|, or |w|, the final results are the same
as equation 48. Using figure 15, the instantaneous
angle of attack in the xy plane, ¢, can be written
in terms of the angle fluctuation, ¢/, as

dE
dEza'fde(m‘*’ d(b. (56)

¢'=¢+tan—l(l=]—i—u). 67

Its differential may be expressed as

(U+u)dv—vdu

W= Trwrrv 58
By substitution in equation 56, one obtains
GE 1 .
dE_al—/ \/(v+u)2+v2+w2[(U+u)du+vdv+wdw]
 OE (U+u)dv—vdu]
"9 [ O+uz+v: | (59)
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FIGURE 14.—Comparison of sensitivity-velocity relations for hot-film and hot-wire sensors as obtained graphically and
from King’s law.

This equation is still very complex, and additional
assumptions are necessary to obtain a less complex
expression in which the terms can be evaluated.

Once again the mean velocity, U, is assumed to
be much greater than the turbulence fluc-
tuations (that is, U>|ul, |v|, or |w|). With this
assumption, equation 59 reduces to

dE du+ ¢d¢ (60)

Consequently,

E=fU,$).

Assuming now that fiU,$) is analytic everywhere
in the flow field, the function can be expanded in

(61)

a Taylor series about some convenient point of
operation. The deviations of the velocity and the
angle from their mean values are assumed to be
small and will be denoted by u=U—U and ¢'=¢—,
respectively. Expanding the output of the hot
film about U and ¢, the following equation is
obtained:

AU =T+ (O Ju ()

a1 (375" +(a‘;1§¢)“"’

(62)

1 (aZE

+37 (5 ¢2>¢'2+
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The deviation of the hot-film voltage from its
mean is denoted by ¢, where

e=AU,$)—AU,$).

Neglecting higher order terms, the expansion
can be written as

oE oE\ .,

e~(ip)+(57)%"

where (JE/dU) is the sensitivity of the hot-film
voltage to a deviation in velocity from the mean
velocity, and (9E/9¢) is the sensitivity of the hot-
film voltage to a deviation in angle from the

mean angle.
Using figure 15, the sine of ¢’ can be written as

(63)

sin ¢'= (64)

v
V(U +uy+v:

After expansion

BV oot b el

=— | ——=])+-. (65
¢ V(U+wr+v: 86 \V(U+u)r+1? )
As before, the mean velocity, U, is assumed to be
much larger than the turbulence fluctuations;
consequently, ¢’ =v/U and

_dE | 10E
€—av u+T] 61(5 V. (66)
To employ this expression, it must be written in
terms of quantities which can be measured, such
as root mean squares or mean squares of fluc-
tuating quantities. Therefore, equation 66 is
squared and averaged to give

— (dEN*—  _OE 1 0E — (1 9E\? —

2 (22 2 o= et 2
e (6U> u 28UU8¢uv+(U6¢> v, (67)
Letting 0E/aU=S, and (1/UX0E/d$)=S$,, one obtains

?=8.2 U+ 28, S,uv+S,.2 2, (68)

where S; is the sensitivity to velocity fluctuations
inthe x direction and S, is the sensitivity to velocity
fluctuations in the y direction (sensitivity to fluc-
tuations from mean angle between sensor and x
axis in xy plane).

Equation 68 requires that the hot film be cali-
brated with respect to angle and velocity in order
to obtain a value for wv, from which the turbulent
shear stress in the x direction can be obtained.
The sensitivities vary with angle and velocity;
however, the two sensitivity terms, S; and §,, are
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FIGURE 15.—Hot-film orientation with respect to the total
velocity vector, U. Position of hot film, which is a linear
object, is represented by oblong rectangle in coordinate
systems shown on right-hand side of figure. For very small
u, v, and w in relation to U, U, can be assumed to be essentially
alined in the x direction. A shows angle ¢, the angle the film
makes with the x axis when the film is rotated in the xy plane.
B shows angle ¥, the angle the film makes with the x axis
when the film is rotated in the xz plane (y=90°). C shows a
commonly used sensor position, where $=0 and ¢$=90°.

of equal magnitude at an angle of approximately
$=40°. On the basis of this information and
previous experiments, I suggest that the hot film
be operated at angles of plus and minus 40° from
the x axis in the xy plane. First, however, mea-
surements should be taken at ¢$=90° when the
film is perpendicular to the mean flow; then, the
angle sensitivity is zero (fig. 15C), and equation 68
becomes
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2=S,2 u?. (69)

From this expression, the magnitude of u? can be
obtained when the film is properly calibrated for
velocity and when the mean velocity at the point
of measurement is known.

Knowing the magnitude of u2, the values of »*
and uv can now be obtained by using the mea-
surements of ¢? at the hot-film positions of plus
and minus 40°. A plot (fig. 16) of hot-film voltage
output versus angle of attack indicates that for
positive quantity and for negative angles of attack
S, is a negative quantity. Therefore, two equa-
tions can now be written; one for the positive
angle of attack

(€9)+30=(5:2) + 02+ 2(82) 10 Sy) + 10V +(Sy2) ca0¥? (70)
and one for the negative angle of attack

(€%)-10=(85:2)—soti?+ 2(82)-40(Sy)—sottv+(S5,2) _ao¥?. (71)

TURBULENCE IN WATER

Two sensors can be used to obtain certain turbu-
lence characteristics. The most common use is for
obtaining space and space-time correlations, which
were discussed earlier in this report. This appli-
cation is straightforward, and each sensor output
is treated as a single sensor. The data analysis is
also the same.

Hot films can be placed in a cross configuration.
This configuration is useful in obtaining two com-
ponents of the velocity fluctuation at once. The
analysis of the system output is almost identical
to that just discussed. This arrangement has some
disadvantages. The configuration must be used
under ideal conditions where no contaminant is
present. For turbulence measurements in most
open-channel flows, the cross configuration has
little chance of being operated satisfactorily.

SOURCES OF ERRORS IN MEASUREMENTS

The preceding discussions might indicate that
turbulence velocity components would be easy to

13
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FIGURE 16.— Variation of voltage, E, with angle of yaw in the xy plane, ¢.
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measure. However, these measurements are sub-
ject to a great deal of uncertainty.

The two major sources of error in hot-film
anemometry are (1) an inaccurate heat-transfer
relation due to heat-transfer effects other than
convection and to an incorrect convective heat-
transfer relation, and (2) a.frequency response
insufficient to give a true representation of the
instantaneous heat transfer between the sensor
and its environment. Heat transfer is normally
considered as a combination of conduction, con-
vection, and radiation. Equations such as equation
37 represent convection only. For hot-film sensors,
heat conduction takes place primarily between the
sensor and its supports, and radiation heat ex-
change can take place between the sensor and
the external solid surfaces.

SOLID BOUNDARY

When a hot film is used close to a solid boundary,
errors are introduced owing to the effect of the
boundary on the rate of heat loss from the film
(radiation). When a platinum film is used at an
overheat ratio of R;/R,=1.10, the film temperature
is approximately 180°F. Consequently, when this
hot film is used near a solid boundary, the film can
be 110°F hotter than the surface. Besides losing
heat to the water, because of forced convection,
the hot film may loose heat to the solid surface,
because of radiation.

VELOCITY GRADIENTS AND TURBULENCE-INTENSITY
GRADIENTS

When a hot film is operated in a flow with a
velocity gradient, the heat transfer along the
hot film is nonuniform. This results in a shift of
the effective center of the sensor toward that part
of the sensor with the higher heat transfer. If
the film also experiences a turbulence-intensity
gradient in, the direction of the film orientation, a
mathematical solution for the temperature dis-
tribution is almost impossible to obtain. For mea-
surements of the longitudinal turbulence intensity
(intensity in the x direction), the sensor can be

placed so that these large gradients are not pres-:

ent along the hot film; however, for measurements
of the turbulence shear stress, the hot film must
be yawed so that it is partly projected in the y
direction. The discrepancy in results from the
horizontal and vertical hot films is about 2 to 3
percent when measurements are taken close to
the boundary, where both gradients are greatest
and the relative turbulence intensity is 20 percent
(McQuivey, 1967).
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LINEARIZATION OF THE VOLTAGE-VELOCITY RELATION

The sensitivity of the hot-film anemometer to
velocity fluctuations was discussed in a previous
section. The expression for the differential of the
hot-film output was too complex, and additional
assumptions had to be made. The usual assumption
made was that the magnitude of the mean flow
was much larger than the magnitude of the
fluctuations.

In using the expression for the differential of
the hot-film output, the calibration curve of the
hot film is assumed to be linear around the point
of operation. This assumption is valid for small
turbulence intensities at high mean velocities;
however, it must be questioned for intensities over
the range required by dE=Ve®. The possible error
due to nonlinear averaging of the hot-film output
was checked graphically from a calibration curve.
For a relative turbulence intensity of V#?/U=0.30,
an error of 3 percent was found when U=1.0 fps.
At lower mean velocities and at the same turbu-
lence intensities (a higher relative turbu-
lence intensity), the error was slightly greater
(McQuivey, 1967).

LARGE-SCALE TURBULENCE

Large-scale turbulence is common in open-
channel flows. The common method of reducing
turbulence data assumes flow fluctuations super-
imposed on a steady mean flow. During analysis,
higher order terms are neglected which are sig-
nificant when turbulence levels are high (above
15 to 20 percent).

Schraud and Kline (1965) have attempted to
estimate the errors due to large turbulence fluc-
tuations. The results show that errors of the order
of 5 percent are possible for relative turbulence
intensities of approximately 35 percent.

CONDUCTION LOSSES TO SENSOR SUPPORTS

Loss of heat through the sensor ends to the sup-
ports has been discussed in the literature, but the
emphasis has been on making a heat balance on
the sensor. The effects of end losses on frequency
response seems to be less well known. However,
Bellhouse and Schultz (1967), for wedge-shaped
thin-film sensors, pointed out the strong influence
on low-frequency response of what could be called
end losses or side losses.

Figure 17 shows the effect of end losses on low-
frequency response. Relative turbulence intensi-
ties obtained using a wedge sensor are compared
with those obtained using a 0.002-inch-diameter
cylindrical sensor in an 8-inch-wide flume. Heat
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F1GURE 17.—Comparison of relative turbulence intensities ob-
tained using a wedge sensor and those obtained using a 0.002-
inch-diameter cylindrical sensor in an 8-inch-wide flume.
The lines delineate the fields represented by the cylinder
and the wedge.

transfer is better for the cylinder, and the heat
loss from the wedge sensor is greater than the loss
from the cylinder. The loss is due supposedly to a
conduction loss (McQuivey, 1967). The mean
velocity was fairly low and may have been
approaching the limits of the wedge sensor’s
detection capabilities.

Figure 18 also shows the effect of end josses on
low-frequency response. Relative turhulence in-
tensities obtained using a parabolic sensor are
compared with those obtained using a 0.002-inch-
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FIGURE 18.—Comparison of relative turbulence intensities ob-
tained using a parabolic sensor and those obtained using
a 0.002-inch-diameter cylindrical sensor in an 8-foot-wide
flume. '

TURBULENCE IN WATER

diameter cylindrical sensor in an 8-foot-wide flume.
The results are similar, indicating that the two
sensors were recording the same voltage output.

These comparisons point out the need to investi-
gate further the problems of errors in hot-film
anemometry due to the influence of end losses
on the low-frequency response.

READOUT AND SIGNAL-CONDITIONING EQUIPMENT

An anemometer system can be furnished with
adequate readout equipment. to make itself suf-
ficient for mean-flow and turbulence measure-
ments. A discussion of the output equipment that
is used for various studies is helpful.

Several types of signal-handling equipment are
used with anemometers for data analysis. The
paragraphs below describe characteristics in the
typical equipment used.

DIRECT-CURRENT MEASUREMENTS

Voltmeters. A basic d-c (direct-current) voltmeter
is furnished with the anemometer for measure-
ments of mean quantities. An accurate zero sup-
pression circuit increases reading accuracy by
subtracting a precise d-c voltage, allowing a very
sensitive meter scale to measure the remainder.
Accuracies of 0.1 percent are then possible. A
digital voltmeter should be employed for highest
accuracy. To improve on the accuracy of the d-c
meter a 0.01 percent electronic digital voltmeter
should be used. The servodriven digital voltmeters
sometimes offered as anemometer accessories are
usually not this accurate.

Sum-and-difference circuits. For a probe with two
sensors in a cross arrangement, the instantaneous
velocity components are proportional to the sum
and difference of the signals from the two linear-
ized anemometers. This is useful for directional
work, but the sum-and-difference circuits must
be capable of handling d-c¢ signals as well as a-c
(alternating-current) signals.

Recorders. Almost any strip-chart oscillographic
or tape recorder can be used on the output of the
anemometer. Since the anemometer is capable of
high-speed measurements, a high-response
recorder is often recommended.

Analog and digital computers. For computing vec-
tors, angles, some correlations, phase shift, and
so on, an external analog device (in addition to a
sum-and-difference circuit) is sometimes utilized.
Digitizing the anemometer output and analyzing
data in a digital computer are also becoming
popular.
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ALTERNATING-CURRENT MEASUREMENTS

Root-mean-square voltmeters. The most common
addition to any anemometer system is a true root-
mean-square voltmeter to measure the root-mean-
square average of flow fluctuations to get
turbulence measurements. Recently, Thermo
Systems Inc. introduced a root-mean-square
meter optimally designed for mechanical-type
measurements.

Output filters. For signals with a very wide fre-
quency bandwidth, output filters can be used to
eliminate signals not in the frequency range of
interest. Also, some spectrum analysis can be done
by bandpassing over the range of frequencies
encountered.

Output amplifiers. When recorders do not have
adequate sensitivity and (or) when very low level
fluctuations are present, a calibrated low-noise
amplifier can be very useful.

Correlators. Fluctuating signals are commonly
correlated with one another with respect to loca-
tion, direction, time, and so forth. A sum-and-
difference correlator feeding its output into a true
root-mean-square voltmeter can measure the cross-
correlation functions for any two random signals.
For autocorrelation measurements, a time-delay
system must be incorporated. This can be a two-
tape-head magnetic-tape system.

Spectral analyzers. For spectral analysis of turbu-
lence, this type of instrument is a common
addition. Spectral densities and probability densi-
ties can be obtained by variable bandpass filters,
by a good commercial spectrum analyzer, or by
autocorrelation.

Recorders. For high-frequency signals, an FM
tape recorder is the best known method of record-
ing. This allows for later analysis in a digital
computer or other data-handling equipment. High-
speed oscillographs are also common, but these
are limited to frequencies on the order of 5-10 kHz.

OPERATION PROCEDURES

The researcher seeks to define turbulence
characteristics in natural rivers and streams,
where conditions are less than desirable for hot-
film anemometry operations. Making turbulence
measurements in water that is not filtered of all
contaminants presents a constant problem. This
section of the report explains in detail a procedure
to circumvent contamination problems so that
turbulence measurements can be made in natural
rivers and streams. Mathematical and experi-
mental justifications for using the procedure are
presented.
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MINIMIZING CONTAMINATION OF THE SENSOR

For turbulence measurements in water con-
taining fluid-borne contaminants, the geometry
of the parabolic sensor is much less conducive to
contamination buildup than other sensor shapes.
However, contamination is still a problem even
with parabolic sensors.

Figure 19 illustrates four typical contamination
problems that cause drift in the anemometer out-
put signal. In figure 194, the contamination was
building up on the sensor slowly, causing a gradual
decrease in the voltage. In figure 19B, the sensor
was brushed at the beginning of the signal trace,
and after a period of time the voltage drifted to a
point where it remained fairly constant. This
behavior is typical. After the sensor had been
operating in a contaminated flow field for a short
period, the contamination buildup seemed to reach
a maximum, and the voltage then remained fairly
constant. These voltage measurements are accept-
able and can be interpreted with fairly good
accuracy. They are about the best that can be
expected in natural rivers and streams. In figure
19C, the sensor was hit by some foreign matter
that remained attached to the sensor, reducing the
heat transfer considerably and causing a sudden
drop in the output voltage. In figure 19D, the
sensor was being operated in a natural channel
during spring runoff; the river was carrying about
6,000 milligrams per liter of suspended sediment
as well as a great deal of foreign matter. The
sudden voltage drops were caused by foreign mat-
ter becoming attached to the sensor. The voltage
returned to its initial value after the foreign mat-
ter was swept off the sensor by the mean flow.
These four conditions are common and must be
remembered when such signals are used to obtain
turbulence characteristics. To insure that the
data are usable after the sensor becomes con-
taminated as illustrated in figures 194, C, and D,
measurements should be repeated until the volt-
age output trace is like those in figure 20, where
no trends or discontinuities are present. A signal
free of voltage drift will insure meaningful
determination of turbulence characteristics.
Where contamination problems are severe, obtain-
ing a drift-free signal is time consuming but is
worth the effort.

Figure 21 illustrates what happens to the output
signal when sediment particles with a median
diameter of about 0.2 millimeter collide with the
hot-film sensor. In figure 214, the sensor was not
in a sediment-laden part of the flow; therefore,
the output signal shows no pertubations other



A30

FIGURE 19.— Voltage traces of anemometer output with respect
to time, showing drift due to contamination of the hot-film
sensor. 4, Contaminants build up gradually; B, contamination
reaches a maximum and remains constant; C, a contaminant
strikes the sensor and remains attached; D, contaminants
become attached to the sensor but are soon swept away.

than those due to the flow field. In figure 218 and
C, spikes are superimposed on the output signal
as a result of sediment particles colliding with the
sensor. The spikes are always in an increasing
voltage direction. Their presence can complicate
the data reduction.

Abrasion due to sediment particles hitting the
sensor at the flow velocity wears the quartz coat-
ing off the sensor and thus exposes the platinum
film. At an overheat ratio of 1.10, air bubbles are
produced at the point of exposure; they affect the
output voltage as illustrated in figure 22. The
voltage rises gradually as an air bubble is formed
and then falls sharply as the bubble is released
owing to the convection of the flow. Bubbles can
also form on a new sensor if the manufacturer has
not completely covered the platinum film with
quartz. Such sensors must be replaced, and the
measurements must be repeated using a sensor
that is completely covered with quartz.

TURBULENCE IN WATER

1

D

CONVERTING VOLTAGE FLUCTUATIONS TO VELOCITY

FLUCTUATIONS UNDER NATURAL FLOW CONDITIONS

The main problem in the use of hot-film ane-
mometers is the conversion of measured voltage
fluctuations to meaningful velocity fluctuations.
When the actual voltage-velocity relation does not
change with time, the conversion is accomplished
by assuming that the mean values hold; thus, the
relation can be linearized around the mean
values, at which the tangent is assumed equal to
the derivative, dE/dU, for the complete excursion
of the fluctuations (fig. 12). When the water is
contaminated, the conversion problem is further
complicated by the fact that the voltage-velocity
relation changes with time. Also, in natural rivers
and streams the water temperature may change
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FIGURE 20.—Voltage traces of anemometer output with respect
to time, showing no drift.

considerably during the measurement period, and
this changes the voltage-velocity relation. In this
section, a hypothesis and a procedure, along with
mathematical and experimental justification, are
outlined for converting voltage fluctuations to
velocity fluctuations when the temperature of
the flow field varies and (or) when the sensor is
being contaminated by foreign matter in the flow.

HYPOTHESIS

The conversion of voltage fluctuations to velocity
fluctuations when the actual mean voltage-
velocity relation is changing because of probe
contamination or fluid-temperature change is
accomplished by assuming that at any point in
time there is a new voltage-velocity relation for
the contaminated probe. The change in the rela-
tion must remain constant during the measure-
ment of the voltage fluctuation. The problem is
to define the voltage-velocity relation at the time
the voltage fluctuations are measured. The change
in the voltage-velocity relation due to a contami-
nant buildup or fluid-temperature change can be
assumed the same as the change which occurs
for an uncontaminated sensor when the over-
heat ratio is decreased. The hypothesis (McQuivey,
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FIGURE 21.—Photographs of voltage traces of anemometer
output with respect to time, showing superimposed spikes
due to sediment particles colliding with the hot-film sensor.
A, Normal trace; B and C, traces with spikes.

1967) is that an accumulation of foreign matter
on the sensor or an increase in the fluid tempera-
ture decreases the mean voltage for a given
volocity but has only a minor effect on the
frequency response of the sensor to velocity
fluctuations.

Each sensor has a unique family of voltage-
velocity relations which can be defined by cali-
bration with different overheat ratios.

To illustrate the hypothesis, consider figure 23.
In a given flow field with constant U and Vi, E
and Ve? will be equal to E, and Ve, when the over-
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FIGURE 22.—Voltage traces of anemometer output with
respect to time, showing the effect of air bubbles that
form on the sensor.
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FIGURE 23.—Conversion of voltage fluctuations to velocity
fluctuations in contaminated water.

TURBULENCE IN WATER

heat ratio, K, is 1.10 and to E. and Ves2 when K is
1.08. The decrease of E from E, to E; and of Ve?
from Ve:? to Ve: is the direct result of the change
in the voltage-velocity relation; if the correct
relation is used to convert Ve to \/7, the cal-
culated V#2 will not change. If a sensor is oper-
ated at a constant K=1.10 but contamination
buildup causes the voltage-velocity relation to
change to that for K=1.08, then use of the cali-
bration curve for K=1.08 to convert Ve? to Va2
will yield a more correct Vil

MATHEMATICAL CONSIDERATIONS

The hypothesis implies that the voltage output
from a sensor having a layer of contaminants
(gaseous or solid) is the same as the output from
a sensor having no layer of contaminants and
being used at a reduced value of overheat ratio.
This reduced value can be referred to as an
apparent overheat ratio.

At equilibrium heat-transfer conditions, the
heat produced in the film is equal to that which
is radiated away plus that which is convected
away by the flow. That is,

szHc+Hr7 (72)

where H; is the electrical (Joulean) heat produced
per unit length, H. is the convective heat trans-
ferred per unit length, and H, is the radiant heat
transferred per unit length. Experimental work
has shown that the radiant heat transfer is very
small compared with the convective heat trans-
fer and may be neglected. Thus,

H,~H..

The major heat-transfer relation applied in hot-
film and hot-wire anemometry is

H=sh (Ts_ Ta)’ (73)

where

H=thermal power (time rate of thermal heat)
transferred from the sensor to the fluid,
s=area of the sensor,
T,=sensor temperature (hot),
T,=fluid or environment temperature (cold),
and
h=heat-transfer coefficient.

The condition of thermal equilibrium requires
that the rate of heat generated electrically in the
sensor equal the heat passed to the fluid, so
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_E (14)
H Ry’
where E is the mean voltage across the sensor, R,
is the operating resistance of the sensor, and
€4 is the energy conversion factor. Thus, theenergy
balance becomes

E>
Ry —Sh (1= T,

To convert this to an expression involving the
desired variables, the change in resistance of the
sensing material due to a change in temperature is

(76)

(75)

Rs=Ra [1+B*(T5—Ta)] ’

where R, is the resistance of the sensor at fluid
temperature, T,, and B4 is an experimentally de-
termined constant. Equation 76 can be rearranged
as

R.—R
T—Ty=——2. 77
Raps T
Substituting equation 77 into equation 75,
E? R,—R,
Rsey Sh( RaBx )’ (78)
which is solved for E? as
— Rex (R—R,
2= 2T qy_> <
sh T ( z ) (79)

Defining R /R, as the overheat ratio, K, equation
79 becomes

E2=sh =* KR, (K—1). (80)
Bx
Or
E= [sh % KR, (K—1)]5‘. (81)
Bx

The assumption made is that the voltage output
from a sensor having on it a layer of contaminants,
which cause a reduction in the heat-transfer co-
efficient, is the same as the output from an un-
contaminated sensor at a reduced value of the
overheat ratio. Mathematically, this is equivalent
to saying that at a given velocity the derivative
of the output voltage with respect to the over-
heat ratio is a constant multiple of the derivative
of the output voltage with respect to the heat-
transfer coefficient.
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The derivative of the output voltage, E, with
respect to the heat-transfer coefficient, h, is

KR, (K—l)];-.

oE 1 [si"i 82)

Bh 2h'|° B

Equation 81 can be rearranged as

E=(sh = Ro)F (K=K,

so the derivative of E with respect to the over-
heat ratio, K, can be expressed as

0E_1(, ex , \of 2K—1
9K 2 (s" *Ra) ((K?—K)%)‘

This can be rearranged as

E_ 1 (2K-1 €, \b
3K 2K’ ((K—l)f) (s" *Ra)'

(83)

Note from equations 82 and 83 that the change
in E due to an incremental change in K is not
directly proportional to the incremental change
in A. Only if the expression

2K—1

K1 @9

behaves nearly as a constant over the range of
change in K will this technique be valid. The most
direct method of evaluating expression 84 is to
substitute in typical values of K, as shown below:

K 2K—1

K—1
111 11.09
110 s 12.00
1.09 . 13.11
1.08 .. 14.50

The deviation of the value of expression 84 from
its value at K=1.10 is about 10 percent for a 1
percent change in K.

On the basis of these mathematical considera-
tions, the hypothesis cannot be justified.
However, such a mathematical exercise of a less-
than-ideal and complicated heat-transfer process
can only be, at best, a rough estimate. Experi-
mental justification of the hypothesis is the only
way to verify its applicability.

Experimental verification of the hypothesis is
shown in figure 24 and Table 1 (Richardson and
McQuivey, 1968). In this experiment, a 0.002-inch-
diameter cylinder was used, and the water was
contaminated by adding clay and fibers. The
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FIGURE 24.—Comparison of relative turbulence intensities measured in clean water, those measured in contaminated water,
and those corrected (using interpolated K values) for measurements made in contaminated water.

changein mean voltage for a given velocity ranged
from 15 to 20 percent.

The velocity ranged from about 1 to 3 fps and
averaged 2.26 fps. Uncorrected values for turbu-
lence intensity measured in contaminated water
were about 12-25 percent below intensity values
measured in clean, well-filtered water. The cor-
rected values were within about 3 percent of the
values measured in clean water.

Resch (1970) claimed to have verified the hy-
pothesis in tests using a wedge hot-film sensor in
flow velocities of 1-3 meters per second. Resch

TABLE 1.—Comparison of relative turbulence intensities, \/ﬁ/l/ A
in percent, measured in clean and contaminated water

Contaminated water

Clean
Relative water Uncorrected sensitivity Corrected sensitivity
depth  (measured
(percent) N~ Measured Deviation Measured Deviation
w'Uy) Vuru, fromclean water /gy, from clean water
(percent) (percent)
0.048 0.174 0.153 —12.05 0.186 6.90
076 143 119 —16.78 .143 0
103 129 .109 —15.45 132 2.32
.131 122 .104 —14.75 127 4.10
.201 114 092 —19.30 115 .88
410 .087 072 —17.24 .089 2.30
692 066 049 —25.80 062 —6.07
970 055 042 —23.65 .054 —1.82

compared mean velocity values measured prior
to contamination with corrected values of mea-
surements made in contaminated water.

Experimental results seem to verify the hy-
pothesis, which allows turbulence measurements
to be made in flows where contamination is a con-
stant problem. The correction technique yields
turbulence intensities within about 3 percent of
measurements made in well-filtered water where
contamination is not a problem and where
velocities are greater than 1 fps.

CORRECTION PROCEDURE

The correction procedure as applied to mea-
surements of turbulence intensity in contaminated
water is as follows:

1. Define the voltage-velocity relation for an
uncontaminated probe for different overheat
ratios (fig. 25). This calibration can be done
in nearly clean water if the probe is carefully
brushed before each measurement. For the
curves illustrated, the mean velocity was
measured using a pitot tube, and the mean
voltage was the output from a 0.002-inch-
diameter cylindrical hot-film anemometer.
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FIGURE 25.— Voltage-velocity relation for various overheat ratios in uncontaminated water. Triangles denote measurements
in contaminated water.

2. Measure graphically the sensitivity, dE/dU, of

the voltage-velocity relation, and plot it as a
function of the mean velocity for various
overheat ratios (fig. 26).

3. Now, in contaminated water, measure the mean

voltage and the root mean square of the fluc-
tuations at a point by using the hot-film ane-
mometer, and measure the mean velocity at
the point by using a pitot tube or some other
suitable velocity transducer. The velocity
measurements can be made either before,
after, or simultaneously with the voltage
measurements.

4. Plot the mean velocity and the mean voltage

for the point in the flow on the voltage-velocity
graph for uncontaminated water (note the
triangles in fig. 25); the correct overheat
ratio for the contaminated water can then be
chosen. Use the mean velocity and the over-
heat ratio to determine the sensitivity of the
voltage-velocity relation from figure 26. Of

course, the voltage-velocity relation for the
exact overheat ratio for every point in the
voltage-velocity space cannot be determined,
so the sensitivity is interpolated from the
nearest overheat-ratio curve.
5. Calculate V#? by using equation 51 or 69 and
by substituting in the measured V2 and the
- sensitivity as determined from the inter-
polated overheat ratio on the sensitivity-
velocity graph. The turbulence intensity is
then Vu?/U.

ANALYSIS OF DATA
ANALOG DATA REDUCTION

Because the data are initially in analog form,
they can be analyzed by employing analog equip-
ment. The analog output should be monitored
continually to determine whether the measure-
ments should be retaken.

The most common addition to any anemometer
system is a root-mean-square voltmeter. This
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analog instrument gives the root-mean-square
value of the voltage fluctuation, a value sometimes
referred to as the variance. Caution should be
taken, however, in using this value as the true
variance, because these voltmeters are not ac-
curate at low frequencies (down to d-c¢ level).
Most presently available commercial root-mean-
square voltmeters will underregister the power by
10-20 percent because of the low-frequency cutoff.

Correlations and power spectra can be obtained
using analog instrumentation. If the experiment
involves a great deal of data reduction, analog
equipment may be cheaper to use than digital
computer equipment. However, most available
analog correlators and spectrum analyzers are
not designed to analyze low-frequency input data,

TURBULENCE IN WATER

which are characteristic of open-channel turbulent
shear flows.

For these reasons, the analog output signal is
usually recorded on an FM magnetic-tape recorder
and analyzed digitally. However, in order to obtain
the turbulence intensities in natural channels,
where contamination is a problem, the use of both
analog and digital techniques is advisable.

DIGITAL DATA REDUCTION

A digital computing system and accessory equip-
ment can be used in the data reduction. A sche-
matic diagram of the system is shown in figure 27.
The output voltage from the hot-film anemometer
is recorded on FM magnetic tape. Although
magnetic-tape recorders are useful for storing
information, they introduce errors into the mea-
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FIGURE 26.— Sensitivity-velocity relation for various overheat ratios in uncontaminated water.
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surement process. Extraneous signals due to im-
perfect mechanical translations of the tape in
both record and playback mode are possible. For
these reasons, reference signals of known fre-
quencies and root-mean-square levels are recorded
along with the anemometer output. These refer-
ence signals are used in the digital data reduction
to insure accuracy and to recover the original data
which may have been subsequently changed
in magnitude or frequency, owing to signal
conditioning.

The data on the FM tapes are fed into a multi-
plexer and then into an analog-to-digital con-
verter. The digital voltage outputs are stored on
digital magnetic tape in a format compatible with
the digital computing system. These data are
then run through a computer program to obtain
the mean voltage, E; the root mean square of the
voltage fluctuation, \/ﬁ; the variation of the
autocorrelation function with time, R(7); the
energy-spectrum function, F(f); and other desired
statistical characteristics. A complete software
documentation is given in the appendix. This pro-
gram can be used to calculate the mean, the
standard deviation, the skewness factor, and the
flatness factor, and it can eliminate any trends;
it can also be used to calculate and plot the number
of crossings, the probability density and empirical
density, the autocorrelation, the cross correlation,
the power spectral density, the cross spectral
density, the phase angle for one or two time series,
the Hurst Range, and a self similarity analysis.
The following paragraphs discuss the derivation
of the major statistical characteristics.

The hot-film sensor must first be calibrated for
the velocity range to be measured and for several
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overheat ratios. The calibrationis notincorporated
in the computer analysis because of possible volt-
age drift due to contaminant buildup; this drift
can best be taken into account by the procedure
already outlined. However, the digital value of
the output variance, \/2_5, is used to calculate the
intensity of turbulence.

The mean voltage and the root mean square of
the voltage fluctuation are evaluated directly in
the usual manner if all trends in mean voltage
are removed; so

N

Ex
=1

1
E—N,, (85)

and

(13 g _melz
Va3 3 &l
where N is the total number of digitized data
points and rn is an index associated with the
digitized data.

Digital analysis eliminates the problem associ-
ated with the low-frequency distortion caused by
analog equipment, if the sample is taken for a
sufficiently long period of time.

The accuracy of the root-mean-square value,
the energy-spectrum function, the autocorrelation
function, and other statistical computations de-
pends largely on the digitized sampling interval,
At, and the length of record, T. These two factors
demand a compromise between economy and
accuracy. This can be understood by considering
the equations used in developing the computer
program.
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FIGURE 27. — Schematic diagram of the equipment system used in digital data reduction. A to D, analog to digital.
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The autocorrelation function, R(7), is defined in
a continuous sense as

R(r)= lim f Forc=r} (86)
T— 0
In the discrete form, equation 86 is
1 N—m
Rmzm ';::1 Un Un+m
n=1,2,3....N 8D

m=0,2,3....M

where R, is a digital autocorrelation function, m
is an index associated with the function, and M
is the total number of lags in the function. The
autocorrelation lag is 7=mAt for a data sampling
interval, Ar. The distribution of the autocorrela-
tion function with delay time 7 provides an
estimate of the eddy size associated with the
turbulent flow.

The energy-spectrum function, W(f), is defined
as the cosine transformation of the autocorrela-
tion function:

W(H=4 J’o R(7) cos o 1dr, (88)
where f=w/27, in which fis the frequency, in hertz,
and o is the angular frequency, in radians per
second.

The fraction of the turbulent energy associated
with a frequency band, df, is then W(f)df; hence,
the area under the energy-spectrum curve is equal
to the root mean square of the turbulence fluc-
tuation, V. Equation 88 can be rewritten, follow-
ing the procedure of Blackman abd Tukey (1958), as

M-1
P,=2At R,+2 2 R, cos mlglﬁ+R,u cos g

m=1
4=0,1,2...M ®9)
m=1,2,3...M

where R,, R,, and Ry are digital autocorrelation
functions and P, is a digital estimate of the energy-
spectrum function associated ‘with the discrete
correlation function defined by equation 87 rather
than the continuous function defined by equation
86. Because P, is a discrete cosine transformation,
the spectral estimates at any frequency are
affected by the energy in neighboring frequencies
(Bendat and Piersol, 1966). To obtain a better
spectral estimate than that of equation 89, a
simple smoothing operation can be performed.

TURBULENCE IN WATER

The Hanning procedure was used, and the final
spectral estimates are given as

W,=0.5 P,+0.5 P

W,=0.25 P,_1+0.5 P;40.25 P, (90)

WM_—"O.5 PM«1+0-5 PM

Equations 88, 89, and 90 form the basis for the
numerical evaluation of the energy-spectrum
function. A more detailed evaluation of these
procedures is available in Blackman and Tukey
(1958), Bendat and Piersol (1966), and in the
appendix at the end of this report.

A normalized energy-spectrum function, F(f),
has already been defined (eq 17), where, in a
continuous sense,

f:F(f) df=1.

Therefore, the digital counterpart of F(f) is F,,
defined as F,=W, V.

The values selected for the parameters N, M,
and Ar in the equations above determine the
amount of compromise between frequency reso-
lution and length of record. Limits are largely
dictated by f., the highest frequency component
present. This requires prior knowledge of the
spectral distribution or trial and error.

Once f, has been selected, the time interval
between samples, At, is governed by the require-
ment that two samples be measured per cycle of
the highest frequency present; that is,

1
2f.
The resolution of the estimates is determined by

the equivalent band width, B,, of the digital filter,
and

At= (91)

1 1

Be=T=W’ 92)

where T is the length of record.

The accuracy of the estimates is determined by
the degrees of freedom of the chi square of the
energy spectral density at a chosen confidence
level. This is approximately twice the number of
data points divided by the number of auto-
correlation lags. In the interval Af/=8,, the energy
spectrum is customarily assumed to be the same
as that for a band width limited to white noise.
In this case,
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FIGURE 28.— Comparison of relative turbulence intensities obtained by analog and digital data-reduction techniques.

d'=2B.T (93)

and

T=NAt. (94)

Therefore, d' controls the accuracy of the esti-
mate, B, controls the resolution, and T is governed
by economic factors or computer storage limita-
tions. Since the three are intimately related, a
compromise is necessary in their selection.

ANALOG VERSUS DIGITAL ANALYSIS

Relative turbulence intensities obtained using
the digital techniques are about 8-12 percent
larger than those obtained using the analog
techniques (fig. 28). The difference is due to the
low-frequency cut off (0.5 Hz) of the analog root-
mean-square voltmeter. In a large river system
the difference was found to be as much as 25
percent because most of the energy was below
2 Hz. The digital system has the distinct ad-

vantage of having better resolution in the low-
frequency range.

Figure 29 shows a typical energy spectrum com-
puted by both analog and digital methods. The
two methods are in good agreement. However,
the analog curve was extrapolated for the fre-
quencies less than 0.5 Hz.

In addition to having more accurate resolution
at the low frequencies, the digital technique of
data reduction has the advantage that the auto-
correlation function, energy-spectrum function,
and scales of turbulence can all be obtained using
only one program. Analog data reduction employs
a different piece of electronic equipment to obtain
each of these turbulence characteristies. The
disadvantages of digital data reduction are the
problems of digitizing the data, the time lag be-
tween experiment and analysis, aliasing errors,
filtering, and a bias of spectral estimates. Analog
data reduction enables the results to be obtained
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during the experiment or almost immediately
thereafter. The time lag in digital data reduction
depends on the particular institution and com-
puter facilities. Nevertheless, analog data reduc-
tion is usually faster than digital.
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FIGURE 29.—Comparison of energy spectra obtained by analog
and digital data-reduction techniques.

DETERMINATION OF PARAMETERS FOR
DATA REDUCTION

The following questions must be answered be-
fore the energy spectra can be analyzed: (1) What
length of record, T, shall be obtained? (2) How
small shall the data sampling interval, At¢, be?
(3) How many lags, M, shall be computed in the
autocorrelation function?

Any investigation of the turbulence character-
istics of a fluid flow, whether by analog or digital
means, requires a minimum length of record.
Figure 30 presents two examples of how sampling

TURBULENCE IN WATER

time affects measurements of the mean velocity
and the root mean square of the velocity
fluctuation.

In Figure 304, 100 seconds of record, digitized
at 0.01-second intervals, was obtained for an 8-
inch-wide flume. Note that the mean velocity
obtained after 1 second differs by less than 2
percent from the value obtained after 100 seconds.
The root mean square of the velocity fluctuation
shows a difference of about 20 percent for the
same sampling interval. However, the difference
in root-mean-square value at about 50 seconds
compared with the value at 100 seconds is less
than 2 percent. Therefore, a sampling time of
greater than 50 seconds is needed to obtain a
reasonable root-mean-square value.

In Figure 30B, 350 seconds of record, digitized
at 0.01-second intervals, was obtained for the
Mississippi River. Note that the mean velocity
obtained after 1 second differs by about 10 percent
from the value obtained after 250 seconds. The
root mean square of the velocity fluctuation shows
a difference of about 35 percent for the same
sampling interval. However, the difference in root-
mean-square value at 200 seconds compared with
the value at 350 is less than 5 percent. Therefore,
a sampling time of greater than 200 seconds is
needed to obtain a reasonable root-mean-square
value.

The first question can be answered on the basis
of the results shown in figure 30. Because the
area under the energy-spectrum curve is directly
proportional to the root mean square of the
velocity fluctuation, the length of record used for
analyzing spectral content should be at least
equivalent to that used for the root-mean-square
determination.

The data sampling interval should be one-half
the period of the highest frequency component
observable in the record (Bendat and Piersol, 1966).
An oscilloscope display of the hot-film output
showed that the highest frequency component
observable in the signal was 50 Hz for the Missis-
sippi River and 100 Hz for the 8-inch-wide flume.
Therefore, the highest frequency that can be
detected in the spectrum is f,, where f.=1/(2A0).
This frequency is usually referred to as the fold-
ing frequency or the cutoff frequency; the spec-
trum is “folded” about that point, and the energy
at frequencies greater than f, is transposed into
the energy at frequencies less than f, (Bendat
and Piersol, 1966).

The third question, regarding the number of
lags, is answered on the basis of the reliability of
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the spectral estimates and the frequency defini-
tion desired in the spectrum. The reliability is
based on the degrees of freedom of the data, which
is approximately twice the number of data points
divided by the number of autocorrelation lags.
The degrees of freedom defines the possible error
in the computed spectrum; that is, it defines the
95- and 5-percent confidence limits of the spec-
trum (Raichlen, 1967). For the 8-inch-wide flume,
=100 Hz, At=0.005 second, and T=100 seconds,
so there were 20,000 data points; the number of
lags was 200, so there was 200 degrees of freedom.
Two hundred degrees of freedom results in pos-
sible errors in the spectral estimates of 0.79 and
1.29 times the computed estimates for the 95- and
5-percent confidence limits, respectively. For the
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Mississippi River, f,=50 Hz, At=0.01 second, and
T=250 seconds, so there were 25,000 data points;
the number of lags was 1,000, so there was 50
degrees of freedom. Fifty degrees of freedom re-
sults in possible errors in the spectral estimates
of 0.75 and 1.45 times the computed estimates for
the 95- and 5-percent confidence limits, respec-
tively. Therefore, the number of lags should be
chosen so that degrees of freedom and errors in
the spectral estimates are low.

Once the three questions have been answered
and measurements have been taken, the results
should be scanned for possible problems that were
not detected while collecting the data. Figures
31 and 32 illustrate a mechanical vibration prob-
lem of the probe holder and sensor that was not
detected while collecting the data.

CONCLUSIONS

A large number of fluid mechanics phenomena
are either entirely caused or strongly influenced
by the turbulence structure of the flow. There-
fore, an understanding of the mechanism of turbu-
lent motion is essential to understanding these
phenomena.

Because a general physical model on which to
base an analysis has not been formulated, a
statistical approach is used to obtain the variables
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in the basic equations of motion and in the energy
equation.
The approach to the problem is to experimentally

TURBULENCE IN WATER

being employed. Constant-temperature ane-
mometry is best for measurements in open-
channel flows.

obtain as much information about the character- | 2. Selecting the proper hot-film sensor to make
istics of turbulence in open-channel flows as pos- the desired measurements under the experi-
sible, and then from the experimental results try mental flow conditions. The parabolic sensor
to obtain a clear idea of the structure and the is the best all-around sensor for most open-
kinematics of the turbulent motion. channel flows. However, the cylindrical sen-
Recent development of hot-film anemometry has sor is recommended for low-velocity flow and
enabled the researcher to study the structure of where contaminants are minimal.
turbulent shear flows in water by providing a | 3. Obtaining meaningful calibration curves with
tool for obtaining the turbulence characteristics as much accuracy as possible.
as defined from the statistical approach. Better | 4. Understanding the limitations of the instru-
accessory equipment and digital computers have ment and the hot-film sensors, and recog-
also made anemometry more practical by pro- nizing possible problems due to drift,
viding more accurate measurements of turbu- sensitivity, calibration, and noise.
lence characteristics. 5. Understanding the data-reduction procedures
Obtaining reproducible and meaningful turbu- under ideal situations, where sensor con-
lence measurements depends upon the following tamination is not a problem.
considerations: 6. Recognizing the possible sources of errors in
1. Understanding the type of control circuitry the data reduction.
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FIGURE 31.— Autocorrelation function, showing mechanical vibration superimposed on the turbulence signal.
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7. Recognizingthe possible problems of operating | 11. Making sure, if digital equipment is used in

in a flow containing fluid-borne contami- the data reduction, that the sampling inter-
nants, and adjusting the data-collection pro- val-is small enough to account for all desired
cedures accordingly. frequencies and that a sufficient number of
8. Making certain that the data collected at a lags is used to obtain the autocorrelation

function. Digital data reduction has good
low-frequency resolution and can be applied

) conveniently to obtain diverse turbulence
9. Making certain that the period of record ana- characteristics.

lyzed is of sufficient length.

point in the flow contain no trends or dis-
continuities.

12. Being flexible enough in the data collection

10. Making sure that the low frequencies are procedures to adjust to the equipment and
accounted for if analog equipment is used sensor capabilities and the data reduction
in the data reduction. techniques.
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FIGURE 32.—Energy-spectrum function, showing mechanical vibration superimposed on the turbulence signal.
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11x% DIMENSION ARAYX(20000)
B §-F 3 EQUIVALENCE (XARAYCIZIVFARAYXI(I)) ~—— ~——— - m == ==
13% REAL M3sMy4
1yx "COMMON /ARAY/XARAY »SIGMA» XMEAN
15% COMMON /STORG/SPALE
lex " DIMENSION RMS(2)rm3(2) yMG(2)
17% DATA NTITLE/6HNCR05$:6HAUTCORveHPOWDEN'6HNORMLD/
g T EGQUIVACERCE {TITLECLYiSPACE(2Y)
19x EGUIVALENCE (SPACE(101) ¢+ IARRAY (1)), (SPACE(sol).IDATA(l))
20% ~ EGUIVALENCE (SPACC(3076) e TITL(1))
2i1x C
22x ¢ REAU GENERAL PARAMETERS
24% C
- T . N
25 ¢ 'READ CODE CARD
26 C :
27% 1000 RcAD(5,8) ICODE
2g* 8 FURMAT(AG) -
29% IF(ICODE.EQ+«6H999999 ) GO TU 37
""" 3u¥ — - IFtICODE.EW+6H¥*X¥¥¥x) GO TO 900
3% 1 FORMAT(24A6)
3¢ex €
35%  C KREAD HEADER RECORDS FROM TAPL
4% C
3n« REWIND 11
336%™ 7T CALLTIOC3 e TITLEe2Gs 1029 IERR)
37x IF(IERR.EQ.1) GO 0 900
36* ‘DO 104 I=1,20
3g* 104 CALL HI2HU(TITLE(.))
4ox "~ CALL I0(3+IARRAYrGe10201EKR)
41x% IF(IERR«NE.U) WRIlE(6v307)
yox " DO 100 I=1+8
3% 100 CALL HI2HU(IARRAY(I))
Yok WRITE(11s1) (IARRAY(I),I=1s8)

45x%x

REWIND 11
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READ(11,2) 1SPSeNCeNSeNBLX? ISCALE

Y4ex
47% T2 FORMAT (21X015+T120213015)
Y% NwDS‘(FLOAT(NC*B)/so + 1)
Ygx - ~ISCALE=10000
Syu* KODE=1
51% NCI=NC=2
Se* NBLENBLX=2
TSI T T T TSAMPLEILO/ZISPS T T T T
54 % XMEAN(1)=0.0
BBk T UXMEANT(2)=20.0
S56%* FC1=1./(2.xTSAMPL)
5T¥ REWIND 11 R
S58* CALL IO(3OIARRAY'44'1'201LRR)
5g%x " "IF(IERReNE«U) WRITE(69307)"
60* DO 101 I=1,NWDS
61% 101 CALL HI2HU(IARRAY(I) Y
62* WRITE(11r1) (IARRAY(I)sI=1¢NWDS)
TTTTBIX REWIND 1T
o4 x ReEAD(1103) ((YMEAS(Ivd)rJ- c2) I= 1.NT1MES)
65% T 3 FORMAT(16X»15UABIAZ) )
66* caLl IO(BvIARRAYozuoloZoItRR)
“67x - — PO 102 I=teNWDS
6y * 102 CALL HI2HU(IARRAY(I))
70* 2001 NOPTS(1)=0
TR —— NTIMES=2 —— ——
T2x o
T3 —C— ﬁwﬁftﬁﬁ— .
4% C
T xXMEAS(L1s2) P XMEAS(201) » XMEAS (292
Tox l)vNDATAS'NLAGS-(NUPTS(I)oI 1vu)-Fc.SIGUSvoELTA'IOMITleOMITZ
e 10 FORMAT(2I10vA6vA2 1 1 XTAB AT IX1215,1X 08411 3F5.09216)
78%* IF(XMEAS(1¢1) eNEeoHLAST ) GO TO 35
gk ————G0—TO0 36 T e
80* C
—— ¢ —SKIPFILE ON—TAPE— T
82% Cc
S 83% -~ 37 CALE-TO(3VIARRAYTZOv TV IERRY -~ - -
84x CALL I0(3+IARRAY18r1902¢1ERR)
B3 S— CALL—TOC37IARRAY 24 192/ TERKY o
86% CALL I0(3+JARRAYrcl4r1r2¢IERR)
’ ]
8yx*x IF(IERR.NE.1) GO TO 36
T ggx T GO0 1000 — — —— — ;
9% 35 IF(XMEAS(2+1) .EQeOH ) NTIMEs-
91% ——  IFANTIMESTEQ+2vANUNDATAS6T+10000) NDATAS=10000
92 IF (NTIMES+EQe¢1.ANUJNDATAS.6T+20000) NDATAS=20000

—— 93— NLAGXS(NDATAS+9I 710 S

9y x IF (NLAGS. GToNLAGX) NLAGS NLAGX
-gsk — L=t
Jde* C

TTT97T¥ T MATCH CARD AND TAPE MEASUREMENT NUMBERS

98*

C

& DU 22 I=1I'NC1

B[]

*DIAGNOSTIC* THE TEST FOR EQUALITY BETWEEN NON-INTEGERS MAY NOT BE MEANINGFULo
T X0k T IFCYMEASTI IV W NEXMEAS(L+1)) GO To 22

*DIAGNOSTIC* THE TEST FOR EQUALITY BETwEEN NON-INTEGERS MAY NOT BE MEANINGFUL.
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101% IF(YMEAS(I:Z).EE-XMEAS(L'Z))fGO770”22
102x% MEAS(L)=1+1
103% 60 T0 13 o
T 104=* 22 CONTINUE
105x% WRITE(6°¢5)
10e* 5 FORMAT(63H0 CARD MEASURMENT NUMBERS DO NOT MATCH TAPE MEASURMENT N
107x 1UMBERS ., ) o
“ 10 IERR=2
109% 60 TO 9999
1I0% T 13 IF(L.GE.NTIMES) 60 TO 7 ’
111% L=L+1 o -
112% GO 10 6
113= 7 NBL=NBL=-2 o
T114% MDATAS=0 0
115% 9 CALL I0(3+IARRAY+300¢0,2¢IERR)
“1le¥ T IFUIERR.EG.IY GO TO WO 7~
117% IF(IERR«EQe2) GO TO 400 .
T1Ig* IFUIERR.NE.U) GO T0 9
11lgx ITIME=FLD(1¢17,IAKRAY (1))
TT120% T T ITIMESUITIME#(Z20071ISPS+1))*1000°
121% IF(ITIME.LT<ISTRT) GO TO 9
T122% T T J=0 T T o
123* c i - - - . [ —
120% T SPUIT WORDS INTO DATA VALUES: STORE IN IDATA
129%* C
T 126¥ DU Y1 I=1+300 T
127 ISIGN1=0
CTl28% IsI6NZ=0 oo
129x% ILATA(U+1)=0 S
130> TORTRCOe 2 =0 -
131% IDATA(U+1)=FLD(1+i7»IARRAY(I))
“132¥ T IDATAGOF2)=FLD(19+ 17+ IARRAY (1))
133% ISIGN1=FLD(Or1rIARRAY(]1))
¥3gx————ISIOGNZ=FLD(187 17 TARRAYII)) -
135% IF(ISIGNL«EQel) IUDATAlU+1)= IDATA(J+1)-2**17
T ESe¥® IFCISTGNZEG I TUATACIF2I=I0ATACgF 2 =2%*y 7~ -~ 7= o
137% J=Jt2
S r3g® T XY CONTINUE
139x% C
T40% - ¢ CHECK FOR START AND STOP TIMES
141 % C o
——t4zx 20 D0 I0 I=IFNBLFNC T e
145% ITIME=IDATA(I)*10u0 +IDATA(I+1)/1g
lggx — IFCITIMEVLTISTRTI GO TO 30
145% GO TO (32¢33)KODE
“leex T BZASTRIZITIME  — — —
147% KoDE=2 B o
P13 33 IFCITIMESGT<ISTOPY GO TO GU "7~ 777 )
149x% IHOLD=ITIME
TTTTIDe* T MDATASEMDATAS¥YI 0 T
151 % DO 31 u=1/NTIMES
P 37T T MEASJ=MEAS(YY —— — —
153% C
ISG* C “SCALE AND STORE DATA POINTS IN XARAY
155% C
“1%% T TXARAY(MDATAS JY=FLOAT(IDATA(I+MEASJ))/ FLOAT(ISCALE)

157% XMEAN(J) =XMEAN(J) +XARAY (MUATAS»J)
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15gx% 31 CONTINUE
T159% IF(MDATAS .GE+NDATAST GO TO 40
legx 30 CONTINUE
161¥% GO T0 9
162x% 40 NDATAS=MDATAS
T63% ISTOPZTHOLD
léyx K4=ISTOP/1000
165¥% T4<ISTRTZ71000
l66* SI4=(ISTRT-I4%1000)71000 _
Te7% SKG={ISTOP=K&*1000) 71000
168* ISTRT=14
Te9% ISTOP=KY®
170* I1=ISTRT/3600 _ o .
172# 12=(ISTRT-11*3600)/66 ) o
3600)760
174x IS-ISTRT°11*3600-12*60
[1]
176% 14-514:1000 -
TT7T¥ T KG&=SK§*1000
17g% C

O O 1Y
182 REWIND 11 X .
- ¥
184* WRITE(6r404) ((XM&AS(Ird)od-lnz)ox 102)
v ARE 72CA6vA2v4X) v SOX)y -

186%* REWIND 11 .

= o7
18gx% 403 FORMAT(1X»20A6)

190%* 500 REWIND 11
191 WRITECT1vH#02 ) XMEASHIT T TXMEAS t1v2) -

192% WRITE(60402) XMEAS(101) ¢ XMEAS(102) n
: > )

194% REWIND 11

1= 1 e — ——
196% 501 REWIND 11 )
19g%* 405 FORMAT(1Xe¢17HNUMBER OF POINTS »15,10X)
T9gxr—REWIND 1T
200* READ(11,403) (SPACE(I)sI=51¢54)
20— REWIND 11
202% WRITE(11+,406) ISPS

- SECOND—+vISv10X)—-

204% REWIND 11}

(2 O 760
20e* WRITE(60407) I1¢120130SI4sK10K2/K3rKY
207% REWIND 11 e
20g* WRITE(11+407) I1¢12¢13+SI4sK1rK20K3rKY —

’ 120 1HvI3e2Xe

210* 113HSTOP TIME IS +12¢2(1H »12) 01He»13020X)
cIT* REWIND 11
212x% READ(11¢403) (SPACE(I)»1Z61¢70) 7
213% GO TO 106

214x 307 FORMAT (1X»17HERROR IN HEADER 2 )
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215 308 FORMAT(1Xr17HERROK IN HEADER 3 )
2lex 400 WRITE(6¢401)
217 401 FORMAT(1Xr14HPARITY ERROR )
218% STOP
c19% 106 NDAT1=NDATAS=1 . S e _
220% IJ==19
c21% IK=20
222% T DO 411 I=1+40 -
223% 411 TITL(I)=6H
224% T C - B
225« C WRITE OUT THE REQUEST FOR THIS JoB
226* C
227% 999 NRITE(691100) NDATASONTIM&SvNLAGS
T T22g% "OF POINTS = ,1I8
© 229% 1 26H NUMBER OF TIMES SERIES = rI5¢18H NUMBER OF LAGS = +1I5)

T 230%  WRITE(6.1007) (NITTCETT)vNUPTS(TT I=104)

231% 1007 FORMAT(13H PARAMETER = ¢vA6?5Xr17H OPTION SWITCH = ,16)
232% WRTTET6_IZUUT"STGUS_UEETITTSKMFL
233 1200 FORMAT(1X»14HSIGMA UNITS = »FS, Z'SXOIQHDELTA SIGMA 'FSe2¢
234 % lsxrcaHTTME_EETWEE?”SﬁMPEES“ 211 ' o
235% C
236% C COMPUTE MEAN' SIGMA+ RMS» THIRD AND FOURTH STATISTICAL MOMENTS
237* C
Z3B¥ 150 D0 250 I=17'NTIMES
239% IJ=1J+1K
FL I3 IK=IJ¥1I9 T T T T
241% M3(I)=9
24w Mg tII=p - T T
243% RMS(I)=0.0
raie SIGMATTII=0,0
245 XMEAN(I):XMEAN(I)/FLOAT(NDATAS)
-l 0
247% XARAY(JoI)-XARAY(JoI)-XMEAN(I)

T24sy  RMSTIISRMS I+ IXARAY (J7 T **2) — e ————

249 M3(I)-M3(1)+(XARAY(J01)**5)/FLOAT(NDATAS)
r4=111
251 % 301 SIGMA(I):SIGMA(I)+(XARAY(JoI)**Z)/FLOAT(NDAT}) ) )
253+ M4 (I1)SM4 1)/ (STGMA(I) #2)
254 % SIGMACI)I=SQRT(SIGMATI)) -
255% M3(1)=M3(I)/(SIGMA(I)*%x3) L
L9 AL Y
257% 302 FORMAT(7H MEAN =¢FEe301X?26H RMS = sF6.3¢2X010HSKEWNESS =¢F6 e3¢
= U ’ 2-1') ¢
259% REWIND 11
’ ’ ’ ’ ’
261 % REWIND 11
[ - 1
263 % XMEAN(I)=0.0
T 264% 250 CONTINUE
265% C
266% T CALL ROUTINES FOR PLOT DATA
267% C
— ZoB¥ T
269% C NUMBER OF CROSSINGS ROUTINE
clO% C
271= IF(NOPTS(1)+EQel) CALL NCROS(NDATAS/NTIMES:SIGUS'DELTA)
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eT72% C
273%¥ T PROBABILITY DISTRIBUTION ROUTINE
27ux C
275% © T IF(NOPTS(W) +sEQ. 1) TALL PDISTINDATASNTIMES)
276% C
EITk C
278% C AUTO CORRELATION ROUTINE ~
279% T C
280 x* IF (NOPTS(2) «NE«0+OR«NOPTS(3) eNE«O) CALL AUTOC(NDATASvNTIMESONLAGSo
281*"“*"'“—”TNUPTSTZTTIUHITITTTTEE7T§IﬁPE_T_TET“__—”__“"‘“
282x%
283T_—_C“—_P0wER—SPECTRIC_UENSTTT_RUUTTNE
284% C
285% —— —IFtNOPTS{3)+NE+0) CALL PODENS(NTIMES*NLAGS+TOMIT2/FC+FC1+TSAMPL)
<8p* 60 TO 2000
287¥ (¢ T
28g* C END=OF=J0B
T289% C
290% 900 WRITE(601008) .
291% SPACET(T)=D - -
292 % WRITE(10) SPACE
293 1008 FORMAT(15H1I JOB COMPLETED) - T T
294 % ENDFILE 10 .
- 10
296% 60 TO 2003
297 C - .
298% C ERROR MESSAGES
299% C - -

300% 9999 WRITE(6+8888)

30T 8868 FORMAT (H6HO++* ERROR DETECTED TN INPUTT RUN CANCELED *w6
302+ SPACE (1)=0

—03%

S04 % C

S05% 2003-SToP
30p% END

END OF COMPILATION:
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1% SUBROUTINE NCROS{nPTS/NSRS*MeDELTA)
¥ °C - . -
3% C NUMBER OF CROSSINGS ROUTINE o
T C
5% INTEGER FLAG!FF
6¥ T DIMENSION SPACE(3IIS) o -
7* DIMENSION Y(10092)oU(100)'V(100)
T T TDIMENSION ULCIOD - T T T
9* EQUIVALENCE (SPAC:(76)vU(1))o(SPACE‘1076’0V(1))0
Io% I X{SPACE(ZU76) s Y1+ I T, (ULTI) s SPACEC300TI )
11ix DIMENSION XARAY(IOOOO:Z)'SIGMA(Z)pXMEAN(a)
12% DIMENSTON ARAYX(20000)
13% EQUIVALENCE (XARAY(10¢1)sARAYX(1))
14% COMMON /ARAY/XARAY ¢ SIGMA¢» XMEAN s
T15% COMMON /STORG/SPACE
lex* DATA UL/].OO'SO.01000'20000500.'10000'2000o'50000 '10000"200000/
17 “INTEGER Y
lgx REAL M
1G% WRITE(G+2077
2u* 207 FORMAT(//¢1Xe20HNUMBER OF CROSSINGS */) )
21 DO %U NS=I/,NSRS
2% ITOTv=0 e B
23% TOTV=0,.,0
24 DO 10 1=1,100 -
- 25% VO 10 J=1+2
26%* 10 Y(IrJ)=0.0 -
27*% ¢ : CT T T T T
2¢* C COMPUTE NUMBER OF CLASS INTERVALS - ]
29% ¢
Jy* K=2¢*M/DELTA+1.00001
UITE VLEVEL=-M¥ SIGMATNS)
32x% X1=XARAY (1,NS) ) o
33% (o
3y * C CALCULATE NUMBER OF CROSSINGS
35% — C .
Jo* DO 1001 J=1+K R
—3 - = NST—
g% IF(X1=-SS) 110,110:130
39x — 110 FLAG=L
4ox FF=1
41x GO TO 141
§42% 130 FLAG=2
¥ FF=—t
4yx 141 DO 990 I=2/NPTS
HE5x = )
Yeox IF(XI=SS) 200,400,301
#1200 60 TO(9907400) rFLAG
Lyx 301 GO TO (4000990) *FLAG
- OIiIvi
50% FLAGSFLAG+FF
51— FF==FF
5% 990 CONTINUE
"53% 1001 CONTINUE
Sy x WRITE(60,2000) XMEAN(NS) +SIGMA(NS) s
- [} - L) 4
S6= WRITE(60208)

Sg* 118HNEGATIVE CROSSINGS )
—Sgx 00 500 =17k
60% U(J)==M+FLOAT (J=1) *DELTA
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\D'LUUU' d'U\UI rY \U'.l.l ¥Y ‘JT‘I

62% 1000 FORMAT(ZXoIS'Fllod'SXo110 13X'110)
T O3% vwl-uuouvnura
64* TOTV=TOTV+V(J)
i 5)
66 * ITOTV=TOTV
YA WRITECE7300) ITOTV
6% 300 FORMAT(1Xr24HTOTAL NOe OF CROSSINGS= ¢I6¢5X)
T o9¥ REWIND 11
70* WRITE(11,300) ITOTV
Tix REWIND 11 »
72% READ(11+303) (SPACE(I),I=71:75)
T73* 303 FORMAT(1X»5A6)
T4yx IF(M) 30+,50030
__T15%
Tox 30 XR=uU(ll1)
T77% XL=U(1)
T 78%x YT=VI1)
79% B=V(1) . .
80% DO 11 J=2/K
81x% XL=AMIN1{(XLeU(J))
Thex XRSAMAX1{XRU(Y))
83% YT=AMAX1(YTeV(J))
8yx* 11 YB=AMINI(YB.V(J))
8% DO 140 U=1,10 e
Be¥* IF U YT WLEs ULTJY 7 GO TO 150
87x 140 CONTINUE
BE¥* IS0 YT=UCTO)
89% IXL=XL
90% XL=IXC
91% IXR=XR+.99
go¥x XR=IXR
93% IYT=YT+.99
g4 ¥ YT=IVT
95% 1YB=YB
g% YB=1YB -
97x DO 1 1=22¢36
Tggx 1 SPACE(TI=6H
9gx SPACE(1)=4
ER
101% SPACE(23)-6H OF CR

10zx——SPACE(24)I=6HOSSING —

103* SPACE (25)=6HS

104% SPACE(28)=6H SIo

105x SPACE (29)=gHMA

"1T0BpX SPACEt3I3)I=H6H CRUSS

107% SPACE(au)-6HINGS

10% SPACE(G 1=K 0
10g9x% SPACE(37)=xL

119 — —SPACEt38)I=XR T
111% SPACE(39)=YB

“117% SPARCEXTUOI=YT

113 SPACE(42)=55

114« WRITECI0) SPACE e
1lux 40 CONTINUE

1le% Rt -
117% S50 RETURN

116% END

END OF COMPILATIONT ~—— ~NO OIAGNOSTICS.  —
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2% C  POWER SPECTRAL DENSITY o

S¥ C

4*  SUBROUTINE PDENS(NSRS/MeNOMIT4sFCoFClsH)

5% DIMENSION XARAY(10000¢2)»ARAYX(20000) »NO(3)

B ¥ DIMENSION XMEAN(2),SIGMA(2),A(1000,2¢2)¢B(1000,2+2),F(1000,2,2)y

7% 1 COR(1000'2v2)oSPACE(3115)'DATA12000)00T1000v202)

8% EQUIVALENCE (ARAYX(1)esXARAY(1,1))

9%«  EQUIVALENCE (ARAYX(4001),AT1r1,1))s(ARAYX(8001),B(1+1+1))s (ARAYXI(
10% 1 12001)¢COR(1v1/¢1)eF(1s1r 1))'(ARAYX(17076)'DATA(I)vSPACE(1076))
11% ’ T EQUIVALENCE(QUI»1,1),ARAYX(L))
lox CUMMON /ARAY/XARAY »SIGMA» XMEAN

B Y MI=M¥] T
lyx* K=0
15% 7 DO &0 I=1eM1 0 T
lex .DO 40 U=1+/NSRS
17% T DU ®0O L=1/NSRS 7
lax K=K+1

T Ig¥ 40 CORtITIICI=ARAYX(K] - T T T T
20% DO 16 I=1+NSRS
21% D0 16 K=1I7NSRS B
22% 00 6 u=1/M1
23% T BEIFINRI=«S*ICOR(JITTK)I=COR(JrKe 1))

24 * 6 A(UrIeK)=oS5*(COR(UIIvK)+COR(JIKPI))

‘ZST |919) 14 L=1T"M T Tt/ -
26%* F(L*I/K)=0.0
27% T MMISMey T o e
26% DO 11 u=1eMM1
29% T FULTIIK IS4 OFHFA CU+ I/ TrKI*COS(3.14159#FLOAT(J) *FLOAT(L)/FLOAT(M)
30x 1 ) ¥F(LeIvK )

T3 IT¥ ————ITICONTINUE I Tt T s
3% FILeIoK )SF(LoIsK )+2.0*H*(A(1vI'K)+(-1o)**(L )*A(M1,1I¢K))
33x 12 CONTINVE  — -

Jyx DO 16 L=1/M1
35« EtLvVIeRISONO T T
Jp* DO 17 U=1.MM1

T T I et LR = LT I K F s xHRB (ORI T I K Y RS IN( 3. 141 59 FLOAT t UV %FLOATIL)Y

8% 1 /FLOAT(M))

39% CFALrToRKI=SEGRT(F(L TiR) %%24+Q{Lr T rK) %x%2)
4ox* 16 CONTINUE

41 C — T T T

4ox C PROCESS F ARRAY (CO-SPECTRAL DENSITIES )

- gEE——T —— _ S
Gyx C NOMIT=00" PROCLESS ALL
45% ° €7 NOMIT=1l¢  SKIP I=1 =~
Yo* C NOMIT=12» SKIP 1-~2
47% C ~ NOMIT=21v SKIP 2-1
Ygx C NOMIT=22, SKIP 2=2

~—ggE T -

Sux* NCNT 0
S1% ¢ - -
S52x% C SET OMIT OPTION SWITCH
53% o
54 % NO(3)=NOMIT4/10000
L NOMITG=NOMITG=(NO(3)I®1Ip000)Y
So* NO(2)=NOMIT4/100
ST* NO(I)=NOMITU4=(NO(2)%*100)

S56* NOMIT4=NO (1)
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59% WRITE(110107) NGrXSTEP
TTTBO% 107 FORMATUI372X7IBHINTERVALS OF SIZE #F7.5)
6% REWIND 11
62% T T READC119108) (SPACECI)1I=71+75)
B63% 108 FORMAT(5A6)
Bk T e e
05 % C CALL PLOT PACKAGE .
T be¥ C T T
67% XL==5,0
66* T 7 DO I IRLeNG T T T T s
69% CP(I)=cP(1)*100,
T0% 11 EFP(1)=EP(1)*100,
T1* < T T
T2% C DESCRIBE HORIZONTAL AXIS IN TERMS OF DELTA-SIGMAS
73% e " e YA BRSS9 : o
T4 YT = AMAX1(EP(1)eCP(1)) o
75% YB = 0.0
To* DO 10 J=2+NG
T7* 10 YTEAMAXI(EP(D)»CPTD e YT)
T6* IVT=(YT/10.)
79% ' YT=FLOAT(IYT)*10.+10.
80* DO 102 I=22¢36 ) —
BI¥E T 102 SPACECTT=6H
82% SPACE(1)=2
83% T SPACE(22Y=6HPROBAB
84yx SPACE(23)=6HILITY
8% 7 TSPACE(24)=6HDENSIT . coT oo
86 SPACE (25)=6HY o
B £ SPACE(ZBT=6H SIG o
8ux SPACE (29)=6HMA
8g% T SPACE(33)=pH PERCE —
Su* SPACE (34)=6HNT OF
g1x T SPACEC3IS)I=6HDATA oo
92x SPACE(37)=XxL
93% SPACECI8I=XR
94 * SPACE(39)=YB
g% o ——SPACEtgOY=Y—— ——— - o
96 * SPACE(41)=NG
97%  —  —SPACE(42)=19 S
9% SPACE(43)=55
—9gx SPACECTE ) =XMINZSTIGMAINSY)
10px DO 101 I=2/NG
101% 101 SPACE(I+7SISSPACE(I+T4)I+XSTEP—— ——
102% WRITE(10) SPACE
103 — 59 CONFINUE S T
104x 60 RETURN
109> £ND

END OF COMPILATIONS " NO  UTAGNOSTICSs — ~~~ —  ~ 7 -
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1* C  AUTO~CORRELATION

-2 .
3% SUBROUTINE AUTOC(NvNSRS-MoNOPSoNOMITSvTITLE'TSAMPLoTITL)
G% DIMENSION CT(2) 'NO(3) »SPACE(3115) ¢ TITL(40)
5% D1IMENSION DATA(ZOUO)vXARAY(lOOOOoZ)rSIGMA(Z)OXMEAN(Z)oCOR(IOOOoZ-Z
¥ I I VARAYX (20000 »CORXIGOUGY v TITLE(7S)
7% EQUIVALENCE (XARAY(1v1)¢sARAYX(1)) »(COR(1+1+1)+CORX(1))
¥ 1vlARAYXTT7U7GT“DFTRTI7‘SPACE11076)) -
9% COMMON /ARAY/XARAY »SIGMA ¢+ XMEAN

1o* WRITE(60600)

TTTTIIE 600 FORMAT(77+IXs1ZHCORRELATIONS /)

12% M=M=~}

13T MISMEFL T T e e

14% DO 4 I=1,NSRS

Is5x DU & J=I/NSKS

lex DO 6 L=1/M1

17% NR=N=L+1 —

1g* COR(LeIrd)=0.0

©Ig% DG 5 K=I7NR T

20% COR(LsIoJ)=COR(LIIrJ)+ xARAY(K.xn xARAY(Kﬂ.-x.J)

2I¥

22% 6 COR(LvIoJ)=(1./FLOAT(NR))*COR(L:I:J)

—  23% % CONTINUE

24% C(1)=S@RT(COR(1r1+1))
T 25% T C(2¥=S@RTICORt I 2v 2
26% DO 30 JU=1/NSRS
Y £ ] DU 30 T=I+NSRS
- 28% D0 30 L=1,M1

T 2gE 30 CORtLITIISCORtLIIy DIZCCtOrRCCtIY )y

J0x%x

DO 599 1=1.75

31 599 SPACECTIYII=TITLE(D)

32* DO 598 I=1,40
JI3* tI+3075 =TTt )
Jyx WRITE(69597) COR(1irlrl)
- 1Y
de* IF(NOP3+.EQ.0) GO TO 40O
37 C T
38% C  PROCESS COR ARRAY AS PER NOMIT REQUEST
—39¥ C
40% c NOMIT = 00, PROCESS ALL
41 —C ! = rY—
42x% C NOMIT = 12 OMIT 1=2
43 —C NOMIT =21 — " OMIT 2= T
44 C NOMIT = 22 OMIT 2-=2
$5¥ C
46% NCNT=0
4T+ —C S ———
4gx c SET OMIT OPTION SWITCHES
4gx C
So* NO(3)=NOMIT3/10000
S1> = . Too00)
52% NO(2)=NOMIT3/100
53%— ? = t2r=100)
Syx NOMIT3=NO(1)
55« touT=t
Se* C
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—S7T* C
Y- C CHECK FIRST TIME SERIES AUTO CORRELATION
g T T IFtNOMIT3WNESITI) GO TO 10U : T -
60* IoUT=10UT+1
. ) = 1R T T
62% GO TO 200
63% C
o4 x C PROCESS FIRST TIME SERIES AUTO CORRELATION
65% C
66x* 100 DO 110 K=1eM
67% 110 DATA(K)=COR(Ksl1r1)
68% SPACE(26)=6H1-1
69% SPACE (33)=6H AUTO o
70% NCNT=1
71% 60 TO 500
T2 ¢
T3% C CHECK SECOND TIME SERIES AUTO CORRELATION
T Tex T C ’
5% 200 IF(NOMIT3.NE+22) 60 TO 205 o
Te¥* IQUT=TOUT+1
T17% NOMIT3=NO(IOUT)
T6% o0 10 300
T9% C L _
T '80*%¥ € PROCESS SECOND TIME SERIES AUTO CORRELATION
81x% Cc o
T B T 205 DO 210 K=I'M Tt T
83 210 DATA(K)=COR(K»2¢2)
B8o* SPACE(Z6T=6HZ=2
85% SPACE(33)=6H AUTO
86* NCNT=2 T
87% 60 TO 500 i}
8g¥ T T
89x C CHECK 1=2 CROSS CORRELATION
TTTTTY0¥ C
91% 300 IF(NOMIT3«NE.12) G0 TO 305
9z% I0UT=1I0UT+1 -
93 NOMIT3=NO(IOUT)
9~ — GO TO 400 ’ o
95% C
96% — C PROCESS T=2 CROSS CURRELATION
97 C
T9g% T 305 DO 310 K=o T
99* 310 DATA(K)=COR{(Kr1¢2)
10gx —— ——SPACE (33)=6HCROSS T T
101x SPACE(26)=6H1=2 S
TTTI0ZE NCNT=3 o I
103=* 60 T0 500
104% ¢ - T T
105% C CHECK 2=1 CROSS CORRELATION
10g% ——- At
107% 400 IF(NOMIT3.NEe«21) 60 TO 40% )
TTTIUB¥ GU TU qu T -
109x C
" 11p0%¥ — T ~PROCESS 2=1 CROSS COURRELATION
111% c
CYiz¥TT U405 DO H10 K=1oMm T
113% 410 DATA(K)I=COR(Kr2¢1) L
TTTIIgx SPACE(26)T=6HZ2=1 T
l11l5x% SPACE(33)=6HCROSS
1lp* NCNT=g 7~
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117x% C
11+ C GENERATE PLOT ~ — ~ ~ -
119yx C
120% T . i
121 % C DETERMINE MIN AND MAX VALUES FOR X AND Y
122% [ T e
123% 500 XR-TSAMPL*M
124% XL = ¢ T
125% ©OOYT=DATACLY 0 o T o
126% YB=DATA(1)
127% DO 61 Jgz=2/M
12¢% YT=AMAX1(YT/DATA(J)) o
TT129% 61 YB=AMINI(YBDATAUJ))
13(¢* IYT=(YT+.,19)%10.0
131% T T IFCIYTWNES(CIYT/Z727%2)) IYT=SIVT+]1
132% YT=FLOAT(IYT)/10. g o
133% - T IYB=lYg=.197¥10.0 = h
134# IF(1YBeNE, ((IYB/Z)tZ)) 1Y=1YB-1 e
“135% YB=FLOAT(IVBI/10.0
136% C
137% T INITIALIZE HORIZONTAL COORDINATE ARRAY
138%* C
139% —TsSPACEtDY=SY T T T
14¢9% DO 501 1=22:25% 7 o
T IgI¥® T S0T SPACETTITHH — -
l42% D0 607 1=27+32
143 607 SPACE(II=6H—  —— — ———— —~ o
144 % DU 503 1=34036
lysx -~ 503 SPACE(TI=6H o
l4e* SPACE(28)=6HTIME 1
_— \-0
14g* SPACE(34)-6HCORREL
©14gx —— — SPACE(35)=6HATION R
150=* SPACE(37)=XL
151 ———SPACE(38)=XR — - e
152% SPACE(39)=YB
0r=YT
154x SPACE(41)=M
156%  ——SPACE{42)=S5 ———————————— —
156% SPACE (22)=6HCORREL
157% — —SPACE{23)=6HATION B
15a% SPACE(24)=6HFUNCTI
—' - N
160% A=TSAMPL
161 - AA=~A— S : S
162% IF(MeGT«1000) GO TO 504
163 ——— D502 1=t - - : e
164% AA=AA+A
léep* 504 AREA=0,0
S 167% DO 505 K=2vM -
l6g% IF(DATA(K=1) s LE+ 0«0+ AND+DATA(K) «6GTe0¢0) AREA'AREA+ St(DATA(K)/
169t {=DATA(K=1 HHDATAIK I F I (SPACECK+TS)=SPACE(K+T4) )
170% IF(DATA(K=1) ¢GT+0+0+AND DATA(K).GT.O-O) AREA-AREA+(DATA(K-1)+DATA
[ ]
172% IF(DATA(K=1) «GT.0 .O.AND.DATA(K).LE.O-O) AREA=AREA+,5%(DATA(K=1)/
CTLTIY T T A DATAK=I ) =DATAIK Y Y ) % (SPACE (K475 ) =SPACE tK+74) ) #DATAIK=1)

174% 505 CONTINUE
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175% - SPACE(7Y¥Y=eHPOSITI 7 ¢
176% SPACE(72)=6HVE ARL
S O v £ A 1T
17u4% WKITE(11,506) AREA
179% 506 FORMAT(3HA ='El13.0) T
18(* REWIND 11
181% _READ(11,507) (SPACEUI)I=73+75)
182x% WRITE(60508) (SPACE(I)¢1=71¢75)
185% 508 FORMAT(1Xr10A6)
184x 507 FORMAT (3A6)
185% WRITE(10) SPACE
18p* IF(M.LE.1000) GO TO 510
187% DO 511 I=1,M
18* AA=AA+A o -
18yx 511 SPACE(I+75)=AA
19yx WRITE(10) SPACE B
191% 510 IF(NSRS+EQe1l) GO TO 40 o
TI9Zz% T GO TO (200»3U00+40ur 407 ,NCNT
193x% C
194x C CHECK FOR NULL REQULST
194% C
196 % C o T T
197% 40 K=0
T19u¥ DO %I T=1'M1
199x%x DU 41 J=1+/NSRS
20(0* DO 41 L=1/NSRS 7 — 7
<01 % K=K+l
20z * 41 ARAYX(K)I=COR(IvJeL)
<03% Re TURN
T 20* END T T

END OF COMPILATION: """~ "NU DIAGNOSTICS.
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) § C  PROBABILITY DENSITY ROUTINE
2% C .
3% SUBROUTINEPDISTNINSRS)
4x DIMENSION EP(100)¢CP(100)
B DIMENSTON SPACE(3TISY
6% EQUIVALENCE (SPACE(1016)oCP(1))o(SPACE(g976)'EP(1))
T% DIMENSTON XARAY(IU000+2) v SIGMA(2), XMEANT2)
8* DIMENSION ARAYX(ZOOOO) o
g% YXTIY)
10x COMMON /ARAY/XARAY.SIGMA-xMEAN
II% COMMON 7STORG/SPACE
12% C
13 C PROBABILITY DISTRIBUTION ROUTINE N S
4% C
15% WRITE(60103) e
lex* 103 FORMAT(//+1X¢24HPROBABILITY DISTRIBUTION ¢/)
17x DO 59 NS=1,NSRS
1% SS-SIGMA(NS)**Z
19% XBAR=XMEAN (NS)
20% IND=3
21% C
22% C COMPUTE STEP SIZE
23% o
a4 * XMINZXARAY{I*NS)
25% XMAX=XARAY (1¢NS)
26% D0 20 I=2!N
27% XMINSAMINL (XMINe XARAY(IsNS))
- AX o XARAYUTI/NS) I
29% NG=1e87%*(FLOAT(N=1)%%,4) +¢5
0% NG=NG=1
J1* STEP=(XMAX=XMIN) /FLOAT(NG)
3% WRITET6¢56) NG
33% 56 FORMAT(1X»13HNOs OF GROUPS ¢110)
3G% X = . ’
35% XMINSAINT((XMIN+SIGN(5*STEP?XMIN) ) /STEP) *STEP
0¥ - - J7STEP¥1.0005%
37* NG1=NG+1 -
=0 1
39 57 EP(I1)=0.0 -
LI 00 58 I=1"N o
41x% K=(XARAY(I/NS)~XMIN)/STEP+1.5000005
B2¥ IFCOSGTTS0 K=0
43%x IF(KeGTeNG) K=NG1
LIty 58 EP(KI=EP(K)I+1:0 - -
45% C=STEP/SQRT(6.,283185%*SS) -
T 4% DO 62 I=U'NG1 e
47 xx-XMIN*(I—l)*STEP -
GE¥ = < ®kSSTY)
49x% 62 EP(I)-EP(I)/N 3
T X
S1x* 55 FORMAT(1X¢7HXMIN = ¢F15.,5:5X¢ THXMAX = ¢F15,5)
— 52% WRITE(E768) T )
53x% 68 FORMAT (1X»18HCALCULATED DENSITY ¢S5Xe17HEMPIRICAL DENSITY )
oG ¥ 0 WRITE (7100 ) (CPCI)ITEPTT) 7 ISITNG)
55H* 100 FORMAT(F13.4010XrF11lel)
S56¥* REWIND 11 T
S57x XSTEP=STEP/SIGMA (iNS)
5g¥ XR=5+0 o o
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59x IOUT=1

60% ¢ ettt

61% C CHELK 1 1 COSPECTRAL

6o% ¢ Rt o

63* IF (NOMIT4NE«11) GO TO 1100 i o
T T oh%x IOUI=I0UT+1

65% NOMITQ-NO(IOUT)

6% 60 TO 1200 T T B

67% C

66* - ¢ PROCESS I-1 POWER SPECTRUM

69x% C

T 70% T I100 DU TIZ20 KEITHM T T
71% 1120 DATA(K)=F(Krl,1)

72 7~ SPACE(26)=eHN 1=1  ~—~ ~—~——~ — T o °
13% SPACE (32)=6H POw
T T4¥ T SPACE(3I3V=GHER SPE T T T T
75% NCNT=1
T6¥ GU TO 1500
T7% C
;5** """ T CHECK 2=2 COSPECTRAL 7~
9% C
80x% 1200 IFtNOMITH#WNEZ22) GO TO 1205
81x I0UT=10UT+1
8z NOMITH=NOtIOUT)
85% 60 TO 1300
8gx L omm -
85% C PROCESS 2=2 POWER SPECTRUM
~86¥ C B T
87 1205 DO 1210 K=1irM
Odl
89x SPACE(26)-6HN 2=2
T T9p* SPACE(32)=6H POW T
91% SPACE (33)=6HER SPE
92x—— ———NENT=2 S s e
93% 60 TO 1500
9 C
95% C CHECK 1-2 COSPECTRAL
"%f —C T s T
97 1300 IF(NOMIT4«NE«12) 60 TO 1305
—9gF—— ————IoUTSIoUT+1 e T T
99% NOMIT4=NO (IOUT)
—rog¥ 60 TO 1400
101» C
T102® — ¢ PROCESS 1=2 POWER SPECTRUM — T
103% C
— 10— 1305 DO 1310 K=1t+M - - -
105% 1310 DATA(K)I=F(K?102)
107= SPACE(32)=6H CRO
10g®  —— —SPACE(33)ISeHSS SPE " T omeo T o
109x NCNT=3
T TIIg¥ 60 TO 1500
111= c
I12% ¢
113% 1400 IF(NOMIT4.NE+21) GO TO 14¢5
114% 60 TO 600

1ls= Cc
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llex* C CHECK 2-1 COSPECTRAL
117%¢ C  PROCESS 2~1 POWER SPECTRUM

119% 1405 DO 1410 K=1+'M
120% 1410 DATA(K)I=F(Kr201)

121% SPACE(26)=6HN 2=-1

122 SPACE(32)=6H CRO ~

123% SPACE(33)=6HSS SPE

124% NCNT=4 o
T125% GO TO 1500

126 C GENERATE PLOT

IZ7% ¢

12p% 1500 SPACE(1)=3 -
TUI29% — D0 1501 I=22+25 T

130% 1501 SPACE(I)=6H _ B
D %) € i DO 1607 I=27+31 -

132% 1607 SPACE(I)=6H
133% SPACETZ2T=6HSPECTR

134% SPACE(23)=6HAL DEN . e
135% — — SPACE(Z24I=6HSITY F T T T
136% SPACE(25)=6HUNCTIO
R YLD SPACEt36)1=6HY - T e
13 SPACE(28)=6H FREW
T39% SPACETZ29)=6HUENCY
140% SPACE(30)=6H(CPS)
T 141% ——  SPACEC34)Y=6HCTRAL - T T T oo o T
142x% SPACE (35)=6HDENSIT
"183% T C T o C o : I
144x C DETERMINE MIN AND MAX VALUES FOR Y
—145%¥—
14p% YT=DATA(1)
147  ————¥yB=DATA(D) T o
14y% MMM=(FC/FC1) *FLOAT (M)
49— Ky=t— - — e T
150* Do 13 u=2+MMM
B 3-7 % YT=AMAX LT CYTIDATACIY ) R e

*UIAGNOSTIC* THE TEST FOR EQUALITY BETWEEN NON-INTEGERS MAY NOT BE MEANINGFUL.
152%  IFOTOEQDATAL F kKI=d

153% 13 YB=AMIN1(YB*DATA(J))
1Syx 7 FMAXSFLOAT(KII*FC17FLOAT(M) —
155x Bw=FC1/FLOAT (M)
B $+7-% 2 —REWIND 1T T T
157% WRITE(11s1611) YT'FMAX)BW

158% 1611 FORMAT(SHMAXTF6+37 1Xs2HAT/FG+3+5H CPSs»3H BWIF4,2)
159% REWIND 11

160* T READC1191612) (SPACE(I) v I=71075)
l61* 1612 FORMAT(5A6)
——160% C e
163» C
164#* T INITIALIZE HORIZONTAL TOORDINATE ARRAY
165% C
166%* " T XL=FC1/FLOAT(M) -
167x IF(MMM.GT.1000) GV TO 1505 i i
16E% DU 1502 I=1+vMMM

169% 1502 SPACE(I+75)=FLOAT(I)*FC1/FLOAT (M)
170* C SET THE MIN AND MAX VALUES FOR X
171% C
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172% 1503 XR=FC

173* C
174% IF(XL) 999+999/,20
- ITTs% 20 IF(YBY 899:899¢21
176% Cc
I77% C DETERMINE THE GRID RANGES IN POWERS OF 10
178% C
1/79% 2l DO 2 I=1.12
18¢=* K=I-8
181% IFTI0«*XK=XLT 2222023
182% 23 K=K=1
183% XCI=1IU0. %K
184% G0 TOo 24
185% 22 CUNTINUE
186% 24 DO 25 1I=1,12
187% T K=I"8
188* IF(10.x*K=YB) 25025936
189% 36 K=K*I »
19¢0% YB1=10.%*xK
191x G0 T0 29
192x% 25 CONTINUE
193y 29 D027 K=17v10
194% I=K=1
[]
196 28 XR1=10.*x]
197« 60 T0 31
198% 27 NX=SK+3
199% 31 D032 Kx=1v10
200x% I=K=1
v r ey T 32733733
202% 33 YT1=10.%=x]
204% 32 NY=K+3
205« I SPACE(STI=xtt
20e* SPACE(38)=xR1
=YOx
208% SPACE(40)=YTL
209 SPACE g D =MMM
e10x SPACE (42)=55
2
2l12x IF(MMM,LE.1000) 60 TO 1507
I3y D0 1SUB I=17TMNWM
214% 1508 SPACE(I+75)=FLOAT(I)*FC1/FLOAT(M)
2le* 60 TO 1507
YTy 999 WRITEtev46) X— -
2lgx 46 FORMAT(19H1 IMPOSSIBLE X=GRIDe26H, HORIZONTAL AXIS MINIMUM »F10.5
(9] [ 4
220% 60 TO 1507
222%* 48 FORMAT(19H1 IMPOSSIBLE Y-GRID.ZBQ. YERTICAL AXIS MINIMUM +F10.5¢
0 )

224% 1507 IF(NSRS+EQ.1) GO TO 600

’ ’ T
226% 1420 DO 14231 I=1+MMM

227%¥ 1821 DATAtIY=gtI+1+2)

228%* SPACE(37)SFC1/FLOAT(M)
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229% SPACE(38)=FC
230%* SPACE(39)=~180.
231 % SPACE (40)=180.
232« SPACE(1)=1
233% SPACE(§2)=6H _PHA
234% SPACE(33)=6HSE ANG
235% SPACE(34)=eHLE IN
236% SPACE(351=6HOEGREE
237* SPACE (36)=6HS
23p% WRITETIU) SPACE
239% IF(MMMJ.LE.1000) 6O TO 1400
290%* D0 1423 I=1+MMM
241% 1423 SPACE(I+75)=FLOAT(I)*FC1/FLOAT(M)
L ¥} WRITE(I0) SPACE
243% 60 TO 1400
-]
c45% 1451 DATA(I)=@(Ir2/1)
246¥ SP = 7
247% SPACE(38)=FC
295% SPACE(39)Y==180"
249% SPACE(40)=180.
250% SPACE(TI=1
251 % SPACE (32)=6H PHA
TT252% SF -
253% SPACE(34)=6HLE IN
2% = GREE
255% SPACE(36)=6HS
457}, S — ACE
&57* IF(MMM.LE.1000) G0 TO 600
259% 1452 SPACE(I+75)=FLOAT(I)*FC1/FLOAT(M)
T 260% T WRITE(I0) SPACE
261 % C
T 26g¥ ¢ CHECK FOR NULL REQUEST
263% C
—264x¥ C
265% 600 RETURN
T T 266¥ END
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" THIS PROGRAM FINDS THE HURST RANGE FOR SAMPLES OF SIZE 125%2#%xN»
WHERE N RANGES FROM 0 TO NL=1. NiL DIFFERENT SIZES CAN BE CHOSEN.

KK = SEQUENCE NUMBER OF SAMPLE

KL = SAMPLE SIZe

KM = MAXIMUM SAMPLE S12E

KN = NUMBER OF SAMPLE

NA = INTERVAL BETWEEN POINTS CHOSEN FROM ORIGINAL DATA
WL = NUMBER OF SAMPLE SIZES BEING USED

1IDF = NUMBER OF KM INTERVALS TO USE FOR COMPUTATIONS

WNYPL= PLOTTING FLAG( NYPL NON=ZERO = PLOT)
“SUMITTI) = SUM OF DATA VALUES FOR ITH SAMPLE
sSuma(1) SUM OF SQUARES OF DATA VALUES FOR ITH SAMPLE

NYPL = 0 NO PLOTS

1 pLOT
NPKNT= 0 PRINT ALL HURST RANGE VALUES
TTTTTTTTTTPRINT ONLY MEAN HURST RANGE
NORM = 0 DO NOT NORMALIZE

1 NORMALIZE

e X sl sk akaXaksEkakalaisN el ol oN el ool oW ok ol ol o¥ ol

COMMON /ALLZLTIT(20),NL +IEOF(10) » AMNHR (20) ySAMPSZ(20) »
* JTIM(2)»A2(125)+SM(20) ¢ NYPL » NPRNT » NORM ,
DIMENSION EOF(10)
UATA (EOF(I)r1=1+,10)/10%6HEOFEOF/
DO 5 I=1.10
5 IEOF (1)=EQF (1)
100 FORMAT(311)
READ (5¢100)NYPL o NPRNT » NORM
T IFINYPLYIOs1210 7
10 REWIND 12
12  CALL MAIN

IF(NYPL)20r22°20
2v CALL PLTPOW
22 STOP

END
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UBROUT MAIN

COMMON ZALL/LTIT(20)/NL  +IEOF(10) s AMNHR(20) »SAMPSZ(20) ¢
* JTIM(2)»A2(125) +SM(20) s NYPL »NPRNT * NORM :
COMMON /L1/X(12288) ¢+SUM1 (2048) rgUM2(2048) »HURST ( 8)¢N
COMMON ZL2/KK?KNeJ?ANIrK2oKLoMoL o KMeLReKX(20)pKLO
COMMON 7L3/KLMNe ID¢IDF+NA?NCHANINS» ISTM? IOTCT
COMMON ZL4/1Y(300) ¢ JY(600) » AUML(Z) » AUM2(2)

100

COMMON /LS5/ ILOC» IXCT»JSTMF
COMMON /L6/IRECT/NBL

FORMAT (20A6)

FORMAT (1HO» 13HSAMPLE SIZE =¢16)
FORMAT(1H1 45X 16HHURST RANGE VALUES )
FORMAT(1615)

“I01 FORMATU19H MEAN HURST RANGE =+F10.4)

102
103
104
107

FORMAT(8F15+3)

FORMAT(17H MEAN HURST RANGE(F10+3)
FORMAT(2A6¢16¢13¢15012¢213)
FORMAT(12H START TIME r2A6°10Xr16)

C
C AT THIS POINT READ IN THE DATA
C

8

CONT INUE

10=0

ILOC=1

iXCT=1
" CALL "HEDRED(LTIT,20¢PARCK» 1+EOFCK)
IF(EQFCKNE+0+0) GO TO 40

CALL HEDRED(IY*6:PARCK»1+°EOFCK)
REWIND 99

ARITE(99:,96) (1Y(I)rI=1,9)

REWIND 99
"REAUT99+I0GISERNO+DATE»ITIML,ITIM2,ISRe CHAN¢NSeNBL
CALL HEDRED(IYr34+PARCK»1¢EOFCK)
CALL HEDRED(IYr34»PARCK»1sEOFCK)
READ(S0100) IDF
READ(S5¢100)NA*NL KLO

IRECT=4

T

LR=U

READ(50100) IST

IF(ISTM «GE+99999) GO TO 40
JOFCT=0

JSTMF=0

AUML(1)=0,0

T TAUMITZY=0.00

4

2

AUM2(1)=0,0
AUM2(2)=0,0
wo 4 I=1.NL
SsM{I)=0.0

AMNHR(I)=0.0

TRXTIN=0

ANI=SKLO
WN=g=* (NL=1)
AI=KN
KMSAI=AN]
KL=KLO



CALL READ1(IOK)
IF(IOKeNEL0O) GO TO 40

c

IF(ISTM.LT.0) 6O TO 1
COMPUTE HURST RANGE FOR SMALLEST SAMPLES

J=KN/2
vo 3 I=1l,J

3

S
0

T CALL ADRANY T T T T
IF(MOD(KKe8)) 12011012
IF INPRNT) 70607

11
()
7
le

15
17

16
1

[aX aX g

TTTRNI=ZFRE(NL=M)

23

SUMI(1I)=0.0
SUM2(1)=0.0
v=0

KLMN=0

KK=0
wRITE(6099)

~ CALL HMS (ISTMeJTIM)

APPENDIX

WRITE(60107)(JTIM(I) s I=1+2)rISTM

WRITE(6098)KL
00 10 I=1,KL
KJS=1+J
A2(I)=X(KJYS)

WRITE(60102) (HURST (1) 1=1+8)

KK=0
JEJHKL

G0 TO0 5

IF(MOD(KKe8)) 17018017

KK=MOD (KK 8)

IF(NPRNT) 18016918

wRITE(60102) (HURST(I)»I=1+KK)

=KN ¥ KX(1)y — 77

AK=KX (1)

HMEAN= SM(1)/XK

SM(1)=0

WRITE (6+103) HMEAN
AMNHR (1) SHMEAN+AMNHR (1)

T SAMPSZT1) =KL

XS=KLO
00 20 M=2,NL

KL=2*%(M=1)
AT=KL
ANI=ALI*XS
KL=ANI
wWR1ITE(6098)KL

~SAMPSZ (M) =KL

K2=0

10TCT=0

V0 30 L=1,KN1
JOTCT=1I0TCT+1
CALL ADRANZ2

‘COMPUTE HURST RANGE FOR ALL OTHER SAMPL. SIZES

A6T7
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27
30

31
33

de¢
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IF(IQTCT=8)30+28¢28
LF(NPRNT) 27026027
WRITE(60102) (HURST(I),»I=1:8)
10TCy=0

CONTINUE

IFUIOTCT) 32032931

IFINPRNT) 32033032
_wR1ITE(6r102) (HURST(1),I=1,10TCT)
KX{M)=KX (M) +KN1 ,
XK=KN1

HMEAN=SM (M) /XK

SM(M)=0.

wRITE(6¢103)HMEAN

. AMNHR (M) ZHMEAN+AMNHR (M)

[aN aNaNall

24

CREATE PROPER SUMS BY ADDING SUMS FROM TWO SAMPLES OF PREVIOUS
SI1ZE

KK=0

U0 25 I=2,KN1r2

25
20

KK=KK+1

SUML (KK)=SUM1 (I)+SUML(I-1)
SUM2 (KK) =suM2{1)+SUM2(1~-1)
CONTINUE

YOFCT=JDFCT+1

{F (JDFCT=IDF)2¢50¢50

20

51

vr=I1DF

IF(NYPL)51+60¢51

w0 52 TIJ=1.NL

AMNHR (IJ) =AMNHR(1J)/ DF

WRITE(12)LTIT

WRITE(12) JTIMe (AMNHR(IJ) 0 IJ=1eNL) » (SAMPSZ(IJ) »IJ=1¢NL)

[aXaN g

60

REFORMAT DATA FOR SELF SIMILARITY

1J=10240
XMIN=X(10240)=X(10239)
xT0T=0.0 '

b5

I=1J=1

X(1J)=(X(1TJ)=X(I))
ATOT=XTOT+X(1IJ)
IF(X(IJ) e LTe XMIN) XMIN=X(IJ)
IJ9=1lu=-1

iF(IJ.GT.1) GO TO 65

70

IFIXTIT LT XMINY XMINZX(1)
IF(XMIN)70¢ 74073
XMIN==XMIN

XTOT=0.0

V0 72 1=1,10240

X(1 )=X(I)+XMIN

XTOT=XTOT+X (1)
60 TO 74
XMIN=040
AVESXTOT/1024040
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STD=0.0
V0 75 I=1,10240
ASTD=ABS (X (I)=AVE)
75  STD=STD+ASTOD*ASTU
STD=SQRT(STD/10239.0)
LO 77 I=1,10240
77 X(1)=(X(1)=AVE)/STD
x(2)=x(2)+x(1)
Kk2=0
1J=0
66  KI=K2+1
K2=K2+10
luslu+l
V0 68 I=KirkK2
X(IJ)=X(IJYI+X(I)
“—“‘1FTK——CT*’02RU) 60 TO 66
CALL SLFSIM

60 To 1
40 CALL REWOLD(1.1)
IFINYPLI 42044042
42 L0 55 I=1s2 ] _
55— CTITII=TEGF (I~ —
wRITE(L12)LTIT
REWIND 12
4y RETURN

END
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_SUBRQUTINE ADRANIL

COMMON ZALLZLTIT(20) NL »IEOF(10) 2 AMN R(20) ySAMPSZ (20},

* JTIM(2)90A2(125) 9SM(20) ¢+ NYPL »NPRINT »NORM

COMMON /L1/X(12288) »SUM1(2048) »SUM2(2048) » HURST ( 8)¢N
COMMON ZL2/7KKeKNeJ?ANIoK2eKLoMeL o KMoLReKX(20) 9KLO

COMMOUN ZL3/KLMNe IDe IDFoNAPNCHAN? NS¢ ISTMrI0TCT

COMMON /L4/1Y(300)9JY(600)AUMLI(2) rAUM2(2)

COMMON /LS/ 1LOC,» IXCT e JSTMF
COMMON /L6/IRECT/NBL

THIS SUBROUTINE FINDS THE HURST RANGE FOR A SAMPLE OF SIZE NI
THE SUMS NECESSARY TO FIND THE MEAN AND STANDARD DEVIATION ARE
PLACED IN ARRAYS FOR USE IN LARGER SAMPLES

UATA COMES IN IN THE A2 ARRAY

X ARRAY BECOMES CUMULATIVE VALUES OF ORIGINAL DATA

THE HURST RANGE IS STORED FOR PRINTING LATER

KLMN=KLMN+1
KK=KK+1

K=1

IF(MOD(KK¢2) ¢EQeU) K=2

Lo 12 I=1,KL

AUM1 (K )=AUML(K )+A2(1)

AUM2 (K )=AUM2(K )+A2(1)=A2(I)
AMEAN=AUM]1 (K )/ANI

- ST=UANT¥AUMZ (K T=AUMIT K)¥AUMLI{K ))/ (AN #*ANI)

C

15
16

ST=S@RT(ST)

IF{K=2)16s14r14
KSKLMN/2
SUML1 (K)=AUM1(1)+AUM1(2)

D0 15 K=1,2

AUM1{K)=0,0

AUM2 (K)=0.0
CONTINUE

SUP==456.
FNF=586.

SUMzA2(1)=AMEAN
IF(SUM«GT,.SUP) SUP=SUM
IF(SUMLTFNF)FNF=SUM
00 18 K=2¢KL

AK=K

1BBl=K+J

IBB=K+J=1
X(IBB1)=X(IBB )+A2(K)

18

20

SUM=X(1BB1)-AK*AMEAN
IF(SUM«GT,SUP) SUP=SUM
IF(SUMLT.FNF ) FNF=SUM
COMPUTE HURST RANGE

HURST (KK) = (SUP=FNF) /ST o L
SM(1)=SM (1) +HURST (KK)
RETURN

END
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__ SUBRQUTINE ADRANZ
COMMON /ALL/LTIT(20),NL  »IEOF(10) »AMN R(20),SAMPSZ(20),

* JTIM(2)»A2(125) 9SM(20) ¢ NYPL » NPRNT » NORM
‘COMMON /L1/Xx(12288)

COMMON /L4/IY(300)rJY(600)rAUML(2) » AUM2 2)

COMMON /L5/ ILOCs IXCT o JSTMF
COMMON /L6/IRECTNBL

PSUML(2048)r UM2(2048) yHURST
COMMON /L2/KK*KNeJ?ANIoK22KLoMoL e KMeLRe ™ X(20) »KLO
COMMON 7L.37KLMN» IDDIDFONA'NCHANONS'IS ‘Me IOTCT

AT1

8) /N

THIS SUBROUTINE COMPUTES THE HURST RANGE FOR SAMPLES OF TWICE

" THE _HURST RANGE 1S STORED FOR PRINTING LATER

OO CO0

CUMULATIVE DATATIS IN X ARRAY

" TAMEAN = SuM1(L)/ANI

ST=(ANI*SUM2 (L) =(SUM1 (L) *SUM1 (L)) )/ (ANI*ANI)
ST=SGRT(ST)
K1=K2+1

KL=ANI72.0
K2=K2+KL

AR=O.

SUP-"“—SB [}
FNF=586.

DO 10 K=Ki1rK2

10

AK=AK¥1.0T
SUM=X (K) =AK*AMEAN

" IF(SUMeGT,,SUP ) SUP=SUM

IF (SUMLTFNF)FNF=5UM

D ( ¢ §§,¢-3)

K1=K2+1

RZ=KZ¥#KL
00 20 K=SK1rK2

AK=AK+1.0
X(K)=xK2 + X(K)

QUM = X(K)=AK*AMEAN

IF (SUMeGT,SUP)SUP=5SUM

LT.
HURST(IOTCT) = (SUP'FNF)/ST

7 SMIM)=SM({M) + HURST(IOTCT)

RETURN

TENDTTTT T T

" THE SIZE OF SAMPLES WHICH HAVE EEEN PREVIOUSLY SUMED AND CUMULATED
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SUBROUTINE SLFSIM _—
COMMON /ALL/ZLTIT(207/NL +IEOF (10) v AMN R(20),SAMPSZ(20)
* JTIM(2)2A2(125) ¢SM(20) ¢ NYPL ¢ NPRNT ¢ NORM

COMMON /L1/X(12288) 'SUM1(2048) » UH2(20“8)0HURST‘ 8) N
OIMENSION S(4)

100 foannum.zm.//.xen SELF SIMILARITY +15Xs10HSTART TIME r2Xs2A6
*

~ 101 FORMAT(/7,14%H SAMPLE SIZE = ¢F8.0+10X,17HNUMBER OF SAMPLES rI8)

NK=1024%
OM=2,0*%*0.6
DO 10 M=1,.11
WRITE(60100)LTIT JTIM
IF(M.,EQ.1) GO TO 15 L
K=0
D0 20 L=2,NKe2
K=K+1 o

20 X(K) (X(L)+X(L=1))/2,0

DO 30 L=1,NK
30 XMLr=xtL /o o
25 XNK=M=1
T IF (NORMY 50055050 T
50 CONTINUE
—CW=NK T
S(1)=0.0
5(2i=0.0 T
VO 16 L=1,NK
Te stuy=sstny+x<vy ——— T o
S(1l)=s(1)/CwW
U0 17 L=IsNK - -
S(S):ABS(X(L)'S(I))
St I
S(Z)—S‘Z)/(CW‘I.O)
IFIST2I14,164+13
13 S(2)=SART(S(2))

-4 0
18  X(L)=(X(L)=S(1))/S(2)
55 CONTINUE -

SIZE=1040%2¢0%*XNK
- sgMglooo)y=ssize T
XNK=NK
WRITE(6/101IISIZEINK - T T
DO 26 L=1+4
26 s({L)=0.0 -
XMIN=x(1)
XMAX=XT(1) T T

U0 27 I=2/NK
IFIX(I) LT XMINYXMIN=X(T)
27 IF(X(I)eOT e XMAX)XMAX=X (1)
CW=(XMAX=XMIN) /32,0
CALL FRQADIS(X+NK»CWoXMIN)
00 40 J=1:NK
40 St1)=5(1)+x(V)
DO 35 J=2,4
cw:J - - P - - [P — -
DO 35 L=1,NK
XMAX=ABS (X (L))
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35 S(J)=S{J) +XMAX**CW
FN=NK e
10 CALL MOMENT(S¢FN)
RETURN
END

~ SUBROUTINE FRGDIS(XsNeCwWeXMIN)
COMMON ZALL/ZLTIT(20),NL »IEOF(10) ¢ AMN R(20),SAMPSZ(20) ¢
x JTIM(2)2A2(125) ¢SM(20) ¢ NYPL ¢+ NPRINT » NORM
COMMON 7L1/X(12288) 'SUM1(2048)» UM2(2048) ¢yHURST( 8)N
100 FORMAT(//,24H FREQUENCY DISTRIBUTION ¢//)
101 FORMAT(6Xs»5SHCLASS? 11X+ 9HFREQUENCY ¢ 7X¢» BHREL FREQ?8X? THDENSITY»7X»
* 8HCUM FREGQ) )
102 FORMAT{3Xs6H BELOW'F7,2¢F15003F15e¢4)
103 FORMAT(LXeF6e2¢2H =tF7e¢2¢F15.003F15e4)
104 FORMAT(3XeoH ABOVE?F7.2¢F150¢3F15.4)
U0 5 I=1,32
5 SUM1(I)=0,.0
w0 16 I=1.N
T K= (XTI )=XMIN) /CW+1.0
IF(K.LE«0)K=1
IFIK,6T«32)K=32
10 SUML(K)=SUM1(K)+1,0
wRITE(60100)
#RITE(6°101)
TTTCUSXMINYCYW
FN=N
RFD=SUML (1) /FN
uFD=RFD/Cw
SFD=RFD
SUM2 (1)=SFD
TTUTUUTSUMZTIOUIIECU .
WRITE(60102)CUsSUML(1) RFD/DFD»SFD
00 20 I=2,31
RFDSSUML(I)/FN
DFD=RKFD/CW
SFU=SFO+RFD
CTL=CU I
cuU=Cy+Cw
SUM2(I)=5FD
SUM2(I+1000)=CL+CW/2.0
20 WRITE(6¢103)CLPCUISUML(I) ¢RFDYDFD¢SFD
RFD=SUM1 (32) /FN
— PFDSRFO/CW ~—~—
SFO=SFD+RFU
SUM2(32)=SFD
SUM2(1032)=CuU
wRITE(12)5UM2(2000) ¢ (SUM2(I) e I=1+32) v (SUM2(I)»1=1001,1032)
WRITE(60104)CU»SUML1(32) ¢RFD*DFD¢SFD
RETURN - B
END
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SUBRQUTINE MOMENT (SUMXeFNX)
DIMENSION MO(4) rMM(4) ,SUMX(4)
KEAL MM¢MO
8051 FORMAT(//,25H MOMENTS ABOUT THE ORIGIN
8052 FORMAT(8H FIRST =+E15.8¢5X?8HSECUND =¢E S5¢8¢5X¢THTHIRD =+E15+8¢5X»
*8HFOURTH =/,E15.8)
8053 FORMAT(//,23H MOMENTS ABOUT THE MEAN)
8054 FORMATT/»7H MEAN =vE15.8¢5X¢»10HVARIANCE =¢E15,825X¢r20HSTANDARD DEV
*IATION =+EL15e80//)
8055 FORMAT(27H COEFFICIENT OF VARIATION = +E15.8,5X»10HSKEWNESS =/E15,
*505X» BHEXCESS =¢E15.8)
V0 8050 I=1r4
8050 MO(I)=SUMX(I)/FNX
mM(1)=0.0
AMA1=ABS (MO(1))
MM(2)=MO(2)= AMAlx¥2,Q
MM(3)=MO(3)=3.0%M0(2)*xMO(1)+2,0% AMAlx* ,
MMG)=MO(4) =4+ 0%MO(3) kMO (1) +6.0%M0(2) % MAL*%X2.=3,0% AMAL**U4,.(
VARSFNX*®*MM(2) 7/ (FNX=1.0)
STO=SQRT(vAR)
COV=STD/MO (1)
CONZFNX*%2 o/ ( {FNX=1e) % (FNX=2,.))
CSKREW=CONxMM( 3}/ (VAR®STD)
CKURZ=CON*( (FNX+1+0)*MM(4)=3¢0%(FNX=1+0)*MM(2) %x%2,)/ ( (FNX=3.0) *xVARx
**200)
© wRITE(6,8051)
WRITE(608052) (MO(I)rI=1,4)
ARITE(606053)
WwRITE(608052) (MM(I)rI=104)
WRITE(60,8054) MO(1)¢VARSTD
wRITE(608055)COVrCSKEWr CKUR
RETURN
ENU
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COMMON ZALL/ZLTIT(20)»NL

DIMENSION ICHAR(S)

" DIMENSION CFR(46)

CFR(1)=.5

CFR(2)=+5199
CFR(3)=+5398

- CFR({4)=45596

CFR(5)=.5%793
CFR{g)=e5987
CFR(7)=¢6179

CFR{g)=.6368
CFR(g)=.6554

CFR(11)=.,6915

- CFR(12)=.7088

CFR(13)=.7257

T CFR{10)=.6736

CFRTU14)=.7422
CFR(15)=,7580
CFRU16)=,7734
CFR(17)=.,7881

CFRU18)=.8023
CFR(19)=.8159

CFR{207=.8289
CFR(21)=.,8413
CFR(22)=.8531
CFR(23)=.8643

- CFR{24)=.8749

CFR(25)=,8849
CFR{27)=.,9032
CFR(28)=,9115
CFR(29)=.9192
CFR(30)=.9265
CFR(31)=.9332

CFR(327=.9394 -

CFR(33)=.,9452
CFR(34)=.9505
CFR(35)=.9554%
CFR(36)=.9641
CFk(37)=.9713

CFRU38)=.9772

CFR(39)=,9821
CFR{40)=.9861
CFR(41)=.9893
CFR{43)=.,9938

CFR(45)=.9981
CFR(46)=.999
DO 1 I=1lr46

CFR(I)=CFR(1)%100.0

*IEOF (10) » AMNHR (20) » SAMPSZ (20) »

% JTIM(2)9A2(125) #SM(20) #NYPL #NPRNT » NORM
OIMENSION XPLOT(2002)

AT5
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11 FORMAT(2F6.2)
12 __FORMAT(2I2)
13 FORMAT(2a2)
14 FORMAT(F8,0)
15 FORMAT(2A6)
16 FORMAT(19H1 IMPOSSIBLE X=GRIDe26Hs HORIZONTAL AXIS MINIMUM +F10,5
T 10 /3Xe 26HLESS THAN OR EQUAL TO ZERO +2A6)
17 FORMAT(13H TIME SLICE +2A6¢/3Xe4HY = sF12e5¢3H + #F12¢5¢2H X)
— 18 FORMATU1I9H1 IMPOSSIBLE Y=G6RIDs23H» VERTICAL AXIS MINIMUM ¢F10.5,
~ 1/3Xr26HLESS THAN OR EQUAL TO ZERO r2A6)
;Iooe'ﬁﬁﬁmAr(xﬁi.lsﬁ COEFFICIENTS )

wRITE(6r1006)

C
[~
1CHAR(1)=24
~ ICHAR({2)=38
ICHAR(3)=16
- ICHAR(®)=sS
1CHAR(S) =44
) CONTINUE S
READ(12)LTIT
T IFWLTIT(1) JEG.IEOF(1))60 TO 9999
READ (12)JTIMs (AMNHR(I) »I=1sNL)» (SAMPSZ(IJ) ¢ IJU=1,NL)
TTIFWTIM{I) .EQ.TEOF (1)) GO TO 9999

d
E_UETERMWTINTND_HIX' VALUES FOR Y
- YTZAMNHR(1)
YBSYT
DO Lo IJds2eNL T
YTZAMAX1 (YT AMNHR (1J))
~—IU VB=AMINI(YB?AMNARCIJIT -
C
g”—*SET'THE*MIN“AND MAX VALUES FOR X
“XLSSAMPSZ(1Y
XRESAMPSZ (NL)
T
C  SET MARGINS FOR LABELS
¢ T NS FOR LABEL
MT=80 i
MB=24
MR=0
ML=24

~ IF(XL) 999+999020
20 IF(YB) 899,899,211
¢

C

21 00 22 I=1,10
K=I=5
~ TIFU10.kxK=XL) 22022023
23 K=K=1
_ XL1Z10e%%K
G0 To 24
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22 CONTINUE

24 00 25 I=1,10 . e e

KS1=5
IF(10.*%K=YB) 2502526
26 K=K=}

25 CONTINUE
29 00 27 K=1,10
1=K=31

28 XR1210,%*]
T 60 T0 3
27 NXZK+3

31 00 32 K=1,10
I=K=1
T IFUL0G#*I-YT) 32033933
33 YT1=10.%%]
60 TOo 3
32 NYZK+3

[
C SET LOG - LOG SCALING MODE
—

34 CALL SMXYv(lrl)
~ " CALL SETMIVIML/MR/MB/MT)

C |
C DRAW GRID LINES -
C
T CALL GRIDIVI4»XL1+XR1oYBLleYT1014001:0,1,10101,NX,NY)
C
C 7 PLOT DATA POINTS
C

TCALL APLOTVINL?SAMPSZ s AMNHR? 191+ 1+¢55¢IE.R)
C
C TwRITE HORIZONTAL AND VERTICAL TITLES
C
T T CALL PRINTV (=112 11HSAMPLE SIZE »45008)

CALL APRNTV(O0r=149=16¢16HMEAN HURST RAN E 115,623)
T 2OTIAEAN | ) .
C WRITE HEADER LABEL
e T

CALL PRINTV(120LTIT»24»,1000)
T T TCALL PRINTV(=I0¢10HSTART TIME 2240980)

CALL PRINTV(12¢JTIMr114,980)
o TaA0C :
C FIT DATA
C sV _UAIA -

00 100 IJ=1rNL
'''' S SM(TJU)=1.0

__A=AMNHR(IJ) -
IFTAY103,103»

102 AMNHR(IJ)=ALOG10(A)
103 AsSAMPSZ(IVY
iIF(A)100,1000101

101 SAMPSZ(IJ)=ALOG10(A)
100 CONTINUE

ATT
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CALL POLYN(SAMPSZ,AMNHRySMeNL,2¢1,A2)

A={XR=XL)/1000.0
DO 110 IJ=101001

T ddElu+1001
B=lJd=}

BSB*A+XL
XPLOT(IJ)=B

B=ALO06G1U(B)
C=A2(1)+A2(2)%8B

109 XPLOT(JJ)=10.0%%C
110 CONTINUE
C hh 4K

A=XPLOT(1)

IXIZIXVTA)
B=XPLOT(1002)
CIviSIvwvie)
VO 120 Iu=2r1001
- ASXPLOT(IU)
JU=Iu+1001

B=XPLOT (JJ)
_1X2=IxVia)
1Y221YV(B)

C  PLOT CURVE

CALL LINEVIIXIPIVIPIXZ2eIV2)
ixl=ix2
120 1Yl=1v2

C SECTION T0 PLOT SELF=SIMILARITY
¢

, wRITE(6v17)(JTIM(IJ)rIJ-lva)o(AZ(IJ)oIJ“loZ) -

CALL SMXYy(0:0)
T DO 200 IJv=1el T T
L-(Id-l)*64+1
T KSl+e63 T
200 READ(12)As (XPLOT(I)¢I=LsK)

D0 206 IJ=1/5

L=(Iu=1)%e4+]l
T KEl+3r - T -
D0 206 J=L¢K
T XPLOT (D =xPLOTWUY=*I00,0 o
IF(XPLOT(JU) oL T« 0.01)XPLOT(J)=0,01
Jooe . . 0TlJI=99,.,99

CALL PRBSC(XPLOT(J))
206 CONTINUE
0Y=0,01
CALL PRBSCIDY)
xL=DY

UY=99.99
CALL PRBSC (DY)
***** XR=OY
ML=45
MR=0

- MB=24
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mMT=80

. CALL FRAMEV(3)
YB=XPLOT(33)
YT=XPLOT(64)
L0 202 I=651257264
YB=AMINL(YB XPLOT(I+32))

202 YT=AMAXL(YT'XPLOT(I+63))

IF(YTeLTe4s0)YT=4,0

T T IFIYB.6GT. =44 0)YBE=0,0
CALL XSCALV(XLe¢XReML/MR)
CALL YSCALV(YBe YT MBoMT)
CALL LINRV (2030045010230 YB?YTreSrl4r=4,2¢12)
A=50,0
CALL PRBSC(A)

TT=ENXVAY
CALL LINEV(Ir24910944)
CALL LINEV(Ir24+10944)
IJ=50
REWIND 99
wRITE(99,12) 1V
REWIND 99
KREAD(99r13)1IJ
1tI-y ) 4

CALL PRINTV(2¢IJrIr18)
CALL PRINTV(Z2¢IJrI9950)

C
C URAW AND LABEL CINES FROM 20 - 80
C

DO 205 1I=52+80r2
A=1

- CALL PRBSC(AY
B==A
J=NAVTR)J
IJ=Nxv{B)
CALL LINEV(Je2U4rJe94y)
CALL LINEV(IJr24s1Jr944)
IF(MoD(T»10))205,240,205

240 CALL LINEV(Jr24eJe94y)

CALL LINEV(TIJe 26 IJ9945)
iX1=100~-]1
REWIND 99
wRITE(99,12)I1IX1

" REWIND 99
READ(99¢13)IYL1rIX}
IX2=J=4
1Y2=1U=4
CALL PRINTV(2/,1IY10IX2,18)
CALL PRINTV(2,IX10¢IX2+,950)

" CALL PRINTV(Z2:1IY1:1Y2,950)
CALL PRINTV(2,IX1eIY2,18)

N

C
C 'URAW AND LABEL LINES FROM 10 - 20 AND 8 = 90
C

D0 250 I=g1+90
A=l
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CALL PRBSC(A)
B==A

251

JENXV(A)
IJ=NXV(B)

CALL LINEV(Jr24rJr9%y4)
CALL LINEV(IJr24rIJr944)

IF{M0oD(I,5))25002510250 @

CALL LINEV(Jr24eJr94y)

250

CALL LINEV(IJe2G,TJro44)
CONTINUE

1vl=g0 =
iXx1=10
REWIND 99

WRITE(99,12)1Y1,1IX1

- IXe=J-4

REWIND 99
READ(99¢13)IV1rIX1

1Y2=1J=4

- CALL PRINTVI2,IY1rIX2,18)

CALL PRINTV(2¢IX1¢1X2+950)

aoe

CALL PRINTV(Z2:IY1»1IY2,950)

_ CALL PRINTV(2¢IX1¢EY2,18)

V0 260 1=90¢99

A=l

CALL PRBSC(A)
B==A c
J=NXV (A)

TIJ=NXVIB) -

CALL LINEV(J02Q0d9944)

261

262

CALL LINEVUiJecZhe
IF(I-95)260-262o261
TF(I=99)26002620260
CALL LINEV(Jr240Je944)

" CALL LINEV(IJe2&0IJr94l)

1X1=100-1

REWIND 99
WRITE(99,12)101IX1

~ REWIND 99

READ(99¢13)1IY101IX1

IXesu=4

1Ye=1J=4

CALL PRINTV(2/IVI,IX2,18)
CALL PRINTV(2¢IX10IX2,950)
‘CALL PRINTV(201IY101IY2,950)
CALL PRINTV(20,IX101Y2,18)

260 CONTINUE

C DRAW AND LABEL LINES FROM «1 = 1 AND 99 = 99.9
AND +01 = o1 AND 99 = 99,99

C
C

A=990 0

AINC=0+1
DO 265 I=1,2

'DRAW _AND LABEL LINES FROM 1 - 10 AND 90 - 99
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D0 266 L=1+9
A=A+AINC

B=A
CALL PRBSC(B)

==B
J=NXy (8)

IJ=NXVIC)
CALL LINEV(Jr24eJe944)

€66

CALL LINEV(IJv 282 1Jv04%)
CALL LINEV(Jr280Jr944)

~ CALL LINEV(IJr2GsTIJr944)

8=100.0-A

REWIND 99
WRITE(99,11)ArB

A8l

REWIND 99
READ(99+15)AB

J=J=24
1J=1u=-24

~ IFUI=2)1268¢267 -

267

J=J=16

IN
CALL PRINTV(6¢ArJr18)

CALL PRINTVI6/BrJ»950)
CALL PRINTV(6¢BelJr18)

R S A T AL I

265

270

1J=1J+18

A=99,90

AINC=0,01
00 210 I=1,5

210

J=ll=]) i6“¢1
CALL APLOTV(32:XPLOT(J) e XPLOT(J+32)191,1 1-ICHAR(13015RR)

CACL PRINTV(IZ07CTIT 24+1000)
CALL PRINTV‘-lOOIOHSTART TIME 02Q0984)

CALL PRINTV(-15015HSELF-SIMILARITY v2“'968)

-§7s —20=0 §p=¥  BO=X  160=#
%92500968)

CALL PRINTV(=20v 20RCUMUCATIVE FREQUENCY »43U0§)
CALL APRNTV(Oo=14r=14+14HCLASS INTERVAL ¢159630)

aoa

PLOT CUMULATIVE FREQUENCY OF NORMAL DISTRIBUTION

J=1

=Ue(
XPLOT (46)=0+0

XPEUT (2‘56’ =0.0

D0 220 I=47:80

ASA¥0,05
JaJtl

BaCFR(J)
CALL PRBSC(B)

XPLOT (I =B
IX1592=]

XPLOT(IX}1)==8

XPLOT(I+200)=A




Ag2 APPENDIX

1X1=292-1
220 XPLOT( IX1 )==A
A=1e80
Do 225 I=gir88
NENT Y
B=CFR(J)
CALL PRBsc(B)
XPLOT(I)=8
IX1=92=]
XPLOT(IX1)==B
XPLOT(I+200)=A
IX1=292=]
- XPLOT( IX1 )=-A
225 A=A+Q,.1
ASZe7
v0 230 I=89r91
VIS LY
B=CFR(J)
- CALL pPRBSC(B)
XPLOT(I)=B
IX1=92=1
XPLOT(IX1)==
N XPEGT(I*aooTI
IX1=292~-1]
XPLOT( IX1 )==-A
230 ASA+0e2
w0 235 1=2,91 h
CALL LINEV(NXVIXPLOT(I=1))¢NYV(XPLOT(I+199)) ,NXV(XPLOT(I))»
T ® NYVIXPLOT(I+200)))
235 CONTINUE
______ 60 To s
899 WRITE(6r18) YBO(JTIM(IJ)'IJ‘ '2)
GO T0 5
999 wRITE(6¢16) XLo(JTIM(IJ)vIJ-lva)
60 T0o0 5
9999 CONTINUE
T CALL FRAMEV
CALL PLTND
REWIND 12
RETURN
END
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