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CHAPTER I

INTRODUCTION

Flows observed in open channels are usually turbulent. The

word "turbulent" describes a motion in which an irregular velocity
fluctuation (mixing or eddying motion) is superimposed on the main
stream motion. The essential characteristic of turbulent flow is that
the turbulent fluctuations are random in nature.

If Reynold's rule of averaging is used, the Navier-Stokes
equations for laminar flow may be transformed into the Reynold's
equations, which hold true for turbulent mean motion. The solution
of Reynold's equations will properly describe turbulent flow. TUnfor-
tunately, the number of unknowns exceeds the number of equations;
therefore the use of the mathematical method to solve turbulent flow
problems is extremely difficult and not possible at present.

The details of turbulent flow are so complicated that a statis-
tical approach must be used. Extensive research has been done in this
regard during the last few decades. G. I Taylor (1935) presented a
statistical theory of turbulence based on the assumption of homogeneous
isotropic turbulence. He introduced various concepts such as turbu-
lence intensity, correlation coefficient, scale of turbulence, and energy

spectrum. Kolmogoroff (1941) introduced the theory of locally isotropic
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turbulence. He postulated that turbulent motion at large Reynold's
number is locally isotropic whether or not the large scale motions

are isotropic. He also introduced the concept that the small scale
motions are mainly governed by viscous forces and the amounts of
energy which are handed down to them from the large eddies. Other
investigations of isotropic turbulence have been made by Karman
(1938), Heisenberg (1948), Lin (1948), etc. Even for the simplest
type of turbulence (i. e. isotropic turbulence), it is not possible to
obtain the general solution to the equations because the details of
turbulence are so complicated. Present knowledge about the stat-
istical distribution of non-homogeneous turbulence is even less exten-
sive. Therefore, before real use can be made of the statistical theory
of turbulence much work must be done.

There is widespread interest in the structure and character-
istics of turbulence in flowing water but the information available is
still very limited and piecemeal. Considerable experimental research
has been done on turbulence in air, using hot-wire anemometry. Be-
cause of the formidable difficulties of using the hot-wire in water, very
few studies have been done in water flow. This preliminary experimen-
tal study is to observe the turbulence decay behind a hemisphere in a
free surface flow, in which the size of hemisphere is of the same order
of magnitude as the depth of flow and the free turbulence (from the wake
of the hemisphere) is as important as the wall turbulence (from the

presence of the channel bed).




CHAPTER 1II

BRIEF SUMMARY OF THE STATISTICAL THEORY OF TURBULENCE

Equations Governing Turbulent Flow

In the derivation of the equations of turbulent flow, it is gen-
erally assumed that the motion can be separated into a mean flow,

whose velocity components are Gl’ 52, 173, and a superposed tur-

bulent velocity fluctuation whose components are ul, u2, Ugs the

mean values of which are zero.
The Reynold's rule of averaging states that if A and B are de-

pendent variables which are being averaged and S is any one of the

space variables x, y, z or the time t, then g—g‘= g% and K-_B =A-B

where the bar denotes a mean value. The time average is defined as

T
_ 1 t+§
A(x,v,2,t) = ?S.T Axvy,zT)dr . . . . (1)
t2
which is independent of the time t . When the mean flow is not

varying, the time average is the natural mean value to use. Besides
the time average, there is the space average (as in the case for finding
the average velocity for velocity gradient flow) and the statistical av-
erage (ensemble average) which is the average taken over the infinite
number of identical systems. The statistical average, which should

be used if a rigorous general statistical theory is to be introduced, is
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not attainable for experimental studies. Most of the averages are
consequently based on the time average.
The equation of continuity of an incompressible fluid when

averaged becomes

et OR A T P ARSI L (2)

The Navier-Stokes equations are

oV,

i _ 9 _
Rt 8XJ. (<J'ij pViVj) B T i T (3)

and o-ij is the stress tensor due to pressure and viscous forces.
If the mean value is taken from equation (3) then, according to

the Reynold's rule of average,

e i (o-_pﬁ '[—]'_—pu.u.) . . . (4)

If equations 3 and 4 are compared, it is seen that they are the same

except that in equation (4) there is an additional term called the Reynold

stress (Tij)’




which represents the mean rate of momentum transfer across a surface
due to the velocity fluctuations. When the mean flow is not varying,
then the time average is taken at every point, and the physical inter-
pretation of the Reynold's stress is clear. But if the space average is
taken, then the interpretation of the Reynold's stress asa local stress
is not as direct. When the statistical average is used the physical in-
terpretation of an average quantity as an apparent stress is even more
difficult, since the average momentum transfer is not directly associated
with any one particular system. Thus if the general theory is developed
on the basis of statistical averages, an ergodic theorem must be devel-
oped to connect the time average and the statistical average. Unfortunately

there is not such a theorem available at present.

Turbulent Intensity

In applied statistics, "variance" (mean square) and " standard
deviation" (a positive square root of the variance, sometimes called
Root-Mean-Square) are commonly used for measure of the spread of the
probability distribution curve, or in other words, a measure of the
deviation from the mean value. By the basic definition of variance in
statistics, it is a "second moment about the mean of the distribution

of a random variable" namely,
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where ko represents the variance, Hy represents the mean, x is a
random variable, and f(x) is the distribution function of the random
variable. The positive square root of the variance of the fluctuating
velocity corresponds to turbulent intensity. Since it has already been
pointed out that the statistical average is experimentally impossible,
the turbulent intensity is usually defined in a time average sense. So

the intensity of turbulence is written as

n

==\ 2
3 e
i=1

1
u'=[ :lz= E
n

Because it is sometimes more useful to formulate a dimension-

less term, the relative intensity of turbulence is defined as

u2 u'i

R.I. = _1 = — i=1,2,3
U, U,
i i

By the intensity one will be able to describe how strong the
fluctuation is about the mean value; however, the intensity refers only

to the magnitude, not the frequency, of fluctuations.



Correlation Tensor

Since a basic theoretical treatment of the frequency distribution
function has not yet been developed to an applicable stage, current
statistical theories of turbulence are usually concerned with readily
measurable quantities. This practice has the advantage that experi-
mental information can be easily resorted to when purely theoretical
considerations become uncertain. Instead of dealing with the distri-
bution function, the correlation function, which can be more readily
measured by hot-wire technique, is used.

The study of correlation was first initiated by G. I. Taylor in
1935. The importance of the correlation methods is heightened by the
fact that many correlation coefficients are measurable, so that any the-
oretical forecasts made about them can be checked by experiment. In
his theory, Taylor makes much use of the correlation between the com-
ponents of the velocity fluctuations at neighboring points. The compon-
ents of the fluctuating velocity at one point A are denoted by ul, uz, u3,

e Uiy U the correlation coefficient

and at another point A' by ul gr Ug

between any of the u, and u; where i, j =1, 2, 3 is defined as

Von Karman (1948) pointed out that Rij forms a tensor of the second

order.




Correlation is not restricted to the above mentioned double-
velocity correlation; instead there are triple-velocity correlations
(which form a tensor of order three), and the correlations involving
pressure and velocity fluctuation.

It is interesting to point out that the correlation between
longitudinal and lateral components of velocity fluctuation at a single
point is a very important parameter since these correlation coefficients
are directly related to the Reynold's stress or eddy stresses. By def-
inition, the correlation between the u, and u, components of

1 2

velocity fluctuation is:

U. * W
e~ —
2 2
172 ’ul ’uz

In this equation since Ru " is measurable with the correlator
172
and »\I'u_f r\l'u_g are measurable with an RMS meter; thus the term
W u2 ., which is a part of the Reynold's stress, can be calculated.

Another kind of correlation is obtained by delaying the signal
from a point. This "autocorrelation coefficient" correlates the signal
at the same point but at different times t and t + T and is expressed
as:

u(t) u, (t+7)
R(T) - _1__1—

" u2
i




From the auto-correlation curve at least four pieces of infor-
mation can be obtained. First, the microscale of turbulence; second,
the macroscale of turbulence; third, the rapidity with which the re-
latedness is lost with time delay; and fourth, the periodicity which

the fluctuation signal possesses.

Scale of Turbulence

It was pointed out earlier that turbulent flows contain various
sizes of eddies. A search was initiated for a means of representing
the size of the eddies in the flowing stream. Motivated by this, Taylor
(1935) introduced a number of scales which characterize various statis-
tical aspects of turbulence, i.e., microscale and macroscale of
turbulence. It may be postulated that the local change of the turbulent
fluctuation is caused by the smallest eddies present in the turbulent
flow field. The microscale of turbulence is then considered to be a
measure of the average dimension of the smallest eddies. It is also
stated in Kolmogoroff's hypothesis (1941) that the smallest eddies
are mainly responsible for the turbulent energy dissipation. The micro-
scale of turbulence is, therefore, sometimes called dissipation scale
or dissipation length.

Detailed discussion of the definition of the scale of turbulence
can be found in "Turbulence" by Hinze (1959) . The microscale of tur-

bulence is a measure of the curvature of the longitudinal correlation
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function at its origin. Unfortunately the shape of the correlation curve
at its vertex is not usually accurately known, since an accurate mea-
surement of the correlation is not simple when the correlation coeffi-
cient is close to unity, therefore, the microscale based on the
correlation curve is not very practical.

Townsend (1947) suggested a simpler method for measuring the
microscale xf which can be accomplished with the random signal
indicator and correlator. The equation is:

=

— u2
)‘f = 1F s .
(&)
dt
where ‘J is the mean flow velocity, and

u is the turbulent fluctuation .

The macroscale of turbulence in is defined as

o0

Ly, = g R(Xi) dxi, i =1, 2, 38
o
From the afore mentioned definition, the macroscale of turbu-
lence is obtained by integrating the correlation curve. The macroscale
is a measure of the size of the (low-frequency eddies of the turbulent

field which contain most of the turbulent energy.




Another macroscale using the autocorrelation curve may be

defined as

LT

I
<l
=3
.
R
g

which has the dimensions of length.

11
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CHAPTER III

INSTRUMENTATION AND METHOD OF PROCEDURE

Description of Apparatus

Flume

The measurements of this study were performed in a 3-foot
wide, 2-foot deep and 24-feet long tilting flume, located in the Utah
Water Research Laboratory (as shown in Figure 1). The slope of the
flume is adjustable from 0 to 4 per cent. The inlet pipe supplied the
water through the bottom of the head tank. The water was distributed
smoothly by the newly introduced diffusion partition. At the entrance
of the flume, a sluice gate was provided for regulating the flow
velocity. A hemisphere of 5 inches diameter was located in a position
14 feet downstream from the sluice gate. All tests for this experiment

were performed as open-channel flow past a stationary hemisphere.

Heat-flux system constant-temperature
anemometer (model 1010)

Dual channels of the Heat-flux system hot-wire anemometer
manufactured by Thermo-Systems, Inc. were used for this study (Fig-
ures 2, 3, and 4 show the instrumentation set-up) . The anemometer
provided a constant temperature compensation for hot-wires, hot-films
and other sensors. The idea behind the constant-temperature system

is to minimize the effect of the thermal inertia of the probe by keeping




Head box
Sluice
Gate
Slope
f scale
1o %ﬁowermg
- mechanism
Fla ke Downstream location
P9 of hemisphere
\
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o L Inlet
- 1 =~ DPipe

Figure 1. Schematic of the 3 faot wide by 2 foot deep by 24 foot long tilting flume used

for testing.
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Figure 2. A general view of the instrumentation set up.

Figure 3.

Photograph of the conical hot film sensor and probe

support.
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the sensitive element at a constant temperature (constant resistance)
and using the heating current as the measure of the heat transfer and
hence velocity.

A sophisticated and well-designed electronic system is re-
quired to operate under this principle. It can be explained with the
aid of the block diagram shown in Figure 5. The bridge is in exact
balance at a certain bridge voltage supplied by the servo amplifier.
A slight change of the probe resistance, e.g. due to a change of the
convective cooling of the sensor, will cause a small unbalance vol-
tage, which after considerable amplification is used to adjust the
bridge voltage (probe current) in such a way as to keep the bridge
close to balanced. In this way the temperature variation of the hot-
wire or hot-film are kept extremely small. The art of constant tem-
perature hot-wire anemometry is, therefore, based on the design of
a stable servo system having a high closed-loop gain.

It should be mentioned that the change in electric current re-
quired to maintain the sensor at a constant temperature is related to
the change in the flow velocity. Therefore, the basic variable is the
electrical power supplied to the sensor. Since the circuit function
is to maintain a constant sensor resistance, either the current in the
sensor or the voltage on the bridge are unique functions of the power.
Furthermore, because the voltage on the bridge is of the order of

volts and has a low impedance, the bridge voltage is then taken as



Bridge current
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Hot-
wire

Error
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Figure 5.

Constant-temperature anemometer, principle of

operation.
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an output of the anemometer. Unfortunately, the bridge voltage is
not a linear function of the velocity, instead, it varies approximately
as the one-fourth power of the velocity. In order to get a proper
picture of the velocity fluctuations it is recommended that the

"Linearizer" be used to linearize the output signal from the anemometer.

Heat-flux system linearizer (model 1005 B)

The model 1005 B Linearizer is an analog device that can perform

two basic functions:

(@) Provide the average and/or instantaneous square of a
random input signal. (The input signal is the bridge
voltage out from the anemometer.)

(b) Provide an output which is the average and/or instan-
taneous value of a random signal after it has been
squared once, decreased by a constant value and
squared once more.

The first squaring process of the aforementioned basic function

is used when the electrical power input to the sensor from the circuit

is desired. The second squaring process is used when the flow velocity
is desired. Since in this study the velocity is the main item of interest,
the second squaring process is used in order to obtain a linear relation-

ship between the output of the linearizer and the flow velocity.

Hot-film sensor

Two kinds of sensors, quartz-coated cylindrical hot-film and
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quartz—coated conical hot-film, have been used in this study. Figure 6
shows the configuration of these two sensors. Only the conical hot-
film sensor proved successful.

Because the flowing water is taken directly from the Logan
First Dam, the impurities in water such as sediment and algae, etc.
were deposited on the film sensor. This deposition of impurities
changed the signal continually, until the sensor had to be cleaned
completely. The fact that this change of calibration of the sensor
occurred over a short period made the measurement impossible. The
conical sensor proved much better in this respect. Because of its
shape the impurities were not so easily deposited.

The sensor is mounted to the probe (sensor holder) and con-
nected to the probe support which was connected to the probe terminal

in the anemometer by a fifteen-foot special co-axial cable.

DISA random-signal indicator and correlator (model 55A06)

The DISA random-signal indicator is designed for measuring the
root-mean-square voltage of the two electrical inputs as well as the
correlation number relating the two signals. Two meters indicate the
true root-mean-square voltage and. the correlation coefficient regard-
less of wave form. The RMS voltmeter can be used to measure the

. dA .
RMS of the signal A, B, A+B, A-B, T E . Therefore the unit also

serves the purpose of obtaining sum and difference measurements of

two random signals. The ratiometer is designed for measuring the




Quartz-coated
platinum film band

Gold film electrical
leads

(1) Conical hot-film

Gold plated stainless steel supports

Gold plating defines sensing
length

Quartz-coated platinum film sensor on glass rod
(0.002" dia. x 0. 04" long)

(2) Cylindrical hot-film

Figure 6. Configuration of the cylindrical hot-film and
conical hot-film sensor.

20




21

root-mean-square value of the following ratios:

A
’ A - B ’ %

Various adjustments and operation methods described fully
in the operation manual were followed in order to get an accurate

measurement.

Oscilloscope and time-delay line

A tektronik oscilloscope (Type 515 A) was used to view the
output signal from the anemometer, linearizer, or random-signal
indicator and correlator. Because the recorded measurement was
not made on the oscilloscope, a calibration of the oscilloscope
was not required.

Type 802] Decade variable time-delay line supplied by AD-YU
Electronics, Inc., was used in conjunction with the correlator to obtain
the autocorrelations. The range of the timedelay is from 2 p seconds
to 200,000 p seconds. A variable resistor was connected parallel to
the input terminal of the delay unit to obtain impedance matching at

the input and output terminals of the delay line.
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Method of Procedure

Measurement of the mean velocity by
means of the Anemometer and Linearizer
(calibration of the Linearizer by pitot tube)

The following procedure of calibration was used:

(@) The sensor exposed to the flowing water was connected to the
PROBE terminal in the anemometer.

(b) The cold resistance was measured when the unit was in STAND-
BY position.

(c) The probe was heated by a prescribed over-heat ratio (over-heat
ratios from 1. 05 to 1. 10 have been tried). This probe resistance
(hence temperature) will be kept constant automatically by the
anemometer.

(d) The sensor was energized by setting some stand-by voltage
(5 volts to 10 volts have been tried) .

(e) The anemometer was then set to the RUN position.

(f) The bridge output of the anemometer was connected to the INPUT
jack of the "Linearizer."

(g) The GAIN ADJUST and ZERO ADJUST for both squaring circuits were
adjusted to zero the meter.

(h) The power for zero velocity was measured by exposing the probe to
still water with the same temperature as the flowing water.

(i) The meter of item (h) was then zeroed, (at this time the function

switch was in SQUARING CIRCUIT I position).
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The function switch was set to SQUARING CIRCUIT 2 position;

the meter reading is then a linear function of the velocity.

The pitot tube for measuring the mean velocity was set in position
at exactly the same point as the hot-film probe was located. The
velocity head was read and converted to the true velocity in feet
per second.

Different velocities were then measured in order to get a calibra-
tion curve between the linearizer output and the true mean velocity

(as shown in Figure 7) .

Measurement of the relative intensity

(a)

(b)

(c)

(d)

The flow is regulated to meet the prescribed water depth and the
mean velocity. (The velocity at the point 0. 6 depth from the
bottom proved to be very close to the mean velocity. )

The signal was linearized as described in section (1) and the
output signal of the linearizer was connected to the input "A"

of the random-signal indicator and correlator.

The undisturbed velocity profile was measured. The mean velocity
was obtained from linearizer, the RMS value was obtained from the
RMS meter. The undisturbed velocity profile is defined as the
velocity profile without the hemisphere, measured at the position
to be occupied by the center of the hemisphere.

The hemisphere was attached to the bottom of the flume.




Linearizer reading (volt)

Conical probe No. 1

24

Cold resistance 3. 38
Operating resistance 3. 72
Water temperature 5.10° C
2. 04
+ A
(o]
L
1.0T
T
1 2 3 4 5

Figure 7.

Velocity (fps)

A typical example of the calibration curve.
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(e) The probe carriage was moved into position to measure the profiles
as described in (c) at distances 3", 5", 10", 15", 20", 30", etc.
downstream from the center of the hemisphere and along the center
line of the hemisphere and flume.

(f) The RMS reading was divided by the linearizer reading. The rel-
ative intensity was thus obtained for every point of measurement.

(g) The linearizer reading was converted to the true velocity in feet

per second by means of the calibration curve.

Measurement of the autocorrelations

(@) The signal output from the linearizer was connected to the input
"A" of the correlator.

(b) The input terminal of the variable time-delay network was connected
to the input "A" of the correlator.

(c) The signal from the output of the time-delay network was connected
to the input "B" of the correlator. (With zero time delay, both A
and B were identical signals.)

(d) A specific time delay was chosen in the time-delay network.

(e) The RATIOMETER SELECTOR was then set to 3 ——,

the autocor-
relation coefficient relating the signal A and B was read directly
from the meter scale on the RMS RATIOMETER.

(f) The same procedure was repeated for increasing time delay. Thus

the dutocorrelation curve, showing the autocorrelation coefficient
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vs. the time delay, was then obtained.

At zero time delay, the value of the correlation coefficient was

found to be nearly one as it should be.
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CHAPTER IV

ANALYSIS OF RESULTS AND DISCUSSION

Autocorrelation in the Wake of the Hemisphere

The autocorrelation measurements were performed in one flow
condition 85-250-3 (S5 signifies a 5-inch hemisphere, 250 indicates
that the undisturbed water depth is 0. 25 feet, 3 shows run number 3
which corresponds to a Froude number of 2. 5) . The Froude number
always refers to the undistrubed flow condition. The measurements
were taken at points 3", 5", 10", 20", and 30" behind the center of
the hemisphere and along the center line of the flume (also the center
line of the hemisphere) and the results are shown in Figures 8 through
13. The point of measurement was at a point X, = 0.15 feet above the
channel bed (relative depth xz/k = 0.75). Several different relative
depths such as xz/k = (0. 50, 0.60, 0.80, 0.85 were tried. Best
correlation was found at a value of xz/k = 0.75 .

From the autocorrelation curves shown in Figures 8 through 13,
several inferences can be made:

(1) The periodicity of the signal is clearly shown in Figure 8;

the period is about 6 milliseconds. This strong periodic
phenomena is similar to the so called Karman vortex street,

which is known to appear in the wake of a sphere or a

cylinder in an infinite flow field for Reynold's numbers
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Autocorrelation curve for 3" behind the hemisphere at the depth of
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Autocorrelation curve for 5" behind the hemisphere at the depth
of 0.15 feet from the bed. (Undisturbed flow: Fr= 2.5, depth
0. 25 ft.)
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Figure 10. Autocorrelation curve for 10" behind the hemisphere at the depth
of 0.15 feet from the bed. (Undisturbed flow: Fr= 2.5, depth 0. 25 ft.)
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Autocorrelation curve for 20" behind the hemisphere at the depth of
0. 15 feet from the bed. (Undisturbed flow: Fr= 2.5, depth 0.25 ft.)
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Autocorrelation curve for 30" behind the hemisphere at the depth of
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between 103 and 105 .
The fluctuation in the autocorrelation curve becomes
weaker and weaker at points further downstream as shown
in the figures, but the period of the cyclic phenomena
seems to remain the same (6 milliseconds). In the po-
sitions 20" and 30" behind the hemisphere the periodic
phenomena has almost disappeared. That the periodic
phenomena decay in such a short distance may be due to
the free-surface effect which contributes to faster irregular
mixing in the wake. A regular periodic signal will soon
become a random and non-regular signal by this mixing
mechanism. (It must be mentioned that the conical sensor
only senses fluctuations in the direction of flow, thus the
vorticity may persist longer than apparent from measurements. )
Unfortunately, the measurements without free-surface effects
were not performed in this study, and the true extent of the
free-surface effect on this phenomena is not known.
It also implied that the macroscale of turbulence is decreas-
ing in the downstream direction (macroscale of turbulence
can be obtained by integrating the autocorrelation curve).
This agrees with the general decay process in which the

bigger eddies break down to smaller eddies.
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If the transverse space correlation could be measured, the
periodicity in the transverse direction could probably be discovered

and then the region of the vorticity could be deduced. Unfortunately,

this could not be done for this report, because only one probe support

was available. Space correlation is not possible without two probes.

Relative Intensity in the Wake of the Hemisphere

Undisturbed velocity profile

Six flow conditions with two different depths, 0. 208 feet and
0. 25 feet at 3 different Froude numbers: 1.5, 2.0, and 2. 5, have been
tested. The undisturbed velocity profile—the velocity profile b efore
the hemisphere was introduced—was measured before any turbulence
measurements were made in the wake region. The turbulent intensity

for the undisturbed velocity profiles for 3 flow conditions at a depth of

0. 25 feet are shown in Figure 14.

The results agree with the results published by Rao (1965) ex-
cept in the region close to the water surface. Since the friction in the
channel bed produces the so called "wall turbulence, " the region close
to the channel bed showed a higher relative intensity. As the point of
measurement moved further above the channel bed, the wall turbulence
effect became less and less. But in the region close to the water sur-
face, the relative intensity showed an increase again. This fact may

result from the free-surface roughness producing additional turbulence.
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(Another possible reason for increase in the apparent intensity
close to the surface is the entrainment of air. No effort was made to
distinguish between these two effects.) The free-surface roughness
becomes greater and greater when the Froude number increases. This
can be shown in Figure 14. For higher Froude numbers, the relative
intensity is greater in the region close to the surface, while in the
other regions the relative intensity is less.

It is interesting to point out that the long discussed effect of
the free-surface on energy losses may be explained with the aid of this
experimental evidence that the instability of the free-surface at high
Froude numbers increases the turbulence of the flow, which contributes

to the energy loss.

Decay of relative intensity in the wake

The results of the measurements are plotted in Figures 15 through
26. Figures 21 through 26 and Figure 14, actually are constructed from
Figures 15 through 17. Instead of plotting the decay of turbulence for a
single flow condition at various places, it is plotted at a single point
but with different Froude numbers for the purpose of comparison. Fig-
ure 14 has been discussed in the above section. Figures 15 through 17
for the depth of 0. 25 feet are quite similar to Figures 18 through 20, and
the effect due to the difference of depth (due to the different submerg-
ence ratio) is not so evident. However, the effect due to Froude number

is clear.
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Figure 15. Turbulent decay in the wake of the hemisphere for
S5-250-1 . (Undisturbed flow: depth 0. 250 ft.,

Froude No. 1.5)
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Figure 16. Turbulent decay in the wake of the hemisphere for
S5-250-2. (Undisturbed flow: depth 0. 250 ft,
Froude No. 2.0.)
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Figure 17. Turbulent decay in the wake of the hemisphere for L
S5-250-3 . (Undisturbed flow: depth 0. 250 ft.
Froude No. 2.5.)
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@ TUndisturbed velocity profile
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Figue 18. Turbulent decay in the wake of the hemisphere for
S5-208-1 . (Undisturbed flow: depth 0. 208 ft.
Froude No. 1.5.)
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Figure 19.

Turbulent decayv in the wake of hemisphere for
S5-208-2 . (Undisturbed flow: depth 0. 208 ft.)
(Froude number 2. 0.)
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Figure 20. Turbulent decay in the wake of hemisphere for
S5-208-3. (Undisturbed flow depth 0. 208 ft.
Froude number 2.5.)
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Figure 21. Comparison of the relative intensity for different
Froude No. in the wake of hemisphere (3" behind
the hemisphere).
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Figure 22. Comparison of the relative intensity for different

Froude No. in the wake of hemisphere (4" behind
the hemisphere).
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Figure 23. Comparison of the relative intensity for different

Froude No. in the wake of hemisphere (5" behind
the hemisphere).
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Froude No. in the wake of hemisphere (10" behind
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Figure 25. Comparison of the relative intensity for different
Froude No. in the wake of hemisphere (15" behind
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Figure 26. Comparison of the relative intensity for different
Froude No. in the wake of hemisphere (20" behind
the hemisphere).
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Several conclusions can be drawn at this moment:

Figure 15 shows the turbulence decay for Froude number 1. 5
and undisturbed depth 0. 25 feet. At the point 3 inches behind
the center of the hemisphere, two humps as high as relative in-
tensity of 0. 4 occurred in the curve at relative depths 0. 05 and
0.20. The large relative in:tensity at 0. 05 relative depth is due
to two reasons: first, the wall turbulence effect; and second,
the low mean velocity due to the hemisphere (since relative
intensity = RMS/mean velocity). These two reasons are not ap-
plicable to the high intensity at 0. 20 relative depth. At this
point the wall turbulence effect is less and the mean velocity
was higher than the value for 0. 05 relative depth.

Thus the hump at 0. 20 relative depth must be due to the
free-turbulence effect, since the water coming down over the
top of the hemisphere would produce considerable turbulence.

The free turbulence diffuses very rapidly in the downstream

direction. Beyond the point 4 inches behind the hemisphere center

the wall turbulence effect is predominant. In the 20-inch and
30-inch positions the relative intensity becomes close to that

of the undisturbed velocity profile.

Figure 16 shows that for a higher Froude number (Froude number
2.0), the free-turbulence effect is so great that the relative in-
tensity reaches a high of 0. 48 at the position 3 inches behind the

hemisphere center. The free-turbulence effect at this point is
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greater than the wall turbulence effect. The turbulence decay
was so rapid that at 10 inches behind the hemisphere center

the relative intensity was almost the same as that of the un-
disturbed velocity profile. Figure 17 for a Froude number of 2. 5
shows an even greater hump in the position 3 inches behind the
hemisphere center. Figures 18, 19, and 20 for the undisturbed
flow depth of 0. 208 feet, which corresponds to the submergence
ratio 1. 0, show similarly shaped curves. The same reasoning
w'll apply to explain these results.

(c) Figure 21 shows the relative intensity at 3 inches behind the
hemisphere center for 3 different Froude numbers. The higher
Froude number shows greater free-turbulence effect both in the
second hump (0. 3 relative depth) and the region close to the
surface. Figure 22 proves that the free-turbulence diffuses so
rapidly that the great free-turbulence in the second hump at 0. 3
relative depth soon disappears. The wall turbulence still

dominates in the wall region.

The surface region still shows that the higher Froude number
has the higher free-turbulence effect. Figures 23 through 26 also
show that higher Froude number flows decay faster and the relative
intensity is greater only in the region close to the surface. This
occurs because the higher the Froude number, the greater the tur-

bulent energy that the flow possesses, which enables the wake region
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to recover faster to the undisturbed relative intensity. Therefore the
turbulence produced by the hemisphere will decay faster at higher

Froude number.

A Note on the Temperature of the Water

Since the whole principle of hot-wire anemometry is based on
the heat transfer relation between the sensor element and the fluid
flow past the sensor, any change in the water temperature will effect
the heat transfer relation and change the sensor calibration. Much
care was taken in this regard. The water temperature was constantly
measured at intervals of about 30 minutes. In the winter it was found
that the temperature remained essentially constant during the time
needed for one run. In the summer it was found that the variation of

the water temperature was about 2 degrees during the day.
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CHAPTER V

CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

Conclusions

Some conclusions can be made from this experimental study

concerning the turbulent decay in the wake of the hemisphere.

(1)

(2)

(3)

(4)

In the wake of the hemisphere a periodic phenomena
exist which are similar to the Karman vortex street.

The autocorrelations become weaker and weaker in the
downstream direction. The macro scale of turbulence
is decreasing as the point of measurement moves in
the downstream direction.

At higher Frounde numbers the relative intensity of the
undisturbed velocity profile is higher in the region close
to the free-surface. The instability of the free-surface
at high Froude numbers increases the turbulence of the
flow in the region close to the surface.

In the wake of the hemisphere the relative intensity
decreases in the downstream direction except in the
region very close to the free-surface.

In the position 3 inches behind the hemisphere center
the free-turbulence effect is so strong that the greatest

relative intensity is not in the region close to the channel
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bed but, rather, a short distance above. Higher Froude
numbers have greater free-turbulence effects.

(5) The diffusion of the free turbulence is so rapid that the
wall turbulence predominates in the position 4 inches be-
hind the hemisphere center.

(6) The decay of relative intensity is faster for higher Froude

number flow.

Suggestions for Further Research

Because of the difficulties in using the cylindrical hot-film or
X-array hot-film sensor in water containing impurities a filtration of the
water would be necessary for further research. The recommendations
can be listed as follows.

(1) Use a recirculating flume and filter the water constantly

to remove the impurities in the water such as sediment,
hairs, lint, algae, etc., in order that the calibration curve
of the sensor may be applicable for longer period.

(2) Use the X-array probe to obtain the turbulent shear in the
wake region and use two identical probes to measure the
space correlations in the wake and obtain a more complete
survey of the characteristics in the wake region.

(3) TUse the reflection technique to eliminate the free-surface
effect and compare this with the results having the free-
surface to determine the effect of the free-surface on the

turbulence.
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LIST OF SYMBOLS AND DEFINITIONS

Time average of the quantity A .
V
Froude number (— > where d = depth of flow.
Ng-d 4
Distribution function of the random variable x .

Radius of the hemisphere (in this study k is
0.208 ft) .

Macroscale of turbulence based on the velocity
correlation along X, axis .

Double-velocity correlation coefficient .

Autocorrelation coefficient .

Relative intensity .

y KXo Koy (X, Vs 2) axis .

Mean velocity along X, X, 3

Turbulent fluctuation along x

’X’XS(X’ Y, 2)
axis .

| R

Velocity in the X, direction i =1, 2, 3).

Root mean square value of the turbulent fluctuation .

Depth of the flow .
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Relative depth .
Time delay in millisecond .
Reynold's stress .

Stress tensor due to pressure and viscous forces.

Microscale of turbulence .

Dimensionless parameter, x, is the distance
between the center of hemisphere and the point
of observation in the wake, 2K is the diameter
of the hemisphere .

Mean (first moment about the origin) .

Variance (second moment about the mean) .
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