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ABSTRACT

A laboratofy investigation ﬁas.undertaken to determine the
limiting model Reynolds number-above which the scour behavior of rock
protected structures can be reproduced in hydraulic models scaled accord-
ing to the Froude criterion. lArsubﬁerged jet was passed over an initially
full scouf pocket conﬁéining'uniform glass spheres and the rate of

‘scaur‘was,measured as a fuhcfion of_time; The dimensions of the scour
pocket and jet and the particle diameters were varied és needed to maintain
strict geometric similarity. For each of two different Froude numbers
the Reynolds number was varied over a wide range. The normalized scour
ragte was found to be practically independent of the Reynolds ﬁumber, ﬁ;
(based on the jet velocity and pérticle diameter) at values of R above
about 2.5 x 10°, and to decrease with R at smeller values., A grid placed
in the jet was found to have a very strong effect on the scour rate. In
an attempt to explain the effect of R on the scour behavior, turbulent
preésure and velocity fluectuations were measured ih air flows ana'waier

- flows, respectively, over rigid scéur pockets having the same geomelry

as those formed in the scour expériments. "The normalized specﬁra‘of

the‘fluctuations weredfound to be nearly independent of R, but the flow
pattern was found to be very sensitive to the‘inlet condition, the Jet
deflecting upward or downward in a not wholly explainable manner. This
indicates that scour behavior can be modelled only if the approach flow
is aléo aécurately modelled. |



Scale Effects in Hydraulic Model Tests

of Rock Protected Structures

T. INTRODUCTION

It is se}dom 1f ever possmble in redaced scale hydraullc model
tests to achieve complete dynanmic 51m13ar1ty of all forces present in the
prototype. The investigator must generally judge whlch classes of forces
are doﬁinant and design the model to preserve similarity of those forces.
The unscaled forces do, to be sure,‘afféct the modei results to some extent,
but the magnitude and lmportanCe of these effects ig generally unXnown .
Reported herein are the results of an 1nvest1gat10n conducted for the purpose
of determining and quantlfylng scale effects assoemated w1th v1scoslty in an
erodible bed model of rock—protected structures scaled accorélng to the
Troude law. The study was confined to the common moﬁelllng 51tuat10n in
which the 1nvest1gaior 15 concerned with the behav1or of rlprap subjected
to highiy turbulent flows. Such conditions are encountered frequently at or
near free overfaiis, outlet works, channel structures, ete. While the
dynamic behavior of the fluid flow can be modelied‘on the basis of the
familiar Froude criterion,.provided the dominant forces are those associated
with gravity and inertia, it is Well*known‘tha% the forces tending to move.
individual rocks mey be influenced at model scale by viécous effects which
are dynamically dissimilar to those occurring in the prototype. It has
been the purpose of this study to detect the limitations'of model scale
reduction beyond which the Froude modelling critefion caﬁnot be accepted

without seriocus reservation.

The bulk of the experimental observations in connection with separ-
ate aspects of the study has been presente&fby‘Mbhrot?a‘[l} and Chang [2].
These authors also have glven detalled descriptions of the expebimental ap-
paratus and procedures uSedg some duplication of this information is contained
in the present report where continuity so indicates. The published obser-
vations of Mehrotra and Chang are supplemented herein by previously unreported °
work carried out by these investigatoré and by other reséarch assistants at

the Iowa Institute of Hydraulic Research,
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Two types of experiments were conducted. In the first seriés
of experiﬁents, s water jJet was passed overl an erodible bed and the seour
.rate was measured. The Plow velocity, particle size, and boundary dimen-—
sions were altéred between successive experimenfé in order to meintain geome-
trical similarity and obtain a sysﬁem&tic variation of the Froude and
Reynolds numbers. Iﬁ the second series,'rigiamboundary experimeﬁts were
conéucted in an attempt to expialn certamn observations made 1n the course

of the scour experlments.

IT. CHO;CE OF.EXPERIMENTAL CONFIGURA&IONV.
} A laboratory 1nvest1gat1on of scale effects in models of rock~
' protected structures must be carried out in a setup which is sufflclently
general that the essentzai features of prototype flows. over riprap are
represented These features 1nclude _ (1) & high ve1001ty flow, generaily
Je% like in nabure and W1th Froude number in excess of unity; (2) Passage
of the flow from a fixed boundary reglon onto a rockuprotected zone, (3)
Flow passage from the rogkeprotected zone at a lower veloelity, often with
Froude number less than unity. |

Other features fequired in s generalized model relate to the [ro-—-
perties of the model material used to represent rock protection. These may
be specified as follows: (1) The model size should bear a relationship |
to the material sigze such that it is rep?esentative of a rock-protected

atructure; and (2) The particle shape must be reproducible . at different model

scales.

The geometry of the model, presénted schematically in figure 1, .
and the bed material were chosen ﬁo'satisfy‘these stipulations. An addition=
al constraint imposéd on the model geomebry was the elimination of a free -
surface. over the rock Eed; the complications of the interaction between the

scour profile and the free surface were thereby avoided.

- ITI. SCOUR EXPERTMENTS

A. Selection Of Variables. Experiments were conducted in an

attempt to observe the nature and magnitude of viscous scale effects on a



signifiéant and readily measurable characteristics of scour: the weight of
material scoured from én erodibie'hed'seétion in a specified periocd by a.

submerged horizontal jet of water. The geometric configuration is showm in
figure 1. The variables pertinent to the problem may be presented in nCn—l

dimensional form ag

W - _ &b h By Ve |V o Vb (1)
BLZy, — TR Lh LIy w o By .
— o AR '

in which the symbols have the following meaning:

W= weighﬁ 5f‘maméria1 scoured up to time t
d = particle diameter | '
.Ys'ﬁ.épacific weight of particles
y = specific weight of fluid
" = dynamié viscosity of fluid
p = mass dénsity'of fluid
V=

Jet -efflux velocity

The quantztles h, h L and B are defined in figure 1, and t

ls
represents tlme.

The set of dimensionleés'geometric ratios,‘%— %- §~3 and %3 is’
denoted by G and, except as otherwise indicated subsequently, has been kept

- constant in all exp@rlments.

Equation 1 is re-written symboliéglly‘as

W= 7,8, F, T - S (2
where
W= Bﬁ?$“ = dimensionless welght 0f scoured material
. Y | _
o= v = raticd of specific weights
Vdo

mi
fl
|

Beyﬁolds number
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i

Froude number -

=

non-dimensional time parameter.’

i

The scour study Was almed at observ1ng the effect of R on W. The
scope of the experiments was extended by meking r@peaﬁe& observatlons of W
over a wide range of T for “two values of F. The remasining quantities, & and

¥, were kept constant insofar as prac%mcable.

B. Experinmental Apparatus. The model geometry adopted is de-

picted.in figure 1. Most of the water.flow experiments were conducted in
the gilass-walled flume housed in the Instztute Annex. The fiume is 18 inches
wide, 42 inches deep, and lﬁlfeet.long. A detailed descrlptlon of the-

flume is presented by Rouse [3] and therefore is omitted here. Some of the
larger scale experiments which could‘not-bé.earried out in the 18-inch wide
flume because of its limited width were conducted in a wooden flume con-
gtructed expecially fbr these expériments, The wooden flume was 36 inches
wide, 18 inches deep, and 10 feet long. Though the relative dimensions of
the scour pockets in the wooden and glass flumes #ere“the same, there were
two principal differences in the condition obtained at the approach section.
First, wheress the inlet to the head tank of the glass-walled flume com-
prised two pipes discharging hqrizohtally‘into the base of the head‘tank,
fhe inlet to the head tank of the wooden flume was a single pipe fischarging
vertlcally upward from below, SECOnd the head tank Gf the glass-walled
fiume was very much larger than ﬁhat of the wooden flume, consequently

there was a much longer transition for the flow before it entered the test
section in the glass-walled flﬁme than in the wooden flume. The two differ-
-ences combined to produce a higher turbulence level in the enteriﬁé floﬁ

of the Wogdgn flume. This was gquite apparent after a comparison of the free

surfaces in the two head tanks was made.

The only écgessgr;es:used in the‘investigatioﬁ were a piﬁbt tube
for velocity measurement in the jet threat, a manometer for determining
the head difference across the orifice meter used for discharge measurement,
a stop watch for %ime‘measurement,la thermometer for tem@eraxure readings,

a basket for the collection of the scoured beads from the pocket, and a



scale for determining the welght of the scoured material.

Uniform, spherical giass parﬁiclés were chosen for the studyi the
spherical shape insured complete similarity of particle shape between dif-
' ferent'experiménts. Six different parficze diameters were used: 3, L, 6,
10.15 ié.T, and 15 mm. The absolute dimensions of the scour pocket, jet
height, and condult height downstream from the scour pqcket were adjusted

a8 needed for each gediment size to Yield the required geometric similarity.

€. A Brief Description of-the‘Experiiental Procedure. An

‘arbitrary value of F, based on a jet velocity-which produced a reasonable
rate of scour, was first chosen. This value of F was held constant for all
model scales in a series of experiments. - For a given scale, the jet velocity
and dischargeé were computed. During the course of each experiment, thé
scoured beads were collécted in a'basket‘at times chosen such.tpaﬁ the in-
terval between them became progressively longer as the scouring continued.

The collected beads were welghed after théy had dried. -

Time was measured from fhe—instant wher the first few beads

wére scoured. The scouring commenced at a flow which was less than the de-
sired flow. ©Some time would, of necessity, elapse before the final flow -
could be established. 'This time is referred to as the period of flow es- -
tablishment. The velocity of the jet was measured with a pltot tube and
checked against the wvalue com@uted'ffom‘the meagured discharge. For each -
model scale at least two runs were made to ascertain if the results agreed
With;n the 1imiﬁs of experimental errors.' Thé_wateﬁ ﬁémperature was noted

in each run for use in obtaining the dynamic viscosity.

The average length of each run was about 3 hours. ‘It should be
pointed out that the scouring had not altogether stopped wheh a run was -

términateé{
Iv. RESULTS OF SCOUR EXPERIMENTS -

A, Analysis and Plotting of Data.. The cumulative weight W of the

material scoured up to time t and the time t are qﬁantitiesAthat have been
directly measured. In order to piotlthem in the most significant'manner,
certain derived quantities are’ éoéni)u“éed'. ﬂét Who= ‘g"be'.the weight of the
material scoured per unit width of thé:pocket-up to time . A.characterisﬁic

1
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depth of scour is then given by ¢ﬁ77?;. The weight is expres;ed as a
length in order to facilitate comparison of the results ©f the present
study with those obtained in similar studies by other investigators who
chose & scour-hole dimension as the depeﬁdent variable. In dimensionless
terms, the ratio of this derived length to the length of the erodible bed
is simply.ﬁﬁ. |

To study the effect of R on the YW - T relationship, "W has.been
plotted on arithmetic scale and T plotied on lcgar;thmic sc&1¢ on a single
. diagram for all %he model scaleé,in each series of ex@eriments with constent
F.‘rPiots corresponding to .the two series of experiments carried out by
Mehrotra [1] using two diffefent Vélues of the Froude number are shown in
figures 2. For nmany model scales, Mehrotra carried out two runs at each
value of R and F to check reproducibility of results. The results of all

runs have been plotted in figures 2.

Several runs were made'to observe the long-term scour behavior;
ﬁf vs. T curves for these runs have been plotted in figure 3. The curves
are presented in diagrams separate from figures 2 because small bub signifi-
cant changes were made in the experimental setup between runs; thesé changes,
although affecting only the headtank geometry, Wefe sufficient to invalidate
comparison of these runs with thoée shown in figures 2. Further discuszsion

of this point is given in a later section.

B. Experimentsl Results. TFor the geometry chosen, and within the

range of time of experiments, a characteristic depth of scour as expreSSed
by Vﬁ‘is_seen in figures 2 -and 3 to vary only approximately as the logarithm
of time. Laursen [%] has observed that certain geometric features of

scour holes wvary as log t at large values of t.

The scouring phehomenoni for the particuiar flow conditiohs and
'experimental geometry investigabed, was esséntiaily two-dimensional . There-
fore, adhering to only two-@imensional geonmetrical similarity, as was doné
in the case of the two largest models (see note in figure l), did not lead

to any apprecisble error. Both Mehrotra [1] and Chang [2] have discussed
this point at length. '

The sigﬁificance of the Froude number in phenomena of the type

under investigation is verified, Indeed, sbove a certain value of the



Reynolds number (R > 2.5 x 103, approximately) the scouring is governed
almost exclusively by the Froude number. This is evidenced by the fact .
that points corresponding to larger model scales (6 m, 10.1 mm, 12.7 mm,
and 15 mm beads) fall nearly on a single curve in the ﬁf f iy pléne in
figures 2. However, the curves are different for each values of F. Devia-
tions of the points become significant for values.of ﬁ-bélow approximately
2.5 x 103, The points on the Vﬁn— T plane corresponding to 3 mm beads for
‘both series of experiments (F = 2.53 and F = 3.14) and those corresponding
to 3 mm and 4 mm beads for the F = 2.53 geries of experiments fall on curves
| which are markedly.below the wnique curve described by larger scales and
Reyno&éé number. These anomalies stem from thé gcale effects, and are seen
to act in a direction to diminish the rate of scour. With increasing R, and
eonsequently with diminishing scale effects, the depth of scour at any T

incresses,

C. Discussion of Results. A linear relationship between /7 and

log T would be expected only if the successive scour profiles at various
bimes showed geometric affinity to each other, as discussed by ZLaursen [4].
This was certainly not the casé duringithe early stages of scouring in

the present experiments. Thus the curvature shown in some regibns of figures

2 and 3 need not be further pursued.

The apparent scale effects‘exhibited'in the smaller models is more
puzzling. One is tempted to predict that there would be 2 tendéncy for the
spheres to scour more readily in the smaller models than in the léfger ones,
because the flow should impose on the smaller spheres relatively larger drag
and 1ift forces. The basis for this conjecture lies in the known trend of
increasing drag coefficienﬁ;'cb, with‘dgcraasing Reynolds number for bodies
of this shape. Reynclds numbers calculated on the basis of jet efflux velocity
and particle diametér are below 2.5 x 103 in those runs where apparent -scale
effects are manifested; this value may be as much as an order of magnitude
greater than the Reynolds number based on local veloecity at the particle
level. Thus ve would expect significant differences in drag coefficient
vaiﬁeé between the extreme scales-tested. Attendent differenpeé in scour
guantities, however, were noi observed. The trends which Wefe observed were

obviously brought about by other factors large enough to outweigh the effect

of increases in‘CD.
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It was suspected that variations in eddy size and frequencies from
one model scale to another may play an important part in determining scour
behavior. Accordingily, a pair of runs was made in which flow from the hesd-
tank passed through a coarse grid screen before lssuing over the erodible-
material. Details of the screen are shown ia figure U4 together with the
Ao T points computed from the observations; for cOmparison the points for
the runs made without the screen are shown in the same dlagram The dif~—
ferences shown between runs with and without ‘the screen are far greater than
any previously obsérved in figures 2. Scour with the screen in position was
almost én order of magnitude smallér than without the screen. The screen no
doubt-imposed a fairly uniform field of small eddies on the mean flow, but
it may also have had the effect of bresking up eddies of much-iarger scale
than the screen grid spacing. The supplimentery runs plotted in figure U -
therefore gave neithér support nor éontrary evidence to the aforementioned
hypothesis concerning the effect .of eddy structure on scour phenomena. These
runs did,rhowever, demonstrate the extreme ééasitivity of the scour rate and

absolute scour depth to the internal characteristics of the submerged jet.

The observations made during these supplementary tesis. led to the
program of additional testing described in Section IV of this report.

In ﬁhe gextended dursgtion tests; the flow was coﬁtinue& fbr‘about

ten times as long as in the case of the experiments sunmarized in figures 2.
Seour was still progressing when the runé‘were terminated, but at an extremely
slow rate. The interval between the final two experimental points for

= 15 mm in figure 3 represents 29 percent of the test duration but only
one percent of the scour depth. The average rate of scour during the final
10 hours of the run was five particles per hour. In the run for the smaller
scale (6 mm particies) shown in figure 3, there is some indication that a’
- scour depth asymptote is being approached. TFor both of the experiments

summerized in figure 3 the scour rate is seen to be proportional to log T

at large times.

For the purpose of the present study, there was little point in
extending these tests for longer durations.



V. INVESTIGATION OF THE ROLE OF TURBULENCE

A. Purpose of Experiments. The foregoing description of the

resuits of the scour experiments per@it_the following statements to be

made :

1. Small but systemstic differences in a characteristic scour
depth are observable in a set of geometrically similar

models operated over a wide range .of Reynolds numbers.

2. The difference between models diminishes to zero when the

particle Reynolds number exceeds a lower limit.

3. These scale effects are copposlte in direction to what migﬁt
be expected on the baéis of the known relationship between
drag coefficient and Reynolds number for spheres in fluids
of infinite extenmt. . ' '

4. Perturbations in the eroding Jet, such as those induced by

& grid, result in drastic modifications of the geour rate.

The extreme importance of the turbulence velocities in dislodging and en-
training sediment particles was pointed out in the now classical experiménﬁs
conducted by Wnite [5]. His observations together with the conclﬁsiéns
derived from the scour experlmenﬁs led to & set of experlments conducted to
determzne whether the Reynolds number effect could be attrlbut@d to changes
in the msteady, turbulent festures of the flow. Pressure fiuctuatlons

were measured in the smaller water flume at the surface of a‘smooth,,rigi&
concrete bed., The shaperof the bed was the same two-dimensional form which
was,obéerved in one of the-séour experimeﬁts with 15 Qm particles aftei a
long period ofltime. A range of flow ve1001t1es was investigated using
,this‘bed geometry Turbulence velocities were measure& in a wand tunnel

for two different geom@trlcal conflgnratlons, cerresponding to 6 mm and 15 mm
particle &1ameters. The profiles of the smooth, concrete scqur section"
duplicated that observed in the scour experiments. The range of Reynolds
nurber 1nvestlgated in each of these experlments included the range studled '

in the scour experiments. A definition sketeh for these experiments is
presented In figure 5. -
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B. Data Acquisifion‘and Analysis.‘ Those guantities describing
the internal flow structure which were measured inélude %he‘temporalmmeén
velocity distributioh; distribution of R.M.S.. of velocity fiuctuations at
selected foints, spéctral‘density:functioﬁ of velocity fluctuations near the
base‘of‘the scour hole in the air model, and spectral density function‘df

pressure fluctuations at the base of scour hole in the water model.

Mean velocities were determined by the use df conventional Prandtl-
Pitot tubes and precision-alcbhol or water manometers. Turbulence velocities
were measured with the ITHR 0ld Gold Modél hot wire snemometer described by
Glover [6]. The spectral density functions of the pressureé and velocity
fluctuations were computed from thé digitized outpuﬁs of a half-inch dia- -
meter Statham 2.5‘psi'témpe§atur¢.compeﬁsated pressure transducer and the
4hot ﬁire anemometel. Tﬁe pressﬁre transducer thput‘was linear with a
calibration factor of 1.422 microvolts per volt per péi; Anélog outputs were
amplified before being digitized éﬁd'stored in core of an”IBM 1800 Data
Acquisition and Gontrol System; in%éffacing circuiﬁrj assoclated with the
IBM 1800 gonsisted of a lé~pdint multiplixer and an analog-to~digital con-
verter with sample-and-hold amplifiers. The sam@ling‘inﬁerval was program

controlled, and could be varied in steps of one eighth of a millisecond.

The program used in collection of the pfessmre fluctuations data
was designed originally for ahalyzihg velociﬁy”fiuctuations; the drift
characteristics of the hot wire veing developed at that time fbf,use in
water required that all seampling be completed. in & period of no longer than
one minute., Consequently, the data acquisition program was develoPed to
yield the autoéovariance‘funcﬁion in real time, and the‘épectral density'
function could then be computed at leisure by standard transform techniques.
In practice, rapid fouling of the hot wire precluded all hope of measuring
velocity fluctuations in the water odel, so efforts were diverted towards
the aﬁalysis of pressure fluctuations at the bottom of a smodth, conorete
model of the scoured bed placed in thé scour pocket in the 18-inch wide
flume. The real-time autocovarlanee program wes retalned and used for these
measurements, angd because drift was no longer a problem, 1ntegrat10n tlme

was extended to QhO ‘seconds .
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It is noteworth& that the program for real-time autocovariance
anélysis wtilized quadruple precision arithmetic (6h—bit wérds), and could
accept samples at 12 millisecénd iﬁtervais if the maximum lag was 99 times

the sampling interval, or gt 6 millisecdnd intervals if the maximum lag .
‘was HQ times the sampling interwval. Fast Fourier Transform techniques
would have allowed sone improvement on this performance, although it was not

necessary for the present spplication.

Because the frequenciéS'df interesﬁ in the measurement of veloclty
fluctuations in the air tunnel were much-highef than ihlthe water model;
real-time computation of the autocovariance function was not possible.

This presented no inconvenience because the air-flow version of the hot

wire anemometer was guite stable. The proce&ure ado?ted was developed by

Dr. deher of the IIHR staff, who separated the procedures for taking samples
and computing products. Locher's pfogram took samples successively at a
specified délay time up to the 1limit of the IBM 1800 core capacity; auto-
covariance.computation$ were then carried out, the results stored in

core, and the procedure was repeated until sufficient samples were obtained

té‘&efine a spectrum with narrow confidence interval..

Further detailed information on all aspects of the data acquisition

end analysis are given by Chang [2].

C. Pressure Fluctuation Messurements in Water Model. The pressure
celllwas mounted flush with the scour bed model énd placed on the centerline
_at a point three-fourths of the length of the scour pocket from the upstream
end. Four different wveloclties wers ﬁséé in this infestigation; one wag the
discharge corresponding to the flow condition that produced the bed profile,
twe were smaller, and one was larger. The smallest discharge was limited
by the magnitude of the pressure signal generated. The normalized spectrél
density functions of pressure fluctuations are shown in figure 6. The
gquantity p'{f) in the ordinate of Ffigure 6 is defined as follows:

* e(q) eiEﬂfT

p'(f) = “oT dt = normalized spectral density function

0

where



~le-

¢(o) = X(t) %(%) = mean squaré of random signel X
g(r) = x{(+) x(t + 1) = mean sutcocovariance function
£ = fre |

frequency

The Reynolds nuﬁbers, R, in this and subsequent diagrems are calculated using
jet opening, h,, end jet velocity, V. Each of the spectra in figure 6 are
based on 8,000 samples measured with a delay of 30 milliseconds. With a
maximom lag of 2.97 seconds, the spectral estimates are, at the 95 percent
. confidence level, within 0.95 db of'true values. It is seen that there is
no systemétic differénce among thé'nérmalized‘spectra for thgkdifferent

discharges.

D. Measurements iﬁ Air-Tunnel Model. Velocity distributions were

measwred at the entrance and at four sections in the larger (2h inch) model,
and st three sections in thé smaller (9.6 inch) model. In both models,

the jet velocity was slightly nonuniform, an eff@ct ascribed by‘Chaﬁg [2]

to asymmetry of the gecmetry.

The normalized mean-velocity and turbulence-intensity distributions
for four differen£ discharges investigated in the 24-inch model are shown
in figure T for the four stations. It is seen that for three of the dis-
charges, the high wvelocity core generally paralléled the lower boutdary, .-
apparently limiting the separation eddy to the downstream end of the scour
or R, = 8.6 x 10%, the high velocity
. core.sepaxamed from thgllower boundary at the lip ¢f the jet Qutlet, _

hole. For one of the discharges, that for R

producing a larger separation eddy in the scour hole.

_ The downward deflection of the jet was probably caused by the
Coanda effect. Thé change of direction on the lower boundary causes the sur-
face pressure to be lower than that of the surroundings. The pressure force
is reiated to the centrifugal acceleration assccliated with the curved Tlow,
énd keeps the jJet attached to the boundary. The range of entrance wvelocity
for which the Jet went up Instead of down toward the scour hole was found,
"with the help of smoke generated by burning oil, to be between 38.2 fps and
64.3 fps. Oubside this range, the normalized velocities end turbulence inten-

sities for different discharges were nearly identical.

The velocity and turbulence-intensity distributions for five

different discharges in the 9.6~inch model (see figure 5) are shown in
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figure 8. It was found that the high velocity-cdre of the Jet always
followed the lower Boundary., and the nonunigueness of the flow pattern
observed in the 24-inch model was not found to occur in this model. The
normalized velocity distributions for four different discharges are seen
to nearly colncide, only the lowest discharge deviating slightly. The
digtribution of the normali;ed turbulence intensity for this case is also

seen to differ from the other four.

Supplementary observations were made in the water model to .
detect whether separation at ‘the jet lip oceurred; no such flow separation

was observed,

E. Spéctral Density Functions of Velocity-Fiuctuatibns. To explore

the turbulence structure of the flow in the scour hole, a point located about
cne~fourth of the jet-opening height from the bed, approximatély thfeénfoﬁrths
of the sccur hole length from the upstream end of each scour~poéket, and having
a high level of turbulence intensify, was chosen for spectral analysis of
velocity'fluctuaﬁions. A sinple single~wire hot wire probe, oriented

normal to the streamwise direction, was used for all turbulence velocity
measurements. The anemometer cubput was observed on an OScilloscopé to
contain very high frequéncies. One might worry tﬁat‘the delay time might

not be short enough for all the freguencies of interest to be covered bhelow
the folding frequency. But if the high frequency components of the signal

do not contribute much energy to the velocity-fluctuations, a longer delay
time is folerable. The minimum program delay time in this study was 0.6 msec,
which glves a folding frequency of 830 cycles per second. In each rum,
200,000 samples were taken, with maximum lag of 600 samples; hence there

were 666 degrees of freedom. With a 95% confidence level, thé estimate

was within 0.465 db Of the ture value. In order to test the adequacy of the
0.6 msec delay time, experiments Wefe performed on the 2h-inch model with

five different discharges; each experiment was made twice, onee with a 0.6
msec delay time, and again with a 1.0 hsec delay time. The results were found

tc agree closely.

 Five different discharges were used in the 2h-inch model for
spectral analysis. The plots of the spectral density functions are shown
in figure 9. In all cases the area below the spectrum curve is unity to

within 0.5%. The ex@erimental points all fali on' the same curve, as was the
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case with the results of speciral analysis of pressure 'fluctuations per-
formed in the water model {figure 5).' Ne éystematic difference can be
found for different disehargeé. Among the five different discharges inves-
tigated, one was in the range of unstable flow patterns. In this case the
high velocity core was deflected down into the scour hole by small:&istur~

bance elements placed at the entrance.

In the 9.6~inch model, six different discharges were studied. The
‘results of spectral analjsis are shown in figure 10. Also plotted in
flgure 10 is a curve representing the mean of the spectra from the larger
model , Differeﬁces between all spectra shown in figure 8 are apparent in
éhe low frequency range. The differences are such that spectra for lower
Reynblds nuﬁber flows exhibit relatively higher ehérgy dénsities at low |

frequencies.

Loosely packed spherical particles forming the bed of the scour
hole to not prevent local velocity’fluctua$ions normal to the boundary,
and they are alsé a source of eddies. It was suspected that the turbulence
of the flow over the smooth concrete model used in this Study might not
adequately represent the turbulence structure near the boundary in an actual
scour hole, because the rough beeds had been replaced by smooth impermeable
concrete. To siudy the effects of beads on the experimental resuits, two
layers of glass spheres were glued to-the concrete bed profile. Velocity
and turbulence intensity distribdbutions-were measured sgain for four éifferQ
ent disch&rges. The results (figures 1lalandllib} show that the increase
of roughness of the bed made the entrance veloeity almost wiform. The .
high velocity core was deflected down into:the scour hole only when the
entrance velocity was less than 19.0 fps; when the entrance velocity was
greater, separation-from the lower boundary occurred, and a large eddy  formed
in the scour hole. As the discharge was further increased, the high velocity
core tended to move downward again. Whether there was a-discharge large

enough to suppress the eddy completely was not ascertained because of the
limited power of the blower.

Seven different discharges were used for spectral analysis in the
model with the particle~covered bed. The spectra are shown in figure 12
and can be fitted onto two curves; one for cases in which the high velocity

core went down into the scour hole, one for cases. where the high velocity
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core separated from the bed. There is & slight difference between these two
specira; relatively more energy was contributed:by,the;medium size eddies

when the high veloclty core separated from the lower boundary.

By comparing spectra for the two types of bed for the case with
no fiow separation, figures 10 and 12, it is clear that the turbulence
‘structure is virtﬁaizy unaffected by the permeability or roughness of the

scour hole profile.

F.I Discusgion. HThé stated sim of the flow-structure investiga—
£ion'waé to ascertain whether fhe'Réynolds nmumber effect on the scour réﬁe
resulted from significant changes in the unsteady features of the flow.

From the spectfa presented in figﬁrés 6, 9, 10, and 12, the only significant

anomalies are seen to be:

(i) between separated and non~separated flow, with eddies -
of medium frequency more pronounced in the separated

flows,

(ii) between high and low Reynolds number fiows, the eddies of .
- tow frequency being more proncunced at low Reynoldé

nuwbers.

Neither of these observations is capable of being reconciled with the earlier
observations on the effect of Reynolds number on the scour rate. Flow sep-
aration was not observed in the scourAexperiments, so the relevance of the
firgt point must be discounted The second 901nt suggests that low Reynolds
number flows concentrate the energy of turbulence into a frequency range
where particles should respond to turbuwlent agitation, and thus be more
readily ‘displaced from the bed. A trend in this direction is contrary to
the trend observed in the scour eﬁperiments. ViScoﬁs effects, then, do not
produce changes in the turbul@nge'structure which explain diminisﬁed scour

rates observed at low Reynolds nunbers.

Posszbly tHe most reléevant observation concerns the extraordznary
sen31t1v1ty of scour rate to temporal or. spatial perturbatzons in the incoming
jet. TFigure L illustrates the point. The apparent anomalies between figures
2 and 3 might be ascrlbed to a similar phenomenon; experlments plotted in
figure 3 were carrled out after the system of screens and filters in the

headtank had been nodified for the hot-wire work. BSuperior stilling was
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thereby achieved, but the rates of scour shown in figure 2 could no longer

be reproduced. Thus, headtank geometry and approach. flow conditions appear
to be of prime importance in determining the scouwr rate and aebsclute scour

depth.

We may-eiténd the argumeht to the rate of the contraction between
the headtank and thé érodible-bed; the gebmetry-of-the contraction changed
markedly from one extreme model scale to ﬁhe other, because no attempt was
made to changé its absolﬁﬁe dimensioas (except the "Jet opening) from one
scale to another. One is led to conclude, therefore, thatlldigsimilarities
in ‘different scale jeﬁs may.have been sufficient to account for the variém

_ble scour rates observed in the sef of otherwise ildentical models.
VI. CONCLUDING STATEMENTS

Repetitive experiments carried out with a setup representative of
a typleal hydraulic model of a rock-proiected structure, designed to explore

viscous scale-effect phencmena, led to the fellowing conelusions:

1. The observed variations in the rate of scour as a function of
Reynolds number occurs’ in a direction which is contrary to that indicated

by simple arguments based on the variation of particle drag coefficient with
Reynolds number.

2.  The éffects of bed perﬁeability or changes with scale of -
bulence structure with Reynolds number do not- allcw the trend in scour rate
to be rationalized.

3. The flow pattern is not governed in a wholly pred1ctable way
by boundary geometzy; the Coanda effect may lead to variable patterns of
Jet traj ectory .

4. Scour at a fixed ﬁalue of the Reynolds number exhibits ei-

treme sensitivity to temporal and spatial perturbatlions of the eroding jet.

‘ 5. Similarity in scour behavior can be expected only if strict
geometric similarity is observed, not oﬁly in the vieinity of the eroding

Jet, but also in the region which determines the internal flow characteristics
of the jet. -
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6. The results of these experiments suggest that Reynolds number
scale effects are minimized 1f the Reynolds number, based on the particle
size and mean flow velocity, is greater than about 2.5 x 103,
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