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SYNOPSIS

In thies paper mention is made of some of tiite general fuctors in-
volved in making model-prototype comparisons of hydraulic structures.
heasons for desiring comparisons, the types mude, tne difficulties en-
countered, and tne mezsurements snd instruments required are briefly
discussed. Citing two of the comparisons mude by the Buresu of Kecla-
mation as examples, an account is given of a small irrigation structure,
and of tne pressure and discharge tests on the 10<-inch river outlets
of tne Crund Coulee Dam. Conclusions drawn from these exumples, and a

bibliogrephy on model-prototype comparisons concludes the paper.
INTRODUCTION

Although greet progress huas been muade during the last decude in the
use of nydraulic models to =@id in the design of hydruulic structures,
there hus been but little progress made in comparing the performance of
& model and its prototype. It is of considerable interest und import-
ance to make such a comparison in order to determine the degree with
winich the model may be relied upon for quantitative results even if the
laws of similitude have been rigidly followed. 1In the fiela of hydraulic
structures tnis is of particular velue when applied tn dischnarge coeffi-
cients, water surface profiles, erosion of river beds, and pressures on
boundary surfaces, among others. 0Of nearly equal importunce is tas fact
that reliatle prototype measurementg will furnish accurate design data

enabling more economical designs in the future.



The reasons way little progress has heen made in comparing the
hydraulic performunce of s model and its protot&pe may be explained by
a lack of interest, particularly after tne prototype is in satisfac-
tory operation; & natural reliance on model theory; and the difficul-
ties of making prototype meuasurements. Fortunately, considerable in-
terest is now being shown for making these comparisons and it is be-
lieved that tinls symposium will assist materially in not only helping
to create more interest but, perhaps, from the exchunge of ideas the
difficulties involved in making tne comparison will be lessened.

Accordingly, & discussion will be mude in this paper of some of
thhe recognized difficulties in procuring prototype measurements, to-
gether with the measurements and instruments required. Two types of
comparisons between model and prototype will follow, one gualitative,
the other gquantitative. The former is the euasiest and the most fre-
quently made. It consists of describing, for example, the observed
performance of some structure fer several flows, and tnen comparing
these observations with those made of similar flows in the model.

It is recognized that this type of comparison is of particular value
only to those most familiar with the etructure, is not too convincing
to others, and leads us no further to actually verifying the ouanti-
tative results of the model. Obviously, a quantitative comparison
is the most valuable since it will permit not only direct comparison
between several quantitative factors of tne model and prototype, but
it will also begin to establish the degree with which the model cun
be relied upon. It is not to be construed that the hydraulic model
is not reliable to a high degree, because tne laws of similitude in
themselves are fundamentally sound when used correctly, but it is of
importance to obtain concrete evidence and thereby recognize the in-

fluence of any digressions made in conducting the model experiments.
FACTORS MAKING COMPARISONS DIFFICULT

Prototype measurements. The diftficulty of obtaining saccurate

prototype data ig the principal reason wny correlation work has been
delayed. Altnough several methods are available for mezsuring the
flow, the difficulty lies not only in actually being able to pro-

cure the measurements, but also in being uable to obtain data



applicahle to the particular feature of the prototype for which a
comparison is to he made. In these respects the discharge, velocity,
and water surface measurements are the moet troublesome.

The discharge passing & structure may usuclly be measured at a
gaging station downstream. ULuring flood flows, however, it is fre-
quently impossible to obtuin an accurate measurement because of 4
change in river section due to bed movement, or because the peak flow
may puss before 2 complete measurement is recorded. Occasionully =a
flood will occur at night, whereupon an automatic gage, if installed,
must be relied upon or the messurement is lost. On the other hand, it
is sometimes necessary to weit many years before a structure operates,
and even then a sufficient range of head and discharge may not be 06—
tained. Frecuently the discharge pzssing a structure muy be derived
from the simultaneous operstion of a spillway, outlet works, and power-
house. In such an event it is usually necessary to wait until the flow
is derived from only one source, but by tiiat time the runge of measure-
ments desired may huve passed. oimilarly, if & confluence of streums
exists between the structure and gaging station, or if heavy rainfall
occurs, a discharge measurement adjusted to be applicable to the struc-
ture may be of questionable value.

Perhaps the most trouble is encountered when it is desired to ob-
tain velocity and water surface measurements, not only for comparison
®ith the model, but also for procuring fundamental date. If the flow
travels at slow velocities and is confined in narrow channels, these
measurements may be made with s minimum of difficulty. If the flow
travels at high velocities, however, the measurements sre extremely
troublesome, regardless of the size of channel. For example;, how
would one measure uccurately the velocity and water surface of the flow
in the spillway section of the Crand Coulee Dam or chast: Dam where
the velocity is in excess of 100 feet psr second, and the water sur-
face 1s affected by air entrainment? It is imprectical to use current
meters or pitot tubes to measure the velocity, or point gages to

obtain the water surfauce.



The futility of using pitot tubes was realized ln connection with
the Grand Coulee Dam, more from the troubles of maintzining the eguip-
ment than from the magnitude of the quuntities to be measured. During
construction two streamlined, bronze piers about 21 inches nigh were
fastened to bronze base plates at the entrance and on the lip of the
spillway bucket. &Luach bronze pier supports five stuinless-steel pitot
tubes whose static and dynamic openings are connected witnin the piers
to hydrostatic pressure cells similar to those used for measuring seep-
age pressures in earth dams. FEach cell is connected to an instrument
panel in a gallery at a higher elevation by copper tubing extending
through the dam. To provide check measurements, a bypass is formed
at each cell and connected by copper tubing to manometers in the gal-

lery. In spite of all the precautions mude, muny ot the copper tubes
leading to the gallery hecame plugged and ull attempts to clear them

not only failed, but some of the diaphragms of the presgsure cells were
ruptured during the attempts to clear the tubing. It is also fesared
that debris in the tailwster has plugged or coated some of tue pitot
tube openings and may have damaged tne entire assembly from impact,
which may he even more severe after the spiliway is operated for the
first time in June 1942. As & result, it is doubtful that any reliable
measurements can be taken with this egquipment, even thougn careful plan-
ning had been made and all precautions were taken to assure an efficient
arrangement. It was realized that the pitot tube assembly might be in-
adequate, so the sslt-injection method will be attempted making use of
electrode plates, whicih were also installed at intervals down the spill-
way section of the dam. As yet no suitable methods nave been developed
to measure the water surfuce for the high velocity flow occurring in
spillways at high dams or in other open channels.

Difficulties are also encountered when meazsuring velocities in
large outlets under high heads because of the tremendous forces involved,
which necessitate extremely rigid instruments or else prohibit the use
of eny instruments whatsoever. Lack of uccess also eliminates any meas-
urements, particularly if previous preparations have not been made for

installing the necessary equipment during construction.



The success with which other measurements can be made in the
field, such us pressures on boundary surfuces, vibrations, and air-
demand, depends more on the careful planning of the instruments, the
ability to foresee their workability, and their installation than upon
the difficulties of actually being able to obtain the measurements.

Planning and cost. Since the success of any verification depends

upon the flow measurements made on a model and its prototype, it is
compulsory to formulate plans for the comparison during the laboratory
experiments and during the design of the structure. Such plans should
provide for quantitative model data covering several flows, not just
the maximum, and for the installation of piezometers, gages, and spe-
cial instruments in the prototype design as dictated by the model tests.
As a result of careful plamning, the unfortunate condition of having
_prototype data in one range and model data in another will be avoided,
even though it might be possible to regulate the prototype tests to
conform to similar ones of the model - & condition which rarely exists.

The success of any planning, moreover, depends upon the circum-
stunces under waich the laboratory tests are made. Usually they are
performed under considerable strain because of the limited time avail-
able after the preliminary design is submitted for testing and before
the final design is prepared for construction. DUiscovery of faults in
design during construction also requires model experiments to be made
quickly so as not to interfere witn the progress of construction. Be-
cause of this constant rush the model data usually do not cover tne
desired range, thorough checks on the data are not possible, and the
adequacy of the prototype measuring equipment may suffer.

If some flow measurements have been made over a period of years
at a structure never previously tested by a model, it is of consider-
able interest to construct a model and secure the data necessary for
a comparison. This reversed procedure has been tried at the University
of Iowa as an uacademic study, and was used recently at the Bureau of
fieclamation, but for the primary purpose of revising hydraulic condi-
tions at an existing structure.

The cost of taking field measurements will be greatly reduced if

plans provide for the installation of equipment during construction.



Jdnce the proper arrangements have been made, the actual cost of making
the measurements will be small in comparison to the entire cost of the
structure itself. The cost of instrumentation, on the other hand, is
relatively high and in many cases prohibits any field measurements.
Properties of tne model. Not all of the difficulties in making

comparisons are attributed to the prototype tests, in fact, most of

them must be traced directly to the model experiments, assuming, of
course, that the prototype data are reasonably accurate. This is evi-
dent since any comparison actually is a check on the model tests, not
on the prototype. In open channel studies & smell error is introduced
because it is usually impossible to select a scale ratio which will
permit rigorous similitude between model and prototype roughness, tne
model surfaces being too rough. During experiments on difierent scale

l, it was found that models having

models ot sluices in the Assuan Dam
a surface roughness commonly used today agreed witn tne prototype dis-
charge within tw®o percent. Vhen the model surfuces were artificially
roughened witn sand, however, the model discharge decremsed five per-
cent. From measurements on five geometrically similar models of spill-
ways, Eisner2 showed that there was a definite variation in the coef-
ficient of discharge with the scale ratio. The relative roughness of
the boundary surfaces was believed to be the importunt factor, tne
effects of viscosity being almost negligible. Because of the uniform
variation between the coefiricients of discharge and the relative rough-
ness, Eisner predicted the prototype coefficients reasonably well, in
comparison to extrapolating by the Froude number.

A much greater error is introduced in model studies of closed
conduits because it is practically always impossible to operate the
model at Reynolds numbers as high as those obtained at the prototype.
It is important to realize, therefore, that the model friction losses
are too large, and that a correction should be made to the model data

before estimating any corresponding prototype values. OJther errors

lahe Similarity of Motion of Water Through Sluices and Thrsugh Scale
Models: Experiments with Models of Sluices of the Assuuan Dam," by
He E. Hurst and D. A. F. Watt, Proceedings of the Institution of
Civil gngineers, London, vol. 218, 1923-24, pp. 7<-11Z.

2"Ukerfallversuche in verscniedener Modellgrgsse," by F. Eisner, Zeit-

schrift Fur Angewandte Mathematik und Mechanik, vol. 11, 1931, p. 416.
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Discharges in closed conduits are obtained by pitot tube tra-
verses, the salt-velocity method, the Gibson method, and by venturi
meters when installed in the conduit. Taoese methods are adaptable
only if plans have been made for tneir use, since it has been pointed
out that it is often impossible to gain access to many conduits in
dams. If access is imbossible, the discharge probably could be obtained
downstream at a gaging station.

In most of these methods a calibration of the instruments is re-
quired, and it is debatable whether the calibration of some of them
will be the same at the test site as it is at the place of calibration.
Using a rating curve at the prototype whica has been established from
model tests obviously defeats tne purpose of making a comparison.

Pressure. Piezometers, which are used almost exclusively to obtain
pressures on boundary surfaces, should be installed on the prototype in
positions similar to those on the model. The installation of piezom-
eters in two of the 10Z-inch diameter river outlets of Grand Coulee Dam
is offered as an example; results of the tests are discussed later.
Fiezometers in these outlets have been placed on the vertical and hori-
zontal dismeters. Each opening consists of a high-tension bronze plug
drilled witn a 1/4-inch hole and screwed into the steel plate lining of
the conduits, with the orifice end projecting about 1/16 inch past the
interior surface. After tnis projection had been ground flush with the
surface lining, & 1/16-inch radius was formed in the orifice end and
all burrs were removed. A short length of 1/8-inch standard brass pipe
connects each plug to a steel junction box, where a reducing coupling is
used to comnect each piezometer plug to 3/8-inch outside diameter by
0.035-inch wall, soft copper tubing. Junction boxes plaoced opposite
each plug are connected by Z-inch galvanized conduit, through waich
the soft copper tubing is collected and lead to six headers recessed
in an inspection gallery below the outlets. The headers, one placed
above the other, are made of Z-inch, extra strong brass pipe, with
1/8-inch brass air cocks placed in rows along the top of each header
to make connection with each piezometer line. Each header is connected

to a nigh-pressure line at one end and to a bleeder pipe at the other



end, which, in turn, is connected to s pressure measuring instrument
through a bypass.

A similar method could be used for measuring pressures on con-
crete surfaces, except the piezometers would be attached to a metal
plate set in the concrete. In any event the installation must be made
during construction.

To measure the pressures, it is common practice to use water or
mercury manometers, and dial gages. Manometers are not always satis-
fuctory because of their fragility, the fluctuations of the mercury
columns, and because of the magnitude of the pressures frequently en-
countered. Commercial—iype dial gages are usually not precise enough.
A fluid pressure scale of tine type used for turbine testing proved
satisfactory in high head tests at Grand Coulee and Boulder Lams.
Pressures up to 300 pounds per square inch can be recorded within
one-quarter of one pound per square inch up to pressures of 100 pounds,
and within one-fourth of one percent at any pressure above 100 pounds
with this instrument, whica is compact and of simple construction.
When reading piezometer pressures, the pressure is transmitted to a
copper tube grid mounted in gimbals in a weighing beam in ttie base of
the instrument. The weighing piston, which is lapped fit in the cylin-
der, is restrained from being forced upward. The resulting downward
reaction on the weighing cylinder is transmitted, therefore, to the
lower weighing beam, and measured on an upper scale beam mounted above
the base. The weighing piston is rotated by a small electric motor
while readings are being made to avoid static friction with the walls
of the cylinder.

Pressure cells used in combination with a group of piezometers
and an oscillograph may be used, but the cost of sucth equipment is

pronibitive in many cases unless it is available from previous experi-
ments. This method has one advantage in tnat a continuous record of
the pressure fluctuations is recorded on the film or sensitized paper
in the oscillograph.

In making any pressure measurements either on the model or proto-
type, the care with which the piezometer openings are installed camnot
be overemphasized. Any burr will seriously affect the reading and



excessive surface roughness either upstream or downstream from the
plezometer opening will influence the measurements. It is essential

to have a high-pressure water line for flushing the piezometer lines
clear of air bubbles, and thne tubing from the piezometer to the measur-
ing instrument should be alined, if possible, to eliminate any bends

or sags that mignht trap air.

Water surface. While these measurements are not as important as

the discharge and pressure, nevertheless a check is desirable on such
design assumptions as freeboard and roughness coefiicients. In con-
nection with the work of the Society's Special Committee on Hydraulic
Research, the problem of air entrainment in high-velocity flow reguires,
in part, a measurement of the water surface in open channels at field
structures. In comparison to the low-velocity f'low in models where

the water surfaces are relatively smooth and well defined, tnere is
actually no definite water surface for tne high-velocity flow at field
structures, but only a mass of spray and aerated water. Efforts to
point gage such a water surface in a narrow wasteway in tie Yakima
project, Washington, were in a measure successtul, but only an "average"
water surface was actually obtained.

Although point gages may Le useful for measuring water surfaces
in narrow channele, it might be more feasible at wide channels to use
a system of cables to manipulate a heavy target, which could be located
by transits. A profile of the water surface could also be obtained by
suspending a plumb-bob from the training wulls, or from a grid painted
on the training walls, but such measurements woulc be affected by the
wall friction. '

For measuring water surface elevations in a reservoir, use has
been made of the familiar staff gage and of several commercial instru-
ments. Those based on tae principle of a long air column transmitting
the pressure should be avoided because of the effect of temperuture
change on tne air column, and because of possible air leaks in the
tubing.

Velocity. Tune methods available are directly associated with
dischurge measurements, so use is made oif' current meters, pitot tubes,

salt-injection method, and floats. Altnough somewhat unsuccessful at

10



Crand Coulee Dam, the installation of pitot tubes, as discussed above,

may prove successful under different circumstances. The accurecy re-

quired for model-prototype comparisons eliminates the use of surfeace
and sub-surface floats.

Vibration. Ii{ is frequently desiruble to measure the vibrations
occurring at s prototype structure, not necessarily to compare with the
model to establish a relation between the two, but more to ascertain
wnat effect tne vibrations may have on the structure itself{'. The flutter
of nappes discharging over tne lips of drum gates on the crest of mov-
able weirs or dams is one example of sucn vibration,3 while the dis-
charge at large valves and regulating gates 1s frequently accompanied
by vibrations. Accelersmeters and pressure cells "ere used with an
oscillograph to measure vibrations cdue to fluttering nappes at the Black
Canyon Dam in Idaho. The instruments were designed on the principle
that a change of resistance occurs with a change in pressure on a pile
of carbon disks. The accelerometers measured the accelerations in tnree
directions in the dam, while the pressure cells were used to measure the
amplitucde and frequency of the inducing forces exerted on the dam by the
flutter of the nappes spilling over the lip of drum gates. The instru-
ments were calibrated by noting the deflections produced on the moving
elements of the oscillograph under various conditions created on a
shaking table. Less complicated instruments such as vibrating reeds,
vhich give only the frequency, have been used elsewhere, the amplitude
being determined by magnifying tne vibration and using an oscillograph.

Alr-demand. It 1s often necessary and desirable to measure tne
guantity of air required on = prototype to relieve negative pressures
under nappes, in conduits downstream from needle valves and regulating
gates, and in regulating gates and valves themselves. it is e aiffi-
cult problem to determine the size of air ducts required on the proto-
type by model tests, because of tne uncertainty of the similitude in-
volved, thus any check on the prototype will aid consicerably in estab-

lishing the transference reletions. To meazsure air quantities on the

ﬁber Schwingungen von %ehren," by Prof. R. veifert, Vol; Zeits.
des Vereines Deutscher Ingenieure, vol. 84, no. 7, reb. 17, 1340,

pp. 105-110.
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introduced by such fluid forces as capillarity and elasticity are
negligible in the problems usually studied in hydraulic laboratories.
In any event it is well to know the requirements for similitude, how
to apply them, and their effects on the results.

In regard to the model data, they are usually more accurate than
the prototype measurements, since errors in the field are not control-
led as easily as they are in the laboratory. In this regard it should
be determined if tne model and prototype dimensions are geometrically
similar, because frequently the field structure may not be constructed

in accordance with the dimensions used for tne model.
PROTITYPE FLOW MEASUREMENTS

Since it is necessary to take nearly the same measurements in the
field as in the laboratory, instruments should be available f'or measur-
ing the discharge, pressure on boundary surfaces, water surface eleva-
tions and profiles, velocity, vibration, air-demund, bed movement and
for photography. Keeping in mind the difficulties mentioned in obtain-
ing prototype measurements, several well-kmown methods will be outlined.
Although tne instruments used in the laboratory anc in the field are
basically similar, the prototype equipment must be designed to withstand
tremendous forces and be convenient for use. Witn little precedent to
follow, one must rely on good judgment for tne design of the instruments
and, at the same time, be able to foresee their efflicacy.

Discharge. Open channel flows can usually be measured by current
meters, pitot tube or pitometer traverses, weirs, Parshall flumes,
floats, and by the szlt-injection method. The particular metiod used
depends on the accuracy required, the size and type of channel, quantity
of water, and its velocity. Accordingly, a current meter is most fre-
quently used in rivers, lined channels, and in canals. Smaller guan-
tities in canals are measured with weirs or Parshall flumes. For high-
velocity flow in lined channels, the salt-injection method is used unless
the discharge measurement can be made at some other place where & more

convenient method could be used.



prototype (and in the’model) an anemometer, orifice plate, or pitfot

tube could be installed in the air ducts. Although not entirely suit-
able for prototype measurements because of the large quantities involved,

a rotameter may be used for model tests.

Bed movement. The scour to river channels dowsnstream from dams and

spillways is obtained by surveys or by soundings. These measurements,
however, can only be used for a qualitative comparison.

Photography. Still and moving pictures of all flow conditions ob-
served both in laboratory and field work are invaluable for purposes

of comparison. Frequently a startling similarity is seen between a

model and prototype photograph of some flow phenomenon. For still pic-
tures, the photographic equipment should include at least a standard
view camera and a miniature camera, both with fast lenses. The moving-
picture camera should be equipped for slow-motion. The higher the number
of frames per second the better, because many prototype flows cannot be
studied unless considerably slowed down in the moving pictures. Iele-
photo lens attachments are considered essential for both the still and

moving-picture cameras.

EXAMPLES OF QUALITATIVE AND QUANTITATIVE COMPARISONS

Qualitative Comparison

Irrigation structures. Such relatively small irrigation struc-

tures as diversion dams, check drops, wasteways, and turnouts offer
opportunities of making model-prototype comparisons because of their
continuous operation at various discharges during an irrigation season.
The primary concern at these structures is to prevent scouring of the
canal downstream by using a hydraulic jump stilling basin wherever
possible. Conseguéntly, it is sufficient to make only & qualitative
comparison of any erosion occurring. Most of tne small irrigation
structures in use today are based on designs developed over a period
of years, so that model studies have not been utilized except for
revising some existing structure of inadequate design. Such a condi-
tion required a laboratory investigation of check drop 4 in the
cunnyside Main Canal, Yakima project, Washington.

12



The prototype. Because of a gradual growth in irrigation, the

Sunnyside Main Canal had to be increased in capacity. To maintain a
proper gradient in the canal, 23 check drops were instulled st inter-
vals of about one and one-half miles. These drop structures, which
were built during the period 1707-1916, were similar in design, but
decreasing in size downstream as the discharge in the canal became less
due to deliveries. Each structure consists of a rectangular concrete
basin divided into bays by concrete piers wiich are surmounted by steel
brackets. By placing flusinboards between each bracket, the depth of
flowx betwreen successive drops can be regulated. Wing walls &t euch end
of the concrete basin extend into tne canal banks at right angles. The
drop in water surface at these structures varies from 30 inches for the
maximum to 7% inches for the minimum, with a maximum discharge of 1,300
second-feet at the first drop gradually decreasing to 520 second-feet at
the last one.

Not many irrigation seasons had passed before excessive scouring
developed in tne canal immediately downstream from the drops, particu-
larly at tne larger ones. All attempts to check the erosion failed,
until finally the width of the canal below the drops wuas increased in
some cases as much as 50 percent. In 1938 the problem of eliminating
this scour was assigned to the hydraulic laboratory of the Bureau of

Reclamation, Denver, Colorado.
Model tests. Since tne drops were similarly designed, check drop 4
was selected for study, and a 1 to 15 scule model was constructed. The

initial tests in the laboratory demonstrated that the model would repro-
duce the flow conditions and scour existing in tne field (figure 1).
Further analysis disclosed taat, because of the small drop in water
surface, standing waves developed instead of a more efficient energy
dissipator such as the hydraulic jump. As a result, high surface veloc-
ities proceeded downstream in tne center of tne canal, thereby producing
large return eddies along tne canal banks which eroded tnem severely.

A satisfactory solution of this problem was not readily apparent,
for not until many designs had been tested was a solution found which
would completely eliminate tire unfavorable conditions. This consisted

of adding curved training walls in the entrance to the drop, extending
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vertical walls and a concrete floor downstream to form a stilling
pool, and placing a deflector between these walls directly above the
concrete basin to force the flow under the tailwater. These revisions
created a more uniform flow distribution through the structure, and
provided energy dissipation sufficient to eliminate the high surface
velocities vhich had caused side eddies to scour the canal banks.

Comparison. After the prototype had been revised, observations
of its performance snowed that it was acting in a manner similar to
that predicted by the model tests. Figure 2 shows the revised design
of the model and prototype. The collection ot debris at the prototype
structure is evidence of roller action in the stilling pool. 1Tnis is
indicative of enerpy dissipation throughout the entire depth, instead
of only on the surface as noticed in figure 1. During the laboratory
studies a similar collection of cebris was noticed, but it was given
little consideration since it interfered with photographing the action
of the model. In the field, however, it has been of considerable value
in clearing the canal of large amounts of debris, conveniently removed
at the drop structure. Three miles downstream at drop 6, which has
also been revised, there is little trash remaining in the cunal.

The results of this comparison are of considerable satisfaction
to those familiar with the problem, but as previously mentioned such a
correlation is more convincing to those directly concerned. Never-
theless, this study is offered as convincing proof that model tests
are an excellent tool for the hydraulic engineer and that they can be

relied upon to a high degree.

Quantitative Comparison

The prototype. Sixty 10<-inch dismeter outlets have been provided

in three tiers of 20 each at the now completed Grand Coulee Dam to re-
lease a total discharge of 225,000 second-feet (figure 3). &ach outlet
has a bellmouth entrance foliowed by a lengtn of straight conduit, which
terminates in an elbow and cone at the downstream face of the dam.
Closure of each outlet is made by a service gate and an emergeancy gate,
partisl gate openings never being used with ring-seal or paradox gates.

Except for a part ol the lower tier, each outlet has a steel-plate 1§ning.



The three tiers of outlets at elevation 1136.67, elevation 1036.67,
and elevation 935.76 are designated as the upper, intermediate, and
lower outlets, respectively. Since the outlets occur in pairs in each
tier, 15 feet on centers, further designation is given by east (E) and
west (W), and by tke block number in which they occur. Figure 4, for
example, shows upper outlet 63W discharging down the face of the dam.

During the design of the outlets, plans were formulated for in-
staliing piezometers in one intermediate outlet, 51E, and one upper
outlet, 51E, 100 feet immediately above. Piezometers were not placed
in the lower outlets because they were not completely steel-lined and
because detailed model studies were not made of them. In locations
similar to those in the model, a series of 11 piezometers have been
placed in the bellmouth entrances along both the invert and crown
(vertical center-line), and on the sides (horizontal center-line).
Similarly, the horizontal part of the two conduits contains 12 piezometer
rings in the intermediate outlet, and 1C in the upper outlet; both have
1C rings in the elbow and cone. The installation methods have been de-
scribed above, while the vertical section of &n intermediate outlet shown
on figure 5 indicates the distribution of piezometers.

Model tests. A resume of the 1 to 17 scale model tests on the.out-
lets of Grand Coulee Dam has been given in another paper.h Suffice it
to say here, the tests treated the bellmouth entrance, the profile of
the outlets, the elbow and cone, and the deflectors placed in the spillway
immediately above the exit of the upper and intermediate outlets, which
can be seen in the bottom of figure 4 and figure 5. Measurements on the
model were concerned primarily with the pressures on the boundary surfaces,
measured with water and mercury manometers, and the discharge for several
heads, obtained from weir measurements.

Only the model data from the intermediate outlet tests will be used
for comparing with the prototype. Some tests were made in the laboratory

L
"Distinctive Features of Grand Coulee Outlets," by Jacob E. Warnock,
Civil Engineering, December 194G, pp. 779-782.




on the lower outlets, but no piezometers were installed in the prototype,
and since the upper outlets are quite similar to those in the intermedi-
ate tier, additional tests were not required.

Prototype tests. Twenty-three tests have been made on the inter-

mediate and eight on the upper outlets. Heads above the exit have
ranged from 28 feet to 234 feet for the intermediate outlet, and from
33 feet to 133 feet for the upper outlet. In addition to measuring
pressures with the fluid pressure scale, the reservoir elevation, water
temperature, tailwater elevation, discharge, and the number of outlets
open in each tier were recorded. To make comparisons with the model of
the intermediate outlet, it was possible to use only those tests in which
the ad jacent outlet, 51W, and the upper outlet, 51E, were closed. This
not only conformed with the laboratory arrangement, but it also eliminated
from consideration any secondary effects on the pressures. These ef-
fects were discovered first during a separate model investigation of the
bellmouth, and later during the prototype tests when it was noticed
that pressures in the bellmouth were slightly lowered when the adjacent
outlet 51W was operating, while pressures in the elbow and cone were
raised when the upper outlet 51E was operating. n

Model-prototype pressure characteristics. The first comparison
given on figure 5 is intended to show the characteristics of the hy-

draulic gradient. Because the field tests could not always be accom-

plished when the reservoir reached a corresponding elevation, the model
and prototype heads shown are not comparable. Upon first consideration

it would seem desirable for the heads to agree, but even if they did,

an agreement between the model and prototype pressures would be lacking.
The reason for this is evident from figure 8, where it may be seen that
the model tests were made at much lower Reynolds numbers, hence the
friction losses were proportionately greater. Consequently, when the
model pressure heads are scaled to the prototype by the Froude law, they
will be lower than corresponding prototype values. This fact is generally
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well-known and is only mentioned to snow the effect of not satisfying
the similitude requirement that the model shoula be tested at the same
keynolds number as the prototype. This condition is incompatible with
hydraulic models based on Froude's law, in addition to the fact that the
extremely high velocities required to comply with the nheynolds law are
imposeible to ohtain in many laboratories. In any event the model results
are on the side of safety.

Notwithstanding the lack of complete similitude, a study of figure
5 indicates a certain similarity between tne model and prototype grad-
ients. Vhereas the prototype data are quite consistent, the model data
appear to be erratic at some of the piezometers. More will be said about
this in the following discussion.

Pressure drop in bellmouth. 7o meke & more valid comparison than

the one in figure 5, the pressure drop in the bellmouth has been ana-
lyzed. By choosing & short length of conduit, the efiect of the dif-
ferences in friction is negligible, and by using dimensionless parameters,
comparable heads are not required. Accordingly, as shown on figure 6,
curves have heen draazn for the crown and invert using as ordinates

r d
d - Py , and as absclsses x , where H is the head above elevation

H - Py dq
1036.67; Px is the pressure at any piezometer in the bellmouth referred

to elevation 1036.67 as a datum; Pll

piezometer, number 11, referred to the same datum; dx is the distance

is the pressure at the reference

from the face of the bellmouth to any piezometer; and d11 is the distance
from the face of the bellmouth to piezometer number 11, as shown at the

bottom of figure 6. Values of H - Py express the pressure drop at any
H- Py d
piezometer as a percent of the total, while the distance ratio X

eliminates any small differences between thie location of piezometé%s in
the model or prototype. Two of the prototype tests were omitted from
the diagrams so as not to confuse them with more superimposition of the
points, but all of the model values ure included. The actual pressures
&t the plezometers in the bellmouth were all positive (above atmospheric)
except for low heads, and these did not exceed a vacuum of 10 feet of

water.
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The prototype curves illustrate that the pressure drop, in per-
cent, is practically constant at nearly all the piezometers regardless
of the head. This is not true for the model tests, even though the
average values of the model are within approximately 5 percent of the
prototype. Reasons for the dispersion of the model data may be explained
by experimental error, different approach conditions, and unstable flow
in the model at lower Reynolds numbers, although above critical Reynolds
number.

Experimental errors are probably due to the installation of the
model piezometers, even though great care was taken to install them
properly. Nevertheless, any minute obstructions on ghe boundary surfaces
and in the piezometer openings have serious effects. The laboratory
experiments, moreover, were made under considerable duress to enable the
design to keep ahead of construction in the field. Consequently, the
customary close checks on the data could not be made as complete as they
would have been under a more normal procedure. The different approach
conditions refer to the absence in the laboratory of a trashrack up-
stream from the bellmouth; however, it was observed from separate tests
on the bellmouth that the trashrack effects were negligible.

Evidently the differences in friction play a small part even though
a comparison is confined to the bellmouth alone. No estimate can read-
ily be made of the relative roughness of either the model or prototype
surfaces, but since the type of surface in each is nearly the same, the
relative roughness of the model would be greater. Consequently at lower
Reynolds numbers, the resistance factor for the model will vary consider-
ably more within its range of tests. It can be further assumed that the
model tests were for rough flow, whereas the prototype tests were more
nearly smooth flow. Finally, it might be added that a transition from
a laminar sublayer to a turbulent sublayer will develop less rapidly in
the model, thus influencing the velocity distribution and pressures.

It is reasonable to assume, therefore, that the model flow is not suf-
ficiently stable to give the consistent data obtained for the prototype.
Accordingly, it is believed that the laboratory tests should have been
accomplished at greater velocities (higher Reynolds numbers), disregard-
ing heads based on the scale ratio of the model. Had this been done,

the model data as analyzed on figure 6 would have been more consistent
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and would have approached the prototype values more closely, although
5 percent is certainly good agreement for the average curves.
» Pressure drop in elbow and cone. Dimensionless curves have been

drawn in figure 7 to show the pressure drop in the elbow and cone in a
manner similar to that described for the bellmouth comparison. To elim-
inate the differences in friction up to the elbow, the pressure drop has
been expressed as P23_ Px where P23 and P33 are the pressures referred
P23- P33
to elevation 1021.67 as a datum, at the start of the elbow and at the
end of the cone, respectively; e is the pressure at any piezometer
referred to the same datum; d, is the distance along the center-line
from piezometer 23 to any piezometer; and d is the center-line distance
from piezometer 23 to piezometer 33, as shown at the bottom of figure 7.
As in figure 6, two prototype tests have been omitted for clarity, but
all model tests are shown. The heads, however, are referred to elevation
1021.67 instead of elevation 1036.67, and average center-line pressure
drops have been added. The reason for negative ordinate values for the
pressure drop on the crown is due to an increase in pressure from
plezometer 23, thus making the numerator negative in the ratio P23 —PX .
P23 P33

Although not shown on the figure, the center-line pressure drop falls
as a good average between the curves for the crown and invert for both
model and prototype. This may be seen from the curves given on figure 5.

Figure 7 shows the data for both the model and prototype as being
almost equally consistent, the model values still being slightly erratic.
Reasonable agreement, however, is lacking. In general, the pressure drop
indicated from the model tests is about 30 percent greater than is shown
from the field measurements. This unsatisfactory agreement may be ex-
plained by the principal reasons applied to the bellmouth comparison;
namely, experimental errors and unstable flow for the range of Reynolds
numbers in the model.

In computing the model data for the elbow and cone, it was evident
from the excessive dispersion of the points that some of the pressure

readings were in error. To adjust these, a curve of head versus pressure

19



was plotted for each piezometer. Such curves should be a straight line,
so it was possible to detect which readings were erroneous and to adjust
them to the line. Unfortunately, if the pressures at the start of the
elbow, P23, and at the end of the cone, P33, are not initially correct
or are not properly adjusted, then the total pressure drop P23 P33

causes an error in the ratio P 23 X plotted in figure 7.

Py = Py

One of the field tests was similarly adjusted where obvious errors
were noted. By checking the piezometer numbers attached to each header,
it was found that the erroneous readings were all in a group located in
one piezometer header. It was concluded that the pressure from another
pievometer in the same header was being registered at the time this group
was being recorded. An error of this nature is easily made when so many
plezometers are required, unless particular care is taken to be certain
that only one piezometer is being read at a time.

Since the length of the elbow and cone is nearly six times that of
the bellmouth, it is evident that the differences between the model and
prototype friction will have still more effect on the comparison, even
though a study of the losses shows the bend loss or centrifugal effect
to be considerably greater. The latter seems to be noticeable in the
prototype curves on figure 7, where the points are more scattered than
for the bellmouth measurements shown on figure 6. Time did not permit a
more complete examination of the data for the elbow and cone which
might disclose a more valid method for comparingathe pressure drop.

Discharge measurements. The model and prototype discharge compari-
son is indicated on figure 9. Curve A is based on the 1 to 17 scale
model tests for which Q = Q . L 5/2 while curve B is the model
rating curve corrected to take into account the difference between model

and prototype friction. To make this correction, it was first necessary
to estimate an average friction coefficient for the prototype outlet.

This was not readily accomplished because of a lack of reliable friction
coefficient data at Reynolds numbers as high as 5 x 107; nevertheless,

it was assumed that a value of C.0085 for the friction factor would be
reasonably accurate. The model friction coefficients and Reynolds numbers
were then computed from the laboratory pressure tests and plotted on
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figure 8. Since the model friction is too large, the model heads for
given discharges would be too high. Accordingly, assuming all losses
may be scaled to the prototype except friction, the model heads were

P L %Z_ , in which f, was obtained from

figure 8 and fp = 0.0085 as assumed. After the pressure data for the

reduced by the value (f - f

prototype became available, the friction coefficients and Reynolds numbers
were computed and plotted on figure 8. The average value for fp was

0.0095 as compared to an estimate of 0.6085. Two 4LO-foot reaches were

used for the prototype computations, starting at a distance of approximate-
ly eight diameters downstream from the entrance of the outlet, correspond-
ing reaches being used for the model computations. That this is probably
not a sufficient length to develop a normal velocity distribution is seen
on figure 8, where the upper points were obtained using the first LO-foot
reach, while the lower points were obtained from the following 4O-foot
reach.

The discharges given by curve C, which were used for computing the
prototype friction factors and Reynolds numbers, was developed from
prototype pressure measurements, treating the bellmouth as a submerged
orifice. The average pressure heads measured at piezometer ring 11 en-
abled the values of hy to be.computed (see diagram on figure 9). The
four piezometers at this point are located 4 feet 5-3/16 inches from the
entrance and at the tangent between the bellmouth and transition immediate-
ly downstream, as shown in section on figure 5. Using the area of the
bellmouth at this point, and assuming a coefficient of discharge Cq = 0.98,
the orifice formula Q = 0.98 A1 p/ 2g hy was applied. Similar results
would be obtained using h, and the area at the start of the bellmouth,
but with Cq = 0.60, or applying the same area and coefficient with the
head on the bellmouth reduced by the losses in the outlet instead of hg.

Curve D has been obtained from discharge measurements at a river

gaging' station one-half mile downstream from the dam. Since it is im-

possible to pass the flow of the Columbia River through only one outlet,
the discharge applicable to a single outlet had to be computed by an in-
direct method. First, a rating curve was obtained for one lower outlet
before the water surface in the reservoir reached the intermediate out-

lets. This was accomplished by plotting effective head (reservoir elevation
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minus tailwater elevation at the gaging station), against the dis-
charge for one lower outlet (total measured discharge divided by the
number of lower outlets operating). As soon as the intermediate outlets
began to operate, the total river discharge increased accordingly, but
knowing the effective head on the lower outlets and the number operat-
ing, it was possible to obtain the discharge per outlet from their rating
curve and, thus, the total discharge contributed by the lower outlets.
Subtracting this value from the measured flow in the river and dividing
by the number of intermediate outlets operating, gave the discharge for
one outlet as shown by curve D. This method assumes that each outlet
will discharge the same amount, and that the jets from the intermediate
outlets will not affect the effective head on the lower outlets. Although
these assumptions are not strictly correct, it is believed that curve
D, and certainly curve C, would agree within 5 percent of any rating
curve obtained by measuring the discharge of only one outlet.

In comparing the four rating curves over a range of head of from
230 feet to 50 feet, the uncorrected model discharge (A) is from 10
percent to 21 percent less than the prototype discharge computed at
the bellmouth (C), while the corrected model discharge (B) is only 3
to 8 percent less. Similarly, the uncorrected model discharge (A) is
from 11 to 27 percent less than the measured prototype discharge (D),
while the corrected model discharge (B) is only 5 to 15 percent less.

SUMMARY

The agreement between the model and prototype in this quantitative
comparison is reasonably good except in one instance. Considering
experimental errors and lack of similitude relative to Reynolds number,
the pressure drop in the model bellmouth agrees with the prototype with-
in 5 percent; the pressure drop in the elbow and cone of the model, on
the other hand, is 30 percent greater than in the prototype; and, finally,
the model estimate of the prototype discharge is, on an average, 8 per-
cent low. Even though complete accord could not be obtained, the 1 to
17 scale model estimates are on the safe side and the field measurements
show that an excellent prototype design has been evolved. It follows,
therefore, although complete similitude was lacking, that the model
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could be relied upon to prove not only the inadequacy of several proposed
designs, but also to develop the satisfactory design finally adopted.

CONCLUSIONS

To better accomplish model-prototype comparisons, it is evident
that plans should be made for procuring field measurements during the
model tests and while the prototype is being designed. This not only
enables a sufficient range of model data to be obtained, but it also
makes certain that the instruments required at the prototype will be
properly located and incorporated as a part of the design of the struc-
ture. Even these precautions may not yield the desired results because
of the difficulties in actually obtaining prototype flow measurements.
Thus, the reasons for so few quantitative comparisons is traced to the
necessity of waiting years before sufficient water is available, or
to the difficulties in measuring large discharges and high velocities,
or to the fact that the measured discharge is derived from several
sources instead of the one to be used in a comparison. Finally, the
model experiments themselves introduce objectionable factors influencing
comparisons, the chief one being the inability to test the model of
conduits at the correct range of Reynolds numbers. In any event it is
important to build hydraulic models to as large a scale ratic as pos-
sible.

The qualitative and quantitative examples of model-prototype
comparisons given in this paper reaffirm the high degree to which the
model can be relied upon. Although the avowed purpose of any compari-
son, particularly the quantitative type, should be to affirm the theory
of hydraulic models or to modify the tran§ference relations if neces-
sary, it cannot be accomplished from only a few comparisons. At present,
the stress should be laid on the limitations and accuracy of quanti-
tative estimates based on model tests. In this regard, it is equally
important to show both inferior and good model-prototype comparisons.
The lessons learned therefrom will certainly demonstrate the adequacy
of present-day model research.
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¥ to 15 Scale Model

Prototype (Sunnyside Main Canal)
Fig. 1. - Check Drop Before Revision - Discharge 1,300 Second-Feet



1 to 15 Scale Model

Prototype (Sunnyside Main Canal)
Fig. 2. - Check Drop After Revision - Discharge 1,300 Second-Feet.
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FIG.7 - COMPARISON OF MODEL AND PROTOTYPE PRESSURE DROP IN ELBOW AND CONE
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