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SYMBOLS AND ABBREVIATIONS

>

Figure 1

The following symbols and abbreviaticns will

some of which are identified

be used in this paper,

-
.

in Figure 1 above
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channel width

wave celerity

- cubic feet per second y
: =

Froude number upstream of transition-—vgz;

acceleration of gravity

depth of flow

depth of flow above transitlon

depth of flow downstream of standing wave

specific energy

channel slope or gradient

time in seconds

velocity of flow feet/second

velocity component parallel to wave front

velocity upstream of standing wave

upstream velocity component perpendicular

to wave front

downstream velocity component perpendicular

to wave front

velocity downstream of standing wave

angle of wave measured from direction of

flow above transition degrees

angle of transition measured from original

direction of flow degrees



SUMMARY

The recent tendency towards handling large volumes
of water at higher and higher velocities has introduced
a new problem for the designing engineer. Structures
designed from a consideration of flow phenomena in
natural streams have often proved unsatisfactory be-
cause of surprising standing waves generated in curved
sections and expanding and contracting transitions.

An analytlcal investigation of these standing waves

was presented by Dr. A. T. Ippen at the Second Hydrau-
llc Conference at Iowa University in 1942. 1In this in-
vestigation Dr., Ippen presented a relationship for the
determination of wave angle and depth in terms of boun-
dary and flow conditions, It is the purpose of this
thesis to investigate the relationship between wave
location and depth with changing boundary conditions:
for a limited variation in flow conditions and compare
the results obtained with analytical results based on
Dr. Ippen!ts paper,

An aluminum flume, three feet wide and twelve feet
long, was designed and constructed to fit the bed of
an existing wooden flume with an adjustable slope.
Walls were provided with 40 inch machine fitted wall
sections on each slde of the flume that were adjustable
to any deslred transltion angle between zerc and eight-
een degrees, Wave profiles were then measured at sec-

tions through the transition for wall angles of three
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to twenty-four degrees in three degree increments for a
Froude number of 3.86 and the wave angle and depth deter-
mined., When compared with the wave angle and depth com-
puted for the same boundary conditions from Dr., Ippen's
relationship, an agreement within three per cent was
found for the depth ratios. The agreement of measured
and computed wall angles varied consistently from =
measured angle, belng about fifteen per cent too small
for transition angles of three degrees to absolute agree-
ment between twelve and fifteen degrees, For transition
angles greater than fifteen degrees, the measured angle
was about five per cent too great.

It is concluded, therefore, that for Froude numbers
between 3.5 and 4.1 the analytical determination of depth
ratios is of sufficient accuracy for design purposes
and that the analytical determination of wave angles
when connected by a value K, which is apparently a
function of wall angle and flow conditions, can be con-
sidered accurate to within one degree in designing a

contracting transition.
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INTRODUCTION

STATEMENT OF PROBLEM

The fundamental characteristics of the flow of
water in open channels has, up until the last decade
or so, been assoclated with the flow phenomena in
natural streams or artificial channels at relatively
low velocities. Subsequent large scale developments
of irrigation and flood control projects involving
the dispatch of large quantities of water at high
velocities, resulted in many cases of flow behavlor
quite different from that predicated upon the low
velocity flow theory. Channel curves and contrac-
tions designed ﬁo impart smooth, streamlined flow
transitions now simply induced the formation of stand-
ing waves of such magnitude that the channel had to
be operated at greatly reduced depths 1in order to pré—
vent overflowing - or the walls had to be increased in
height well out of reason for the quantity of flow
handled. The analysis of thils phenomena led to the
present theory of standing waves 1in supercritical flow,.

The fundamental difference between water flowing

at "high" and "low" velocities 1s in the relationship

of potentlal and kinetic energy possessed by the water,

The specific energy of flowing water 1s made up of two



components: depth and velocity heads. These may be
thought of as the potential and kinetic energlies, re--
spectively, of the water in foot pounds per pound.

When the ratio of potential to kinetic energy is two

to one (2 / 1), the water is flowing at minimum energy
and the depth and velocity are said to be "critical",

When the ratio is greater than two to one (2 / 1)the

oo TR 1 s

flow is known as "streaming", the velocity as “sub-
critical™, and the flow conditions are those normally
encountered in most rivers. When the ratio is less
than two to one (2 / 1), The flow is known as "shoot-

ing" and the velocity as "supercritical®, This type

of flow in open channels is less common, existing over
splllways, in some slulceways, and in some diversion
channels, Supercritical flow can occur in a street
gutter on a really steep hill, It is with supsrcriti-
cal flow characteristics that this paper is concerned,
and particularly with the formation of standing waves

In supercritical flow. These waves are generated at

points of channel contraction, expansion, or curvature,

introducing a pronounced influence on downstream con-
; ditions of flow for great distances. Their amplitude
E% 1s often several times the depth of flow upstream of

the transition thereby causing overtopping of the

channel at capacities far below design capacities,

- 13 =




HISTORY OF PREVIOUS RESEARCH

The first known attempt at understanding the cause
of standing waves in open channels and of developlng a
relationship between flow conditions and boundary con-
ditions such that the location and amplitude of these
waves could be predicted was undertaken by Arthﬁr Te
Ippen and Robert T. Knapp in work done for the Los
Angeles County Flood Control District. The results
of their work was emoodied in a report entitled: "A
Study of High Velocity Flow in Curved Sections of Open
Channels" (1) and is supplemented by a later report
entitled "Experimental Investigations of Flow in Curved
Channels" (2), A summary of the above reports was
presented by Knapp and Ippen to the FPifth International
Congress of Applied Mechanics, 1938, in a paper en-
titled: "Ourvilinear Flow of Liquids with Free Surfaces
at Veloclities above that of Wave Propagation" (3).
At the Second Hydraulics Conference, University of Iowa,
1942, Ippen presented a paper entitled "Gas Wave Anal-
ogies in Open Channel Flow" (4). A summary of this
paper is given in the appendices. 1In this paper Ippen
discusses standing waves in hydraulics and develops
the following relationships between boundary and flow

conditions (See figure 1):
oa B [T
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Hunter Rouse in Chapter XVI of his book, "Fluid
Mechanics for Hydraulic Engineers" (5), presents an
excellent discussion of "Gravity Waves in Open Channels"
covering briefly "Wave effects at boundary changes in

the horizontal plane".

PURPOSE AND SCOPE

It is the purpose of this paper to present'the
results of an experimental investigation of the re-
lationship between flow and boundary conditions as
they affect the locatlon and magnitude of standing
waves, and to correlate these findings with the ana-
lytical investigation of similar conditions based on
Dr. Ippen's paper "Gas Wave Analogies in Open Channel
Flow" (4). The investigation includes conditions of
flow with Froude numbers ranging between two (2) and
five (5) and wall angles varying from zero (0) to

twenty-four (24) degrees.

- 15 -
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INVESTIGATION OF STANDING WAVES IN

SUPERCRITICAL FLOW OF WATER

ANALYTICAL CONSIDERATIONS

Analysis of standing waves in supercritical flow
is based upon a consideration of momentum, contimity,
and geometry of flow lines. As in the development of
the relationship for depths in a hydraulic jump, some
assumptions are made. These are listed herewith so
that a clear understanding of the basis and limitations
of the analysis may be had.

l. Uniform rectilinear flow (parallel flow
lines).
2. Flow downstream of the wave 1is parallel
to the transition walls,
5. Bottom 1s level.
4. Viscous effects are negligible.
5. Normal hydrostatic pressure distribution.

Assumptions three (3.) and four (4.) are compli-
mentary, the bottom slope being adjusted to balance
friction effects and insure uniform flow conditions.
Based on these assumptions the relationships between
flow and boundary conditions in a sharp angle tran-

sition as presented by Dr. Ippen (4) are {see Appendix A):

o 4TGRO
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¥ith given initial conditions of Froude number F,

@)

upstream depth h, transition angle &, the wave angle/g,
and depth hz’ downstream of the wave front can be deter-
mined. By a solution of the simultaneous equations

(1) and (2), the following is obtalned:

From equation (1)

2 = 5t )

A A18ESHF -1
A V4

L
Az v!_/* 8),:‘.7/'"'/5 -/
From eqguation (2)

7£a/) o + ;A'— férﬂjf?éﬂé = 7%/2/5- —A-:': 75»7,3

™

€l

b _tan B = Far O
he 7(an/<5~f '/Qﬂ"/.“j’ Y- (4)

Equating ecuations (3) and (4) and solving for

tan ©, the following relationship 1s obtained:

bo. Aab((PBFE=3)
/B F5ia*8 +2%n28 -/
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A graphical solution of this relationship for
angles of © between zero and twenty degrees and for
Froude mumbers between one (1) and five (5) is illus-
trated on Plate 5 of Appendix C. Thus, for any wall
angle G,/?is determined. Then from egquation (1), a
graphical solution of which appears on Plate § of
Appendix C, for known values ofﬁ’and/g, the ratio
of depths, %,15 determined. Thus, for given boundary
and flow conhitions, the wave angle and depth of wave

can be determined analytically.

DESCRIPTION OF APPARATUS

In an effort to secure a flume with the greatest
versatility yet at minimum expense and one which could
be constructed 1in thé allotted time, a flume three
feet wide, twelve feet long and nine inches high was
designed of alumimum to be inserted in an existing
flume with adjustable slope. At the head of the flume
an adjustable sluice gate was constructed with maxi-
mum variation in head of 0.75 feet. This limitation
was imposed by the height of wall of the existing
upstream stilling pool. Four feet downstream from
the sluice gate; a 40 inch section of adjustable wall
was machine-fitfed into the fixed alumlinum wall on
each side of the flume, providing a contracting tran-

sition with vertical walls capable of any angular

- 18 -



ad justment between zero amd eighteen degrees. Pos-
sible disturbing effects due to non-contimuity at the
origin of the wall angle were minimized by use of
machine fitted joints. The original flume was equip-
ped with steel rails on which a point gauge was
mounted for measuring depths and surface profiles,

A lucite panel 3X3% feet, adjustable to any position
over the transition, was provided to enable experi-

wenters to readily determine wave angle with respect

to wall angle by direct measurement.,
The flow in the channel is maintained by two

pumps rated at 600 and 1000 g.p.m., respectively.

The water is pumped from a large sump into two con-
stant head tanks. A six 1inch plpe from each of these
tanks carries the water by gravity flow to the stilling
basin of the apparatus from whence it flows through |
thhe slulce into the channel. One of the six inch
pipe inlets leads to a callbrated weilr for measuring
the ouantity of flow., The other six inch line 1is
equipped with an orifice for the same purpose. ‘he
original installation consisted of the one six inch
line to the weir., The maximum flow over the welr

was too small to furnish the desired range of depths
and Froude numbers in the channel, so the second six

inch line with the orifice device was added, The

- 19 -




orifice plate was machined with an inside diameter
of 4.282 inches and inserted intec the six inch pipe
at a flange connection. Piezometer connections were
tapped into the six inch pipe radially at the one-
guarter points, six inches above the orifice plate,
and three inches below the plate. Both the upper and
lower group of piezometer taps were jolned by exter-
nal ring connectors. Each ring connector was provi-
ded with a bleeding valve and a pressure connection
to a four foot water manometer. This installation
connected to the constant head tank supplied by the
600 gpm. pump added about one (l.0) cfs to the dis~
charge. The capacity of the orifice was considerably
greater than this but the increase of one (1l.0) was
found to be adequate, The design and construction of,
the apparatus consumed a major part of the time allo-
cated for thesis work: thus the apparatus was not
exploited fully and has many possibilities for fur-
ther investigations. Suggestions for minor modifi-
cations are set forth under a later paragraph cover-

ing recommendations.

PROCEDURE
The slope of the flume was set at maxlimum gradlient

of approximately 1,68 per cent, determined by level




readings along the bed and along tne rails. The sluice

- gate was then set with spacing blocks for an opening
of 0.75 inches and sufficient discharge obtained to
insure maximum head on the sluice opening, the dis-
charge being measured with a calibrated 30 cm. weir.
When steady conditions were attained, and with 6 equal

g to zero, surface and bottom profile readings were

| taken. by the polnt gauge (measuring to hundredths of

a centimeter) at stations -0.3, 0.0, 0.4, 0.8, 1.2,

1.6, 2.4, 2.8, and 3.35 measured in feet in the direc-

tion of flow with the origin of the stationing at the

apex of the transition angle., The direction of flow
is designated the X direction and 1s positive in the
direction of flow. The Y coordinates are transverse
to the direction of flow and measured from an origin
on the left side of the flume with respect tc the

direction of flow. Depth measurements were all ver-
tical and accurate to one half a millimeter. The

accuracy of depth measurements was established by the

degree of accuracy possible in fixing the water sur-
i face with the point gauge. Thus the uniformity of
flow was determined with the wall angle © equal to
zero and Froude numbers were established at each
station.

Enowing the desired wall angle, €, and the




length of transition section, 40 inches, the wall
angles were set by means of the established X and

Y coordinate system. Three degree transition angles
were set on each wall and transverse surface profiles
taken at stations 0.4, 0.8, 1.2, 1.6, 2.0, and 2.4.
The wave angle was measured directly by tracing the
wave front on the lucite panel with a grease pencil
and measuring the tangent of the angle so traced.
surface and bottom profiles were taken along each
wall from station -0.5 to station 2,4, These mes-
surements were taken as close as possible to the wall
but were actually about 1/8 inch from the wall because
of interference of the wall with the point gauge.
Wall angles were then changed to: 69 ¢, 12° 15° 18°
21°, and 24fdegrees, In turn, and the above profiles
and measurements taken for each angle. 4 plot of
profiles for Run #5 of wall angles 3°, 65 95 12°% and
15°1s contained in the appendices.

The above procedure was then repeated for a simi-
lar set of wall angles but with successive increases
of sluice gate opening to a maximum opening of two
inches., With each increase in sluice gate opening
there was a corresponding decrease in Froude number
as the velocity, V,, remained about constant and the

éepth, h, increased., It was then the intention to
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continue the measurements with ldentical slulce gate
openings but reduced head on the sluice gate, thereby
getting another series of lower Froude numbers but with
depths h, the same as 1in the previous series. For the
lower Froude numbers the slope of the flume could be
reduced to insure essentially uniform flow conditions.
Time did not permit completion of the runs with the
decreased head on the slulce gate.

All profiles were then plotted in a manner similar
to the plots in the appendices for Run #5 and the wave
angle /3 determined by striking average depths h and
h,and locatlng a representative point on each wave
profile by balancing the two areas contained between
a vertical line, the actual wave profile and the aver-
age depths h and h., This vertical line was then pro-
jected to a point on the plane of the bottom of the |
flume. The best straight line joining these projected
points established the wave angle,ﬁi, The depth h,
(for the same boundary and flow conditions) was deter-
mined by averaging the mean depths, h, taken from the
profiles at each station,

Thus a wave depth and a wave angle has been mea-
sured for known boundary conditions and comparisons of
these measurements can be made with analytical solu-

tions for the same boundary and flow conditions,
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METHOD AND SCOPE OF INVESTIGATICN

The great amount of time consumed in the construc-
tion of the apparatus left only a short period in which
to obtaln the data necessary to analyze the standing
waves., It was therefore considersed best to study com-
pletely the condition for one Froude number through the
range of minimum to meximum wall angle. If time then al-
lowed, runs could be made at other Froude numbers for com-
parison of results., A preliminary run was taken and pro-
files plotted. ''his preliminary run was analyzed to de-
termihe a graphical procedure for measuring the wall angle.
The method finally adopted is the one described elsewhere
in this paper and indicated on the profile points in the
appendix. The main advantage to this method 1s in the
consistency with which representative polnts on the wave
can be located. Large variations in the personal error:
involved in arbitrarily locating the average h, and h,
lines reflect only a very small difference in location
of the vertical line balancing the triangle areas. Fur-
thermore, the portion of the wave front immediately at
the beginning of the wave 1s the most accurately mea-
sured portion of the wave. The velocities are high and
the position of the point gauge is readily observed.

At the crest of the wave, and back of the wave, the point
gauge position is more difficult to observe accurately

due to irregularities of the surface. Attempts



to obtaln an average h, (directly) by averaging the
measurements. introduced difficulties of determining
just where, beyond the crest, the h, readings should
be taken for computing the average depth. Hence, the
balanced area methed was adopted and proved to be very
consistent, giving results within the range of normal
personal errors. The effect of the transition wall
upon the wave profile clearly indicated that several
more cross sectlons than were taken on the preliminary
run would be necessary and that these sections should
be taken at regular intervals., Run #5 represents a
cowplete run at average Froude rmumber of 3.8¢ with wall
angles from zero to twenty-four degrees, Above twenty-~
four degrees the wave pattern became quite turbulent
and the position of the point gauge very indeterminate.
Runs #2, #3, and #4 were not complete runs but enough

data were taken for comparison of results,

FLOW CONDITIONS IN THE FLUME

In designing the flume, emphasis was placed upon
obtaining smooth undisturbed flow above the transition.
The slulce gate was carefully fitted and machined. The
entrance to the flume above the slulce gate in the region
of suberitical flow was provided with curved transitions.
Along the flume walls bolt heads below the water line
were counter sunk, soldered, and smoothed down to assure

an even, continuous wall boundary. Without the use of
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the sluice gate, a very smooth, undisturbed flow could
be obtained. Introducing the vertical sluice gate,
however, caused a series of vortices which created
small transverse irregularities 1n the water surface.
The effect of these vortices are indicated by varia-
tions of depth measurements along the cross sections
at zero wall angle, It is belleved that these vor-
tices might be partially elimingted by the use of a
nozzle type of entrance where the transition from large
to small depth is very gradual. Time was not avail-
able to permit investigation of the nozzle type en-
trance, Flow conditions in the flume could be further
remedled by using longer transition walls, thus giv-
ing a greater portion of the wave front that is rep-
resentative of normal conditions. Actually, the 40
inch length provided only a short distance where the .
condition might be sailéd to be normal. Above this nor-
mal stretch the depth of flow is affected by the ex-~
cessive vertical velocitlies. As the upstream flow
reaches the wave front the proximity of the wall be-
hind the wave causes nearly an instantaneous change

in direction and depth, This change is accompanied by
high vertical velocitlies and pressures varying appre-
ciably from the normal hydrostatic pressures., The
depth behind the wave in this area 1s therefore greater
than at points further downstream where the wave front

is an appreciable distance from the wall and the
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streamlines can expand gradually to the hz depth.

This 1lncreased depth in the vicinity of the initial
transition is clearly shown in the wall profiles in

the appendix. Below this normal stretch, the effect

of the sudden end of the transition introduces a sud-
den drop to atmospheric pressure along the wall which
affects the depths to a minor dggree at the lower
Froude mumbers for a short distance upstream. Another
condition of the flow in this flume is the gradual in-
crease in depth, longitudinally, thereby causing a dif-
ferent Froude number at each cross section. This con-
dition results 1n a slightly curved wave front,{37be1ng
greater for lower Froude numbers. Hence, the use of an
average Froude number, average heights, and average
wave angles, If the slope of the flume could have been
ad justed to equal the energy gradient, thils condition
of changing Froude number would have been avoilded, but?
the maximum slope of the flume was 1lnsufficient to main-

tain uniform flow at the higher Froude numbers,

WAVE PATTERN

At a wall angle of three degrees the wave pattern
and the location of the wave front were barely discern-
able. At greatef angles the wave front became more pro=-
nounced and the pattern more distinct. However, with
increase in wall angle, the wave distortion at the be-
ginning of the transition increased until at the larger
wall angles (18 to 24 degrees) there was a definite
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shooting up of the water to an exaggerated height as it
hit the wall at the beginning of the transition. The
water then appeared to curl over and fall along the wave
front causing a roller similar to that of a hydraulic ’
jump. The wall profiles indicate that the greatest
depth oceurs at the beginning of the transition and di-
minishes gradually to a constant value. This can be
verified by the fact that the high velocity flow shoot=-
ing against the wall will tend to rise higher on the
wall than 1t would when shooting into the wave front
where a gradual expansion of the streamlines can take
place, As the high velocity flow approaches the wave
front, the flow lines at high velocity gradually curve
into the flow line pattern at the greater depth and
lower velocity in back of the wave front. The "hump"
or crest to the wave shown by the profiles indicates
non-uniformity of pressure and veloclty distribution in
the vicinity of the wave. This deviation frow the
theoreticalhis exaggerated at the beginning of the tran-
sition where the horizontal flow lines near the wall
are deflected almost vertically, the greater portion

of the velocity head being transformed intec static
head. The greater departure from the theoretical con-
ditions at the larger wall angles 1s in part due to the
departure from the assumed of the pressure and veloclty

distributions. The change of Froude mumber resulting
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from the change of velocity from high to low above and
below the wave front increases with increased wall angle.
The Froude number below the wave front approaches one
(1.0) and the specific energy the minimum. As the mimi-
mum specific energy 1s approached, large deviations in
depth result from small variations in veloclty causing

a distorted water surface.

WAVE ANGLE COMPARISON

The graphicalgdetermination of the wave angle by
the balanced area method gave results which showed a
consistent trend for each of the four different Froude
numbers when compared to the ﬂ,computed for the same
boundary and flow conditions by equation (5). Identi-
cally the same trend was indicated by the values ob-
tained by direct measurement of the wave angle. For
the smallest wall angle (three degrees) the differencé
between th.e theor‘etical/f, and the (3._ measured from the
profiles 1s a maximum, the measured fi_being smaller
than the computaiff.. As the angle 1s increased, the
difference decreases until at some point between a wall
angle of twelve and fifteen degrees the measured Aico-
incides with the theoretical /Z . As the wall angle 1s
further increased, the difference again becomes greater,
only now the measured & gives larger values than the

theoretical/i,. A plot of the ratio of measured to the-
oreticalfﬂ is shown on Plate 2. A tabulation of this
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comparison is given in Appendix C. Since the scope of
this investigation was limited to the one complete run
at a Froude mumber of 3.86, a comparison of the/ﬁTdif-
ferences for the same wall angle at different Froude num-
bers 1s not possible., The runs which were made with
different Froude mumbers were lncomplete and the Froude
number varliation insufficient to support any general
statement of a comparative nature. Whether or not the
ratio of measured to computed wave angle at any one wall
angle approaches unity with increasing Froude numbers,
as indicated by these results, might well be a subject
for further investigation. However, the trend at any
one Froude number with iIncrease of wall angle 1is very

definite as indicated in Plate 2.

COMPARISON OF h,/ h, RATIO

Plate 3 illustrates the comparison between the
h,/ h, ratio as computed by equation (1) using the
theoretica%/fcomputed from equation (5), and the h, /h,
ratio as measured. The agreement is well within the
range of accuracy of point gauge measurements, A4 list
of the measured and calculated values of h,/ h, is in-

cluded in Appendix C as Table III.

CORRECTION FACIOR

The above analysis of the results leads to the

possibility of applying a factor to equation (1) in

S
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the following form:
: K [77
J/”I/§= “""F’- \/26///7‘6—4;‘)

8ince the comparison of the h, / h, ratios are in close

agreement for all values of wall angle, the factor need
only to be applied to the value of Sin/fas shown above,
The factor K thus becomes the ratio of the actual Sin/i
to the theoretical Sing. Values of K can be obtained
for each of the wall angles used in this investigation,
By plotting these values of K against the wall angles,
a curve 1s obtained from which a value of K can be ob-
tained for any selected wall angle. The value of K for
the range of Froude numbers used in this investigation
varies from approximately 0,85 at a wall angle of three
degrees to 1.05 at a wall angle of twenty-one degrees,
being unity at a wall angle between twelve and fifteen
degrees. Application of this factor enables/6>deter-
minations that are within zero to one degree of accur-
acy when the ratio of h, / h, 1is given. The X curve is

shown on Plate 4.

CONCLUSIONS

l. For the small range of Froude numbers used in
this investigation, the value of the wave angle as com=
puted from the theoretical equation compares very well
with the measured wave angle when the wall angle is be-
tween twelve and fifteen degrees., For wall angles below

six degrees and above eighteen degrees, the difference
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between the theoretical wave angle and the actual wave
angle becomes significant,

2. The agreement between the actual and theoreti-
cal h, / h, ratio is within the accuracy of point gauge
measurements and personal error.

S« Introduction of a factor, K, into equation (1)
enables theoretical wave angle determinations that are
within zero to one degree of accuracy. The factor K can
be determined for any range of Froude numbers by experi-

ment similar to that performed in this investigation.

RECOMMENDATIONS

The results of this investigation indicate, for
Froude numbers between 3.46 and 4.11, excellent agree=-
ment between measured and computed depth ratios and an
agreement between measured and computed wave angles
that varies consistently with wall angle variations.
Indications are that the wave angle agreement improves
with higher Froude numbers., This trend towards better
agreement with higher Froude numbers should be investi-
gated further such that a definite relationship between
the ratio of measured to computed wave angle, Froude
number, and wall angle can be ascertained, This further
investigation can be carried on in the flume constructed
for this investigation by increasing the available slope
on the flume to insure uniforﬁ flow conditions and by

increasing the available head on the sluice gate,

- 35 =



Should additional investigations be undertsaken,
transition angles should be set on but one wall at a
time with the other wall angle equal to zero, thereby
obtaining a more extensive wave area free from distur-
bances caused by opposite wall., It is further reconm=~
mended that the transition section be lengthened from
the present 40 inches to the maximum allowed by the
flume width. A 60 inch transition could effectively
be used for wall angles up to 18 degrees and it could
then be replaced by a shorter section for larger wall
angles., The longer transition section will produce a
wave with a greater extent free from the high vertical
velocities at the origin of the transition, thereby
making possible a greater number of more accurate

prefiles.

- 36 =



e »

A.

TMe TN i g g — v

- -3 "*'W‘W -

B.
Ce

D.
E.

APPENDICES

Page
summary of "Gas Wave Analogies in Open
Channel Flow" 38
Sample data sheet 42
Computations 43
Surface profiles and photographs 49
Bibliography o7

- 37 =



- {vv"" ey

;o

APPENDIX A

SUMMARY OF PAPER ENTITLED "GAS WAVE ANALOGIES IN OPEN

CHANNEL FLOW" Presented by Dr. Arthur T; Ippen at Sec-

ond Hydraulic Conference, Iowa University, 1942, (4)

In recent years high velocitlies of flow have been
employed for the efficlent handling of large dlscharges
in channels with a free surface. The performance of
many of these high velccity structures did not come up
to expectations because of surprising standing wave
patterns which affected flow in curved sections and in
channel contrgctions and expansions., Some research
had been done in the field of "shooting" flow and the
purpose of this paper was to summarize the results of
the theoretical and experimental investigations., Filrst
the paper presents and analogy between supersonic flow
of gases and supercritical flow of water and then dis- )
cusses standing waves 1in hydraulics., This discussion

will be summarized here 1in detail.

Voz ] _l____' h
/" ‘n: > - 62 b' 2

Figure 2 Figure 3

Figure 2 above represents the plan and elevation
of a standing jump at right angles to the flow, the




Jump front being represented by a single line. Velo-
citlies are V| and Vo, and corresponding depths h, and
h,. With the jump stationary, V., 18 also the velocity

of the jump or wave front,

Figure 3 represents two fields of flow with para~
llel stream lines, equal velocities Vt' and Vt.,_ but dif-
ferent depths h, and h, with no flow across the front,

Superimposing the two flow conditions the veloci-
ties V, and V, are obtained composed of compbnehts nor=-
mal and parallel to the wave front V, and Vo,s Ve and Vg .

This superposition 1s indicated in Figure 4,

Figure ¢ Figure 5
Figure 5 reorients conditions shown in Figure 4
(See also Figure 1), The fact that Vv, changes to Vo,
while Vf’ and \Qv remain equal means in effect a change
in direction by an angle © for the velocity of flow

from v, to V, .

cnsomr i, . 8% o W op S ety . o AR . &

From a consideration of continuity:

hig =h by, or hisng - 4, K 5vn f5-6) @
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From a momentum consideration:

léif_ﬂ_/»ig VeA Kt -
2

7J T
%2;%, - Aﬁ(fg'h%/ (SV

Solving (8) and (9) simultaneously for V

o NP7
= lsmd=C -V[: 4, (hy~h,)

S &

Thus we have an expression for/57in terms of h,,
hz, and V, . But h, is dependent on the change in

direction of flow, ©, thus from the geometry of Figure 5

%;==lé i‘, - béz

z_-75ﬂ%5 - 19n§8—69
and from continuity

A, 7én[?—1éné)
7 =
4y ar /# fand 0 ®

:i.féﬂffqﬂjé:%éﬂ?fﬂgﬂf9ﬂ“f;ﬁ!9 =76ﬂ75

P _:‘/an/f/”i‘/ /)
e =y 0%

The paper goes on to discuss "Wave Fronts of Small

Helight--Assumption of Constant Energy", the "'Method of
Characteristics! for Supercritical Flow with Constant
Energy", and "the 'Method of Shock Polars' for Super-

critical Flow with High Wave Fronts and Energy Dissipa-

- 40 -



tion", These subjects are not considered in this thesis

and are not included in this summary,
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APPENDIX B

SANPLE DATA SHEET

Run # S
Wall angle 6= 12° Date: May 2, 1947
Sluice opening=1.25 Recorder: Woodbury
Hook gauge reading 46,78 ¢m» Orifice h
Hook gauge zero S1l.44 <~ h _
Head on
Head on weir 15,54 em orifice Zero
Weir discharge 1.3426 cfs, Orifice discharge DNone
tand . %:_%g & -26" 25!
X Station 0,40 X Station 0.40
Y Surface Bottom Depth Y Surface Bottom Depth
83  wall 2,00  4.96 2,72 2.24
.108 7432 2.65 4,67 2,50 4,93 2,68 2.25
12 7425 2.65 4,60 2.60 4.94 2.67 2.27
.14 6.99 2.64 4,35 2,70 5.09 2,66 ‘2.45
.16 6.54 2.64 3.90 2.74 5.15 2,66 2.49
«19 5.54 2.64 3.90 2.78 5.37 2,66 2,71
.Bé 5427 2.64 2.65. 2.80 5.44 2,66 2.78
26 5.10 2,65 2.45 2.82 5.74 2.66 5.08
e 50 4,96 2.65 2,31 2.84 6.26 2,66 d.60
«40 4,88 2.65 2.23 2.86 6.79 2.66 4,13
« 90 4,88 2,66 2.22 2.88 7.20 2.66 4,54
1.00 4,97 2,69 2.28 2.897 7.35 2.66 4,69
1.50 4,90 2,72 2,18 2.923 Wall
i measured in feet y measured in feet

depth measurements in centimeters
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APPENDIX C

Plate 5 Bolutlion curves equation (5)

Table I Tabulation of equation (5) solution

Plate 6 Solution curves equation (1)

Table II Comparison of measured and
computed wave angles-

Table III Comparison of measured and

computed depth ratios

Page
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45
46
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TABLE 1
Computations of © using equation (5)

(Slide rule accuracy)

F r o u 4 e N u m b e r s

P 2.0 2.5 3.0 3.5 ° 4.0 4.5 5.0

16° 1° 501 3% 471 5° 151
18° 1" 4110 4" g1 6°00! 726!
20° 0°561 3581 6”201 9° 32t
22° 2°521 . 6° 71 g° 271 11° 349
24° 0° 281 5° 31 g* 121 10° 311t 13° 36!
26° 2° 361 7° 51 10°12¢ 12° 281 15° 351
26° 4° 40! g8° 521  11° 45 14° 251 17° 271
30° ©0°0c0' 6°38t 11" 2v  14° 5t 16° 181 19° 221

%2°  1° 551 g° 291 12° 521 15° 531 1e° 171 19° 531 21° 4¢
34° 3471 10°19'  14°40'  17° 451 19° 581 217421 23° 5t

36° 19° 301 21° 481  23°201  24° 521
38° 231° 131 23°291 25° gt  26°38t
40° 22° 371 25° 91 26571
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TABLE II1
A comparison of measured and computed wave angles

e A. A4 4, 4-4 %
3,46  3° 19° 201 15° 10! 11 48! -4’10t ~21.6
6° 22° 41 1¢° 00! 17° 371 =3° 4t -13,9
9° 25° 00! 22° 30! 22° 27 -2° 30!  ~10,0
12° 28° 251 27° T 27 16t -1"18' =~ 4.6
15° 30° 501 31° 15 32° 21 0’251 1.4
3.86 3° 17 351 15" 301 14° 1 -2° 51 -11.8
6° 20° 151 18° 15¢ 17° 281 -2° 00! - 9.9
9° 23°10°" 22° 451 21° 3914 -0’25t - 1,8
12° 26°30!1 26° 71 26°28! -0°23' - 1.5
15° 29° 301 29° 551 30°231 -0°25!1 1.4
18° 32° 251 34° 15! 34° 161 1° 50! 5.6
21 35° 451 38° 00! 39° 19! 2° 15" 6.3
24° 39° 181 41° 20! 44° 131 2° 2! 5.17
3.89 3° 17° 30! 16”201 12° 271 -1° 10¢ - 6,70
6 20° 71 19°20° 17° 3¢ -0 471 - 3.89
9° 23° 00! 22° 101 21° 521 -0° 501 - 3,62
12° 26° 001 . 25° 50! 25° 511t -0°10!' - 0.64
15° 29°10" 29° 5! 30° 6! -0° 5t - 0.28
4,11 ) 16° 45" 15° 10! 10" 381 -1" 35t -~ 9.45
6 19° 20! 17° 40! 16° 20! -1° 40t - 8,62
9° 22° 101! 20°20t. 20° 8! -1° 50t - 8.24
12° 25°10!¢ 24° 10! 23° 521 -1°00' - 3,97
15° 28°20! 28°30' = 28712t 0 10t 0.59
F - Froude mumber ’d - Wave angle measured from pro-
© - Wall angle file

‘j - Computed wave angle /é - Wave angle by direct measure-
e - ment with lucite panel
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TABLE III
A comparison of measured and computed depth ratios

F e S PA éf)
{ h,/s

3.46 3 .3311 1.20
6° 3757  1.41

9°  .4226 1,63

12° ,4759 1.89

15° #9125 2,05

%.86 37 .3021 1.21
6°  .3461 1.47

9°  ,3934 1.70

12° L4462 2.00

15° .4924 2.22

18>  .5361 2.49

21°  .5843 2.72

24°  ,6334 2.99

3.89 3° 3007 1.22
6°  .3439 1.47

9° . 3907 1.71

12° .4384 1.97

15°  .4874 2.23

4,11 3  .2882 1.24
6°  .3311 1.50

9° 3773 1.75

12°  .4253 2.01

15° .4746 2.30

@? - Computed depth ratio
\ /0

A

4,

a

3.28

2.28

2.25

1.55

2

3

3.89
4,74
5.56
6,45
7.28

2.84
3.56
5.95
4,56
5,08
5.64
6.18
6.88

2.76
3.30
5.84
4.60
5,15

l.89
2,33
2,75
3415
3.61

(%)
VA, Ja
1.17
1l.44
1.69
1,96
2.22

l.24
1.47
1.75
2.00
2,22
2.47
2,71
3.01

1.22
1,46
1.71
2,04
2.28

1.22
1.50
1,77
2.05
2,35

e,
“q,,

976
1,021
1,037
1,037
1,082

1.023
1.000
1.017
1.000
1.000

«993

« 997
1.006

1.000
997
1,000
1,034
979

<985
1.000
1.011
1.010
1.012

ﬁé}- Measured depth ratio

(4, &

% - Ratio of measured to computed depth ratios

2o
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' APPENDIX D

5 Surface profiles
Photographs
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