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From the equation of momentum, yjl (pefore jump) =Y, (after jump.)

Therefore,
B2+ @ +1/3+8/(1 +28) = Po? + o + 1/3 + 9/(1 + 285)

from an inspection of the expression for 8, it can be seen from the equa-
tion of continuity, that @ is the same before and after the jump.,

The solution of @ for given values of #] and ® was performed
graphically by plotting ¥ versus @ for tie given value of Q.

4 family of curves of Y versus @ were constructed with each curve
representing & different value of @. From tnese curves the correct value
of @p could be determined for given values of @ and O, since the value

S y is the same for both the upstream and downstream sections,

Iongitudinal Strip Analysis.-<«The pressure force plus momentum flux in the

strip at a section upstream from the wave is not necessarily the same at

a section downstream from the wave, because of the possibility of a later-
gl transfer of momentum from the deep side to the shallow side of the
channel.,

If in the strip analysis the ratio of pressure force plus momentum
flux at a section dowmstream from the wave to that for a section upstream
from the wave is wnity, we have balance for the strip., If the value of
that ratio is greater than unity, it means that there is a momentum defi-
ciency upstream; and if the ratio is less than unity, there is a momentum
surplus upstrean,

It will now be shown that there is a region of momentum surplus on
the deep side of the channel (Figure 1) and a deficiency on the shallow

side. This cundition requires that momentum must be transferred laterally
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CHAPTER IIX
EQUIPMENT AND INSTRUMENTATION

Waves were induced into a channel of varying depth in the cross
section, the shape of which is shown on Figure 1.

The experimental investigation was performed in a2 flume eighteen
feet long and three feet wide with vertical side walls and sloping bottom
in the cross section (three horizontal to one vertical.) The flume was
resting on ten legs, each one of which has adjustment serews for use in
leveling the flume. The flume was leveled to a horizontal position with
aid of a surveyor's transit. Figure 5 is a photograph of this flume,

Water for the test runs was supplied from a constant head tank.

The inlet was always the shape of the chamnel cross section. This
was accomplished by fitting streamlined, hand-carved, wooden blocks into
the pointed edge of the originally triangular inlet., The maximum depth
of the opening was 0,40 feet and the maximum width was 1,20 feet.

In order to obtain nearly wmiform velocity distribution, the fore-
bay side of the opening had one-quariter rounds with one and half inch ra=-
diué. Also, for the same purpose, two vertical walls in the forebay at
both sides of the inlet, a cylindrical screen and four vanes were used,

In order to secure uwniform depths upstream from the wave, a cover
plate with three suction lines was used. This cover plate which provided
an enclosed inlet was six lnches wide and had a sharp edge at its down-
stream end,

The wall on the deep side of the flume was fixed in position. The

wall in the shallow side was eight feet long and was movable so that the
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GHAPTER IV

PROCEDURE

Experimental Procedure.,=--A wave was induced in the flume as closely as

possible to the cover plate at the inlet by changing downstream
conditions,

The discharge was measured by means of a welighing tank and an elec=-
tric stop clock,

Water depths to the nearest 0,001 fool were measured with a point
gage mounted on a movable bridge. This bridge was carefully leveled at
presel. stations both upsbream and downstream from the wave,

Waves and pulsations continued sometimes for a considerable dis-
tance below the jump with the result that the measurements of the down-
stream depth were difficult, In order to overcome the inaccuracies due
to these conditions, ten to eleven depth measurements were made in each
cross section. A good average was expected from these measurements. The
upstream depths were also measured at ten to eleven points in the eross
section.

Lengths of the reverse flow at both sides of the channel Were meas-
ured. The lengbh of the reverse flow zone was measured as the distance
from the wave front to the downstream point where all entrained air bub-
bles are moved downstream. The lower end of the jump camnnot be precisely
determined.

In running the tests, five different channel widths were usedj;
1.10, 1.05, 1,02, 1.00, and 0,90 feet. Each of these channel widths was

tested at nine or ten different discharges.
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CHAPTER V

DISCUSSION OF RESULTS

The purpose of the test runs was twofold. Flrst, the characteris-
tics of a breaking wave, hydraulic jump, in a particular non-rectangular
channel were to be determined. Second, a criterion was to be determined
for the existence of a hydraulic jump in a channel of any shape or veloc=-
ity distribution.

Twe different types of flow were observed. The first type consists
of undulating waves across the chamel and eddy currents on the shallow
side. A well defined second wave was always observed with this type of
flow. A sketch of this type of flow is shown in Figure 6a and 6b. The
second type consists in a wave perpendicular to the chanmnel cross section
which can be called a hydraulic jump; no second wave was observed., This
type of flow is also sketched in Figure 6c and 6d.

The criteria used in analyzing the two types of flow cbserved was
that a certain lateral transfer of momentum is required in order to obtain
a perpendicular wave; in case this lateral transfer of momentum cannot be
supplied, no hydraulie jump is possible,

Five runs were made, Runs number 1 and L were of the first type
of flow; runs number 2 and 3 were of the second type; run number 5 was in
the limiting condition.

The channel width for runs number 1 and 4 was 1.10 feet and 1,05
feet respectively. For Froude Numbers smaller than about 1.83, the wave
did not extend across the entire cross section of the channel and non=-

breaking waves were observed in the deep side, Since the non-breaking
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wave is very long, this wave influenced the upstream depths on the deep
side, There was no reverse flow in the deep side. A sketch of this flow
condition is shown in Figure 6a. For greater Froude Numbers, the wave
went across the entire section of the chamnel. The depths upstream from
the wave were the same for all tests with Froude Numbers greater than
about 1,83. This flow condition is shown in Figure 6b.

No jump was possible for these runs. This means that a greater
lateral transfer of momentum was necessary in order to get a perpendicular
wave or what can be called a jump; in other words, the lateral transfer
of momentum required is greater than that which can be suoplied, hence the
jump is not possible,

The values of Gm and JG/0(x/x,) X for test number 1 and b

/%o = 1
can be seen in Table 1 and Figures 3 and L.

The channel width for runs number 2 and 3 was 1,00 feet and 0.90
feet respectively. For Froude Numbers smaller than about 1.83, a well de=-
fined jump in the shallow side and undulating waves in the deep side were
observed. Here again the depths upstream from the wave at the deep side
were altered. There was no reverse flow on the deep side. This type of
flow is shown in Figure 6¢c. For greater Froude Numbers, a perpendicular
wave across the entire section of the channel was obtained. (See Figure
6d. )

As a perpendicular wave was possible, the conclusion is that the
lateral transfer of momentum could be supplied for these cases. The val-
ues of Gm and JG/Q(X/XO) x/xo - 1 are also shown in Table 1 and Figures
3 and L,

By means of Figure 3, it was found that the channel width should

be 1,02 feet in order to cover the range of values of Gm between those
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corresponding to runs number L and 2.
The channel width for run number 5 was 1,02 feet., The tests made
with this chammel width were very sensitive,

The corresponding values of Gm and 9G/0(x/xg) x/x are also

o =1
shown in Table 1 and Figures 3 and k.

As the condition for the formation of the jump is approached, the
values of CGu and DG/J(x/xo)lx/x -1 decrease., Because this point is not
well defined, it is not possiblg to give an exact value of Gm or

9G/d (x/x)

Jump.

corresponding to the limit for the formation of the
x/x, = 1
From the observations made and with the aid of the corresponding
diagrams, the limiting value of Gm for the formation of the jump (Figure
6d) for Froude Numbers above 1,83 can be given as 2.8, and that for
G/ (x/x
L7 I

smaller than 1.83; the limiting value of Gm is between 2 and 2.4 and of

26/ (x/%,)

between 17 and 18.L, and the values for Froude Numbers

is between 1l and .9 (Figure 6c.)

x/x5 = 1
Within the range of the experiments, no noticeable change was found

between the theoretical curve of IF; versus yQave/ylave for a rectangular
channel and those for the different channel width tested; the values of
versus y?ave/Ylave for the test runs were compared with the thecretical
curve for a rectangular channel, These values are shown in Figure 7. All
values are practically on the same straight line, even for the cases where
no jump was obtained. For Froude Numbers smaller than about 1.83, non=-
breaking waves on the deep side were obtained, This value of the Froude
Number is very close to the theoretical limiting value of IFl = 1,73 for

the undular and direct jump conditions in a rectangular channel.
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Thus, it appears that the value of the Froude Number slightly less
than 2.0 can be taken as the limit between the breaking and non-breaking
wave regardless of the shape of ithe channel.

In Figure 8, the two types of flow (undulating waves or hydraulic
jump) are well differentiated. Values of Xg/ypp - ypl @bove eight corre-
spond to undulating waves and eddies on the shallow side. When a jump wWas
obtained, the value of x3/5r2 = ¥p] Wwas never greater than eight. The
maximum values obtained by Mr, Bakhmeteff and Mr. Matzke(l) for the
length over the height of a jump in a rectangular channel are shown in
dotted line in Figure 8. The value of this ratio is about eight in a rec-
tangular channel,

When no jump was obtained, the length of reverse flow on the shal-
low side increases as the channel width increases; the limit will be when
the channel cross section is triangular, the length of reverse flow on the
shallow side being infinite; a fact which was proved experimentally., For
the jump condition, the length of reverse flow on the shallow side was
practically the same for all runs (Figures 8 and 9.)

The maximum values of the ratio of the length of the jump over the
depth upstream from the jump for a rectangular channel obtained by Mr.
Bakhmeteff and Mr. Matzke(l) are shown in dashed lines on Figure 9. The
average value of this ratio is about five.

The length of reverse flow on the shallow side for a nen=-rectangu-
lar chamnel is smaller than the length of the jump in a rectangular chan-
nel for Froude Numbers smaller than 2.8, as can be observed in Figures 8
and 9, Hence, for Froude Numbers smaller than 2.8, a hydraulic jump ir

a non-rectangular section seems to be more effective as an energy
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CHAPTER VI
CONCLUSIONS

l. Depending on the value of the Froude Number, the flow in a non-
rectangular channel can be divided into two types. When the Froude Number
is smaller than about 1.83, partial breaking waves are obtained; and when
it is greater, breaking waves across the entire section of the channel are
observed.

2. The theoretical limiting value of I; = 1,73 for the undular
and direct jump conditions in a rectangular channel is very close to the
value 1F) = 1.83 obtained for this particular channel. Thus, it appears
that the value of the Froude Number slightly less than 2.0 can be taken
as the limit between the breaking and non=-breaking wave regardless of the
shape of the channel,

3. In a rectangular channel the Froude Number is sufficient to de=-
scribe the type of wave, since only two types are possiblej the undular
and the direct jump. In a non-rectangular channel an additional division
is necessary, since two completely different phencomena are possible; the
type of flow consisting of undulating waves and eddy currents in the shal-
low side, and that which can be called a hydraulic jump. The line of de=-
marcation between these two types of flow is given by either the value of
G or the value of 9G/J(x/%,) at the shallow side. The condition for the

formation of the jump was found to be:

Gm < 2.8 or 3G/ (x/x%0) x/%, = 1 < 18.4
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