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stream apron and is independent of any submer-
gence effect from the tailwater. Figure 9-27 shows
the effect of downstream apron conditions on the
discharge coefficient. It should be noted that this
curve plots, in a slightly different form, the same
data represented by the vertical dashed lines on
figure 9-26. As the downstream apron level nears
the crest of the overflow, (h; + d}/H, approaches
1.0, and the discharge coefficient is about 77 percent
of the coefficient for unretarded flow. On the basis
of a coefficient of 4.0 for unretarded flow over a
high weir, the coefficient when the weir is sub-
merged will be about 3.08, which is virtually the
coefficient for a broad-crested weir.

From figure 9-26, it can be seen that when
(hy + d)/H, exceeds about 1.7, the downstream floor
position has little effect on the coetficient, but there
is a decrease in the coefficient caused by tailwater
submergence. Figure 9-28 shows the ratio of the

DESIGN OF SMALL DAMS

“Horizontal dashed lines
dashed lines on figure

hstream apron position.

@_ﬁf} Examples of Designs of Uncontrolled <&

Ogee Crests.—The two examples cited below il-
lustrate the methods of designing uncontrolled ogee
crests, including the computation of approach
channel losses and velocity head, the determination
of the total length of the crest, and the correction
of the discharge coefficient for various effects.

(a) Example 1.—Design an uncontrolled over-
flow ogee crest for a chute spillway that will dis-
charge 2,000 ft3/s at a 5-foot head, and prepare a
discharge-head curve. The upstream face of the

4.0

3.8

3.6 l

<)

3.4

VALUES OF COEFFICIENT GCo
[

3.0

VALUES OF =

1.5 2.0 2.5 3.0

Hg

Figure 9-23.—Discharge coefficients for vertical-faced ogee crest. 288-D-2409.
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Figure 9-26.—Effects of downstream influences on flow over weir crests.

solutions will show both procedures.

{1) Procedure 1.—First, assume the position of
the approach and downstream apron levels with re-
spect to the crest level, say 2 feet below crest level.
Then H, + P is approximately 7 feet.

To evaluate the approach channel losses, assume
a value of C to obtain an approximate approach
velocity, say ' = 3.7. Then the discharge per unit

of crest length, g, 1s equal to CH3?2 = 3.7 X 532 =
41 fi%/s. Therefore, the velocity of approach v,

g/(H, + P)
velocity head, h, =

= 41/7 = 59 ft/s, and the approach
v2/2g = 5.9%/64.4 = (.5 feet.

288-Pb-2412.

Assuming the friction coefficient in Manning’s
formula n = 0.0225, and assuming the hydraulic
radius r = the depth of approach, then the friction

slope 1s equal to:
5.9%0.0225 ¥
0225 ) = (.0006

s =( 1486r2f3 ) ( 1,486 7%/

Therefore, the total approach channel friction loss,
hy = 100 (0.0006) = 0.06 feet. Assuming an entrance
loss into the approach channel equal to 0.1k, the
total loss of head in the approach is approximately
0.06 + (0.1x0.5) = 0.11 feet.
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Figure 9-27.—Ratio of discharge coefficients resuiting frem apron effects. 288-D-2413,

The effective head, H, =50 - 0.11 = 4.89 feet,
and P/H, = 2/4.89 = 0.41. From figure 9-23, if
P/H, = 0.41, then C, = 3.77.

9-27 will apply. The ratio of the modified C, to the
coefficient C, for a downstream apron position de-
termined by the (A, + d)/H, ratio of 141 is 96.6

Figmre 9-2515T5ed to correct the discharge coef-
ficient for the inclined upstream slope. For a 1:1
slope and P/H,, = 0.41, C;/C, = 1.018. Then, C, =
1.018(3.77) = 3.84.

Next, the relationships thg + d)/H, and h /H,
are evaluated to determine the downstream effects.
The value of (h; + d}/H, is approxzimately 6.89/4.89
= 1.41. From figure 9-26, for (hy + d)/H, = 1.41,
hy/H, at supercritical flow = 0.91. If supercritical
flow prevails, h; should be equal to 091H, =
0.91(4.89) = 4.44, and d should be 6.89 — 4.44
= 2.45 feet. With the indicated unit discharge of
approximately 4] ft3/s, the downstream velocity will
be approximately 41/2.45 = 16.7 ft/s, and the ve-
locity head, h, = 16.72/64.4 = 4.3 feet. The closeness
of hy and h, verifies that the flow is supercritical.
From figure 9-26, it can be seen that the down-
stream effect is caused by apron influences only,
and that the corrections shown on figure

percent. The coefficient has now been corrected for
all influencing effects.

'The next step is to determine the required crest
length. For the design head H, = 4.89 feet, the re-
quired effective crest length is:

__ Q@ __ 2000
CH2 -3.71(4.89)%*

To correct for pier effects, the net length from equa-
tion (4) is:
L'=1L+ [2(NK, + K,)H,]
If the bridge spans are not to exceed 20 feet, two

piers will be required for the approximately 50-foot
total span; therefore, N = 2. Therefore:

L' = 499 + {2(2[0.01] + 0)4.89 = 50.1 feet

The foregoing procedure establishes a discharge
coefficient for the design head. For computing a

L = 499 feet




DESIGN OF SMALL DAMS

0.8 7

N

L/

1/

RATIO OF MOGIFIED GOEFFIGCIENT TO
FREE DISCHARGE COEFFIGIENT US
T

o} ol 0.2 0.3

DEGREE OF SUBMERGENGE

04 0.5 0.6 o7 [oX:}

He

Figure 9-28,—Ratio of discharge coefficients caused by tailwater effects. 288-D-2414.

rating curve, coefficients for lesser heads must be
ohtained. Because the variations of the different

assumed for the 5-foot gross head, the corre-
sponding coefficient, C,, for the 4.89-foot effec-

corrections are not consistent, the procedure for
correcting the coefficients must be repeated for each
lesser head. The variables can be tabulated in a
form similar to that used in table 9-2.

(2) Procedure 2.—First, assume an overall dis-
charge coefficient, say 3.5. The discharge per unit
length, g, is then equal to 3.5H2 = 39.2 ft*/s for
H, = 5 feet. Then the required effective length of
the crest, L, is equal to @/q = 2,000/39.2 = 51 feet.

Next, the approach depth is approximated from
figure 9-23; for C = 8.5, P/H, is approximately 0.2.
Thus, the approach depth cannot be less than 1
foot. To allow for other factors that may reduce the
coefficient, an approach depth of about 2 feet might
reasonably be assumed.

With a 2-foot approach depth, the computation
for approach losses is the same as in the procedure
1 solution, and the effective head H, = 4.89 feet.
Similarly, C; = 3.84.

Because the overall coefficient of 3.5 was

tive head can be calculated from the equation
C,/C, = Hp?/H} % where the subscript g
refers to gross head. Therefore, C, = C, (H/H,)¥*
= 3.5(5.0/4.89)*% = 1,035(3.5) = 3.62.

Therefore, submergence ratio C,/C, = 3.62/3.84
= 0.94, and from figure 9-27, {h; + d}/H, = 1.3.
Thus, hy + d = 1.3(4.89) = 6.4 feet. The downstream
apron should therefore be placed 1.4 feet below the
crest level.

Because it was demonstrated previously that pier
and contraction effects are small, they can be ne-
glected in this example, and the net crest length is,
therefore, 51 feet. This crest length and down-
stream apron position can be varied by altering the
assumptions of overall coefficient and approach
depth.

The discharge rating curve may be developed by
a process similar to that used in procedure 1. ;

b} nple2-—Lesign_an—un rolled over-
diversion dam to pass2; fi3/s

. Ny FHAL
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EQUATION FOR DISCHARGE
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9 ' Q= CDLV2gH .
‘&J D = Met gate opening
(4] — .
ul 8o ; L = Crest width
o i H = Head to center of gote opening
z ‘ For C,use dashed line when gate
@ “segtson crest and solid line when
& ; gafe seats below crest.
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Figure 9-31.—Discharge cosfficient for flow under gates. 103-D-1875.

Because both the incoming velocities and the chan-
nel velocities will be relatively slow, a fairly com-
‘plete intermingling of the flows will oceur, thereby
wroducing a comparatively smooth flow in the side
~annel. Where the channel flow is at the super-
critical stage, the channel velocities will be high,

and the intermixing of the high-energy transverse
flow with the channel stream will be rough and tur-
bulent. The transverse flows will tend to sweep the
channel flow to the far side of the channel, pro-
ducing viclent wave action with attendant vibra-
tions. Therefore, it is evident that flows should be
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Figure 257. Coefficient of discharge for flow under gates. 288-D--2417.

is the 1nﬂow per foot of length of weir crest.
The momenta ® at the two sections therefore
will be:

The rate of change of momentum with respect .

to time being v times the rate of change with
respect to z, and considering the average ve-

DESIGN OF SMALL DAMS

Upstream, M= i (8)

Downstream, Ma=

[Q+q; (Az)] . ' ©)

Subtracting equation (8) from equation (9):

AM=Q*(;L)'+L—“(3I)[0+ Av} (10).
Dividing by Ax:' i:
AM _Qan) g '
Az (M)+g[v+ﬁvl (11)

———————-

1 The weight of 1 cubiec fooy of water is taken as 8 unit foree fo
eliminate the necesaity of multiplying all forces and momenta by 62.6
‘ to convert them into pounds.

locity to be [v+%(m;)], equation (11) can be

written:

A M Q&;’;[ 4z (Av)] [v+Av][u+—12-(Au)]' (12)

As aM is the accelerating force, which is

At

AY L
qual to the slope of the water surface Kg_r times

the average discharge, equation (12) pecomes:

+g&+ Av][v—{—%(AU)] (13)

~Raser
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Chapter 15
Hydraulic Structures

J. Saldarriaga

15.1 Introduction

A variety of hydraulic structures are available to control water levels and reg-
ulate discharges for purposes of water supply, water storage, flood alleviation,
irrigation, etc. These range from the weirs/stuices of small channels to-the
overflow spillways of large dams. Many of these structures may also be used as
discharge measuring devices (BS 3680, 1981). The present chapter mainly deals
with the spillways and their associated energy dissipators, as examples of
common hydraulic structures.

15.2 Spillways

A spillway is the overflow device of a dam project which is essential to evacuate
excess of water, which otherwise may cause upstream flooding, dam over-
topping and eventually dam failure. Basically there are three types of spillways —
overfall (ogee or side channel), shaft (morning glory), and siphon. The overfa]l
types are the most frequently encountered and which are described here n

detail. The reader may refer to Novak ef al. (1997)* for other types and further
information.

(a) Owverfall spillways

e e e ™ st et

The basic shape of the overfall spillway (ogee spillway) is derived from the lower
envelope of the overfall nappe (see fig. 15.1) flowing over a high vertica] rec-
tangular noich with an approaching velocity V, close to zero and a fully aerated
space beneath the nappe (see also Chapter 3, Section 3.17 (e)). For a notch of

width b, head h. and discharge coefficient (4 the discharge equation (see also
equation 3.34) is: . -

Ay 372 ey 372 ‘
— VAT 7 avay .
v 2ebC (h -+ Oﬁou) - (ig’) : (15.1)

Q:
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Civil Engineering Hydraulics

Crest

Spillway
surface

Figure 15.4  Crest of an ogee overfall spillway : .

which, for V, = 0, reduces to:

2 PR
Q= w Vv 2gbCih*
This coefficient O.Q {= 0-62) is valid for a rectangular sharp crested weir.
Scimeni (see USBR, 1987°) expressed the shape of the nappe in coordinates x
and y. measured {rom the highest point (at a distance 0-282 Hy away from the
sharp crested sill) of the water jet, for H/Hy = 1.0 as:

y = Kx*

(15.2)

{15.3)
with i
K=05n0=185

For other values of H the nappes are similar and the equation can be
rewritien as:

y/H = K(x/H)"
or - ’ - .
y = mﬁ.uﬁnam_lz _ O.MXH‘MM mé.wm . -

Towards upstream of the summit point the nappe has the shape of two cir-
cular arcs, one with a radius R = 0-5 Hy up to a distance of 0-175 Hy and the
other with a radius of R = 0-2 Hy up to the sharp sill (Novak et af., 1997%).

Ia fig. 15.1 it is clear that the head H above the new crest is smaller than the
head h above the crest of the sharp-edge notch from which the shape of the
overfall spillway was derived. For an overfall spillway one can rewrite the

* discharge equation as:

_u ,
Q=3 V/2bCa Hy (15.4)

L

or,if ¥,

O —
In equation (13.4) Ha, is the design energy head given by:

Hy

3

Sadd bod

3
= In;TQM.Qd

Hydraulic Structures - 399

= O

JIbCaHY | R

vi : . RS

H, being the design head and Cgq, Deing the design discharge coeflicient equal 1o

0-745 for

pillways of P/Hq > 3-0.

For any other head (H) the discharge coefficient varies suggesting for H/Hq
< 10,098 < Cy < 0745, and for H/Hg > 1-0, Cg > 0:745 {see figs 3.19 and

3.20).

it

P

7 Negative

bressures and cavitation )
Il E Sy

When H/Hy > 1-0 negative pressure exists underside of the nappe which may
lead to cdvitation probiems. In order to avoid this problem it is suggesied that

H< I

Cassidy’y
Pm

pe

in which

63

H,. To find the pressure under the downstream nappe one can use the
(see USBR. 1987") relation:

H
L -1 —
:qihza v

D is the gauge pressure under the nappe.

Gated spillways

P ™ |

Gates

ways, thi
crest suf

under

calculat

Oun

with CJ
am (reservoir) water level and H, is the distance from the lower gaie lip
b same water level. Alternativety an equation {orifice} of the type,

upstre

until th)

Q

where

effectiy

used.

T .

afe used in spillways to increase the reservoir capacity. For gated spill-

P

iL

- Cuba(2eHa""

5 placing of the sil by 0-2H, (see Novak et al, 1997*} downstream of the

stantially reduces the tendency towards negative pressures for outflow

sriially raised gates. The discharge through partiakly raised gates can be
bd from: , ‘

(15.6)

,\Mcma_‘?.ﬂ - 1)

= (.6, in which H is the distance from the spillway crest uatil the

[IEY

(15.7)

is the distance of the gate lip {rom the spillway surface, and H, is the

e head on the gated spillway, which is very similar to H could also be
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17.38 Chapter Seventeen

yater and head losses up 0 and including the vertical bend, and uniform flow $ a depth
of\I5 percent with long-term tunnel roughness (assume Manning’s # = 0.016)1n the flat-

tunmneg 1-'sectio,r1 downstream.
If the head is sufficient to produce a velocity of 25 to 30 m/s at the epd of the vertical

curve, ameration ramp must be provided upstream of the curve. The J6cation and geom-
etry of the agration ramp generally are determined by a physical mog€l because of the cir-
cular shape of\he tunoel. ' :

17.9.3 Flat-TunnekSection

The flat-tunnel section is ge rerally situated as low as pogsible to minimize the tunnels size

“while maintaining the downdgeam end above the tAllwater. If the downstream end is

fixed—say, 3 meters above ma .mum tailwater—ihgn the tunnel’s size and slope are pro-
portioned to produce a depth and ¥¢locity at the vg ical bend that is consistent with head-
water and energy losses in the entranqe sUUCHILG And the inclined shaft. In some cases, the
length of the wnnel may be sucthihat e downstream tunnel extends directly
to the entrance structure without an inc wned tunnel section. In such a case, the aeration
ramp would be placed in, the downstream [ el if the velocity reaches approximately 25
to 30 m/fs. : _

[t is.most convenient for hydraulics/and cond{ruction if the tunnel section has a square
bottorn, which provides more flow ay€a and simp ifies the design of the aeration ramp. [t

also eliminates the transition from jhe downstream gnnel to the flip-bucket.
t

17.9.4 Flip-Bucket

The energy dissipator for 2 tunnel spitllway will almost always B¢ a flip-bucket because 1t
is generally the most £cg omical solution. Any transition from the\unnel to the flip-buck-

et must be gradual. THe simplest flip-bucket is the straight cylindNgal type that has the
" same width as-does ghe tunnel. However, if the impact of the jet with the tailrace is not

acceptable, a specigl bucket may be required. Such a bucket might turn spread the tlow.
1

S UGAM 8 A 17, 4 A, MR LIS Nl ol R WS SR

>

TN

.17.10  SPILLWAY CHUTE

to limit or localizé the plunge-pool scour. A special bucket gemeraily Tequres a-physiet
model. Because/the tunnel spillway, as a general rule, will have special fena\tures, a physi-

cal model is ufually recommended.

. ‘ A -
R R

17.10 .1 Smooth Chute

et

S

The spillway chute connects the crest structure with an energy dissipator. In plan, it may
be straight or curved, have a uniform width, or be tapered. The most common design 18 &

straight chute with a gradual taper. More complex designs require physical model tests: In

section, it can have a upiform slope or have more than one slope connected by vertical

curves. The most common chute profile is a flat upper chute and a steep lower chute con-
nected by a vertical curve. Chute friction losses are generally calculated assuming that the
minimum Manning’s n = 0.010 (for energy dissipator design) and that the maximum
Manning’s # = 0.016 (for wall heights)

QR "N
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17.40 Chapter Seventeen

-
)/!‘ciéﬂ)/’ . - .
Side-wall freeboard can be taken as 20% of the calculated depth for a straight chute

(/” oo b2

and 309 of calculated depth for a gradually tapered chute (3° maximum, each wall). For
curved chutes. model studies are required. When chutes are gated, without interior divide
walls, models are required to check ride-up of the flow on walls from nonuniform gate
operations. Interior divide walls are sometimes used to separate normal-retease bays from
flood-release bays. The divide walls are normally sized for some part-gaie condition o

limit their height and cost.

e R My e

AT itz 7 VR II

et W

Lvm

" hydraulic design of the spillwe

o ot i = A i A K DT 5 i R VO I
"
LT

introduction of roller-compacted concrete dams, it has become conveptent (0
\he downstream face of the spillway of a gravity dam. The stepS not only
save money on ihe chute but also dissipate energy that would remain to s dissipated by
the stilling basin at the base of the dam (Zipparro and Hasen, 1993)
cal spillway section in™8 roller-compacted concrete dam,-4 1e
is as follows: e

Jeave steps OR

1. Set the ungated crest length so tha aximnumh crest head is no more than 10 ft. m).

2. Shape the ogee in accordance with

3. Set the step height so that ths 4tio of critical J
y/h < 4 (Fig. 17.30).

4. Determine the hesd loss from headwater to stilling basineyel based on Figs- 17.30
and 17.31.(0¥“= number of steps). .

5. Size the’stilling basin in accordance with Chap. 18.

at the crest over the step height 13

A

o L e o Lo RERL L L am et
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CHAPTER 17

AULIC DESIGN

o | H. Wayne Coleman
* C. Y. Wei
James E. Lindell
Harza Engineering Company
Chicago, Illinois

17.1 INTRODUCTION

The spiliway is among the most important structures of a dam project. It provides the pro-
rect with the ability to release excess or flood water in a controlled or uncontrolled man-
ner 10 ensure the safety of the project. It is of paramount importance for the spillway facii-
ties to be designed with sufficient capacity to avoid overtopping of the dam, especially
when an earthfill or rockfill type of dam is selected for the project. In cases where safety
of the inhabitants downstream is a key consideration during development of the project.
the spillway should be designed to accommodate the probable maximum flood. Many
types of spillways can be considered with respect to cost, topographic conditions, dam
height, foundation geology, and hydrology. The spillways discussed in this chapter
mclude overflow, overfall, side-channel, orifice, morning-glory, labyriath, siphon, tunnel.
and chute spillways A section on design of spillways that considers cavitation and aera-

tomratso s incioded:

172 OVERFLOW SPILLWAY

An overflow spillway can be gated or ungated, and it normally provides for flow over a

N e T, T v . -
gravity dam section. The flow remams in contact with the spillways surface (except for
Possible aeration ramps) from the crest of the dam to the vicinity of its base. The hydrau-

Iic characteristics are defined as follows: : Lb {;V/ o LJQJ)J@ JM
Determine design head H,. Normally, H, is 75 to 80% of maximum head H_,,.

Use the depth from the crest to ground surface P to find the basic discharge coeffi-
cient C, from Fig. 17.1. '

Find discharge coefficient C for the full range of heads from Fig. 17.2.
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17.2 Chapter Seventeen

4 Correct discharge coefficient C for the sloping upstream face from Fig. 17.3. The
sloping upstream face is normally for structural stability, not hydraulic efficiency
5 Correct discharge coefficient C for the downstream apron from Fig. 17.4,
6. Correct discharge coefficient C for tailwater submergence from Fig. 17.5
7. Define the shape of the pier nose. Normally, use Type 3 or 3A from Fig. 17.6,
3. Check the minimum crest pressure trom Fig, 17.7 or 17.8. If the minimum pressure
s below — 1/2 atmosphere, increase A, and start over.
9. Define the crest shape from Fig. 17.9(a) and (b).
0. Determine the effective crest length for the full range of heads from
CL=1L-2NK,+ K)H, (17.1)
™~ where: L = effective length of crest, L' = netr length of crest. N = number of piers.
& K = pier contraction coet‘f‘xcient, K, = abutment contraction coefficient, and H =
total head on crest.
The following are values of the pier contraction coefficient -
. ‘ . Kp
; For square-nosed piers with corers: 0.02
5 counded on a radius equal to approximarely
: 0.1 of the pier thickness
5 for round-nosed piers - 0.01
| for pointed-nose piers _ £:00 ],E_
The following are values of the abutrnent contraction coefficient
K:l
] for square abutments with headwall 0.20
at 90° to the direction of flown _
for rounded abutments with headwall 0.10
at 90° to the direction of flow
when 0.5H, > r > 0.15H, 7
for rounded abutments, where 0.00
r > 0.5H,, and the headwall is placed
no more than 45° to the direction of flow,
where r = radius of the abutment rounding.
1. Determine the discharge rating curve from

0=CL Hem (”'3

b

Exhibi_ts' i7.1 and 17.2 illustrate overflow spillways for hydroelectric projcctb'-_:

H
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. dlwayin cperatien.
_(b) Profile of the spillway incibiding the flip bucket.
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173 OVERFALL SPILLWAY - 25 s jye

an overfall spillway can be gated or ungated and provide for flow over an arch or arch-
hutress darm, wherein the flow free-falls some distance before entering a plunge-pool
enerty dissipator in the tailrace. The hydraulic characteristics are defined as follows:

.’ 1 . . - - -
1., The crest structure and discharge rating are similar to those for the overflow spill-

way.
. The flow normally leaves this structure shortly below ' the crest. The exit structure

"

. is normally some vanation of a flip-bucket.

» 1 The flip-bucket radius for an overfall spillway is normally smaller than the ideal,
which is at least 5d, where d is the flow depth at the bottorn of the bucket. The
radius is usually undersized to minimize the size of the overhang, which can desta-
bilize the top of a thin-arch dam. However, the radius should be sufficient to
fully—deflect a significant flood say, the 100-year event. R> 5d

4 The bucket exit angle is selected to throw the jet to a suitable location in the tail-
race. The trajectory can be estimated by

"i/c‘g{ z _,m‘-é i

= — ..._.....__,_xz _
y=x@n 6" S osTo (17.3)

where: y = vertical distance from the bucket lip, x = horizontal distance from the
bucket lip, § = bucket exit angle, and H = depth + velocity head at the bucket lip.

L

The trajectory can be estimated from Step 4 as long as the bucket radius exceeds
54, For larger depths, the flow overrides the bucket and will fall short of the max-
imum trajectory. The tajectory in this range is determined best by a physical
model.

& Pressure load on the bucket can be estimated from Fig. 17.10. For 1arger. floods,
where d > R/5, this load is determined best by a physical model.

The energy from an overfall spillway is normally dissipated by a plunge: pool,
which can be lined or unlined. If unlined. the scour and the scour rate will be
based on both flow and geclogy. The scour hole development is usually indeter-

S iate However, tre terminal-scour-depth-for-a uniformly erodible material can
be estimated from the following empirical formula and from Fig. 17.11
(Coleman, 1982; USBR, 1987) ' '

y, = d, sinc. = terminal vertical scour depth (17.4)

and
d = C, Ho¥s g3 (17.5)

where C, = 132 (for units in ft and cfs/ft) 1.90 (for units in m and cms/m), A =
effective head at tailwater level, ¢ = unit discharge = O/B, B = width of the buck-
et, and ot = average jet entry angle.

The extent of the scour hole is based on judgment of stable slope of material sur-
rounding the deepest hole. A physical medel is normally used where topography 18
complex and where scour can endanger project structures.

v, oA - T




Chapter Seventeen

As the jet plunges into the pool, it diffuses almost linearly and entrains air at the gyy.
Face of the pool and the water from the poel at the boundary of the et. The behavig,
of the plunging jet, including dynamic pressures, can be approximated (Hinchliff ang
Houston, 1984) using Fig. 17.12 and Table 17.1 for both rectangular and circular jets.

[f the plunge pool is lined because the scour would de unpredictable and unaccept.
able, the lining must be designed for pressure pulsations from the jet’s impag,
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FIGURE 17.11 Definition sketch of free-iet trajectory and scour depth of an overflow spillway.
(Coleman, 1982)
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FIGURE 17.12 Schematic diagram of a diffusing plunging jet.
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TABLE 17.1 Plunging Jet Characteristics (Whittaker and Schleiss, 1984)

Rectangular jet Circular jet
A :
— 1 1
vh‘
L] 1 1
f:
o L+ 0414 yly, L + 0.507 yly, + 0.500 (y/y, 2
Eﬂ
y=y, = L — 0.184 yty, [ — 0.550 yly, + 0.217(/y, 2
=z @B + Byl v AL+ AR Y vy
V_ "
P o 16(xiB )% . e lReiRy? i
P:
V.
- Vi ly vy |
Pu- z ﬁs
— ¥y ) :
N pé . .
3 R L4114 Vily, 2vly,
y2y, £ 0.816 Viyly 0.667 v/y i
v e-n/S(.r\Bu-yki_v)l e-V2ArIR vy
v
ya g Ri6(uB yyv)t g MRy )2 !
. ;
Source: Whittaker and Schleiss (1984). .
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Exhibit 17.3 Boyd’s corner dam project, New York (Continued).
(b) A view of the overfall spillway in operation,
(c) Profile of the spillway including the flip bucket.
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JoRt N Sussll (17.14)

%ere C, = mean air concentration at distance X, C, = mean air concentrg}tfén
at | egmnmg of aeration, L, = slope distance downstream from aerat@r L
slope istance downstream from aerator to beginning of aeration, ancl % = 0.017

d1men510nal constant per meter (i.e., 0.017 m'). On a straight section, the
concentratiQn of air decreases approximately 0.15 to 0.20% per meter (Falvey,
1990). %Q”x #

R"‘Q._.

{1. Install the ramp demgn from Step 7, in a physical rnode] 1f necessary. The model
scale should be 1:20 o, larger and should mclude all geometric details that could
reduce the effective jet trajectory The ramp deswn might need adjustment as a
result of the model studies. In the model. air ﬂow will be reduced because of scale
effects. Therefore, use the ramp, underpressure as tnput in the computer model to
confirm the jet trajectory. ‘

Note that the above procedure is a rule-of«thumb approach based on experience over
the past 30 years or so. Design of ramps over this period has varied significantly within
the United States and around the world. Although, considerable model information is
available, prototype data are limited. The most critical piece of data relates air concentra-
tion at the chute’s surface to dlstance downstream of* the ramp. This determines the
required spacing of ramps. & AN

The other important critgtion is how much air should be mput at each ramp. Current
thinking is that the concemtratlon of air just downstream of the" TAmp should not exceed
apprommatcly 50% in ;he bottom flow layer The guidelines abov@ assume that the bot-
tom 10% of depth shgmld be equal parts of air and water.

%,
Y
%,

Exhibit 17.7 illugtrates a spillway aeration ramp. ~
P
e— 3%
-/ — WA -~
17.12 SAMPLE DESIGN | () R ey L P

Determine the geometry of the spillway crest and the discharge rating curve for an ungat- -
ed overflow spillway. A bridge over the spillway will be supported on piers 1.8 m thick. L
With @ maximum span width of 12 M between the Centeriing of piers. 1he reservoir and !
flood data are as follows: ]

Maximum flood discharge = 2800 mi¥/sec
Maximum flood pool elevation = 110 m
Maximum normal pool elevation = 100 m
Approach channel invert elevation = &80 m
Downstream channel elevation = 20m

Maximum flood tailwater elevation = 40 m

orve-e per e
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FIGURE 17.36 Spiliway discharge rating curve.

Assume that the overflow crest becomes tangent to a spillway chute that is sloped at !
Lh:lv. ' :

T
%L

T R R,

 charge provided that it does not exceed one-half atmosphere.

17.12.1 Design Head

In this example, the spillway crest elevation is the same as the normal maximum pool eie- .
vation, and the maximum head available to pass the maximum flood discharge is Hy . x =
110 — 100 = 10 m. The design head H, will be selected as H, = 0.8H,x = 8 m. By
selecting a design head that is less than the maximum head, there will be a region of neg- ?
ative pressure on the spillway crest during the maximum discharge, which results in an

increased discharge coefficient. Negative pressure is acceptable during maximum dis-

17.12.2 Discharge Coefficient
The basic discharge coefficient C,, is determined using Fig. 17.1.

P=100—80=20m
PIH, = 20/8 = 2.5
C, = (0.552)(3.945) = 2.178
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Fieure 17.2 is used to determine discharge coefficients for a range of heads to complete

the discharge rating curve (Fig. 17.36).

This spillway will have a vertical upstream face. Since the maximum tailwater eleva-
ton is well below the spillway crest, there will be no tailwater effect and no apron effect.
No further corrections to the discharge coefficient will be required.

17.12.3 Crest Length

Pier nose shape Type 3A from Fig. 17.6 is selected for the bridge piers. The pier con-
rraction coefficient K, can be assumed to be 0.0. The headwall will be 90° to the direction
of flow with rounded abutments. K, = 0.1

HyudHy = 1.25

CyasdC, = 1.03 (Fig. 17.2)

Conx = (1.03)(2.178) = 2.243
Ounx = CrxLHy?? = (2.243)L(10)2 = 2800 m¥/s

L=3948m

Three piers will be required to support the bridge. The net length of the crest L’ is
determined from L =1L’ = 2(0.1){10) = 3948 m L' = 41.48 m (use four bays at 10.5 m
each). The total spillway crest length. including three piers at 1.8 m thickness, is 47.4 m.

17.12.4 Checking Minimum Pressure on the Crest

From Figs. 17.7 and 17.8 the minimum pressure at maximum discharge (H/Hd = 1.25)
occurs along the pier and is about —2.8 m, which is less than one-half atmosphere or 5> m
head. This is acceptable.

17.12.5 Discharge Rating Curve

PANOIF AT FACSTLie 430 Midieivwd

e
T
)

The discharge rating curve is developed in the following table:

Elevation H, H/H, c/C, C L Q
100.0 0.0 0.0 0.78 1.70 42.0 0
101.0 1.0 0.125 0.83 1.81 41.8 76
102.0 2.0 0.250 0.87 1.89 41.6 223
103.0 3.0 0.375 0.89 1.94 414 417
104.0 4.0 0.5 0.92 2.00 412 660
105.0 5.0 0.625 0.95 2.07 41.0 948
106.0 6.0 0.75 0.97 2.11 40.8 1267
107.0 70 0.825 0.99 2.16 40.6 1621
108.0 8.0 1.0 1.00 2.18 40.4 1991
109.0 9.0 1.125 1.02 222 40.2 2411
110.0 10.0 1.25 1.03 224 40.0 2838

Source:Plot of Discharge Rating Curve
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FIGURE 17.37 Crest Shape

17.12.6 Crest Geometry

Unit discharge approaching crest at design head H, = 8m:
g = 1991/47.4 = 42 m’/s/m.

ik

LI

AR ik b T R Y e 50 o s eyt s
T e R ' b !
; o

Approaci velocity:
V.= g/(P + H,) = 42/28 = 1.5 m/s.
Approach velocity head:

h,=0.115m
and h/H, = 0.014.

Parameters for the crest geometry are determined from Fig. 17.9.

K = 0.503
N = 1865
XJH, = 0.277
YJH, = 0.12
R/H, = 0.525

R o L T

b b
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Ry/H, = 0.225

The origin of the X-Y axis is at the crest of the spillway, and X, is the distance from

the upstream face to the crest.
Upstream of the origin:

X, =2216m,
Y, = 0.960 m,
R, = 4.200 m, and
R, = 1.800 m.

Downstream of the origin:
Y = —0.08325 X186

Location of the tangent point is determined by
Y’ = —0.08325(1.865)X°% = ~1.0

X, = 8614

!

Y, = 4.619
The crest geometry is plotted on Fig. 17.37.
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FIGURE 17.15 Typical mangem""ght of an or{}'rg; spillway control structure.

(Institute of Civil Engineers, 1968)

&

3. The floor curve is less critical: however, for the desig
curve radius was 150 ft.

N

4. Potential fonngffbn of vortex is a spectal concern for oﬂticé*gpiﬂways. A vortex sup-
pressor will generally be required and can be determined by a physical model.

5. The spillway downstream of the gate structure changes to a chu%l‘?% that may lead (v a

stilling Basin (see Figs. 17.14 and 17.15) or a tlip-bucket. kN
j i " F
’ N £
/ 17.6 MORNING GLORY SPILLWAY}!‘ o <:‘“?‘:” s
w . e —— -

The moming glory spillway is normally used in conjunction with a tunnel spillway when
the intake is a vertical shaft. Also, because of flow entry from the entire periphery. the
crest capacity is relatively high. Crest gates are not normally used because of access and
cost considerations as well as poor hydraulic conditions in the shaft with partially open
gates Exhibit 17.6 illustrates a morning glory spillway. Figures 17.16 and 17.17 show the
range of possible flow conditions in the crest area for a morning-glory spitlway
(USBR,1987). The design procedure is as follows:

1. By trial and error, determine the required design head H, and the crest radius from Fig.
17.18; H /Rs = 0.3 is recommended. Note that in Fig. 17.18, the discharge coemctcn;
C, is for English units. For metric units, the coefficient should be multiplied by a cot
version factor of 0.552.

2. Determine the discharge rating curve for the full range of heads from Fig. 17.19.

3, Determine the lower nappe profile from Figs. 17.17 and 17.20 and Tables 17.2, 17.3
and 17.4.
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+ Check for throat control in the shaft using the following:

QUZ

4
Ha

R=C,

TR T

Crest

IT. -t
- -« Trantition Tube

** Throat af frenzihion fude

Inclined shaft
Qutiet lag of condut

(17.7)

where: Cp = 0.275 for units in m and m¥/sec, = 0.204 for units in ft and ft3/sec, R =

Acculerating

tigw .
’ Urcaleranng Tlow -.--

CONDITION |, CREST CONTROL

il Teansdon tybe

\--Orifice control at theaa? of transition

= p— pam — e
CONCITION 2. TUBE OR QRIFICE CONTROL

..T — R R R L il TP v saarcanas s- T
T T — e HMyorgulie gradieat Pt ;
RPN e rerouie 9 i
; - —— [ H
. : :
-——_____ﬂ! "
vl
v :
Tailwater., ' h'

N ;

COMDITION 3. FULL PIPE FLOW

FIGURE 17.16

Pwe gcantrol, @« (M,~h ] , conditian 3.

Point of thonga from orifice
CONrgl 1o pipe flQw:ssermrernncaasn=s

Tube or arifice cortral, Q¢ F(H“:l‘ conditeon 2o .

saieqmememaeecreaan - AR LRI IR P LT L

~Head of wheh tunasl flaws Q. T3 full
of downstream and.

RESEAVOIR WATER SURFACE ELEVATION

fomt of thange from weir 19 arifice CONTPOLavaraes ="

Derign pesd
Hy

“oCrant control, Qe fn-t."qcana-mn ]

2

d

T

Sreefrrahic flow
range

QIICHAMGE = SECOND-FLET

Possible flow conditions for a morning-glory spillway. (USBR, 1987).
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TABLE 17.2 Coordinates of Lower Nappe Surface for Different Values of H/R When P/R = 15
A
< 0.20 0.2 0.30 0.35 0.40 0.45 0.50 0.60 0.30
b X Y . .
f ' T For portion of the profile above the weir crest
1 0.000 0.0000 0.0000 0.0000 0.0000 0.0060 0.0000 0.0000 0.0000 [ G.0000
] 010 D120 0120 o115 0115 0110 0110 20105 0100 0090
' 020 .0210 .0200 0195 0190 0183 0130 0170 0160 0140
030 0285 0270 0265 0260 0250 0233 0228 0200 0165
040 0345 0335 0325 0310 0300 0285 0265 0230 0170
0350 0405 .0385 0375 0360 0345 0320 0300 0250 0170
060 0450 0430 0420 400 .0380 0355 0330 0365 0165
3 070 D495 0470 0455 0430 0410 0380 0350 0270 0150
; 030 0525 L0500 0485 0460 0435 0400 0365 0270 0139
: 090 0560 0530 0510 0480 0455 0420 0370 0265 0100
.100 0590 0560 0535 0500 0465 0425 08375 0255 0065
L1320 0630 .0600 0570 0520 0430 0435 0365 0220
140 0660 0620 0385 0525 0475 0425 0345 0175
160 0670 0635 0590 0520 460 0400 0305 oo
180 0675 0635 0580 0300 0435 0365 0260 0040
200 0670 .0625 0560 04635 0395 0320 | .0200
i 250 0615 0560 0470 0360 0265 0160 0015
.300 0520 0440 0330 0210 0100
. .350 .0380 0285 - 0165 L0030
. 400 0210 0050
’ 450 0015
L300
. 350
‘ F!}:— Hl For portion of the profiie below the weir crest :
i . . 1
—0.000 | 0454 0.422 0.391 0.358 0.325 0.288 o 0.253 0.189 0.116 -
) —.020 <499 467 437 A0 .369 330 292 218 149
—.040 540 309 478 AT 407 .368 328 259 474
— 660 379 547 316 482 443 02 .358 286 19§
e D80 615 383 330 316 476 434 386 310 213 :
— 100 650 616 384 347 306 462 412 331 bk
Y —. 150 726 691 660 620 577 526 168 376 263 3
! —.200 .795 760 729 683 639 .380 316 413 293
! —.250 862 827 790 343 692 627 357 FE] L] _
! —.300 922 .883 843 q97 4 671 594 474 34z 1
+
- 300 1.029 .988 947 .393 .§28 748 656 523 38
—500 1.128 1.086 1.040 980 902 316 710 567 413 s
—.600 1.220 1.177 1.129 1.061 967 869 753 601 439
] —.800 1.380 1.337 £.285 1.202 1.080 553 827 633 473 ;
—1.000 | 1.525 1481 1.420 .317 1.164 1.014 878 696 A8
—1.200 | 1.659 1.610 1.537 L411 1.228 1.059 917 725 1) .
—1400 | 1.780 1.731 1.639 1480 1.276 1.096 949 750 531
—1.600 | 1.897 1.343 1.729 1.533 1.316 1123 973 770 544
—1.800 | 2.003 1.947 1.809 1.580 1.347 1.147 597 787 533
—=2.000 |2.104 2.042 1.87¢ 1.619 1.372 1.167 1.013 801 Sed
—2.500 | 2.340 2.251 2017 1.690 1.423 1.210 1.049 827
—3.000 |2.550 2414 2.105 1.738 1.457 1.240 1.073 .340
—3.500 | 2.740 2.530 2.153 1.768 1.475 1.252 1.088
—4.000 2904 2.609 2.180 1.780 1.487 1.263
—4.500 {3.048 2,671 2.198 1.790 1.491
5000 |3.169 2.727 2.207 1.793
—5.500 1{3.286 2.769 2.210
—6.000 §3.39 2.800
Hs 0.20 0.25 0.30 035 040 0.45 0.50 0.60 0.3¢
R : ol
Source: USBR (1987).
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2
% TABLE 17.3  Coordinates of Lower Nappe Surface for Different Values of #/R When P/R = 0.30
3 % 0.20 0.2 ‘ 0.30 0.35 0.40 045 0.50 0.60 0.80
% -
- _}P{i Hl For portion of the profile above the weir crest
; G000 | 00000 | 00000 | 00000 | 00000 | 00000 | GOX0 | 00000 | 00000 ] 0.0000
: 010 0130 0130 0130 0125 0120 0120 0115 0110 0100
a2 0245 0242 0240 0233 0225 0210 0195 0180 0170
030 0340 0335 0330 0320 0300 0290 0270 0240 0210
: 040 0415 0411 0390 0380 0365 0350 0320 0285 0240
’ 050 0495 D470 {435 0440 0420 0395 0370 0325 0245
060 0560 0530 0505 0490 0460 0440 0405 0350 0250
£ 070 0610 0575 0550 0530 0500 470 0440 0370 0245
4 080 0660 0620 0590 0565 0530 0500 0460 0385 0235
i 090 0705 0660 0625 0595 0550 0520 0480 0390 0215
! 100 0740 0690 0660 0620 0573 0540 0500 0395 0190
. 120 0800 0750 0705 0650 0600 0560 0510 0380 0.120
140 0840 0790 0735 0670 0615 0560 0515 0355 0020
160 0870 0810 0750 0675 0610 0550 0500 0310
180 0885 0820 0755 0675 0600 0535 0475 0250
200 0885 0820 0745 0650 0575 0505 0435 0.180
250 0855 0765 0685 05% 0480 0390 0270
300 0780 0670 0380 0460 0340 0.220 0050
350 0660 0540 0425 | 0295 0150 v
400 0495 0370 0240 0100 .
A30 0300 0170 0025
500 .0090 —.0060
550
?}i %— For portion of the profile below the weir crest
—0.000 [ 0.519 0.488 0.455 0.422 0.384 0349 0.310 0238 0.144
—020 | 560 528 495 462 423 387 345 27 174
—040 | 398 566 532 498 458 420 376 300 198
—060 | 632 601 567 532 491 451 406 324 220
—080 | 664 634 600 564 522 480 432 348 238
—100 | 693 664 631 594 552 508 456 368 254 '
—150 | .760 734 701 661 618 569 510 412 250
—200 | .83t 799 763 723 677 622 558 451 317
—.250 | 893 360 826 81 729 667 599 483 241
—300 | 953 918 830 832 779 708 634 510 362
-~ 400 1.060 1.024 981 932 367 780 692 556 396
—3500 | 1.156 1139 1.072 1.020 938 841 7438 595 424
—.600 1.242 1.203 1.153 1.098 1.000 891 80 617 446
—.800 1.403 1.359 1.301 1.227 1.101 970 845 672 AT8
—L000 | 1.549 1.498 1.430 1.333 1.180 1.028 892 707 504
—1.200 } 1.680 1.622 1.543 1419 1.240 1.070 930 733 521
—1400 | 1.800 1.739 1.647 1.489 1.287 1.106 959 57 540
—L600 | 1912 1.849 1.740 1.546 1,323 1131 983 778 551
—1.800 | 2018 1.951 1.821 1.5%0 1.353 1.155 1.005 797 560
—2000 | 2120 2.049 1.892 1.627 1.380 1175 1.022 810 569
—2500 | 2351 2.261 2.027 1.697 1.428 1218 1.059 837
—3.000 | 2.557 2.423 2.113 1.747 1.464 1.247 1.081 852
—3.500 | 2748 2.536 2.167 1.778 1.489 1.263 1.099
—4.000 | 2911 2617 2,200 1.796 1.499 1.274
—-4.300 { 3,052 2.677 2217 1.805 1.507
—=5.000 | 3.173 2.731 2,223 1.810
—5.500 §{ 3.290 2773 2.228
—6.000 | 3.400 2.808 ‘
E{R~S 0.20 0.25 0.30 0.35 0.40 045 0.50 0.60 0.80 :
—— '
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TABLE 17.4 Coordinates of Lower Nappe Surface for Different Values of H/R When

H ' . . H
*The tabulation for ?’ = 0.10 was obtained by interpolation between -R-’- =0 and 0.20.

Source: USBR (1987).

PIR = 2.00
% 0.00 |0.10* | 0.20 | 025 [ 0.30 § 0.35 | 040 (045 | 030 | 0.60 { 080 | 1.00 | 120 | 150
F‘}—’- FY For portion of the profile above the weir crest
0.000 [ 0.0000]0.0000|0.6000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 [ 0.0000 | 0.0000 | 0.0000 [0.0000 10.0000 | 0.0000 O_mggm
010 0150 [.0145 |.0133 [.0130 [.0128 |.0125 |.0122 |.0L19 j.0116 |.0112 |.0104 |.0095 |.0086 |.0077 DG”()
020 [ .0280 |.0265 |.0250 |.0243 |.0236 |.0231 (.0225 [.0220 {.02!3 (.0202 |.0180 [.0159 [.014D |.0115 .G{:é
030 0395 (0363 [.0350 |.0337 [.0327 [.0317 |.0308 |.0299 (0289 |.0270 |.0231 |.0198 |.0168 |0128 .f}qgs
040 0490 |.0460 |.0435 |.0417 [.0403 1.0389 {.0377 (0363 |.0351 |.0324 [.0268 (.0220 |.0176 (0117 :O(“o
050 0575 1.0335 0506 |.0487 |.D471 |.0454 [.0436 (0420 |.0402 (0368 [.0292 |.0226 |.0168 |.0092
060 | .0650 {.0605 (0570 |[.0550 [.0531 |.0510 j.048% 10470 [.0448 |[.0404 |.0305 |.0220 |.0147 |.0053
070 | .0710 [.0665 (0627 [.0605 |.0584 |.0360 }.0537 |.0514 |.0487 |.0432 |.0308 |.0201 [.0U14 |.ooor
.080 0765 (0710 |.0677 |.0655 |.0630 1.0603 [.0578 ].0550 |.0521 ;.0455 ,.0301 |.0172 (.0070
080 0820 (0763 1.0722 |.0696 1.0670 1.0640 {0613 {0581 [.0549 ;.0471 |.0287 |.0135 (.0018
100 0860 [.0180 [0.762 [.0734 [.0705 1.0672 | 0642 :.0606 |DS70 1.0482 [.0264 |.0089 4
120 0940 |.0880 {0826 :.0790 |.0758 1.0720 |.0683 [.0640 1.0396 1.0483 |.0193 :
400 | 1000 10935 (0872 1.0829 |.0792 [.0750 [.0005 (.0634 [.0599 1.0460 ).0101
160 1045 [.0980 |.0905 |.0855 |.0812 [.0760 |.O710 [.0651 {.0385 [.0418
130 1080 |.1010 |.0927 |.0872 }.0820 |.0766 |.0705 [.0637 [.0359 |.0361
.200 105 |.1025 |.0938 |.0877 |.0819 (0756 |.0688 |.0611 [.0521 |.0292
.250 JA120 1035|0926 |.0850 |.0773 |.0683 |.0396 |.0495 |.0380 |.0068
300 1105 11000 {08350 |.0764 |.0668 |.0539 |06 [.0327 |.0174
350 (1060 1.0930 10750 {.0650 |.0340 }.0410 10230 |.OI25
400 0970 [.D830 |[.0620 [.0500 |.0365 }.0220 |.N060
430 0845 | 0700 045G | 0310 |.0170 |.000
300 0700 |.0520 |.0250 |.0100 3
330 0520 [.0320 4.0020 E
600 0320 10080 3
630 0000 :
z
X ¥ b bortion of . :
T I For portion of the profile below the weir crest .
s ' :t
0000 |0.668 |0.613 |0.554 [0.520 (0487 10430 043 |0.376 |0.334 [0.262 (0.158 |C.116 [0.093 10.070 [k P
=020 [.705 |.632 392 [.360 [.326 488 432|414 369 293 B3 145 120 1096 | uTe ;
~ 040 §.742 0 1688 1627 |.5396  |.563 .34 1487 |48 |40 |3200 1212 (U165 |40 1L | iR i
—0.6Q 1.777  £.720  [660 [.630 |.396 ].337 ].519 |478 [ 428|342 {232 | 182 |35 L9 joha i
-080 {.808 }.75% |.692 [.662 |[628 .339 1549 |.506 454|363 1250 (197 [.16% ;.40 ldi0 §
- 100 | 838 31784 1722 692 1657 {618 357 532 1478 (381 1366 1210 1180 [.150 ) .1=¥ ¢
150 913 }[.857 |.793 1762 |.725 (686 {641 |.589  [.530 |.423 [.299 |.238 204|170 (.1 i
-200 [.978 [.925 |.860 [.826 [.790 (.745 1.698 {640 |.575 459 1326|260 224 |84 M
~250 | 1.040 |.985 |919 |.883 |.847 (801 ;.30 |683 [.6i3 [490 348 |.280 [.239 |.196 .13}
=300 {1.100 1043 [976 [.941 1900 1.852 1.797 {722 |.648 [.518 ].368 (296 |.251 [.206 .10
~400 | 1.207 [1.150 {1.079 |1.041 |1.000 |.94+ 880 [791 |.706 |[.562 1400 [322 |.271 |.220 |.led
-500 | 1308 |1.246 11172 |L.131 |1.087 |1.027 [951 |.849 |.753 |.598 (427 [342 287 232 '13"
—-600 | 1397 [1.335 {1.260 |1.215 |1.167 |1.102 J1012 |.898 |.793 |.627 .49 [.359 |.300 |20 .l:.‘?
-300 [ 1.563 |1.500 fl.422 [1.369 [1.312 [1.231 {1112 |974 |854 |673 }.482 [.384 |.320 [.253 .13{*
~1.000| 1.713 |1.646 [1.564 |1.508 |1.440 [1.337 }1.186 {1.030 |.899 [.710 {.508 |402 |.332 |.260 |.1s8
-1,200{ 1.846 [1.780 |1.691 {1.635 |1.553 [1.422 L2748 |1.074 [933 |.739 |.528 |417 |.340 [.266
—-1,4001 1.970 [1.903 [1.808 {1.748 [1.653 [1.492 }1.293 |1.108 |.963 |[.760 |.542 [.423
—.1.6001 2.085 |2.020 (1.918 {1.855 |1.742 |1.548 |1330 |1.133 [988 [.780 |.553 [.430
-~.1.800| 2.196 |2.130 [2.024 {1.957 [1.821 [1.391 1358 [L.158 [1.008 1.797 |.563 |.433
=2.000] 2.302 (2234 [2.126 |2.053 [1.891 [1.630 }1.381 {L.180 [1.025 |.810 [.572
-2.500f 2.557 [2.475 [2.354 |2.266 [2.027 [1.701 |1.430 {1.221 |1.059 |.838 |[.388
-3.000 2.778 |2.700 |2.559 |2.428 (2119 |1.748 ;1468 (1252 |1.086 |.853
-3.500f ------ 2916 (2749 |2.541 {2.17% |1.777 (1489 {1.267 |1.102
~A4.000f —eenes 3114 2914 |2.620 22001 |1.796 1500 |1.280
—4.500] -emees 3.306 |3.053 [2.682 {2220 |1.806 1509
~3.000 ----u- 3488 [3.178 [2.734 2227 (181
-.5.500( ---sm= 3.653 {3.294 [2.779 j2.229
—.6.000] -enee- 3.820 [3.405 [2.812 {2232
—E— 000 | 0.10 | 020 | 025 | 030 | 035 } 040 | 045 | 0.50 | 0.60 | 0.80 |1.00
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17.36 Chapter Seventeen

nd the siphon’s capacity. An alternative called an air-regulated siphon is designed 5o
ateNgq a steady-state condition for any discharge between priming and capacity afd flowin
water-air mixture without reaching the blackwater condition. Therefefe, it produces
flow condition with a smoother transition during priming, This type of siphop
was developed mgore than 50 years ago and has been used extensiv;ly’in the Far East to pagg
floods of up to 2200~’/s (Ackers and Thomas, 1975). Its perfermance can be affected by
waves, floating debris, }nd\ice. Recent designs have proyjdéd corrections for these prob-
lems: for example, by installifg.of a vertical baffle wall-at the upstream face of the siphon

Figure 17.26 shows a typical ut, and Figf.ﬁ,,".i’f .27 shows a typical discharge rating
curve. Except for the air intake, the design of an air-regulated siphon spillway is general-
ly similar to that of a standard siphon spi}l}wﬁﬁapreliminary design can be developed by
scaling from a design that has been mfodel tested{e.g., Fig. 17.26). However, becayse
approach and exit flow conditions vary from project to praject, each design should always
be confirmed by model tests.f_h{ particular, the mixed-flow coaditions, along with poten-
tial cavitation at the siph,ori'fcrest (as with the standard siphon),\}}agthis design more
complicated than the ﬁﬁdmd siphon. However, this design is preferabie™when flow con-
ditions are highly variable. A summary of experience with air-regulated siphoris is avail-
able in Ackeg/s/ind Thomas (1975).
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/ 17.9 TUNNEL SPILLWAY ; A P
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Tunnel spillwavs are used with embankment dams, where there is no suitable location ror
T g S e T TR - - .

a chute spiliway. A competent rock abutment is required. Tunnel spillways can be gated
or ungated, depending on topographic and geologic constraints at the tunnel entrance. In
some cases, gates may be required, as shown in Fig. 17.28. A tunnel spillway generaily
consists of the following elements: entrance structure, inclined tunnel section, flat tunnel
section, and flip-bucket.

17.9.1  Entrance Structure

[PPSR S

The entrance structure serves to provide the required discharge capacity and to transiton
the flow to the inclined tunnel section. If the entrance structure is ungated, it generally witl
be a side-channel crest with a trough designed in accordance with Sec. 17.4. If the
entrance is gated, it may be by ogee crest gates or by orifice gates. If ogee crest gates are
used, the ogee is shaped in accordance with Sec. 17.2, Step 9. If the entrance is a gated
orifice, use Sec. 17.5. _
The transition from an entrance structure to an inclined shaft must be gradual to man-
tain accelerating, supercritical, open-channel flow. The transition is usually from a rec:
" tangular section to a circular tunnel section. Angles of convergence should not exceed
approximately 3° (1:20).

17.9.2 Inclined Tunnel Section

The inclined tunnel provides for acceleration of the flow from the entrance transition ©
the flat-tunnel section downstream. The inclined shaft is connected to the flat t_unm:l bya
vertical curve with a large radius (R/D = 5). The elevation of the bottom of the cune
should provide velocity and depth to satisfy the following energy consistent with head
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17.38 Chapter Seventeen

water and head losses up to and including the vertical bend, and uniform flow at a depth
of 75 percent with long-term tunnel roughness (assume Manning’s n = 0.016) in the flat-
tunnel section downstream. .

If the head is sufficient to produce a velocity of 25 to 30 m/s at the end of the vertica)
=~ curve, an aeration ramp must be provided upstream of the curve. The location and geom-
etry of the aeration ramp generally are determined by a physical model because of the cir-

cular shape of the tunnel.

17.9.3 Flat-Tunnel Section

The flat-tunnel section is generally situated as low as possible to minimize the tunnels size
while maintaining the downstream end above the tailwater. If the downstream end is
fixed—say, 3 meters above maximum tailwater—then the tunnel’s size and slope are pro-
portioned to produce a depth and velocity at the vertical bend that is consistent with head.
water and energy Josses in the entrance structure and the inclined shaft. In some cases. the
length of the tunnel may be such that the downstream tunnel extends directly
to the entrance structure without an inclined tunnel section. In such a case, the aeration
ramp would be placed in the downstream tunne! if the velocity reaches approximately 235
to 30 m/s. :

It is.most convenient for hydraulics and construction if the tunnel section has a square
bottom, which provides more flow area and simplifies the design of the aeration ramp. &t
also eliminates the transition from the downstream tunnel to the flip-bucket.

./

17.9.4 Flip-Bucket . ﬁyﬁg&g,l IR

The energy dissipator for a unnel spillway will almost always be a flip-bucker because it
is generally the most economical solution. Any transition from the tunnel to the flip-buck-
et must be gradual. The simplest flip-bucket is the straight cylindrical type that has ihe

B PN

b s b eh et e e et

——ta

same width as does the unnel. However, if the impact of the jet with the tailrace 15 not
acceptable, a special bucket may be required. Such a bucket might turn or spread the flow.
to Jimit or localize the plunge-pooi scour. A special bucket generally requires a physical
model. Because the tunnel spillway, as a generaj rule. will have special features, a physi-
cal model is usually recommended.
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Chute | //

e

17.10 .1 Smooth
The spillway chute connects the crest structure with gnfeﬁgéy dissipator. In plan, 1t iy
be straight or curved, have a uniform width, orﬂp‘@ft’ipered. The most common design 18 3
straight chute with a gradual taper. More Iﬁiex designs require physical model] tests. In
section, it can have a uniform slopg/,erﬁave more than one slope connected by verticil
curves. The most common Chu}.&«pfﬂcﬂ)ﬁ]e is a flat uppecchute and a steep lower chute con-
nected by a vertical curvgyﬁﬁﬁtc friction losses are generaby calculated assuming that the
minimum Man-ning;s./n’E 0.010 (for energy dissipator designy~and;that the maximum
Manning's n =.0:016 (for wall heights) ‘
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62.5 Anclytical method

geneous and the boundary cogditions are simple and well defined.
Since the base of weirs is not

the scope of this book However, where thc designaf small weirs is
concerned,
for determining the uphft pressure and seepages.

@ ENERGY DISSIPATORS AND ITS EFFECT ON

THE APRON LENGTH

It was explained in Chapter 5 that construction of a solid apron
is required to accommodate the hydraulic jump. In the previous
sections of this chapter the relation between the exit hydraulic
gradient and length of the apron was established. Constructing
ordinary horizontal flat aprons to match the required hydraulic jump
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—> The design procedure

and existing gradient criteria usually results in a massive costly
structure. The length of apron can be reduced by introducing cut-
off walls, but there is a limit however for this reduction, since the
hydraulic jump must not be allowed to occur outside the apron. To
control location of the jump and reduce the construction cost, energy
dissipators should be introduced. E)esxgn of the energy dissipators
depends on values of Froude number in pre- and post-jump and the
tail water depths. 7\ —<—

Fig, 6.10 presents the design criteria for various types of energy-
dissipating structures znd stilling basins, which is reproduced from

- Engineering Monograph No. 25, US Department of the Interior

Bureau of Reclamation.

by
1. Determine the pre- and post-hydraulic jump water depth.
2. Determine the pre-jump velocity V; and Froude number, F.
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Fig. 6.10 Characteristic of type L I, Il and IV stiling basins. (USBR Monograph No. 25)

3. From Fig. 6.10 select a suitable basin to satisfy the flow condi-
tion, taking into consideration the practicality in constructing

" it. The figure is self explanatory; however, with the additional
explanation given in Table 6.5, the basin selection should not

be a problem, )

4. The basin selected in step three is adequate to disperse the ﬁt?y
energy and accommodate the jump, but it does not ncocssani.y
give an adequate creep length to guarantee a safe exit hydraulic -




120 . Upliifi Prassure Under Weir Foundation

Joble 6.8 Selection of the stilling basin criterio

Type of Froude no. Limitations and characteristics
basin ) Fl
I , ' Allranges .= Not economic

i - - the jump entirely depends on the tail
water and it may sweep away from
the basin if Dy > Dy

| > 4.5 - The basin length is smaller than basin
‘ I' by 33% and disperses the energy
within the basin
- Its construction is a little complicated
becduse of the form work of the
dentated sill and chute blocks.

i > 4.5 . - Suitable for cases where V < 15 m/s
- The basin length is smaller than basin
I by 60%, but it is more difficult to
N construct because of the form works
of the end sill.

The basin length is the same as the
length of basin I, but it guarantees the
occurrence of the jump within the

- basin and reduces waves result from
imperfect jumps '

v 2.5<F1<4.5

gradlcnt Therefore the exit gradient should be calculated for
the given basin length, If it is greater than the safe gradient for
the particular soil, the basin length must be increased at its end,
or intermediate cut-off walls introduced. However, the distance
between the basin blocks and the sill must not be changed.

e

PROTECTION WORK FOR THE STRUCTURE

The stracture must be well protected from the river overﬂow and_

water creep along the walls rust be prevented. Construction of wing
walls at both ends of the structure is essential to anchor it into the
ermbankment. The upstream wings are usually constructed at an angle
of 30-45° with the river bank, and it should be extended beyond
the top line of the embankment by at least 1.00 m. Type of required
protection and height of the embankment, depend on the frequency
of the river overflow and the investment cost of both the structure
and the protection work. Fig. 6.11 presents a typical layout of a
structure.

To protect the channel bed from being eroded by the current
Jeaving the solid apron, usuvally riprap, is placed. The length, size
of stones used, and thickness of the layer must be carefully chosen

according to certain criteria.

e e T
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SEGTION |
GENERAL INVESTIGATION OF THE
WY DRALEIC JUM
{BASIN 1)

Jump occurs on fiat Floor with no chute blocks,
botfle puers or end sl in basin. Usuolly nat @
procticel bosin bacousy of exceasive length.

Elemants ond chorpcteristics of jumpd for
cornplute ronge of Froude pumbers is

Setermined to oid designars in selecting mors

procticol besing 1, 11,1V, V, and V1.

P ON HORIZOMTAL APRONS

SECTION 2
STILLING BASEE FOR HIGH DAM ..
AND EARTH Daml SPLLHAYS AND
LARGE CAxAL STRUCTURES

(BASIN 11)

Junp ond bosin lergth feduced obost 33
parcant with chute biscks
end’ 3ill,

For uss on high spliwars, large congt
structures, stc. ke Frouds numbers
above 4.5. :

o dentated

SECTION 3
.-, SHORT STHLING BASIS. FOR
GanAL STRUCTURES , SMALL CUTLET
= WORKS -AND SMALL SPILLWAYS
(BasINID)

Jump ond basin fength reduced oboyt &0
percont with chute biocks, boifie piers,
and soid and sill.

For uss on small apitheoys, outlet works,

number is above 45.

amoil canol structurss whars ¥ dows not
axceed 30-60 fast per second ond Froude

SECTION 4
STILLING. BASIN DESIGN
AND WAVE SUPRESSORS Fi
CANAL STRUGTURES ,GUTLET WORKS,
AND DIVERSION DAMS

- {BASIN 1V)

For usa with jumps of Froude number 2.5
to 4.3 which usually gcour on canal
structures ond diversion dams, This
bosin reduces . sacessive waves cragted
in imparfect jumps.

May ciso use atternats design and for wave
sppressors shown below, or Basin VI
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SUMMARY OF STILLING
SECTIONS

BASIN CHARACTERISTICS
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. SECTION 5§ SECTION & i # SECT N 7
£ ' STILLING BASE WITH STILLING BASIN FOR PIPE*ON . SLOTTED AMD 3000 BUCKE™
' SLIFING APRON OPEN CHANKEL OUTLEW : MEDRARI AMD (OW DAM SF
-, (BASIN ¥) . (BASIN YI) {EASIN VI
' For use an pips or open chonnel outlets.
For ise where structural economies 4

dictote desirobility of sloping’

‘apron, usvally on high dom spillways.
Needs greater tailwater dapth thon

hnriz'mful apron. N

Sizes ond discharges from toble ¥y

should not excead 30 feet per sscond. No

toilwater required. Froude mamber usually LS

to 7 but not important.
Moy substitute for Bosn IV,
Enargy ko

grecter thon in comparpble jrm,ﬁw-e'u

For use on spillways, drops, chufes
etc. where crest flow is not
submerged. ¥ ond F, howe na limits,

Dota moy alse be used to design
. a solid- type roHer buchet,
[se¢ Figure 47}

» A ) <
& P N C,) e T ;iE'
: -1 jv(:“" - / T -1 v 005R '
A SRR il «
£ ! ‘ . H
: {GASE &) A 0058 rodive—-J
® -
k -K(r"’;’ -)_.,.‘3_ o
A T -
R ST T '
o=
[ em = |~ e = :
FIPE N FEET Amp IWCHES .
{ GASE B) w TeTwlcTeJel=]eo ' T
& LTI [ S8 a4=B| T4 {33 |4i |2-4 [O-IT| 21 SLOTTED BUGKET s
24 [ 304 (38 | 89| %0 |90 |31 |3 |F-0]1-2 [2-8
30 [ Ag [ 39| 80| =3 [0-8{4~F |8-t |b-4|5-4 |$-O o
34 | 707 |85 |95 7-0 [rik-a$-3 |71 |5 10|i-7 |34
4z |94zt |18 o4 80 [-o|8-0 |8=0|a3|1~3 |3 ‘ 1
45 [RS7191 [H-8|%0 |00 |80 |80 |44 (2-O14-8 L] )
B34 n90 |19 [130) % [iI%a | g pO-O|B5-B (2-2 Ld=i} d_. —
0 THLEY 134 | 143 [J0-8 |90 |80 B-i1{2~-9 {3-4 » ’-l o
o T RT3 (-8 12-3 P2 -0 83 RP-% |60 (2-9 |8-2 \ . s -
BASIC DIMENMSIONS . \ B
Ael |\ T
[ -]
3 == e AN .
= - g
UPPER LBGIT r
Bul > _ N N
=* L N -LoweR LT \\ |
z ./—/r/, ¢ ~ w?
e . ]
' ’ ‘m/ i R o o mu%w“nln.m::uz“._ﬂ;'_’_ e
[{GASE D) DISCHARGE IN CES. Ovr2g Ma
DISCHARGE LIMITS MINIMUM ALLOWABLE BUCKET RADIUS
. -
» o]
- * A F = bl ——
= 77 d & = 00
o, 8 IEF" . IPACY usan:} » P
4 } o
* ok, X ~J
o t ‘rlo.un{’:uml!'sl YT L [ / .
[ -
LENGTH OF JUMP 8w f{ A
(CASED) S /) _‘"Momzmﬂ:u::uzl ) e
- - / 7 "-.___.\" m_---'- ]
a3 / § .0 / * Y N T ®
at —
.- R -- -
s 30 d E L} T~ L -._-.
o z I T ]
] 1 ] - P ———
* { 8w et ——r L
:un - Y e
w
/ . T
-} | . Y °0 E] - [] . M 2 4 s 18 1D .
. T/ Dy aa M
TAILWATER DEPTH RELATED BT T BT T
TO COMJUGATE DEFTH COMPARISON OF ENERGY LOSSES RR AT H
(CASE D) V7
TAILWATER SWEEPOUT DEPTH




bl i @

R it T T RN T R P P S N FORY A A 1071 N PR C I A TR T T AT TR S 2 e AN ey e i .
ko Nt £ e b 20 e M i e 6 VY et G bk skttt o
. M il f
“fy e b
_ ot ¢
TON 8 b SECTEIN 7 -
UN FOR PIFE ~ON d SLOTTED AND $O0U0 BUCKEY FOR Higy SECTION B
NNEL OUTLEY - ' - _MEDIJM. AKD LDW DAM SPILU,A\'S ’ STILUING BASK FOR HIGH HEAD QUTLET
4N V1) e (EASIN V1) WORKS UTILIZING HCLLOW‘}JHEIT) VALYE CONTROL
' - {BASIN
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ECTION 8

up¢ FOR HIGH HEAD QUTLET

1 HOLLOW JET- VALVE CONTROL
I BASIM V1)

. about 30% shortar than
in ig used to dizsipote

1y at the downsiream eod af

\ cowitrol atructucs. To reduce
wace, the atilliag belin is
scted withia ar adjacant to

structure as 3hown in

L e
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wa,
TAILWATER DEPTH
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SECTION 9
BAFFLED APRON FOR CANAL OR
SPILLWAY DROPS
(BASIN IX)

For use in flow woys whare water i1 10 be.

iowered from one lavael to another  Tha
baffle piers provent wndue oaccelerationof
the flow &3 it paises down tha chute,
Since the flow velocities antering the
downmstream channel are relatively law, ag
stiiling boam i reguired. The chute may be
detigred o discharge up o 40 cublc faafper
sacond per foot of widin, and tha drop may be
as high os structurdlly feasibie.
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SECTION 10
FLIP BUCKETS FOR
SPILLWAY TUMNELS

OR LARGE OUTLET CONOUITS

{BASIK X)

The purpose of a flip bucket i3 to throw
the woter downstreom to minimize |
rivertes domage. !t ts nat o wbstitute
far gn 4nergy dissipotor hecause g
bucket is inherently incapabdie of
dissipoting enerqgy within itsaif,
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SECTION 1!
SZE3 OF RIPRAP TD BE USED
DOWHSTREAM FROM STILLING
BASINS {INGLUDING PROTOTYEE
TESTS ON BASiH V1)

.
-
-
-
z, TN
3 / | coe
5 /
- oo
~
1l L aoa
By
w
x
e roa
" 100
v Fea
/ .
N
. 4 L] 14 [ 10 [}

BOTTOM VELOGITY (¥} M FL/SEC,

GURVE TO DETERMMINE MAXIMUM
STONE SIZE IN RIPRAP MIXTURE

Curve showi minimum size of stone

necessary o resist mavemant,

The riprap should ba camposed of Q well

graded mizture but most of the
stonas 1houid be of the size indicgted by
the curve Riprag should be placad owver
o filter dtankat of graded gravel In

d loyse 1.5 times {or morel as thick
ax the larqer stana dimension,

The stone-size curve gbove even though

oniy partiafly proven, will provide @

starting point for the development of
o mars accurgate methad af determiniag
midimum ttone sires and specifying

WEHHT OF SPHERICAL 3TOXE (LBE. B 163%/ m Fr )} .

DISCHARGE (N CFS FER FOOT OF WIOTH = 4

BAFFLE PIER HEIGHTS

TAILWATER DRAWDOWN

riprdpg mintuces. The curve indicgtes
aver moat of its range that deubling
the flaw veiacity Jeaving a structure

aid - (X} "
B ;- AND ALLOWABLE YELOCITIES makes it necessary to prowide riprop
IR SWEEPOUT OEPTH Lo about fpur himes larger in nominal
SIMPLIFIED e e diameter or 16 times larger n valume
] > DESIEN PROCEDURE e Beise T e Sr_:‘tl‘qh‘? T:‘eu ..ff;?u” nl‘o‘ne_ pravide
o ok Ed T
: FodsTa ey riprap material,
The baffled apran should be dasigned for the . prap materia
a marimum expected dizcharge, Q, vp to
1A s0c.fs. per foot of width
I 1 Entrance velocity v, thould be aslow o
&1/ v proctical ar = 9 QI a< a% as 12
[ ar L Ses Figures (03,105,107 and 109 for somple approoch A,
AR ’// poois. . B o Haviered pras sy 3
24 Baffte pier height n, should be obout 0.a0, Fre m‘:_ﬂ:“ UsawTRes2,3 PO
A {0 3.90c , Curve 8 gbove; X ¥ Oaverd diarons fram £C. Tu foIsemter
Baffie pier widths and spoces shouid be aqual, } :m":,_".:_—?_.”::::v-:-do.‘-:;'c.
up te Y H But agt less than H. -
The slope distance hetween rows of baffle
i piers should be ZH, twics the baffle height
. H_See tert for increase in row spacingon flof chutes

Cq 38 40 39 43 TO MG 0 om
Hid

iNG BASIN LENGTH

(AL T I bl

o 40 33 49 10 a3 s0 g
nid
WIDTH PER VYALYE

Four rows aof daffle prers are required to
estaolish full controf of the flow aithough
fewer rows hgva aperated successfuily. ar
legst ane -aw of boffles shauld he burisg
in the bacafill,

The chute ftroinmg walls should be three
times as tgh as the baffla piers.

Riprap consesting of g-to (2:wich stones
should be pigced at the downstream ands
of traimng walls to prevent eddies from
undermiaing the wails,

PRESSURES ON TRANSITION
BUCKET FLOCR

For prevsures gt end ond side woll of bucket
1ee Figures 163 and 164,

SUMMARY OF STILLING BASIN CHARACTERISTICS,
SECTIONS 5 THROUGH I .

4
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~ The values of Xc predicted by the theoretical model can then be
combined with the input data in the form given by Eqn. (2) and a single set
of degign curves produced. These design curves are presented In Figures

2(a) and (®). Figﬁre‘2(b),is simply the lower range of Figure 2(a) to a
b

larger scale to facilitate its use.
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FIGURE 2. RELATIONSHIP BETWEEN NONDIMENSIONAL DISTANCE FROM CREST TO
CRITICAL POINT AND NONDIMENSIONAL DISCHARGE PER UNIT WIDTH.
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Since the two graphs represent design curves and their scales are necessarlly
small in their reproduction in these notes, the Eglues of X, /k and q/(gk )2
from which the graphs were prepared are in Table 1. The data in Table 1

were in turn obtained from the numerical experiments. When plotted in the
form of Figure 2, scatter is virtually negligible giving confidence in the

validity of the dimensional analysis.

The use of the design curves Is best illustrated by an example.

NG

An overflow spillway is to carry a maximum discharge of 3,500 ms/sec

in a channel 50 m wide. The spillway is 400 m long and, below the crest region,

has a slope of 30°., The concrete has a roughness height of 20 b 10 The
N RV

> | K,

A




e

designer needs to know: @will self-aeration occur on the spillway at.

the design discharge; and {2} if sc, at what point will it commence? ,
Solution:

e .
‘1.9"-""‘/ . g,
st g prd L “
£ C/,ﬂ

q = 3,500/50 = 70 mS/s/m

il

. q | | 70 R
(g k 3)% [9.8 x (20 xlo’”)s];é

1}

25.00 % 10"

Then from Figure 2(b) X_/k = 11.7 x 10"
b Tl feA)

. X
c

-4

11.7 x 107 x 20 x 10

= 234 m

i.e. at the design discharge, self-aeration will commence on the spillway

at a dlstance of 234 m. downstream of the crest.
- |‘:q
JJZ = = O.OH*{JX.C ) ¢ 5 /M/)“’\Uf
It is Important to note that the design charts in Figure 2 are

is only available for this type of splllway. Many splllways are built to

=
1

strlctly applicable only to the spillway shape comprising élﬁertical upstream
e e
- faCe eveloped by the U.S. Army Corps of Engineers (see Book List). The
PR

theoretlcal model on which Flgure 2 is based requires input which at present

»
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e

RTSEAIRL o v R N

. .
cers specifies the profile

other proflleé. The U.S. Army Corps of Engine
“been tested tc determine upper nappe profiles, pressures and discharge
spillway slope, roughness, and flow will be 51gn1flcantly affected by the

crest shape. However, the upper nappe profile will - to some extent - be

affected with a consequent influence on the position of the critical point

f7f,,9. g, Extension of Figure 2 to other spillway shapes must await model testing to
e Gy

U

determine these preofiles. However, in the meantime it is suggested that
—_—

the charts as given could be applied without significant error. 4{.)

Developing,

P

éhapes for s@illways with various upstream slopes but these shapes have not

coefficients. (It is unlikely that the boundary layer growth for a partlcular




PRSI

V E L

L] \’
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) . ' Spillway Slope, in degrees (X == WO
{ )
5 | 10 | 20 [ 30 | so | 70 2N
g/ lgk)'? x 10%) . CHAY S .
@) k; = 0.001 ft (3.048 x 107* m)
25.12 “Tis97 | 159t | 1320 | 1168 | 1037 | 997 4
71.04 3971 | 3293 | 2756 | 2421 | 2152 | 20.60
130.50 6121 | 50.64 | 4199 | 3726 | 33.07 | 3172
200.92 83.18 | 69.56 | 57.25 | sn1s | 4527 | 43.46
280.79 105.14 - | 8692 | 71.52 | 63.96 | 5671 | 54.44 .
369.11 12790 | 10680 | 86.78 | 7833 | €9.59 | 66.73 o
(b) k, = 0.002 ft (6.096 X 10~*'m) o
8.88 9.15 | 7.63 | 640 | 558 | 492 | 484
.02 19.11 | 1583 | 13.37 | 11.65 | 1042 | 10.01
46.14 ' 2953 | 2444 | 2026 | 1804 { 1599 | 1534
71.04 -~ la003 | 3297 | 2756 | 2427 | 21.65 | 2066
99.28 150.89 | 4199 | 3445 | 3092 | 27.48 | 2633
130:50 61.48 | 50.85 { 4195 { 37.48 | 33.14 | 3166
_ . (c). k, = 0.005 ft (15.24 x 10~* m) ' :
< E
= 2,25 335 | 728\ | 236 | 206 | 183 | 1.7 2
e €350 oo | 108 }-T3ELN| 495 | 434 | 385 | 371
A 11.67 1097 |/ 910°|| 755 | 67 | 5985 | 573 i
17.97 o {wasr fzas )| 1020 Y| em | o808 | 779 :
25.11 18.99 | 1568/} 13.06 | 11.55 | 1029 | 9.88 i
33.01 ;0 plaoos/l 1562 | 1407 | 1248 | 1201
(d) k, = 0.010 Tt (48 x 10-“m) £
0.79 158 | 13t | 112z | 087 | o8 | o0s3 4
2.25 336 | 278 | 236 | 2.06 183 | L77 5
- 413 5.20 432 | 361 | 319 2.83 273 #
6.35 - 7.10 | 5.87 | 486 | 434 | 38 | 372
8.88 9.00 | 749 | 618 | 552 | 491 | am
11.67 1054 | 907 | 7.51 670 { 596 | 5.80 ;
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self-aeration. The first aspect is aeration inception: because the

critical 'point moves downstream with increasing discharge, it i

critical point will beMgeached in a given length of gpillway.

2 o
)ffij; s / ) 'JS'JAQ
1L deper AT EdT
STz Once there are evidently three
e .
L ke regionspof aerated flow downstre
i L :
dip](chAJ @heveloping fully aepated TIow, andgt Tows

®ist on the spillway.

this region will .

In this section a design method for locating the critical poin¥ is
first pre§éhfed. Empirical relationships and methods for the aerated rggions

are then discussed.




/ W insen) QB::L keller ,Lal L 3ypse Zrad e st

(c Ja 3«3&,‘3 o e
- - :E.:s_)‘—(-\-’l .i':lb

N e i . IE i
(&ig ., Qx.'l'!‘\‘ﬂ\ l@i") _\)-LM\\; ("55 ﬂ'.! \‘-—«L'LD cl ) r-i\-}b 'Z)jf:)/) \'ij. L gt
' ‘ V- v, Cahsb
‘ =S AL T
\?_‘ )&

‘ M T
' l QOL keller @, g,\__}\:; 3 (_’_“"*5

(o) oo nsma NSsS @) Y TV T g pn Sosren D

1 R b 3.-—-‘5) =
lYBJG\“‘}—%,) .__H__,wl_-’:-h

ALxT .
w Vi = ehanlags o
Ceritieat pointy | 50 ST =Ygk

hae s ey

T L
S o ?O(c .

—kTQ%: [ &Y f><

L ';;__}AC;aﬁ IF '%vﬂcfl% al 9o then LY -4y 'qr

(—)
. I -
< . ~— R
st V< 7 2 igua) e
Q-’: fh ny . '
, Ve
: \’?T - ﬁ f’fQ N Qvg E 4.2 o \r____ l‘ﬁ(ﬂl)
—— = VTV i) s =
VT
C=a'i »
4 = fv(Ra 5% ) Rguysiadsh
4
Ry :"?Iﬂ *P\cy nol S AL
where - Vv '
F
S=TgR s RN
NP
_ Y4 o
Y 7 ¢
N = = A S
"\""QT To=T
y ayhen. o
A dpls Y ‘( . Q&k&&% No .
] ]

l}_,_:;,(__j—')g = (i‘&'-k‘* iu‘j (y“b ng»@»m) : j




| / vexsothalyy Oala s \
3, = e Yy | IS done :

=

q

v
C‘E\w"’ gbuc% ' | : |

-]

. l’h _ '
LU‘\Q]’(’, Lk:\&y QY\:(V_.(,)F:_[\ 9 k:€(i)

N
1‘&3; < n )’L(h%} K: ? <

[ AV

yo (S yoge 2
L, n ) f \,’.T. (tf)fo‘.)
I6 NoA 5 The 1
N =W L —ayy
v
. |
% D XY Casea 3l

N -\ T Ll
/r‘ o c : k 4 =a /> L < J ‘-3(>
e lsoual LT B Lﬁbn\ oon X \-—"3.\- (=2 > f

LL?I\EF'(’_ X

E . . |
fom ( F‘cj 7Y }’a{ = (:(Y\?’agﬂo(jrﬁi -\ &V )Yifg

ﬁda)

RN |
e R

N C::_D}‘% 2>/{ :.a/'g)m+ )(d ;((’r}}’otz ’{J)/L

— See Eq(2) Pag\t
‘ T -
)’__/—v-\/-—f\_,\/

K:? asnt o) ICRT é“i‘):“"’

;}Oh’\ 2 ﬁ\,&:kyn —




——=~ .The design procedure is best illustrated by an example.

Yo t‘j-b 7 _ - . - )
= = Example 2: _ @pjt/f

= { .
X=3= Assume the spillway and flow conditlons as specified in Example 1.

' /d}ﬂ s40e™  Calculate the flow depth at a distance 280 m from the crest.

wd
Iz 3550 75

0= s
>4 . //«J ///—‘ a7l 2f0 (f_,—;guy—-—“f

z Zokio w Solution: 1(5/,/

. ) ﬂC'C-:ZSQ' < W.Y 3 é L}l}a;- &( ,*ac,l M fg)f""i
A ....-./ From Example 1 the crltlcal pmn‘t oc?urs at ;Lstance 23k m ""dovm—
=280 )

% stream of the crest. Thus the point of interest is situated x = 280-234% = 46 m
downstream of the critical point. // - '
\,’C».»\,/r.—?’j-‘}h ATl X /-’I«'ZE_ = o

H= 280 >9(_ _ TRV _
A C Vi ® V2g X sin®

\_Jl/f’*;" J'

1t

/A5 6)(330) (5 1n 300)

((}!)5—');)},9”);/) e . ) . , ‘
- : 47.9 m/sec. 1= V1% K”‘/Af.
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R, = GLT e 4G m
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AT 3
A= Wheile ""‘/{
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=2 x 109.
'From Figure 5
‘ \Y
T
— 7o = 1.8
-
Vg = (1.23)(47.9) = 62.3 m/sec. = 2273 i<m/Y
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= 1.24 m.

From Eqn. (12) -

70
=1.31 x —— -~ 0.68B x 1.2u4
¥b *82.3 @ 3seo Y
| B

.= 0.63 m.

I

._'.__ 7 :J/{E;
YT - yb + yd -

(iij%?rzdzig Y4 .". Design procedure is valid. thbgﬂw:*'

A-J’ghml e : ';
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= 0.63 + 1.24

# - X 3. M

| 9ot J

J Regions of Deve]opmg, Fully-Aerated Flow and of Fully Developed ully-
M‘—‘—

Aerated FIoW ol —b(@abe Ol v Vj‘;,,zz, R

e
"3, ; n P it
.),J/::'J/;"’ /‘{’4’ A ( (Wff)fl. G'\./'L -."2‘/_' l)
These two regions are considered together since the Currently

3<
W
i
,::(
C‘
o< |
W
Q
.
\c

a
LI

A

G I

S B e

T
ERA X &

T

R AR

Anderson found that uniform nonaerated flow in their laboratory “sjannel
e ——— e T
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followed a similar relationship. (;t is recommended that the Mannin equation

beNysed with an n value (for concrete) of O.OlS.J)
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where dm is a convegient reference depth to which
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is the mean velocity. uits of S aub and Anderscn's experiments can
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is first necessary to show that the design methods of this section
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aerator 1 — 20 cm dia.

aerator 2 — 15 cm dia.
aerator 3 - 10 cm dia,

Aeration system of the Foz do Areia spillway.
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. Main dimensions of the Foz do Areia spiliway.
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e 17.11 SPILLWAY AERATION RAMPS ;
9 ;1 [
. {«3 (IJ/-' In recent years, aeration has become the standard for cavitation protection for spillways
F k= F - (as well as for outlet works and other release facilities) for strucrures with a height greater
B2 ? ° than S0 m (Falvey, 1990; ICOLD, 1992; USACE, 1995; Zipparo and Hasen, 1993).

w4 Aeration ramps of various types have been used on spillway chutes (Fig. 17.32) as well
(”f as on tunnel spillways (Fig. 17.33). Alr is supplied to the ramps in various ways (Fig.
7t 17.32). ‘

The aeration ramp requirement is generally determined on the basis of an assessme_m
of the cavitation potential along the entire length of the spillway. The cavitation potential
¢an be expressed in terms of the cavitation number (or cavitation index) ¢ as
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Figure 1733 Acration ramp and slot of the Yellowtail Dam tunnel spillway. (ICOLD, 19
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where p, = p, + p, = reference pressure. g, = atmospheric pressure, p, = gauge pressure
p, = vapor pressure of water, y, = unit weight of water, and V, = reference velocity ‘

[n general, cavitation damage is expected, at locations where the value of the cavi-
ration number is less than 0.2. [n 2ddition to the flow velocity and depth, the accurrence
of cavitation damage also depends on the expected or existing local irregularities in the
spillway’s surface, the strength of the surface material, the elevation of the structure
snd The Tengih of operation. For 1 specific surface irregularity, the critical cavitation
qumber can be determined from Fig. [1.34. An aeration ramp separales the flow from
the boundary and torms a cavity so that aic can be entrained underneath the surface of
the free jet to provide prc&e)ction against J;}vitation damage.Eince the cavitation num-
ber’@w and pressure, the maximurn discharge is not neces-
sarily the flow rate that produces the highest cavitation potential or the lowest value of
the cavitation number of the flow. “‘;‘J’f.‘fa’i"-/i-'(“'f!’? et %’“ el 5{;«_‘3&"'\’ e )
Aeration ramps for tunnels must b verihed by a physical model unless an eXtremely

-

close approximation can be made to an existing design that has been model tested.
\1 However, aeration ramps for chute spillways can targely be designed using computer
P J—V'f models because the flow is primaniy wo-dimensional {Brater et al., 1996; DeFazio and
v g Wei, 1983; Falvey, 1590 [COLD, 1992; Wei and DeFazio. 1982;. Zipparo and Hasen.
’)/_)n . 1993). Brief descripticns of several computer models for analysis of spillway aeration
Ty ramps can be found in Srater et al. (1996). However, if significant three-dimensionai
s effects are produced by a flat chute slope or tapered side walls, where return flow or accu-
d'}jf/“? mulation of flow in the cavity beneath the jet might reduce the effective jet trajectory. the
y ', Yy design should be confirmed by physical model tests.
//C/.é/ _s The reco nded procedure for the desiggf_c_nt‘ ramp and air vent on a simple chute is
M as follows: - had

; L_) @ perform an analysis of the spillway’s water surface profile for flows up to the mas-
.9(-/’/1(“‘:; £el) -’f (j:”‘ ".
A NN As

imum discharge in appro/ximately 20-percent increments.
" yd [ [y

V) 5
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@ For the preliminary assessment, find the upsfream-most site where the fiean vetoe=""""

Dris ity is approximately 30 m/s for maximum discharge and where protection by ser-

Oy donis
) age usually will not occur upstream of this point.

likely to be needed. Experience has shown that significant cavitation dam-

cate based on the flow velocities and depths obtained in Step 1. The computer pro-

T \ 3> Determine the cavitation qumbers for the entire length of the spillway for egach tlow
Yo

gram provided in Falvey (1990) can be used.

R ,/’/ . . “
4~ Determine the upstream-most site where the computed value of the cavitation aum= = £y

ber is less than 0.20, or the critical cavitation number for the exgected local er_r:_‘_g' (f:}. ol
:/{,, 3 ularities, and find an appropriate site for the first ramp s0 that the impact point ol o
"7/ s thejetis atthe desired location. :

Rased on a consideration of the frequency and discharges of the spillway opcrnli})ﬂi

cach ramp should be sized to draw quantity of air equal to approximately 1096 of

the maximum water flow. famp ) o Takra sl S
ﬂj/ ) Hf}v:p/ﬁcd = (d/.r{lﬁnﬂﬂ\/ _:. ,z ¢ Cdmes, ]oA :w ,J"nlﬂl-”jf? .
~76. " The required cavity length L for maximum flow can ﬁxcn be determined using the T

(see also Fig. 1735):, €4 Dol o Gl 20 o= o ]
iy e TR AR




M"[" :'}U((-,j 'h{-"_;.:-"

= air-discharge per unit width, V = mean water velocity approaching {hc:

1. 2(h)

(jl--\/_ “where q,
V™ famp, and L = cavity length, '
, ' I Lhawf s

Use a computer model to determine "a suitable ramp geometry to-provide the

: " . !
" . ] )) p_,(j‘ _~7- - -
P uyn ;& - required cavity length L, assuming a {ree-jet underpressure of —1.0 m (water). The

L ul'-'t;'ciu f/::‘f computer models described in Falvey (1990), Harza Engineering Co. (1996}, and
p o yis 4 &1 2 Wei and DeFazio (1982) can be used -

air flow from Step 3, with no more than -1.0 m
locity that does not exceed 30 m/s to avoid exces-

-

. ! [ ‘ A
A ur2r2, L dﬁﬂ ~ 'Size the air vent to provide the
7 4 ) ox under-pressure and an air veat ve

o b —1 .
% sive noise and choking of the ar flow. ;
‘ , g SUIP AR /g I TS RV S o e - b =)

9.~ Use the computer mo
range of flow. If the resulting air vent velocity or underpressure exceeds the allow-

able 80 m/s or —1.0 m, respecuvely, resize the ramp to provide acceptable condi--

- P
,J)f(_/:,)d -
‘ R

7wl
10. Place the succeeding ramps no more than 50 m apart. The last ramp should be no

& closer than approximately 20 m to the entrance (O the energy dissipator (stlling
basin or flip-bucket). Check the concentration of air downstream of the aeration

J‘/;f ramp in accordance with the following equation (Falvey, 1990): = .. y g
o

i Lauls vedT ) &) bonp ;IT—l,rd_Lﬁ"_u/J L
- \ LULZ?

T e, B e o W
K f(/w/)* L . W)r',df."(’ ,‘,'1:/)‘.-)«,/’_;” - . g : .
- : ] > Gel To analyze the performance of the ramp/air vent for the full

tons over the full range of ﬂows@-ZJ‘-'ﬁbj /l’i ur.(:/ (8 S A (/ﬂ“ D Ju

e

U,

RV Y o O
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Figure 17.35 Dcﬁni.Lion sketch of a free-jet from an aeration ramp. (Wei and DeFazio, 1982)
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AP

- . where C, = mean air concentrauon at d:btancc X, C, = mean air concentration

o \ ; .

\ -'LK] Sy at beginning of acration, L, = s[ope dntance downstream from aerator, L, =
AorLL \; L slope distance downstream from aerator (¢ beginning of aeration, and K = 0.017
%’ Lbne™ | = dimensional constant per meter (i.e. 0.017 m"). On a straight section, the

i990)

S

]' 1 \_Ld f .concentration of air decreases approximately 0.15 to 0. ”O% per meter (Falvey

/ 1. ‘{nstail the ramp dcsngn from Step 7, in a physical model, if necessary. The model
scale should be 1:20 or larger and should include all geometric details that could

e reduce the effective jet trajectory. The ramp design might need adjustment as a
/‘:’ result of the model studies. In the model. air flow will be reduced because of scale _, //L

o

effects. Therefore, use the ramp underpressure as input in the cornputer model 10

M
,v  confirm the jet trajectory. #7120 —.,, & b0 ,4\9 v o 'S

Note that the above procedure is a rule-of-thumb approach based on experience over
the past 30 years or so. Design of ramps over this penod has varied significantly within
the United States and around the world. Although considerable model information is
available, prototype data are limited. The most crmcal piece of data relates air concentra-
non at the chute'’s surface to distance downsweam of the ramp. This determines the

rc uired spacing of ramps. ' | um,.-:‘\:ﬂl TES )._/,//
The other imporant criterion is how much air should be input at each ramp. Current

SYRTIL

R STV PSR T L o

;
]
T

. o Lhmkmc is that the concentration of air just downstream of the ramp should not exceed
apprommately 50% in the bottom flow layer The ouldelmes above assume that the bot-
tem 10% of depth should be equal parts of Zir &rid Water. b‘,/yj SE¢ u’r/ o - D
Exhibit 17.7 illustrates a spillway deration ramp. B
A—‘—Hw ""“’l‘ ~
) ;\-’ L Sr-\/ o s >'_~ .
— -
17.12 SAMPLE DESIGN
with a maximum span idth of 12 m between the centerline of piers. The reservoir and t
iood "data are as follows: \ :
Maximum flood discharge ‘= 2800 m¥sec {
3 Maximum flood pool elevation: = 1I0m E |
s Maximum normal pool elevation = 100 m =
be
Approach channel invert elevation = \\80 m =
Downstream channel elevation = 50\(31 :
Maximum flood tailwater elevation = 40m™. K
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HYDRAULIC MODELING: CONCEPTS AND PRACTICE

When investigating patterns and distributions of {frec-surface, single-
phase How, it is necessary to consider similitude of forces attributable to
incrtia, of gravity (which drives the flow), and of the viscous and surface-
tension properties of the fluid, Useful nondimensional parameters
expressing the influences of these forces and fluid properties are derived
from dimensional analysis in Section 2.7. Eq. (2-64) is a functional refation-
ship of the pertinent nondimensional parameters. The following subsec-
tions further discuss the importance of gravity, fluid properties, and
boundary resistance s the context of modeling.

3.3.1 Gravity

For flows driven by gravity, notably flows with a free surface, the prin-

cipial dynamic similarity criterion to be satisfied usually is constancy of

Froude number, Fr, between model and prototype at geometricalty similar
lodations;

L
Fr= % (3-1)
,.c_.wmﬂm
U= water velocity,
| g = gravity acceleration, and
| Y= channel depth.

This essentiaily requires that the ratio of inertia to gravity forces be the
.f.:Tm in model and prototype. [t also may be viewed as a ratio of water
velocity, U, to shallow-water wave velocity, &w‘%, in a channel of depth
Y. The Froude-number similarity criterion prescribes

Fr. i

Fro=—f ==t
e

T, ,\N

Mote that, as most models are subject to the same gravitational field
that prevails at full scale, g, = 1. The resultant scales consequent to Froude-
aumber criterion (Eq. 3-2) are sumumarized in Table 3-1. The Froude-num-
ber criterion sets the scale ratios, other than geometric scale. Acceptable
limits to the geometric scale of models are set in accordance with the phys-
ical properties of water, model constructability, and cost, and with avail-
able laboratory equipment, such as pumps, Typical ranges of geometric
scale for hydraulic models are indicated later in Section 12.5, which dis-
cusses selection of model sjize.

=1 (3-2)

+ o eI TR

J

(7

s \.n‘:(_)':m'_«

/

v (L

Scale Relationships Based on Froude-Number Similitude, with g, =1

)

TABLE 3—3!

Scale for Vertically Distorted Model,

G=X,1Y,
X,

horizontal length: [
vertical length: L

Scale

Relationship

L = length

Variable

Y,

L=X=Y,

length

" horizontat length

~veriicallengih_

_length
fime

H, =12

velodty
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E 3
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=F
n
gl

velocity

_ length

time

horizontal metion: a,

-

i fer

Z5=r

velocity
time

accelerabion

p— ur
tyr

vertical motion: ay,

GYs/?
G2ysi

horizontal component: Fy =ag Y, X? = 12X,

horizonial component: ., = Uf Y. X,

U A, =301

Q

Q= velocity x area

discharge

U,X,X, =

vertical component: Q,,

-3

Fo=p L2,

mass x acceleration

F=

Force

P -

ay, Y, X

vertical component: £,

=Y,

X

T X,
Y X

force

Pressure and Stress

horizontal component: py, = oy,

area

ap=g=

r

2

i3
2
7

vertical component: py, = oy,

q

=372

=ur

(RcL

Re=

Reynolds number
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._,>E.m 3-2) Scale relationships based on Reynolds number similitude,

<:.§¢_m Refativnship - Scale
fength L = length L=X
horizontal tength
slope S = x.mhliﬁill|r S = WH
vertical length L
. length 0
velocity U= U, =L,
) fime :
. length n
time h,ullam.l FHWMFS
velocity L,
. velocit U, iy
acceleration a= IIL g =—t =T L=ty
time f, I=
discharge J = velocity x area Q =UA =Ly,
Force ‘ F = mass x acceleration E=(p, )0, =p,v,
force
Pressure and Stress  p=g= < P, =0, um.,.ilp_wm
aren I3
ifp,=1

the protetype. The conflict also is evident from a comparison of Tables 3-1
and 3-2. From Eq. (3-2), for example, it follows that U, = fY,, whereas
from Eq. (3-7), U, = 1/(R;), As Y, = (R,), viscous (drag) forces are rela-
tively greater compared to form-drag forces at model scale than in the pro-
totype, and model-scale values of Re are smaller than full-scale values,
However, the relationship between resistance coefficient, f, and Re, as
illustrated in the Moody diagram, Figure 3-2, indicates that a change in Re
does not alter boundary resistance provided that flow in the model is fully
rough, as at full scale, Similarly, as indicated in Figure 3-3, a change in Re
may not alter the pattern of flow near the structure or alter drag coeffi-
cient, Cp, if the flow in the model is fully turbulent, as at full scale. There-
fore, if fully rough flow exists at full scale and model scale, exact satisfaction of
the Reynolds-number criterion is not needed. 1t s sufficient that values of Re at
full scale and model scale place the flows in the same flow regime, for
exampie, fully rough. Practical considerations (notably, the use of water to
model water and the dependency of flow velocity on flow depth) in mod-
eling flow over spillway crests, under sluice gates, or through diverse
other open-channel situations translate the requirement of Reynolds-

pett 1 T

i

- SINGLE-PHASE FLOW 6l
N
pinar  Celical  Transltion
Ea_i q No:nu_ i Zone

el \ LTy
oo /il
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FIGURE 3-2. ﬁ:n:c:?h::.u?ﬂ pipe flow shown ina 3%&« diagran.

1

nuraber sifnilitude into a requirement to attain a minimum Re or Re. in the
model. Thpt requirement, in turn, usually stipulates that model flows
exceed a mlinimum depth. Section 3.4 discusses the requirement for mini-
mum Re infthe context of flow resistance.

Flows irf rivers, canals, and most open channels of civil engineering sig-
nificance typically are fully rough flows with Re and Re. in excess of 10%
and 102 regpectively. \

Modeling difficulties may arise for models of gravity-driven flows,
designed grimarily on the basis of Froude-number simititude, when the
reduced vafue of the Reynolds number at model scale shifts the flow from
the fully rolugh zone, which prevails at full scale, into a transition-flow (or
possibly even a laminar-flow) zone, as mapped out in the Moody diagram
for pipes. The shift in flow region signifies a change in local fiow pattern
near boundaries, exaggerated emphasis in the model of viscous resistance
relative to florm resistance, and an overall increase in resistance coefficient.
If it is not possible to select a smaller scale reduction for the model {for
example, 2.1 instead of 100:1), an alternate means to remain in the same
flow region is to distort flow depths. Vertical distortion, use of a smaller
vertical lenpth scale (for instangce, 20:1) than a horizontal length scale (for
instance, 60:1), is discussed in Section 3.5.
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