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PREFACE

The purpose of Volume 2 of "Hydraulic Design Criteria" is to prevent
overcrowding of Volume 1 and to facilitate use of the design charts. To
accomplish this purpose it will be necessary to divide Hydraulic Design
Criteria from time to time as the number of charts increases. The revised
tables of contents included with each new issue of Hydraulic Design Cri-
teria will divide the charts in an appropriate manner.
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The Waterways Experiment Station has no objection to reproduction of
the U. S. Army Engineer material published in this data-book provided a
credit line is included with each reproduction. Permission to reproduce
other than U. S. Army Engineer data presented on these charts should be

obtained from the original sources.
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HYDRAULIC DESIGN CRITERIA

SHEETS 310-1 TC 310-1/2
WAVE PRESSURES ON CREST GATES

1. A theory for the pressure resulting from a wave striking a verti-
cal wall vas developed oy Sainflou (1). The particular phenomenon is known
as a "clapotis.” The incident wave combines with the reflected wave to
produce a wave height twice that of the incident wave. The theory is valid
only for wave heights which do not exceed the still-water depth. The depth
of water behind spillway crest gates is normally greater than the design
wave height. Therefore, the theory can be used to estimate pressure dis-
tribution for the design of crest gates and for spillway stability analysis
problems,

2. Applicetion of the Sainflou vave prassure theory to crest gates
and spillways is illustrated on Hydraulic Design Chart 310-1. The first
equation is a parameter of the clapotis and indicates the effective chenge
in mean vater depth resulting from transition of the wave. The second
equation indicates the change in bottom pressure. The clapotis results in
pressure Jecrease as well as a pressure increase relative to the still-
vater static pressure. Design problems are generally only concerned with
the maximum pressure.

3. Overtopping of a gate by waves occurs when the clapotis rises
above the gate. For this condition the maximum pressure distribution would
be zero at the top of the gate and vary along a curve which would become
asymptoiic to the straight-line distribution at the bottom of the spillway
structure. As data are not available to establish the true pressure dis-
tribution, it mey be assumed for design purposes that the portion of the
preasure dlagram above the top of the gate 16 ineffective and that the
pressure distribution below the top o the gate 1s a straight line as
indicated on Chart 310-1.

4. The equations of the clapotis involve hyperbolic functions of the
cosine and cotangent. Hydraulic Design Chart 310-1/1 preaents graphical
and tabulated values of these functions for depth-wave length ratios
(D/7) of 0.0 to 0.8.

5. Hydraulic Design Chart 310-1/2 is a sample computation illus-
trating use of the Sainflou theory for crest gate design and spillway
stability analysis. A wave length, wave height, and approach depth of 125,
6, and 75 ft, respectively, have been assumed for the computation. The
direction of approach is considered normal to the spillway.

(1) M. Sainflou, "Essay on vertical breakwaters," Annalesc des Ponts et
Chaussees (July-August 1928), pp 5-48. Translated by C. R. Hatch for
U. S. Army Engineer Division, Great Lakes, CE, Chicago, Ill.
(No date.)

310-1 to 210-1/2
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CLAPOTIS, FT
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TAGBLE OF VALUES

2nD

D
x COSH Y

NOTE ' D=DEPTH OF WATER {STiLL
WATER LEVEL TO BOTTOM),FT

AT WAVE LENGTH,FT

POTSANIO AT Y § ASMY (R4 LEA WATEAWaTS TLPERITATATATION YICARIVAS, MISHIOSIORY

1.000
1.204
1.898
3.366
6.205
11.574
21.659
4C.569
76.013

2uD

COTH —/—

A

CREST GATES
WAVE PRESSURE
HYPERBOLIC FUNCTIONS

HYDRAULIC DESIGN CHART 3i0-1/1
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U. 5. ARMY ENGINEER WATERWAYS EXPERIMENT STATION

COMPUTATION SHEET

PROJECT

JoB CW 804 John Doe Dam SUBJECT Crest Gates
COMPUTATION Effects of Wave Pressure
COMPUTED BY RGC DATE 6/3/60 CHECKED BY MBB DATE __6/7/60
GIVEN:
Gated spillway as shown I
Design wave length () = 125 ft fhe  / ! "
Design wave height (H) = 6 ft STILL WATER 261
Still-water depth (D) = 751t 3 «‘, £
< »
REQUIRED: —Y—égz" e«,""——l -
1. Maximum pressure distribution on gate and D & &
spillway structure SO
2. Maximum hydraulic load per ft of width of _p‘* eo"
gate Ky, ‘\*o
3. Maximum hydraulic load per ft of width of
structure -.-loL‘—
COMPUTE:

i. Pressure distribution
(o) Maximum effective depth with wave

2 24D
hoa—-—”H coth i
A

(Chart 310.1)

D 75 2
—w — = 0.6;
1% 6; coth

3.14 x 62
5

"0 .00

T (Chart 3]0-1/‘)

x 1,001 = 0.9 1.

L]
]

Effective deptha D+ h_ +H=75.0+0.9 + 6.0 = 81.9 fr.

(b) Maximum effective bottom pressure with wave

H

b 4
cosh ——

(Chart 310-1)

a=

24D
%uo.é; cosh-AL =217 (Chart 310-1/1)

6
= —n03ft
7

Effective pressure = D+ a =750+ 0.5 =75.3 {t.

. PRCPARED $Y U. S. ARMY ENGINCER WATEAWAYS IXPLRIMENT STATION, VICKSOURG, MISSISStmpy

CREST GATES
WAVE PRESZURE
SAMPLE COMPUTATION

HYDRAULIC DESIGN CHART 310 -1/2

WES 8-60
SHEET 1OF 2
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{c) D-pth of gate overtopping
Copth = 81.9 - (75.0 - 21.0 + 26.0) = 1.9 ft.
{d) Moximum pressure distribution graph
TOP OF CLAPOTIS o
TOP OF GATE .9
"
BOTTOM OF GATE 278 %
s
PRESSURE I
DISTRIBUTION o
BOTTOM OF | s1.0
STRUCTURE 78.3 °

PRESSURE, FT OF WATER
2, Maximum hydraulic load per foot of width of gate (from 1d above)
1.9
Maximum pressure ot top of gate (P)) = K] x753=17ft

27.
Maximum pressure at bottom of gate (P2) -.8_1—9 x753=257

P,+P

2

) x gate height

y = specific weight of water = 62.4 |b/ft3
. g

e (L220)

= 22,200 Ib/tt of width

Maximum hydraulic load on gate (R) = y (

Note: For still-water level maximum gate prossure i 21 ft of water
and maximum hydraulic load is 13 750 1b/1t of width,

3. Maximum hydraulic load per foot of width of . ti..ct¢« {from 14 above)
Maximum pressure at bottom of structure (i;) = 75.3 fi

P, +®

3
) x height of structure

-4 (17

= 192,000 Ib/ft of width

Maximum hydraulic load on structure (R,) =y (

Note: Equivalent for still-water level is 175,000 ib/ft of width.

CREST GATES

WAVE PRESSURE
SAMPLE COMPUTATION
HYDRAULIC DESIGN CHART 310-1/2

WES 8-60

PREPARED 8Y U S, ARMY ENGINTER WATERWAYS EXPERIMENT STATION, YICKSBURG, MISSisSIRpl SHEET 20F 2
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HYDRAULIC DESIGN CRITERIA

SHEETS 311-1 TO 311-5
TAINTER GATES ON SPILLWAY CRESTS

DISCHARGE COEFFICIENTS

1. Discharge through a partially open tainter gate mounted on a
spillway crest can be computed using the basic orifice equation:

Q = CA +2gH

vwhere,
discharge in cfs

discharge coefficient

2

Q
c
A = area of orifice opening in ft
H

= head to the center of the orifice in f¢t.

The coefficient (C) in the above equation is primarily dependent upon

the characteristics of the flow lines approaching and leaving the orifice.
In turn, these flow lines are dependent upon the shape of the crest, the
radius of the gate, and the location of the trunnion.

2. Discharge Coefficients. Chart 311-1 shows a plot of average
discharge coefficlents computed from model and prototype date for several
crest shapes and tainter gate designs for nonsubmerged flow. Date shown
are based principally on teats with three or more bays in operation.
Discharge coefficients for a single bay would be lower because of side
contractions although date are not presently available to evaluate this
factor. On this chart, the discharge coefficient (C) is plotted as a
function of the angle (B) formed by the tangent to the gate lip and the
tangent to the crest curve at the nearest point of the crest curve. The
net gate opening is considered to be the shortest distance from the gate
1lip to the crest curve. The angle is a function of the major geometric
factors affecting the flow lines of the orifice discharge. One suggested
desisn curve applies to tainter gates having gate seats located downstream
from the crest axis. The other suggested design curve is based on tests
with the gate seat located on the axis and indicates the effects of the
masonry shepe upstream from the crest axis.

3. Computation. Computation of discharge through a tainter gate
mounted on a spillway crest ie considerably complicated by the geometry
involved in determining the net gate opening to be used in the orifice
formula. The problem is simplified by fitting circular arcs to the crest

311-1 to 311-5
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curve used in the design of spillways. Chart 311-2 illustrates the nec-
essary computations to obtain the net gate opening and the angle B de-
scribed in paragraph 2, for tainter gates mounted on spillway crests
shaped to Xl'85 = -2 HﬁO'BSY. All factors are expressed in terms of the
design head (Hy). The method shown is applicable to other crest shapes.
However, the accompanying design aids, Charts 311-3 and 311-4, apply

only to standard crests.

Lk, To initiate the computations, YL/Hd values of the gate lip are
assumed and corresponding values of XL/Hd are computed (columns 1 to 6,
Chart 311-2). These coordinates are then located on Chart 311-3 to de-

: termine the characteristics of a .ubstitute arc. The substitute arc is

f then used to compute the net gate opening (columns 7 to 14)., The point

; of intersection of the masonry line by the gate opening is determined by

similar triangles (columns 1%, 15, and 16). Design aid Chart 311-U4 can

be used to determine the Yc/Hd coordinate of the gate opening and masonry

line intersection (column 17), and also the slope of the masonry line

; (columns 18 and 19) which in turn combines with the slope of the gate lip

' tangent to form the angle B (column 20)., If graphical methods are pre-

: ferred to analytical methods, a large-scale layout will enable the head,
net gate opening, and the angle B to be scaled so that the discharge can

? be computed with fair accuracy.

R R R S A R S

5. Chart 311-5 is a sample computation of the steps involved in the
development of a rating curve for a partially open tainter gate. The
final computations are dimensional and are believed accurate to within
+ 2 per cent, for gate opening-head ratios (Go/H) less than 0.6.

311-1 to 311-5
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HYDRAULIC DESIGN CRITERIA

SHEETS 311-6 AND 311-6/1

CREST PRESSURES

l. General. Pressures on standard spillways with partly open
tainter gates are principally affected by the gate opening, gate geometry,
and head on the gate, The effects of gate radius and trunnion elevation
can be generally neglected within the limits of practical design.

2. Background. A laboratory study of the effects of gate seat loca-
k¢ tion on pressures for standard shaped spillway crests (HDC 1lll-1 to 111-2/1)
2 was made at WEST prior to 1948, A design head of 0.75 ft was used. The
results of an extensive study by Lemos< of all geometric varisgbles including
gate seat locations upstream and downstream of the crest were published %n
1965. A desiﬁn head of 0,5 ft was used in this study. Comparable model-~
and prototype™ data are also available.

3. Design Criteria, Dimensionless crest pressure profiles for
small, medium, and large gate openings for the design head and 1.33 times
the design head are given in HDC 311-6 and 311-6/1. The data are for gate
§ seat locations of from 0.0Hy to O.6Hd downstream of the crest, The study
.- by Lemos® included gate seat locations from -0.2H3 upstream to O.6Hd down-
stream of the crest, gate radii of 1.0 and 1.25Hy, trunnion elevations of
from 0.2 to 1.0H4 above the crest, and heads of 1.0 and 1.25 Hy. Lemos'

ﬁ%gﬁ results indicate that the minor relative differences in gate radii, trun-
o b nion elevations, and gate openings of the experimental data shown on

charts 311-6 and 3ll-6/i should have negligible effect gn crest pressures
estimated from the charts. The Chief Joseph3 and Altus™ model curves were
interpolated from observed data.

4, Application., The data given in the charts should be adequate for
estimating crest pressures to be expected under normal design and operating
conditions. When unusual design or operating conditions are encountered,
the extensive work of Lemos can be used as a guide in estimating pressure
conditions to be expected.

5. The data presented in charts 311-6 and 311-6/1 show that crest
pressures resulting from normal design and operation practices are not con-
trolling design factors, For partial gate openings the expected minimum
crest pressures may range from about -0.1Hy for pools at design head to
sbout -0.2Hy for heads approximating 1.3Hj. Gated spillways are presently
being built with 50~ft design heads; so for an underdesigned crest, the
minimum pressure to be expected with gate control would be sbout -10 ft of
water., This pressure would increase to -5 ft if design head was the mexi-
mum operating head. Pressures of these magnitudes should be free of cavi-
tation, Periodic surges upstream of partially open tainter gates have teen
observed for certain combinations of head and gate width. Criteria for

3 311-6 and 311-6/1
% Revised 7-71
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surge prevention are given in ETL 1110-2-51.5

6. The pressure profiles in charts 331-6 and 311-6/1 can be used to &;@/
estimate crest pressures for the design head for various gate openings and

gate seat locations. The general sbsence of excessive negative pressures

is noteworthy. Structural economy should no doubt have a strong influence

on the selection of the gate seat location.

7. References.

(1) U. S. Army Engineer Waterways Experiment Station, CE, General Spill-
way Tests (CW 801). Unpublished data.

(2) National Laboratory of Civil Engineering, Department of Hydraulics,
Ministry of Public Works, Instability of the Boundary Layer - Its
Effects Upon the Concept of Spillways of Dams, by F. O. Lemos. Pro-
ceedings 62/43, Lisbon, Portugal, 1965. WES Translation No. 71-3
by Jan C. Van Tienhoven, August 1971.

(3) U. S. Army Engineer Waterways Experiment Station, CE, Prototype
Spillway Crest Pressures, Chief Joseph Dam, Columbis River,

Weshington., Miscellaneous Paper No. 2-266, Vicksburg, Miss.,
April 1958,

(4) Rhone, T. J., "Problems concerning use of low head radial gates."
Proceedings of the American Society of Civil Engineers, Journal of
the Hydraulics Division, paper 1935, vol 85, No. HY2 (February 1959).

(5) U. s. Army, Office, Chief of Engineers, Engineering and Design; -
Design Criteria for Tainter Gate Controlled Spillways. Engineer {:
Technical Letter No. 1110-2-51, Washington, D. C., 22 August 1968, ,
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5 SHEET 312

\

VERTICAL LIFT GATES ON SPILLWAYS

DISCHARGE COEFFICIENIS

---

1, DPurpose, Vertical 1lif: gates have been used on higl:-overflow-
dam spillways. However, they are more commonly found on low-ogee-crest
dams and navigation dems with low sills where reservoir pool control nor-
mally requires gate operation at partial openings. Hydrauwlic Design
Chart 312 provides a method for computing discharge for partly opened,
vertical 1ift gates.

2, Background. Discharge under high head, vertical 1ift gates can
be computed using the standard orifice equation given in Sheets 311-1 to
311-5. The equation recommended by Kingl for discharge through low head
orifices involves the head to the three-halves power. For flow under a
low head gate, this equation can be expressed as

G = ol 1 (/% - %) W

where Qg 1s the gute controlled discharge, Cgqy the discharge coefficient, ?
( g the acceleration of gravity, L the gate width, and H; and Hp are
the heads on the gate lip and gate seat, respectively.

3. A recent U. S. Army Engineers Waterways Exper%ment Station® study
of discharge data from four laboratory investigations3-© failed to indi-
cate correlation of discharge coefficients computed using equation 1 above
or the equation given in Sheets 311-1 to 311-5. However, the concept of
relating gate-controlled discharge to Ifree discharge was developed in that
study. The free discharge equation is

Q=cd~/5§m3/2 (2)

where H is the head on the crest. The relation of controlled to free
discharge was obtained by dividing equation 1 by equation 2.

oy (- m

Q - cd H3/2 (3)

b, Analysis. The analysis of data taken from references 3 through
7 indicated reasonable correlation between free and controlled discharge.
The results are shown in Chart 312. This study indicated that the rela~ !
tion Cdl/bd varied slightly with the discharge ratio but could be assumed !

312
Revised 1-68
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as unity. Data from studies6’7 with the gate seat located appreciably down-
stream from the crest showed good correlation with data for on-crest gate
seat locations.

5. Application. Application of Chart 312 to the gate-discharge prob-
lem requires information on the head-discharge relation for free overflow
for the crest under consideration. These data are usually available from
spillway rating curves. Chart 312 should be a useful tool for the develop-
ment of rating curves for vertical 1lift gates.

6. References.
(1) Xing, H. W., Handbook of Hydraulics for the Solution of Hydraulic

Protvlems, revised by E. F. Brater, 4th ed. McGraw-Hill Book Co., Inc.,
New York, N. Y., 1954, pp 3-9.

(2) U. S. Army Engineer Waterways Experiment Station, CE, Discharge Rat-
ing Curves for Vertical Lift Gates on Spillway Crests, by R. H. Multer.
Miscellaneous Paper No. 2-606, Vicksburg, Miss., October 1963.

(3) U 3. purwau of Reclamation, Hydraulic Model Studies of Falcon Dem,
by A. S. Reinhart. Hydraulic Leboratory Report No. HYD-276, July 1950.

(4) , Hydraulic Modcl Studies of Gorge High Dam Spillway and
Outlet Works, by W. E. Wagner., Hydraulic Laboratory Report No.
HYD-403, September 1955,

(5) Carnegie Institute of Technology, Laboratory Tests on Hydraulic Models g:”\
of Bluestone Dam, New River, Hinton, W. Va., Final report, prepared -
for the U. S. Army Engineer District, Huntington, W. Va,, February
1937.

(6) Case School of Applied Science, A Report on Hydraulic Model Studies
for the Spillway and Outlet Works of Mshoning Dam on Mahoning Creek,
Near runxsutawney, Pa., by G. E. Barnes. Prepared for the U, S. Army
Engineer District, Pittsburgh, Pa., May 1938.

(7) U. S. Bureau of Reclamation, Hydr-ulic Model Studies of Flaming Gorge
Dam_gpillway and Outlet Works, ry T. J. Rkone, Hydraulic Laboratory
Report No. HYD-531, May 196k,
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HYDRAULIC DESIGN CRITERIA

T
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@‘“’ SHEET 320-1
2 iy

CONTROL GATES
ki«

DISCHARGE COEFFICIENTS

. 1. General. The accompanying Hydraulic Design Chart 320-1 repre-
el sents test data on the discharge coefficients applicable to partial

", openings of both slide and tractor gates. The basic orifice equation
is expressed as follows:

‘?Jh

b Q =C G, B2

f? The coefficient C is actually a contraction coefficlent if the gate is
located near the tunnel entrance and the entrance energy loss is neg-
lected. When the gate is located near the conduit entrance the head
(H') is measured from the reservoir water surface to the top of the vens
_ contracta. However, when the gate is located a considerable distance

N downstream of the conduit entrance, H' should be measured from the
energy gradient just upstream of the gate to the top of the vena
contracta because of appreciable losses upstream of the gate. The eval-
uation of H' requires successive approximation in the analysis of test
data. However, the determination of H' in preparation of a rating
curve can be easily accomplished by referring to the chart for C.

'13 (%

2. Discharge Coefficients, Discharge coefficients for tractor
and slide gates are sensitive to the shape of the gate lip. Also, coef-
ficients for small gate openings are materially affected by leakage over
and around the gate., Chart 320-1 presents discharge coefficients deter-
mined from tests on model and prototype structures having various gate
clearances and lip shapes. The points plotted on the 100 per cent
opening are not affected by the gate but rather by friction and other
loss factors in the conduit., For this reason the curves are shown by
dashed lines above 85 per cent gate opening.

3. Suggested Criteria. Model and prototype tests prove that the
45° gate 1ip is hydraulically superior to other gate 1ip shapes. There-
fore, the 45° gate lip has been recommended for high head structures.

In the 1949 model tests leakage over the gate was reduced to a minimum,
Correction of the Dorena Dam data for leakage results in a discharge
coefficient curve that is in close agreement wit- the 1949 curve. The
average of these two curves shown on Chart 320-1 is the suggested design
curve, For small gate openings special allowances should be made by the
designer for any expected excessive intake friction losses and gate
leekage.

320-1
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Lk, Values from the suggested design curve are tabulated below
for the convenience of the designer.

Gate Opening, Discharge
Per Cent Coefficient
10 0.73
20 0.73
30 0.7h
40 0.7k
50 0.75
60 0.77
T0 0.78
80 0.80

320-1
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HYDRAULIC DESIGN CRITERIA

SHEETS 320-2 TO 320-2/3
VERTICAL LIFT GATES

HYDRAULIC AND GRAVITY FORCES

1. Purpose. The purpose of HIC's 320-2 to 320-2/2, vwhich apply to
the hydraulic forces on vertical 1lift gates, is to make the results of in-
vestigations of such forces available in a convenient nondimensional form.
These charts are equally applicable to tractor gates and slide gates.

2. Definition. HIC 320-2 is included to simplify the definition of
the hydraulic forces involved. For purposes of discussing buoyancy, a gate
may be assumed to be a rectangular parallelepiped with the vertical axis
coincident with the direction of gravity. If the body is completely in-
closed, the buoyant force in still water is equal to the difference between
the total pressure on top (downthrust) and the total pressure on the bottom
(upthrust). For such an inclosed vertical body, water pressure on the up-
stream face has no vertical component of pressure.

3. Some engineers use the expression, the "wet weight" of a gate.
This is simply the dry weight in air minus the buoyant force. If the body
is cellular or lacks an upstream skin plate, the wet weight differs from
that of a completely inclosed hody. The gate shown in HDC 320-2 is an in-
closed body and is further considered to have no horizontal projections
such as gate seals.

k. The unit pressure on top of the gate, or downthrust, is dependent
on the head of water in the gate well or the pressure head in the bonnet.
This head in turn depends on the relation of the pressure difference across
the gap and the area of the upstream gap coupled to the pressure differ-
ences and area of the downstream gep. Actually, the flow across the top of
the gate has a hydrodynamic effect; but, for the purpose of these charts,
this effect is not considered important.

5. The hydrodynamic effect of water flowing past the bottom of the
gate is substantial. A reduction of pressure on the bottom from the theo-
retical static head is generally called "downpull," which may be viewed
either as a reduction in upthrust or a reduction in buoyancy. Downpull is
dependent upon the geometry of the gate bottom. HDC's 320-2 to 320-2/3 are
concerned principally with the 45-degree gate bottom, for which experi-
mental data are presented.

6. Vertical Stability. The gate well can be sucked completely dry
of water with certain combinations of upstream and downstream gap areas be-
tween the gate and the roof of the conduit. If the upthrust then exceeds
the weight of the gate, the entire body of the gate will be thrust

320-2 to 320-2/3
Revised 10-61
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vertically upward. The experimental data on upthrust are of value in

checking the design for such a possibility. However, discharge coeffi-

cients for the upstream and downstream gaps must be assumed to determine i* £
vhether a gate opening exists that could cause a practically dry well. \

BT RN e A oy vpwga iy o

N T. Upthrust. Dimensionless plots of unit upthrust on the sloping
B bottom of four Es-degree gate-bottom designs are shown in HDC 320-2/1.

N The data sources are listed in paragreph 11. The data include both model
! and prototype pressure measurements. The Fort Randall gate has a down~
stream skin plate and downstream seals, and the 45-degree sloping gate
bottom has an upstreax skin plate. The Pine Flat and Norfork gates have
o upstream skin plates and downstream seals.

8. The upthrust force was computed from observed pressure data on
the sloping gate bottom. These data were plotted on the horizontal plane
of projection of the gate bottom. Pressure contours in feet of water were
dravn, integrated, and divided by the area of projection between the con-

B dult walls to determine the upthrust per unit area of cross section. The

] plots of data indicate that the conduit width-average gate thickness ratic
is a factor in the magnitude of upthrust per unit area. The average gate
thickness includes the gate bottom seal.

9. Pressure per unit area on top of the gate can be determined from
HDC 320-2/2. The Fort Randall Dam data shown in the chart are based on
field and model measurements of gate-well water-surface elevations. The
Pine Flat and Norfork Dam dats result from field measurements of bonnet
pressures at these structures. Details of clearances between the gates ~
and the gate recesses are also shown. The area of the top of the gate to (;_ ‘
be used in computation of the downthrust should include the area of the
gate within the gate slots, the area between the conduit walls and tne

area of the gate top seal.

10. Application. HDC 320-2/3 is a sample computation illustrating
the use of HDC's 320-2/1 and 320-2/2 in the solution of a hydraulic and
gravity force problem. 1In this computation ihe hydraulic force is based
on the cross-sectional area of the gate between the conduit walls. 1In
actual design, the effects of the top and bottom gate seals and the area
of the gate within the gate slots should also be considered.

11. Data Sources.

(1) U. S. Army Engineer Waterways Experiment Station, CE, Vibration, Pres-
sure and Air-Demand Tests in Flood-Control Sluice, Pine Flat Dan,
Kings River, California. Miscellaneous Paper No. 2-T5, Vicksburg,
Miss., Pebruary 1954, and subsequent unpublished test data.

(2) , Slide Gate Tests, Norfork Dam, North Fork River, Arkansas.
Technical Memorandum No. 2-389, Vicksburg, Miss., July 1954.

(3) , Vibration and Pressure-Cell Tests, Flood-Control Intake

320-2 to 320-2/3 {. h
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Gates, Fort Randall Dem, Missouri River, South Dakota. Technical
Report No. 2-435, Vicksburg, Miss., June 1950.

(4) U. S. Army Engineer Waterways Experiment Station, CE, Spillvay and
Outlet Works, Fort Randall Dem, Missouri River, South Dakota.
Technical Report No. 2-528, Vicksburg, Miss., October 1959.

320-2 to 320-2/3
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P 0

dg = DOWNTHRUST
PER UNIT
OF AREA 4

=

DOWNPULL

L u; = UPTHRUST PER
UNIT OF AREA

BASIC EQUATION

WHERE:

P = hydraulic ond gravity forces in tons
W = dry weight of gate in tons
A = cross-sectional area of gate in sq ft

df= avero{ge downthrust per unit of area on
top of gate in feet of water

U, = average upthrust per unit of area on
sloping bottom of gate in feet of water

y = specific weight of water, 0.0312 ton
per cu ft

Note: Does not include factor for frictional
ond other mechenical forces.

d; = gate well water surface above
conduit invert (Hy) minus sum of gate
height (D) and gate opening (Go).

PRLPARLD BT U § ARMY ENGINCER wATEREAYS EXPERIMENT STATION VICKSBUAG MisSissIPPY

VERTICAL LIFT GATES
HYDRAULIC AND GRAVITY FORCES
DEFINITION AND APPLICATION

HYDRAULIC DESIGN CHART 320-2

REV 10-6t WES 8-58
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U. S. ARMY ENGINEER WATERWAYS EXPERIMENT STATION

’ COMPUTATION SHEET
t ' % JoB Cw 804 PROJECT John Doe Dam SUBJECT__ Vertical Lift Gates
k- ‘f{iﬁf COMPUTATION Hydraulic and Gravity Forces
Ei: COMPUTED BY MBB DATE___4/10/6] CHECKED BY CWD DATE___4/20/61
a5
g GIVEN:
%?fi; Gate - Pine Flat type (HDC 320-2/1) . P
Height (D) = 9.0 ————ZNERGY GRADIENT |
Width (B) = 5.0 ‘
& .
i} Average thickness (T) = 1.2 ft
?,,‘* Upstream gate clearance = 0.4 in. ‘L,__ 4
i Downstream gate clearance = 1.5 in.
i . 2
L Dry weight (W) = 8 tons V'j /2g
( Gate opening (G ) = 3.0 T
& . 0.4 o »! L] 5n
i‘; Discharge (Q) = 1200 cfs H, w H
;» DETERMINE: l
'g,‘n' 1. Energy head above conduit invert (H) __
£ Gate opening (G_) percent \j___
‘) G Ooy ¥ Vy——
= ]00=%x 100 = 33.3 ! '
h Gate coefficient (C) = 0,737 (HDC 320-1) CG,
% Velocity of jet (V.)
. ™ Q 1200
i - = 108.5 ft/
ggy CG,B 0.737x3x5 W/sec
Velocity head of jet (vf/z 9
N 2
‘. ML PP
:“’ 29 644 ’ 4. Hoist load (P) (HDC 320-2)
s Energy head above conduit invert P=W+A (d‘ - u‘) y
: H= CGo ¥ V12/29 =8 +(5x 1.2) (86.0 ~ 94 4) 0.0312
g < (0.737 x 3) + (182.8) = 185.0 1 =8-16=6410ns
. . 5. Repeat computations for other gate openings
¥ 2. Unit upthrust (u)) to develop gate hoist load curvge. ’
N For Pine Flat from HDC 320-2/1
N y Note: 1. ;l'he vevfgcul load l:esulting féo? the
Y AL = riction between the gate and the gate
% 0.5 for G, =33.3 percent guides has not been included in this
. vy = 0.5 (185.0) = 94.4 ft computation.
. 2. In actual problems the difference be-
- 3. Unit downthrust (d;) tw;eg\ the pr%ie}c\:ted areas Iofdthe top|
¥ . and bottom of the gate including seals
o For Pine Fiat from HDC 320-2/2 and oreas within the gate slotsgshould
¥ Gate well water surface above conduit be considered.
‘ invert (H_)
H,
& T =0.53 for G, = 33.3 percent
“Q H, =0.53 (185.0) = 98.0 ft VERTICAL LIFT GATES
{ Unit downthrust HYDRAULIC AND GRAVITY FORCES
‘., dy=H, -(D+G,)=98.0-(9+3) SAMPLE COMPUTATION
o =86.0 ft HYCRAULIC DESIGN CHART 320-2/°
:%:" f . PREPARED $Y U 3 ARMY EHGINEEA WATEAWA ($ EXPERINENT STATION VICKSOURSG MISEISSIPSL REV 10-61 W.S 8-58
R
s <
3
Iy




TADA It P 0 -
SRS PSR e o i o et

At PO
o ot |
R TR,
SR

N

HYDRAULIC DESIGN CRITERIA

Joc
EEAR

A

A SHEET 320-3
\ TAINTER GATES IN CONDUITS

DISCHARGE COEFFICIENTS

; 1. HDC 320-3 presents coefficient curves for tainter getes in con-
¢ duits for use in the discharge equation:

x Q=Ca BogH

The coefficient C 1s actually a contraction coefficient when the liead H
is measured from the energy gradient just upstream from the gate to the top
of the vena contracta downstream.

2. The curves shown in HDC 320-3 are based on an equation by
R. von Mises* for the contraction coefficient for two-dimensional flow
through slots. The solution of this equation requires successive approxi-
mation of the contraction coefficient. The computations were made on an
electronic digital computer. The sketch shown in the chart is considered
to be a half-section of the symmetrical slot condition investigated by
. Von Mises. The conduit invert represents the center line of his geometry
e and the roof one of the parallel approach boundaries. The tangent to the
é » gate lip is assumed to be the sloping boundary from which the Jet 1ssues.
The plotted data result from controlled tests on the Garrison btunnel
model** in which leakage around or over the gate was negligible and dis-
charge under the gate was carefully measured. The agreement between the
curves and Garrison data indicates the applicability of the curves to
tainter gates in conduits with straight inverts.

* Mises, Re von, "Berechnung von Ausfluss - und ueberfallzahlen (Compu-
tation of coefficients of out-flow and overfall)," Zeitschrift des
Vereines deutscher Ingenieure, Band 61, Nr. 22 (2 June 19017), p &73.

** U. S. Army Engineer Waterways Experiment Station, CE, Outlet Works and
Spillway for Garrison Dam, Missouri River, North Dakota, Technical
Memorandum No. 2-431 (Vicksburg, Miss., March 1956).

X 320-3
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. LEGEND
* BASIC EQUATION VON MISES
‘< Q=L G6,BV2gH & GARRISON MODEL
. WHERE .
: Q =DISCHARGE=CF$
\ C =DISCHARGE COEFFICIENT
Go=GATE OPENING-FT
‘ B =WIDTH OF GATE OPENING-FT.
H =ENERGY GRAD. ELEV
o -(INVERT ELEV +CGo)
. TAINTER GATES IN CONDUITS
B A DISCHARGE COEFFICIENTS
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HYDRAULIC DESIGN CRITERIA

SHEETS 320-4 TO 320-7
TAINTER GATES IN OPEN CHANNEIS

DISCHARGE COEFFICIENTS

1. Free discharge through a partially open tainter gate in an open
channel can be computed using the equation:

Q =00, 6 B 2gh

The coefficient (C,) depends on the vena contracta, the shape of which is a
function of the gate opening (G,), gate radius (R), trunnion height (a),
and upstream depth (h) for gate sills at streambed elevations. When the
gate sill 1s above streambed elevation, the coefficilent also depends upon
s111 height (P) and sill length (L).

2. Hydraulic Design Charts 320-4 to 320-6 present discharge coeffi-
clients (Cl) for tainter gates with sills at stresmbed elevation. The in-
sert grephs on the charts indicate adjustment factors (02) for raised sill
conditions. Cherts are included for a/R ratios of 0.1, 0.5, and 0.9.
Coefficients for other a/R values can be obtained by interpolation between
the charts. The coeffigient is plotted in terms of the h/R ratio for GO/R
values of 0.05 to 0.5. The effect of Go/h 1s inherent in the solution and
is indicated by the limit-use curve Go/h = 0.8.

3. 'Tae basic curves on Charts 320-4 to 320-6 were prepared from
tests reported by Toch (3), Metzler (2), and Gentilini (1). The method of
plotting wan developed by Tocn. Cross plois of Lhe Toch, Metzler, and
Gentilini data resulted in the interpolated curves. Good correlation of
teet resultc was obtalned for the larger gate openings. Similar correla-
tion was not obtained in all cases for the smaller gate openings. The
Gentilini data for the smaller GO/R ratios and their general correlation
with Metzler's data resulted in the interpolated curves for GO/R values of
0.05 and 0.1, The 0.2 curve is in close agreement with results reported by
Toch. Interpolated coefficients from the C, curve indicate general
agreement with experimental results to within +3 per cent.

4. Charts 320-4 to 320-6 also apply to raised sill design problems
vhen the adjustment factor curve shown on the auxiliary graph is considered.
The Co curve was developed from U. S. Army Corps of Engineers (h-?)
studies and indicates the effects of the L/P ratio on the discharge coeffi-
cient. This adjustment resulis in reasonable agreement with experimental
data. Sufficient information is not available to determine the effects,
if any, of the parameter P/R.




5. Hydraulic Design Chart 320-T is a sample computation sheet
illustrating application of Cherts 320-4 to 320-6.

C
€. References. ﬁqwf

(1) Gentilini, B., "Flow under inclined or radial sluice gates - technical
and experimental results.” La Houille Blanche, vol 2 (1947), p 145.
WES Translation No. 51-9 by Jan C. Van Tienhoven, November 1951.

(2) Metzler, D. E., A Model Study of Tainter Gate Operation. State Univer-
sity of Iowa Master's Thesis, August 1948.

(3) Toch, A., The Effect of a Lip Angle Upon Flow Under a Tainter Gate.
State University of Iowa Master's Thesis, February 1952.

(4) U. S. Army Engineer Waterways Experiment Station, CE, Model Study of
the Spillway for New Lock and Dam No. 1, St. Lucle Canal, Florida.
Technical Memorendum No. 153-1, Vicksburg, Miss., June 1939.

(5) , Spillway for New Cumberland Dem, Ohio River, West Virginia.
Technical Memorandum No. 2-386, Vicksburg, Miss., July 195h.

(6) , Stilling Basin for Warrics Dam, Warrior River, Alabama.
Technical Report No. 2-485, Vicksburg, Miss., July 1958.

(1) , Spillways and Stilling Basins, Jackson Dam, Tombigbee
River, Alabama. Technical Report No. 2-531, Vicksburg, Miss., (::

January 1960.
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U. S. ARMY ENGINEER WATERWAYS EXPERIMENT STATION
COMPUTATION SHEET

JOB CW 804 PROJECT John Doe River SUBJECT __Tainter Gate in Open Channels

COMPUTATION Free Discharge for Gate Rating
COMPUTED BY ___ MBB DATE 5/9/60 CHECKED BY RGC DATE __5/17/60

GIVEN:
Tainter gate installation as shown
Upstream depth (h) = 15 ft
Gate opening (G ) =4 ft f
Gate radius (R) = 25 ft —
Trunnion height (a) = 20 f a
Bay width (B) = 60 ft l
Length — step to gate seat (L) = 20 ft __L_
Height of step (P) =5 ft P

REQUIRED: = VZah
Free discharge for gate rating Q=¢,C,6,BV2g

COMPUTE:

1. Paorameters

o/R =08, h/R=06, G /R=0.16 L/P =4

2. Discharge crefficient (C|) for unstepped condition for
o/R=0.8

Chart 3205 (a/R = 0.5, h/R = 0.6, G /R = 0.16),
C, = 0.587

Chart 3206 (a/R = 0.9, h/R = 0.6, G /R = 0.16),
C, = 0.664

By interpolation for o/R = 0.8

0.9

-0.5
C,=0.587+ 0% (0.664 - 0.587)

= 0.645

3. Adjustment for stepped sill
For L/P=4
Adjustment factor (Cz) = 1.05 (see chart insert)
C,C, =0.645(1.05) = 0.678

4, Discharge
Q-C,C,6, ByZgh
=0.678 (4) (60) V644 %15
= 5050 cfs

TAINTER GATE IN OPEN CHANNELS

DISCHARGE COEFFICIENTS
FREE FLOW
SAMPLE COMPUTATION
HYDRAULIC DESIGN CHART 320-7
WES 8-60
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HYDRAULIC DESIGN CRITERIA

g SHEETS 320-8 AND 320-8/1
TAINTER GATES IN OFEN CHANNELS
DISCHARGE COEFFICIENTS

SUBMERGED FLOW

1. Tainter gates on low sills at navigation dams frequently operate
at tailwater elevations resulting in submerged flow conditions. The dis-
charge under the gate is controlled by the difference in the upper and
lower pool elevations, the degree of sill submergence by the tailwater, the
gate opening, and, to a lesser extent, the stilling basin apron elevation.
Hydraulic Design Charts 320-8 and 320-8/1 present discharge coefficient
data for computing flows under tainter gates on low sills operating under
submerged conditions.

l2. Basic Data. The U, S. Army Engineer Waterways Experiment Station
(WES)™ has developed the following equation for computing flows under gates
on low sills with tailwater elevations greater than gate sill elevation.

Q = ¢_Ih_2gh (1)
N where
Q = discharge, cfs
CS = submerged flow discharge coefficient, a function of the sill
submergence-gate opening ratio
L = bay width, ft
hS = tailwater depth over sill, ft
g = acceleration, gravitational, ft per sec?
h = total head differential pool to tailwater, ft (including approach

velocity head)

Equation 1 results in good correlation of experimental data when C_ 1is
plotted as a function of the submergence-gate opening ratio (hS/Go). The
equation was developed by modifying the standard orifice equation as
follows

Q= CLGO 2gh (2)

320-8 and 320-8/1
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Q = C.h, N2gh (3)
where
c, = c(GO/hS)
Go = gate opening

3. Chart 320-8 presepts the results of extensive model tests2a3:u:5
and limited prototype data. The plotted curves are based on careful meas-
urements and are believed to be representative of the best available data.
The model data and most of the prototype data were obtained with the gates 3
adjacent to the test gate open the same amount as the test gate. The i
plotted curves indicate the effects of the relation of the elevation of 3
the stilling basin apron to that of the gate sill. The portions of the A
curves having Cg values less than 0.1 are based on prototype gate open-
ings of 1 ft or less and on model gate openings of about 0.05 ft. The H
experimental data are omitted from this chart in the inverest of clarity. ’

Chart 320-8/1 is included to illustrate the degree of data correlation
resulting in the curves presented in Chart 320-8.

', Application. The suggested design curve in Chart 320-8 shouldld :
be ugeful for developing pool regulation curves for navigation dam spill-
ways consisting of tainter gates on low sills. The curves presented
generally represent sill elevations about 5 ft above streambed and stilling
basin apron elevations 3.5 to 31 ft below sill elevation. The Hannibal N
and Cannelton spillway sills are located about 15 and 19 ft abo.e stream- ;
bed, respectively. The height of the sill above the approach bed does not
seem to be an important factor in submerged flow controlled by gates.

However, the coefficient data presented include all the geometric effects

of each structure as vell as the effects of adjacent gate operation. The 3
curve most applicable to spillway design conditions should be used for

developing discharge regulation curves.

5. References,

(1) U. 8. Army Engineer Waterways Experiment Station, CE, Typical Spill-
way Structure for Central and Southern Florida Water-Control Project;
Hydraulic Model Investigation, by J. L. Grace, Jr., Technical Report
No. 2-633, Vicksburg, Miss.,, September 1963,
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ff (2) , Spillway, Millers Ferry Lock and Dam, Alabama River,
jg g Alabama; Hydraulic Model Investigation, by G. A. Pickering. Technical
% Report No. 2-643, Vicksburg, Miss., February 196k.
(3) , Spillway for Typical Low-Head Navigation Dam, Arkansas

River, Arkansas; Hydraulic Model Investigation, by J. L. Grace, Jr.
Technical Report No. 2-655, Vicksburg, Miss., September 196k,

;f (4) , Spillway for Cannelton Locks and Dam, Ohio River,

. Kentucky and Indiana; Hydraulic Model Investigation, by G. A. Pickering
- and J. L. Grace, Jr. Technical Report No. 2-710, Vicksburg, Miss.,

ke December 1965.

.ié (5) , Spillway, Hannibal Locks and Dam, Ohio River, Ohio and

o West Virginia; Hydraulic Model Investigation. Technical Report

B b No. 2-731, Vicksburg, Miss., June 1966,
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o (6) Denzel, C. W., Submerged Tainter Gate Flow Calibration. 1965, U. S.

B Arny Engineer District, St. Louis, Mo. (unpublished memorandum).
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HYDRAULIC DESIGN CRITERIA

SHEETS 330-1 AND 330-1/1
GATE VALVES

DISCHARGE CHARACTERISTICS

1. The discharge characteristics of a flow control valve may be
expressed in terms of a loss coefficient for valves along a full-flowing
pipeline, or in terms of a discharge coefficient for free flow from a
valve located at the downstream end of a pipeline. Loss and discharge
coefficients for gate valves are given on Hydraulic Design Charts 330-1
and 330-1/1, respectively.

2., Loss Coefficient. The loss of head caused by a valve occurs
not only in the valve itself but also in the pipe as far downstream as
the velocity distribution is distorted. Tests to determine this total
loss, exclusive of friction, have been conducted on several makes and
sizes of gate valves at the University of Wisconsin(l) and the Alden
Hydraulic Laboratory.(e) The results of these tests on the larger sizes
of valves are given on Chart 330-1 as loss coefficients in terms of the
velocity head immediately upstream from the valve, Data are given for
both a simple disk gate valve having a crescent-shaped water passage at
partial openings and a ring-follower type of gate valve having a lens-
shaped water passage at partial openings. The scatter in the Wisconsin
data is attributed to minor variations in the geometry of the different
makes of valves tested.

3. Discharge Coefficients. Discharge coefficients for free flow
From a gate valve at the downstream end of a pipeline have been deter-
mined by the Bureau of Reclamation(3) for several makes and sizes of
simple disk gate valves., The results of these tests are given on Chart
330-1/1 as discharge coefficients in terms of the total energy head
immediately upstream from the valve. The scatter in these data is
attributed to minor variations in geometry of the valves tested.

L. Application. The loss data given on Chart 330-1 are appli-
cable to valves installed in full-flowing pipelines having no bends or
other disturbances within several diameters upstream and downstream from
the valve. The discharge coefficients on Chart 330-1/1 are for valves
installed at the downstream end of several diameters of straight pipe
and discharging into the atmosphere.

5. List of References.

(1) Corps, C. I., and Ruble, R. 0., Experiments on Loss of Head in
Valves and Pipes of One-half to Twelve Inches Diameter., University
of Wisconsin Engineering Experiment Station Bulletin, vol. IX,
No. 1, Madison, Wis., 1922.

330-1 and 330-1/1
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(2) Hooper, L. J., Tests of 4-, 8-, and 16-Inch Series 600 Rising Stem
Valves for the W-K-M Division of ACE Industries, Houston, Texas.
Alden Hydraulic Laboratory, Worcester Polytechnic Institute,
Worcester, Mass., Sept. 1949.

(3) U. S. Bureau of Reclamation, Study of Gate Valves and Globe Valves
as Flow Regulators for Irrigation Distribution Systems Under Heads
Up to About 125 Feet of Water. Hydraulic Laboratory Report No.
Hyd-337, Denver, Colo., 13 Jen. 1956.
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HYDRAULIC DESIGN CRITERIA

SHEETS 331-1 to 331-3
BULTERFLY VALVES

DISCHARGE AND HYDRAULIC TORQUE CHARACTERISTICS

1. The dis~harge and torque characteristics of butterfly valves can
be expressed in terms of discharge and torque coefficients as functions of
the angle of rotation of the valve vane from opened position. The dis=~
charge coefficient is primarily a function of the orifice opening whereas
the hydraulic torque coefficient depends upon the geometry of the valve
vane. Thus, differences in torque coefficlents are to be expected for
various shaped vanes at the same opening. Although considerable data have
been published(2), only data indicated as the original computations or
curve7 of the investigators have been included in Design Charts 331-1 to
331-2/1.

2. Discharge Coefficients. A modified form of the standard orifice
equation has been used for computation of valve discharge. The area used
in the equation is based on the nominal diameter of the valve because of
difficulty in determining the actual areas of the orifice openings for
partially opened valves. The discharge coefficient varies inversely with
the angle of rotation of the valve from opened position. Two valve loca-
tions have been tested; one in which the valve is near the outflow end of
the pipe, and the other in which the valve is well within a straight reach
of pipe. Hydraulic Design Chart 331-1 presents discharge coefficients for
valves located within the pipe. Chart 331-1/1 presents similar data for
valves located near the end of the pipe. The material used in these charis
is taken from the following investigators: McPherson(7), Dickey-Coplen(4),
Gaden(5), Colleville(8), DeWitt(3), and Armanet(l). The Dickey-Coplen data
are from air tests on a thin circular damper. The Armanet tests reflect
the effects of convergence in the valve housing downstream from the vane
pivot.

3. Torque Coefficients. Torque coefficient data are presented in
Charts 331-2 and 2/1. The available information is limited. Chart 331-2
pertains to valves located within the pipe and Chart 331-2/1 spplies to
valves located near the end of the pipe. The Keller and Salzmann(6) data
in Chart 331-2 were obtained from air tests. The DeWitt curve in Chart
331-2/1 was computed from published prototype torque curves. The Gaden
curves are based on carefully controlled laboratory tests which included
measurement of and correction for pressure distribution on the downstream
face of the valve vane. The Armanet curves reflect the effects of con-
vergence in the valve body. The scarcity of torque coefficient date is
indicative of the need for torque tests on butterfly valves of American
manufacture.

331-1 to 331-3
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4. Application. A sample computation for torque is given in Chart

331-3. TFinal computations should be based on the recommendations of the
valve manufacturer at vhich time friction torque and seating torque data
should be considered.

(1)

(2)

(3)

(%)

5. List of References.

Armanet, L., "Vannes-Papillon Des Turbines." Génissiat, Numéro Hors
Serie De La Houille Blanche, pp 199-219.

Cohn, S. D., "Performance analysis of butterfly valves." Instruments,
vol 24, No. 8 (August 1951), p 880-884.

DeWitt, C., "Operating a 2L-in. butterfly valve under a head of 223
ft." Engineering News-Record (18 September 1930), pp 460-462.

Dickey, P. S., and Coplen, H. L., "A study of damper characteristics."
Transactions, ASME, vcl 64, No. 2 (February 1942).

Gaden, D., "Contribution to study of butterfly valves." Schweizerische

Bauzeitung, vol III, Nos. 21, 22, and 23 (May 21 and 28 and June 4,
19385. Similar material by D. Gaden was also published in England in
Water Power (December 1951 and January 1952).

Keller, C., and Salzmann, F., "Aerodynamic model tests on butterfly
valves." Escher-Wyss News, vol IX, No. 1 (January-March 1936).

McPherson, M. B., Strausser, H. S., and Williams, J. C., Jr., "Butter-
fly valve flow characteristics."” Proceedings, ASCE, paper 1167, vol
83, No. HY1l (February 1957).

Voltmann, Henry, discussion of reference 7. Proceedings, ASCE, vol
83, No. HYL (August 1957), pp 1348-48 and 49,
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U. S. ARMY ENGINEER WATERWAYS EXPERIMENT STATION
COMPUTATION SHEET

JoB CW 804 PROJECT John Doe Dom SUBJECT Butterfly Valves

COMPUTATION Valve Opening and Hydraulic Torque

COMPUTED BY__ WCB  DATE __ 2/26/58 CHECKED BY RGC DATE __2/27/58

2o - GIVEN:

(i: Total available head (H,) = 225 ft PRESS i

U

it Valve diometer (D) = 4 ft RE AF-

3 GRADIENT

Volve shape - Gaden-Disk A on Chart 331-1

’v“ Energy loss in system without valve & %x_ 8 Q
i (H,)= 0.3 V2/2g :

¥

5 ASSUME:

e Discharge (Q) = 600 cfs

COMPUTE:

’f 1. Head loss (HL) in system without valve 2. Required volve loss (A H) for Q = 600 cfs
b

P S

mH:~H -H =225~ 10- 35 180
V-%-whpevsoc AH T L v % 5= 180 f

Discharge coefficient (Co)
Q= Co D2 gyAH (Chart 331.1)

v oA

S *7\\_’« ol
¥ -y

H, = V2/2g= 35 ft

H =03 H, =10# . 600 oo
Q% 16x 322180

From suggested design curve on Chart 331-1, valve
opening () = 36° for CQ of 0.49.

e G Sy 4
Sy > Tiernt

e 31
e Y

-
S

3. Hydroulic torque (T) for Q = 600 cfs and ¢ = 36°. From
Chart 331-2, torque coefficient {Cy) for Gaden-Disk A
valve open 36° = 0,10.

TaC;DPAP (Chart 331.2)
Where AP = H,- H,)y = AHy
T = 0.10 x 64 x 180 x 62.5 = 72,000 fi-Ib

L

Repeat computations for other assumed discharges to determine discharge and hydraulic torque curves.

>,

el e e R O L T WP D STIVIPN
W o . WA e A p

g
A

BUTTERFLY VALVES

SAMPLE COMFUTATION
DISCHARGE AND TORQUE

HYDRAULIC DESIGN CHART 331-3
WES 3-33
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HYDRAULIC DESIGN CRITERIA

\»‘:’(N

SHEETS 332-1 AND 1/1

HOWELL-BUNGER VALVES

i
&
14
27
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:
i
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DISCHARGE COEFFICIENTS

,.
o s e
TR A

1, General, The Howell-Bunger valve is essentially a cylinder
gate mounted with the axis horizontal. A conical end piece with its apex
3 upstream is connected to the valve body by vanes. A movable external
o horizontal sleeve controls the discharge by varying the opening between

the sleeve and the cone. The discharge is in the form of a diverging
; hollow conical jet. Diameters of valves range from 1.5 to 9 ft. Some
p valves have four vanes while others have six vanes. Separate discharge
: coefficient charts are presented for four- and six-vane valves.

: 2. Discharge Coefficients. Discharge coefficients for Howell-

. Bunger valves have been computed for various dimensional features of
the valves. However, the discharge coefficients shown on Charts 332-1
and 1/1 are based on the area of the conduit immediately upstream from
the valve. The basic equation used is shown on each chart. The computed
coefficients are plotted against the dimensionless factor, sleeve travel
divided by conduit diameter.

PEN 3. Experimental_?ata. Discharge coefficients for Chatuge,
g Nottely, Watauga, and Fontana Dams were computed from prototype data
p published by the Tennessee Valley Authority 1), Coefficients for Ross

Dem are based on model data published by the Bureau of Reclamation(2 .
Coefficients for Niurod Dam result from discharge measurements made by
the Little Rock District, CE., Coefficients for Narrows Dam result from
model data obtained by the Waterways Experiment Station. The data
presented on Charts 332-1 and 332-1/1 indicate discharge coefficients of
0.82 and 0.87 for full openings of the four- and six-vane valves,
respectively.,

(1)

L R. A, Elder and G. B. Dougherty, "Hydraulic Characteristics of Howell-
.7 Bunger Valves and Their Associated Structures," TVA Report dated

C 1 Nov, 1950. -

N (2) "Investigation of Hydraulic Properties of the Revised Howell-Bunger
Valve, City of Seattle, Washington," Hydraulic Laboratory Report

No, 168, Bureau of Reclamation, April 1945,

332-1 to 1/1
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HYDRAULIC DESIGN CRITERIA

SHEET 3L40-1
FLAP GATES
HEAD I0SS COEFFICIENTS

1. Flap gate head losses can be determined by the equation:

v2
HL=K-§E

where

Hy = head loss in ft of water
= head loss coefficient
V = condult velocity in ft per sec

2. Hydraulic Design Chart 340-1 presents head loss coefficients for
submerged flap gates. The data result from tests by Nagler (1) on 18-in.-,
2k-in.-, and 30-in.-diameter gates.

3. Modern flap gates are heavier but similar in design to those
tested by Negler. It is suggested that Chart 340-1 be used for design pur-
poses for submerged flow conditions until additional data become available.
Head loss coefficient data are not available for free discharge.

(1) P. A. Nagler, "Hydraulic tests of Calco automatic drainage gates,"
The Transit, State University of Iowa, vol 27 (February 1923).

340-1
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HYDRAULIC DESIGN CRITERIA

¥

SHEET 534-1

FUNERY
Ve

LOCK CULVERTS
REVERSE TAINTER VALVES
LOSS COEFFICIENTS

1. The head loss across a lock culvert valve can be determined from
the equation:

2
H =K V /2g
where
HL = head loss across the valve in ft of water
K, = valve loss coefficient
V = mean culvert velocity in ft/sec
g = acceleration of gravity in ft/sec®.

2. Hydraulic Design Chart 534-1 shows valve loss coefficients vs the
. ratio of the area of the valve opening to the area of the culvert for re-
égz verse tainter valves. The Weisbach curve(l) is based on data for a verti-

cal gate in a rectangular conduit. The data shown were computed from model
and prototype tests. A complete list of data sources is given in para-
graph 3. The graph is similar to plate 6 of Engineer Manual 1110~2-160k.
However, experimental data are plotted on Chart 534-1, to emphasize the
excellent agreement of various test results.

3. Data Sources.

(1) Weisbach. "Hydraulics and Its Application" by A, H. Gibson, D. Van
Nostrand Co., Inc., New York, N. Y., Uth ed., 1930, p 249.

(2) St. Anthony Falls Lower Lock Models 1 and 7. Unpublished data com-
puted by U, S. Army Engineer District, St. Paul, Minnesota, under
CW 820, December 1953.

(3) McNery Lock Model, Test 1, Run 1-C, Unpublished data computed by
U. S. Army Engineer District, St. Paul, Minnesota, under CW 820,
December 1953,

(4) Mclary Lock Prototype, Run 13-3. Report on Model-Prototype Conformity-
MeNary Dam Navigation Lock, 1955 Tests. U. S. Army Engineer District,
Walla Walla, Washington, March 1959.

’ 534-1




(5) McNary Lock Prototype, Run 9. Unpublished data computed by U. S. Army
Engineer Waterways Experiment Station, Vicksburg, Miss., from November i\

1957 tests.

(6) Dalles Lock Model. Report on Model-Prototype Conformity-McNary Dem
Navigation Lock, 1955 Tests. U. S. Army Engineer District, Walla
Walla, Washington, March 1959.

534-1
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HYDRAULIC DESIGN CRITERIA

i\ SHEETS 53L4-2 AND 53L4-2/1
LOCK CULVERTS
MINIMUM BEND PRESSURE

RECTANGULAR SECTION

1. Laboratory flow studies have shown that, for a rectangular con-
duit section, the minimum pressure in circular bends of 90 to 300 deg
occurs on the inside of the bend U5 deg from the point of curvature.
Experimental turbulent flow pressure data, at this location, closely ap-
proximate values computed for two-dimensional potential flow. McPherson
and Strausserl have suggested an analytical procedure for determining
the magnitude of the minimum pressure in a circular bend of rectangular
section.

2. Theory. The minimum bend pressure head cen be computed from
the equation

H - Hi
C_= 1
X (1)

&1

. where
Cp = pressure-drop parameter
H = average pressure head, in ft, at the 45-deg point computed as
a straight-line extension of the upstream pressure gradient
Hi = minimum pressure head, in ft, at the 45-deg point on inside
of bend
V = average culvert velocity in ft per sec
g = acceleration, gravitational, in ft per sec?

Equation 1 is similar to the bend coefficient equation developed by
Lansford (reference 4, Sheet 228-3). Based on equation 3 of reference 1,
it can also be shown that

c_ = -1 (2)

- 534-2 and 534-2/1
« Revised 1-68
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where

center-line radius of the bend

oo}
i

one-half the culvert width

Q
1]

3. Application. Hydraulic Design Chart 534-2 shows the relation
between the theoretical pressure-drop parameter and ratio of the radius
of curvature to one-half the conduit dimension in the direction concerned.
Values of C,, computed from experimental results reported by Silberman®
and Yarnell and Woodward3 are also shown. These data indicate the effects
of Reynolds numbers between 6.7 X 104 ana 8.2 x 105 . Points computed
from data summarized by McPherson and Strausserl from tests by Addison,
Lell,5 wattendorf,6 and Nippert? and on the Waynesboro and Mt. Alto model
studies at Lehigh University are included on the chart. The indicated
Reynolds number is about 102 to 106, The chart is considered applicable
to bends of 45 to 300 deg.

4. Cavitation occurs when the instantaneous pressure at any point
in a flowing liquid drops to the vapor pressure. Vapor pressure varies
with temperature of the liquid (see Sheet 000-2). Since turbulence in
flow causes pressure fluctuations, an estimate should be made of the maxi-
mum expected fluctuation from the minimum computed bend pressure. The
sum of the estimated pressure fluctuation, the vapor pressure, and a few
feet of water for a margin of safety should be computed. The local
barometric pressure (see Chart 000-2) should be subtracted from this total
to obtain the minimum permissible bend pressure. This pressure can then
be used to determine the necessary average condult pressure or the per-
missible average conduit velocity to prevent cavitation. Cavitation damage
has been found where the average pressure is relatively high but violent
negative pulsations reach cavitation pressures. Such criteria as indicated
here should therefore be used conservatively.

5. Chart 53&-2/1 is a sample computation showing the application of
Chart 534-2 to the minimum bend pressure prcblem. Computations to indi-
cate the minimum permissible average conduit pressure and the maximum per-
missible average conduit velocity to prevent cavitation are included.
Chart 534-2 can aiso be used for the design of bends in rectangular sluices
and siphons and in circular conduits. Its application to the latter is
shown in Chart 228-3,

6. References.

(1) McPherson, M. B., and Strausser, H. S., "Minimum pressures in rec-
tangular bends." Proceedings, ASCE, vol 81, Separate Paper No. 747
(July 1955); vol 82, Separate Paper No. 1092 (October 1956), p 9,
Closure,

(2) Silberman, E., The Nature of Flow in an Elbow. Project Report No. 5,
St. Anthony Falls Hydraulic Laboratory, University of Minnesota,
Minneapolis, prepared for David Taylor Model Basin, December 1947.

534-2 and 534-2/1
Revised 1-68
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(3) U. S. Department of Agriculture, Flo. of Water Around 180-Degree Bends,

gg@ by D. L. Yarnell, and S. M. Woodward. Technical Bulletin No. 520,
%iﬁﬁ Washington, D. C., October 1936.

(4) Addison, H., "The use of bends as flow meters." Engineering, vol 1L5
(4 March 1938), pp 227-229 (25 March 1938), p 32k.

(5) Iell, J., "Contribution to the Knowledge of Secondary Currents in
Curved Channels (Beitrag zur Kenntnis der 3ekund¥rstrdmungen in
gekrimmten Kandlen)." Dissertation, R. Oldenbourg, Muchen, 1913.
Also Zeitschrift flir das gesamte Turbinenwesen, Heft 11, July 191k,
pp 129-135, 293-298, 313-317, and 325-330.

(6) Wattendorf, F. L., "A study of the effects of curvature on fully de-
veloped turbulent flow." Proceedings, Royal Society of London,
Series A, vol 148 (February 1935), pp 565-598.

(7) Nippert, H., "Uber der Stromungsverlust in gekrimmten Kandlen." VDI,
Forschungsarbeiten, Heft 320, Berlin (1929).
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JOB CwB804 PROJECT  John Doe Dam SUBJECT _ Lock Culverts
29 COMPUTATION  Minimum Bend Pressure in a Rectanqular Section

A

ORI
R

'» COMPUTED BY _ WTH DATE __4/30/59 CHECKED BY __MBB DATE _5/4/59
GIVEN: ENERGY GRADIENT
Rectangulor culvert section - -—I 424
Horizontal bend Yool 2
Elevation of roof = 500 ft msl CRSSURE SRADIENT = “:E—z-g .:_l'
Deflection ongle = 90° H 9
Bend radius (R) = 10 # FRESSURE ] (RATUM
Width of culvert (2¢) = 10 ft | H [
Average velocity (V) = 20 fps P,C y r-'alr
Temperature = 50 F 1
Averoge conduit pressure measured from | . M/ v
pressure gradient extension (H) = 10 ft 45

REQUIRED:
l'lI = minimum pressure (in ft) inside of bend.
H, nin = minimum permissible bend pressure (f1).
H, 1o = minimum permissible average conduit pressure (in ft) to prevent cavitation (V = 20 fps).

Vi oy = moximum permissible average conduit velocity (in fps) to prevent cavitation (H = 10 ).

PRESSURE PROFILE

COMPUTE:

5. Minimum permissible average conduit pressure
heod (H, . ) to prevent cavitation (V=20 fps).

1. R/c=10/5=2
2 Cp = 2.30 for R/¢c = 2 (Chart 534-2)

‘; > 3. Minimum bend pressure (H)) H,io = i min )
« o H-Mc VY2 ’
Vig P Hy i - (-17.8)
— = 2,30
0-H, 230 20%/64.4
P?/ea.4 M. =2.3(400/64.4) - 17.8= 143 - 17.8= -3.5
H=-43# 6. Maximum permissible average conduit velocity

4. Minimum permissible bend pressure head
H

i mln)
a. Estimated pressure
head fluctuation = 10.0
b. Vapor pressure head
of woter at SOF = 0.4 ft (Sheet 000-2)
c. Pressure ollowonce
for margin of safety = 5.0 ft
Total =154
d. Local barometric pressure head = 33.2 ft
(Chart 000.2)
e. Minimum permissible bend pressure head

(H, ) = 15.4-33.2= -17.8 f1

Note: Since H > H, .= cavitation should not occur.
However, this is not odequate to use as posi-
tive criterion since the volues used for items
4a and 4c ore dependent upon the judgement
of the designer.

4
“.
4
>~

N
Fa

\\; SATPARRD BY U 3 ARMY [NGINELA WATEAWAYS CAPERIMENT SYATION VICRIBUAG MiSSISIPPI
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(Vmox) to prevent cav.tation (conditions of step 4
ond H = 10 f1).

H-H,

I"’\Iﬂ=C

VoS T
10-(17.8) o4

V2max/64'4

_(10+17.8)64.4_27.8x 64.4 _

2
Vinex 73 3 =1

LOCK CULVERTS

RECTANGULAR SECTION
MINIMUM BEND PRESSURE
SAMPLE COMPUTATION

HYDRAULIC DESIGN CHART 534-2/1
WES 5-%9
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HYDRAULIC DESIGN CRITERIA

SHEETS 610-1 to 610-7

TRAPEZOIDAL CHANNELS

1. Hydraulic Design Charts 610-1 to 610-7T are design aids for reduc-
ing the computation effort in the design of trapezoidal channels having
various side slopes from 1 to 1 to 3 to 1 with uniform subcritical or
supercritical flow. It 1s expected that the charts will be of value in
preliminary design work where different channel sizes, roughness values,
and slopes are to be investigated. Certain features of the charts were
based on graphs prepared by the Los Angeles District, CE. Charts 610-1 to
€10-T can be used to interpolate values for intermediate side slopes.

2. Basic Equations. Manning's formula for open channel flow,

_ 1486 A 5¥/2 §?/3

n

Q

can be separated into a factor, involving slope and friction

_1.486 5%/2
n n

c

and a geometric factor involviug area and hydraulic radius

- Ar?/3
C, = AR .

Chart 610-1 and -1/1 show values of the factor, C_, , for slopes of 0.0001
to 1.0 and n values of 0.010 to 0.035. Charts 210-2 to -4/1-1 show
values of the geometric factor, Ck , for base widths of 0 to 600 ft and
depths of 2 to 30 ft. Charts 610-5 to -7 show values of critical depth
divided by the base width for discharges of 1,000 to 200,000 cfs and base
widths of 4 to 600 ft.

3. Application. Preliminary design of trapezoidal channels for
subcritical or supercritical flow is readily determined by use of the
charts in the following manner:

a, With given values of n and S , Cn can be obtained from
charts 610-1 and -1/1.

b. Since Q = C,Cy the required value of Ck can be obtained
by dividing the design Q by Cn .

610-1 to 610-7
Revised 5-59
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610-1 to 610-7

Revised 5-59

With the required C, value, suitable chennel dimensions f
can be selected from charts 610-2 to -l4/1-1. ’
!

é
Charts 610-5 to 610-7 can be used to determine the relation i\, !
of design depth to critical depth. :

e,
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HYDRAULIC DESIGN CRITERIA

SHEETS 610-8 T0 610-9/1-1
OPEN CHANNEL FLOW

RECTANGULAR SECTIONS

1. Hydraulic Design Charts 610-8 to 610-9/1-1 are aids for reducing
the computation effort in the design of rectangular channels. These charts
are useful also in the backwater computations presented on Chart 010-2.

2. Basic Equations. Chart 610-8 shows plots of normal depth (yo)
vith respect to discharge per foot of width (qg for wide rectangular sec-
tions where the side wall effect may be neglected. Normal depth curves
ar> shown for Manning's n of 0.0ll and 0.013 and for slopes of 0.01 to
0.50. The roughness and slopes values are those commonly used in the de-
sign of spillway chutes. The curves are computed from a variation of the
Manning formula for open channel flow.

a=ey

vhere

. . 1.486 g™2
n

Critical depth (yc) with respect to q is also plotted on this chart.
Critical depth in rectangular channels is & function of unit discharge only

'
Yo = P

3. Charts 610-9 through 610-9/1-1 in conjunction with Charts 610-1
and -1/1 can be used to determine normal depths (y,) for any rectangular
channel. These charts are similar to Charts 610-2 to 610-4/1-1 and were
developed in the manner described in paragraph 2 of Sheets 610-1 to 610-7.

L. Application. Preliminary design of rectangular channels for
uniform subcritical or supercritical flows is readily determiued by use of
the charts in the following manner:

a&. Two-dimensional flow. For wide channels, y, and y, can be
obtained directly from Chart 610-8 for given values of n ,
S, and gq.

610-8 to 610-9/1-1
Revised 5/59




b. Three-dimensional flow. For all channels, Charts 610-9
through 610-9/1-1 can be used in the manner described in >
paragraphs 3a, b, and c, Sheets 610-1 to 610-7. Critical ggi,&
depth can be obtained from Chart 610-8. >
¢. Normal depth for three-dimensional flow can also be computed
from Chart 610-8 by use of the following table:
b/d2 di/da
2 1.38
> 1.17
10 1.07
15 1.05
25 1.03
where
b = channel width in ft
d2 = two-dimensional flow depth in ft
d3 = three-dimensional flow depth in ft.
:
610-8 to 610-9/1-1 .

Revised 5/59
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HYDRAULIC DESIGN CRITERIA

@ﬁ' SHEETS 623 TO 62k4-1
SUBCRITICAL OPEN CHANNEL FLOW

DROP STRUCTURES

1. Purpose. A channel invert slope can vary from a maximum de-
fined by a line connecting the crests of two drop structu-.s to a mini-
mum fixed by the elevation of the end sill of the upstream structure,
the elevation of the crest of the downstream structure, and the distance
between the two structures, The minimum siope should be that which re-
sults in stable channel conditions.

2. Hydraulic Design Charts (HDC's) 623 to 624-1 present design
criteria for drop structures in subcritical flow used to prevent channel
degradation. The criteria shown in HDC 623 are recommended for drcns
where the unit discharge is large relative to the drop height., The de-
sign criteria shown in HDC 624 and 624/1 are recommended for drop struc-
tures where both the unit discharge and drop height are large and where
optimum energy dissipation is required to reduce downstream erosion.

In most cases economy of construstion is the deciding factor.

3. Background. The accepted relation between the height of drop
h (difference in clevation between the crest and the end sill of the
drop structure), critical depth d, at the drop, and the required
stilling basin length LB is attributed to Etcheverryl and defined by

the equation
Ly = Cp Vhd, (1)

where C_. 1is an empirical .vror Jength coefficient. Studies by Morris
and JohnSon® resulted in desiga of tic CIT (California Institute of
Technology) structure restricted to h/dc ratios greater than 1.0.
Subsequent studies by Vanon: and Pollak3 included ratios as low as 0.3.
While initial research efforts were directed toward erosion control in
gullies, subsequent application has been mostly in alluvial streams.,

14

Sy
%

4. Donnelly and Blaisdellh investigated drop structures having
h/&c ratios from 1 to 15 and developed the SAF drop structure for pri-
mary use in the control of erosion in gullies. The major difference
in CIT and SAF structures is the difference in tailwater depths, i.e.
shallow and deep, respectively.

5. CIT-Type Drop Structures. Extensive WES tests? on the CIT-
type structure resulted in the design criteria given in HDC 623. The
Vanoni and Pollak results appear to correlate well with the WES tests.
WES tests showed that optimum structure performance is obtained if the

623 to 624-1




structure is designed to have a tailwater-critical depth ratio between
1.25 and 1.67. This results in a strong ground roller, a confined,
strong and stable surface roller, and a depressed secondary roller down-
stream. Curved, upstream abutment walls are recommended for narrow
chanmnels to help prevent concentration of the flow. For wide channels
with flow width 220 times the depth, rectangular abutments are satisfac-
tory. Stilling basin training walls should be sufficiently high to pre-
vent the tailwater returning over the walls into the stilling %wasin.
Wing walls at the end of the basin are not recommended. The thannel
edge should be recessed as indicated in HDC 623.

6. SAF-Type Drop Structures. The SAF-type drop structureu’6
(HpC's 624 and 624-1) is recommended for designs having large unit dis-
charges and drop heights. The basic layout is shown in HDC 624, The
primary controlling parameter in this design is the locabion at which
the upper nappe of the falling jet impinges on the stilling basin floor,
This is a function of the total fall of the jet and the depth of the
tailwater., Dimensionless curves for determining the impact location of
the upper nappe on the basin floor are shown in HDC 62h-1,

7. The dimensions of the stilling basin are computed from the
following equations.

Ly = X, + X +X_ (2)
where Lp equals basin length. HDC 62U graphically defines the distance
Xg, s Xp , and X, . DNumerical values of X, and X, are obtained

from the following equations:

X, = 0.8 (3)

X
c

1.75, (k)
Substituting equations 3 and 4 into equation 1 results in
Ly = X, + 2,554 (5)

with d, as defined in paragraph 3 and as shown in HDC's 623 and 62k,
Laboratory tests¥ have resulted in the following recommendations for
baffle pier and end sill heights.

Baffle pier height = O.8dc (6)

End sill height h'

0.kd, (1)

These tests also showed that optimum basin performance occurs when the
baffle pier width and spacing effect a 50 to 60 percent reduction in
flow width and the minimum tailwater depth is not less than 2.l5dc .

623 to 624-1
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g~ 8. Design Discharge. Design discharge for the drop structure

% should be computed using the equation

N

Q= c’/? (8)
where
@ = design discharge, cfs

s C = discharge coefficient = 3.0%
; L = length of the drop structure crest, ft
k H = energy head on the crest, ft
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VN gt b TS m et v

o
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The length L of the weir should effect optimum use of channel cross
section upstream. A trial-and-error procedure should be used to balance
the crest height and width with the channel cross section.

WY

T

9. Riprap Protection, Riprap protection should be provided
immediately upstream and downstream of each structure. It is recommended
that design criteria given in HDC 712-1 be used to meet stilling require-
[ . ments and that given in EM 1110-2-1601 (reference 7) for upstream pro-

% tection.

RS P

e
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UPPER NAPPE AND STILLING BASIN FLGOR TO
UPSTREAM FACE OF FLOOR BLOCKS

Xc =HORIZONTAL DISTANCE FROM UPSTREAM FACE
OF FLOOR BLOCKS TO END OF STILLING BASIN

REDRAWN FROM FIG 10, REFERENCE 4.
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H =HEAD ON WEIR= {dc) CENTER-LINE SECTION
ho =VELOCITY HEAD
dy =TAILWATER DEPTH
de =CRITICAL DEPTH QVER CREST
h =HEIGHT OF DROP
K =HEIGHT OF END SILL
Ly =LENGTH OF STILLING BASIN=Xg +Xp+Xc
Xo=HORIZONTAL DISTANCE FROM CREST TO
INTERSECTION OF UPPER NAPPE AND
STILLING BASIN FLOOR
Xp =HORIZONTAL DISTANCE FROM INTERSECTION OF SUBCRITICAL

OPEN CHANNEL FLOW

SAF-TYPE DROP STRUCTURE

BASIC GEOMETRY

HYDRAULIC DESIGN CHART 824
WES 7-73
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NOTE:
de=CRITICAL DEPTH OVER CREST
h =HEIGHT OF DROP
h =HEIGHT OF END SILL

Xg=HORIZONTAL DISTANCE FROM CREST
TO INTERSECTION OF UPPER NAPPE
AND STILLING BASIN FLOOR

Y4 =VERTICAL DISTANCE FROM CREST TO

TAILWATER SURFACE (Y IS POSITIVE SUBCRITICAL
WHEN TAILWATER SURFACE IS ABOVE
THE CREST, NEGATIVE WHEN TAILWATER OPEN CHANNEL FLOW

SURFACE 1$ BELOW CREST)
SAF-TYPE DROP STRUCTURE
REDRAWN FROM FIG. 2, REFERENCE 4 JET IMPACT LOCATION
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HYDRAULIC DESIGN CRITERIA

& SHEETS 631 TO 631-2
OPEN CHANNEL FLOW

RESISTANCE COEFFICIENTS

1. General. Because of its simplicity, the Manning equation has
been used extensively in the United States in the evaeluation of resist-
ance losses in open channel flow. A comprehensive summary of the use of
this equation in channel design is given in reference 1. Flow date and
Manning's n's for 50 natural streams, together with color photographs of
the channels, have also been published.e The Chezy equationl includes
a resistance coefficient term that is applicable to all flow conditions.
Hydrsulic Design Chart 631 presents a general resistance diagram relat-
ing Chezy's C , Reynolds number, and relative roughness. The chart is
useful in open channel flow problems.

2. Laboratory and field investigations have shown that the resist-
ance coefficient varies with Reynolds numbers as well as with boundary
surface roughness. Keulegan3 has demonstrated that the Von Karman-Prandtl
smooth and rough pipe resistance equations based on the Nikuradse test
data can be applied to open channel flow with only minor adjustments in
the equation constants, A recent ASCE progress report™ recommends a
Moody-type diagram for use in open channel flow, especially for flows in
which the viscous effects are important.

2N
‘

S

,..
A

3. Chezy Equation, The Chezy equation is

v = ¢ VRs

where
V = mean channel velocity, ft per sec
C = Chezy resistance coefficient which is a function of Reynolds
number and relative roughness of channel
R = hydraulic radius of channel, ft
S = slope of energy gradient

., Resistance Coefficient Relations. The Darcy resistance coeffi-
cient f (see Hydraulic Design Chart 224-1) is defined as

< 631 to 631-C
Revised 1-68
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where g = acceleration of gravity.

The relation between C and f 1is

_ 18

Similarly, the relation of C and n can be shown to be

l.h86Rl/ 6

n

C =

5. Effects of Reynolds Number. The Chezy resistance coefficient ¢
is plotted as a function of Reynolds number in Chart 631. An auxiliary
scale of Darcy resistance coefficient £ 1is also shown for alternative
use by the designer. The method of plotting is a form of the Moody dia-
gram (Sheet 224-1). The resistance equations for smooth and rough flow
based on Keulegan's results and recommended by ChowT are given and
plotted ig Chart 631. The rough flow limit based on Rouse's pipe flow
criterion” is also shown. The Keulegan constants were used in the
Colebrook-White equation (Chart 224-1) for the transition flow zone. The
Reynolds number used for plotting is

L lm
e v

wvhere v = the kinematic viscosity.

The use of this form of the Reynolds number is recommended in the ASCE
task force report.

6. Basic Data. The plotted data in Chart 631 are for concrece=-
lined channels. Both tranquil- and rapid-flow data are presented. The
tranquil-flow data were computed from U. S. Army Engineer Waterways Ex-
periment Station (WES) laboratory tests in brushgd-concrete flumes6,7
and from field tests results compiled by Scobey.®»>7 More recently ob-
tained U. S. Bureau of Reclamation \USBR)jo and Ttalianll field data have
also been included. These data were selected on the pasis of accuracy of
flow measurements and conditions of concrete channel lining. Tests at the
University of Iowal2 indicate that the energy loss in flows having Froude
numbers greater than 1.6 becomes a function of the Froude number and den-
sity and size of roughness elements. Additional energy loss is ceused by
ingtability of the flow. The plotted data points based on prototype tests
at the Fort Randalll3 and Fort Peckl 1k spillway chutes are foir rapid flow
with Froude numbers exceeding the stability criterion. These data repre-
sent the only known availeble measurements at Ry, numbers approaching 108,

631 to 631-2
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Suggested Design Criteria.

a'

lo

Resistance coefficients. The data plotted in Chart 631 can

be used for guidance in the design of concrete-lined channels
with suberitical velocities. Resistance coefficients for
these channels generally are in the transition zone shown in
the chart, The flow regime is seldom hydraulically smooth or
fully rough and the resistance coefficient is usually a func-
tion of botn the Reynolds number and the relastive roughness.
Chart 631-1 is a plot relating Chezy C, Manning's n, the
equivalent roughness kg , and the hydraulic radius. Theo-
retically it is only applicable to rough flow conditions.
This chart should be useful for relating C and n for the
design of channels with riprapped banks (Charts 631-4 and
631-l/1), The equation for n on Chart 631-1 was developed
by solving the rough flow equation given in Chart 631 in
terms of Manning's n.

Equivalent roughness kg . In the use of Chart 631, a value
of kg (equivalent sand grain diameter) has to be specified
for the prediction of resistance. The hydraulic roughness
ks in pipe flow is dependent only on the type of construc-
tion or the surface finish specified. However, in open
channel flow it includes the effects of secondary flow re-
sulting from boundary geometry and to a lesser extent the
free water surface. Experimental data for correlation of
surface texture, channel geometry, and the resulting hydrau-
lic equivalent roughness kg are very limited. However,
considerable variation in the selected kg value results
in only small changes in the fiow energy loss.

(1) The following tabulation presents average kg values
resulting from different types of concrete forming
and surface finishing. It is based on computations
made from the open channel resistance data plotted in
Chart 631.

Average
kg , Tt Concrete Surface Finish

0.0006 18-year-old, 10-ft-wide rectangular aqueduct.
Troweled sides and float-finished bottom

(ref 9)

0,002 Laboratory rectangular and trapezoidal chan-
nels, brushed concrete finish (refs 6 and 7).
Field channels, smooth, troweled cement
finish (refs 8, 9, and 11)

(Continued)

631 to 631-2
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Aversge
ks. , Tt Concrete Surface Finish
0.003 . 10- to 20-year-old, 8- to 50-ft-wide trape-
" z0idal channels constructed with modern rail-
mounted slip traveling forms (ref 10)

0.005 Screed~finished spillway chute blocks with
transverse joints at 20~ to 25-ft intervals
(refs 13 and 14)

(2) The tabulation above can be used for selecting design
ks values if the concrete forming and surface finish-
ing can be obtained with good assurance. For general
design computations the following kg values for con-
crete are suggested:

Design Problem Suggested kg Value, ft
Discharge capacity 0.007
Maximum velocity 0.002
Proximity to critical depth¥
Subcritical flow 0.002
Supercritical flow 0.007

¥ To prevent undesirable undulating waves, flow-depth-
to-critical depth ratios between 0.9 and 1.1l should

be avoided. (i::)

(3) The determination of the equivalent surface roughness
for riprap channels, rubble masonry, or other large
roughness protrusions should be based on some estimate
of the mean protrusion, riprap, or rock size. Use of
the D50 (mean) size as kg , based on equivalent sphere
weight, is a good approximation for stone riprap.

8. Application. Chart 631-2 is a sample computation sheet illus-

trating the use of Charts 631 and 631-1.

(1)

(2)

(3)
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GIVEN: REQUIRED:
Concrete-lined channe! Equivalent roughness k.,
Shape, trapezoidal Chezy C
Invert slope ($) = 0.0004 _Base width B

 Flow depth (D) = 12 ft Froude No, <0.85
Side slope =1 on 2 ~ Check Manning's n
Water temperature = 60 F
Discharge (Q) = 15,000 cfs

Construction, rail-mounted traveling forms

From tabulation of equivalent roughness (par. 7b(1), Sheets 631 to 631.2), k = 0.003 ft
From Chart 001-1, v = 1,22 x 10~ #12/sec ot 60 F

TRIAL COMPUTATIONS

1. Assume base width B =50 ft

Y =--Q—z’l%§%% = 16,9 #t/sec

Area

n Areo 14 %02
Hydravlic radius R = Wetted Perimeter = 103,86 8.57

R AVR 40169857 _ 06 107

R em—

TV 122x1078
8,57
0.003

1'3: = 2860 C = 148 (Chart 631)
T

VY = CVRS = 1484/8.57 x 0.0004 = 8.67 ft/sec < 16,9 f1/s0c

2. Assume base width B =110

15000 _134x12
V=m-9.33 1/ sec R-W-9.83 ft

R -409.33)(9.83)

=3.0 x 107
¢ 1.22x 10 )

R _ 9.
T =To0s = 3280 C = 149 (Chart 631)

V - 149 ¥9.337.0.0004 = 9.34 < 9.33 f1/sec

3. Check Froude No. (F) and Manning's n

£ 72!5 (wide channel) = _»z’%?if 0.48 <0.85
n =0.0145 (Chart 631.1)
OPEN CHANNEL FLOW
RESISTANCE FOEFFlClENTS
SAMPLE COMPUTATION

HYDRAULIC DESIGN CHART 631-2
REV 1-88 WES 8-58
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HYDRAULIC DESIGN CRITERIA

SHEETS 63L-l AND 631-L4/1
OPEN CHANNEL FLOW
COMPOSITE ROUGHNESS

EFFECTIVE MANNING'S n

1. Tables of recommended roughness coefficients for use in the
Menning formuls for the solution of open channel flow problems have
been published in references 1 and 2. Chow? includes recommended values
for channels having different bed and bank materials. In wide, shallow
channels the bed roughness effects predominate. Conversely, in narrow
deep channels the bank roughness is the primary factor contributing to
the flow energy losses.

2. Basic Data. Procedures for computing the effective roughness
coefficient n to be used in the Manning formule for channels with dif-
ferent bed and bank roughnesses have been developed by Horton,3 Colebatch
Eins’cein,5 and the U. 8. Army Engineer District, Los Angeles, California..6
In each case the effective n wvalue is a function of the bed and bank
roughnesses and their respective segments of the wetted perimeter or flow
area., In their simplest form, the equations for effective n values
can be written as
Znh
ZA

N an = (Los Angeles District) (1)

eff ~

3/p .23
Dpp = [Eiﬁ_ﬁ__gl] (Horton or Einstein) (2)

. n3/é . ]2/3

Nepr = [ Y (Colebatch) (3)

A and P are the channel flow subareas and wetted perimeter segments,
respectively; n 1is the respective Manning roughness ccefficient for each
segment considered,

3. Study of the equations given in paragraph 2 indicates that for
channels with smooth inverts and rough banks, use of the Horton~Einstein
equation results in more conservative design %! an use of either the Cole-
batch or the Los Angeles District equation. Laboratory and field investi-
gations are needed for complete evaluation of the equations. The use of
the Horton-Einstein equation is suggested for design purposes pending avail-
ability of additional test data.

631-4 and 63L-4/1



L, For rectangular or trapezoidal channels, equation 2 can be
written in the form

32 5 3y \ 7
I e T S ()

n
eff Pl + 2P2

where the subscripts 1 and 2 refer to the bed and bank wetted perimeters,
respectively. The terms are further defined in the sketch in Hydraulic
Design Chart 631-4/1.

5. Application. Chart 631-l provides a rapid graphical method
for determining the solution of equation 2 to obtain an effective n
velue for use in the design of wniform channel sections with differert =
bed and bank roughnesses. The ordinates of the chart indicate the bed,
bank, and combined effective roughness coefficients. The abscissas are
values of the ratio of the bed and bank wetted perimeters., The effective
n value is determined in the following manner. The chart is entered
vertically from the bottom with the given value of 2P2/?l to its inter-
section with an lmaginary line connecting ny and Ny . The value of
nepr at this point is read on the right side of the chart.

, 6. Chart 631-4/1 can be used to obtain the required wetted perimeter
ratio for use with Chart 631-4. Chart 631-4/1 presents bank-bed wetted
perimeter relations for trapezoidal and rectengular channel sections as
functions of the bed width, flow depth, and bank slope. These charts can
be used with Charts 631 and 631-1 for the design of channels with riprapped
banks.

7. References.

(1) King, H. W., Handbook of Hydraulics for the Solution of Hydraulic
Problems, revised by E. F. Brater, Ith ed. McGraw-Hill Book Co.,
Inc., New York, N. Y., 1954, Table 76, p 20.

(2) Chow, V. T., Open-Channel Hydraulics. McGraw-Hill Book Co., Inc.,
New York, N. Y., 1959, Tables 5 and 6, p 111,

(3) Horton R. E., "Separate roughness coefficients for channel bottom

and sides."” Engineering News-Record, vol iii, No. 22 (30 November
1933), pp 652-653.

(4) Colebateh, G. T., "Model tests on Liawenee Canal roughness coef=-
ficients." Transactions of the Institution, Journal of the
Institution of Engineers, vol 13, No. 2, Australia (February 194l),
pp 27-32.

(5) Einstein, H. A., "Der hydraulische oder Profil-Radius." Schweizeris-
che Bauzeitung, vol 103, No. 8 (24 February 1934), pp 89-91.
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(6) U. s. Army, Office, Chief of Engineers, Hydraulic Design of Flood
Control Chaanels., EM 1110-2-1601 (urpublished Engineer Manual

draft).
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EFFECTIVE MANNING'S n (EQUATION 4)

273
ns ni?p +20¥% P,
off ™ P, +2P,

WHERE.
N, =BED ROUGHNESS
N, = SIDE SLOPE ROUGHNESS
Ng¢¢= EFFECTIVE ROUGHNESS
P, = SIDE SLOPE WALL LENGTH
£,=BOTTOM WIOTH

NOTE: GRAPH BASED ON FIGURE 8, REF 4

OPEN CHANNEL FLOW

CCMPOSITE ROUGHNESS
EFFECTIVE MANNING'S n
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HYDRAULIC DESIGN CRITERIA

SHEET 660-1

CHANNEL CURVES

; SUPERELEVATION

1. Purpose. Flows in curved channels result in increases in depth
along the outside channel walls with corresponding decreases elong the in-
side walls. The difference in the water-surface elevations between the
channel center line and the outside wall is called the flow superelevation.
This rise in water surface is a function of the channel shape, velocity,
width, and radius of curvature. Chart 660-1 presents a graphical means of

. estimating superelevation for various combinations of channel velocities,
widths, and radii of curvature.

R

2. Design Controls. Channel capacity (wall heights) should be based
on the meximum expected resistance (friction) factor. The curve geometry
and flow superelevation should be based on the minimum expected resistance
factor. This design combination should result in economically conservative
design for all flows.

. e e Sea T

e

{ 3. Design Equations. The transverse rise in water surface of flow
i ! in a channel bend can be adequately described for both tranquil and rapid
E: : - flow using an equation adapted from the centrifugal force equations.

: N v
ty = ¢ (1)

where

Ay = the rise (superelevation plus surface disturbances) in water
surface between the channel center line and the outside wall, ft

C = a coefficient depending upon fiow Froude number, channel shape,
and curve geometry

e A S et W ey e F

= average channel velocity, fps

straight channel water-surface width, ft
= acceleration of gravity, ft/sec2

= radius of curvature at center line, ft

H R = <
1

The following tabulation relates the coefficient C with flow conditions,
channel shape, and curve geometry. These relations are also shown by the
sketches in Chart 660-1,
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éﬁ % Channel Curve Coefficient

1f ] Type of Flow Shape Geometry C Value

: : Tranquil Rect Simple 0.5

48 s Tranquil Trap. Simple 0.5

E Rapid Rect Simple 1.0

b Rapid Trap. Simple 1.0

% ' Rapid Rect Spiral transition 0.5

- i Repid Trap. Spiral transition 1.0

b ; Rapid Rect Spiral-banked 0.5

4 4. Curve Design.

d

;: é a. Tranquil flow, The required increase in the outer wall
k41 : height in a channel curve over that of the straight channel
é ! for both rectangvlar and trapezoidal channels is obtalned

i ; from Chart 660-1 using & C value of 0.5. The inner wall

. height should remain that of the straight channel. The un-
3§ balanced flow condition in the curve causes helicoidal flow
e that can result in undesirable scour and deposition in and
downstream from the curve. Tests by Shukryl indicate that
helicoidal flow can be minimized if the curve radius is
greater than three times the channel width.,

b. Repid flow. Rapid flow in a simple circular curve results in
a transverse rise in the water surface approximately twice
that occurring with tranquil flow. This increase results

a0 e
S

fg from surface disturbances generated by changes in direction. T,
E. These disturbances persist for many channel widths downstream 2
g of the curve, Superelevation for rapid flow can be estimated

from Chart 660-1 using the appropriate C values given in the
tabulation above or in the chart. A detailed analysis of the
cross waves generated in simple curves is given by Ippen.

The criterion for minimum radius of a simple curve, based on
structures bullt by the Los Angeles District, is:

Nl
r, = -— (2)
min gy
with y equal to the flow depth for the minimum expected
friction factor (Chart 631). This criterion is recommended
, for rapid flow curves with or without invert banking. A
; similar criterion for maximum allowable superelevation for
acceptable flow conditions in rectangular channels is

™t

Ly = 0.0M (3)

max

AR e gy
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(1)

(2)

c. Invert banking. Invert banking maintains flow stability in

curved channels and when used with spiral transitions results
in minimum total rise in water surface between the chamnel
center line and outside wall. It is limited to channels of
rectangular cross sections. The invert is usually bankeéd by
rotating the bottom about the channel center line, The in-
vert along the inside wall is depressed by &y below the
center-line elevation with a corresponding rise along the
outside wall, The banking upstream and downstream from the
curve should be accomplished linearly in accordance with the
spiral transition lengths determined from equation 3 of
Sheets 660-2 to 660-2/4. Wall heights on both sides of banked
curves are usually designed to be the same as the wall height
of the straight channel. Banking of trapezoidal channels is
not practicable. Such channels should be designed wherever
possible to have long radius curves resulting in minimum

superelevation.

5. References.

Shukry, A., "Flow around bends in an open flume." Transactions,
American Society of Civil Engineers, vol 115, paper 241l (1950),

pp 751-779.
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H. Rouse, ed. John Wiley & Sons, Inc., New York, N. Y., 1950,
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HYDRAULIC DESIGN CRITERIA

SHEETS 660-2 TO 660-2/h4
CHANNEL CURVES WITH
SPIRAL TRANSITIONS

RAPID FLOW

1. Purpose. Spiral transitions are used to provide gradual change
in channel curvature for rapid flow entering and leaving circular bends.l
The compound circular curve has also been used for this purpose.2 Use of
spiral transitions eliminates the surface disturbances discussed in Sheet
660-1 and minimizes required wall height increases or channel banking.

2, Spiral Transitions. Spiral curves involve the solution of cubic
equations by complex procedures, extensive successive approximation, or
computers. The Los Angeles District (LAD) has prepared extensive spiral
tables for easier manual design of rapid flow channels.3 HDC 660-2 to
660-2/h summarize these tables and illustrate their application to channel
design.

3. The LAD spiral is a modification of Talbot's railroad spiral and
consists of a series of compounded circular arcs of 12.5-ft lengths. The
spiral has varying radii, decreasing in finite steps from the beginning of
the spiral., The curve geometry, equations, and the definitions used to de-
velop the LAD tebles are given in Chart 660-2. Two equal spirals are shown,
one upstream and one downstream of the circular curve. The central angle
of the first arc (51) establishes the shape of the spiral. The central
angle subtended by a spiral of n number of arcs is given by:

As = n, (1)
where
As = total central angle at the nth arc of the spiral, sec
n = number of arc lengths of 12.5 ft each
6y = central angle of the first arc, sec

4., Unbanked Curves. The minimum length of spiral recommended by
Doumau for an unbanked curve is

VW :
L=182—= 2
vy (@)

650 5 660-2/4
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where V and y are the velocity and flow depth, respectively, computed
using a minimum resistance coefficient (Chart 631) and W is the water-
surface width.

5. 3Banked Curves, The minimum spiral length recommended by Gildea
and Wong? for banked curves is:

L = 304y (3)

where Ay is the rise in water surface between the channel center line and
the outside wall. Use of this criterion will not usually result in free
drainage of a channel banked by rotating the invert about the center-line
elevation.

6. Unequal Spirals. Unequal spiral lengths at the beginning and end
of the circular curve may be required to meet special field conditions.
The geometric relations between the spirals and the circular curve are
given in Chart 660-2/1. With these relations determined, the design for
each spiral proceeds as in the case of equal spirals.

7. Spiral Design Tables. The original LAD tables have been
abridged and are presented in Chart 660-2/2. The chart should be adequate
for design purposes and for preparation of contract drawings. Values of
spiral lengths L , tangent distances X , and offsets Y are tabulated
for n number of stations for 22 spirals. The method of computing values
of X and Y , and the radius r of the central simple curve is given in
reference 3. The curve number corresponds to the value of the first spiral
arc angle ©; , in sec, and indicates the rate of change in curvature. The
minimum spiral length should te that which satisfies equation 2 (unbanked)
or 3 (banked), provides optimum fit to local physical conditions, and is
commensurate with economy of construction.

8. Application, The computation procedure for a banked invert curve
with spiral transitions at each end is given in Chart 660-2/3. The final
curve layout for the example is given in Chart 660-2/4. In cases of inter-
mittent flow the banking may result in an undesirable pool of stagnant
water along the inside weall. This can be avoided by selecting a longer
downstream spiral. The length of this spiral is dependent upon the curve
number selected and the number of spiral arc lengths required to attain a
radius approximating that computed for the central curve. Twice the spiral
length multiplied by the channel slope must equal or exceed the invert
banking for free drainage.

9. Computer Progrem. A computer progrem for the design and field
layout of the cgannel curve geometry is given in Appendix V of
EM 1110-2-1601.

660-2 to 660-2/4
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a. CHANNEL WITH SPIRAL. CURVES

.y o 1
Tg =X = rSINA + (Y +rCOSAs)TANE-

- I 1 I _
Eg = [Y + rSINAsTAN(-é-— As)]ssci + r[sac(—E-As) 1]
L 1= ZAS)r
¢ 57.2958

iI,Ag INDEGREES

8,= @n~ 118,
_ 2,578,310.078
= -——‘—'_‘_5
n

5,, Sn IN SECONDS

Ay = n25‘

b, SPIRAL DETAILS

CHANNEL CURVE GEOMETRY
EQUAL SPIRALS

HYDRAULIC DESIGN CHART 660-2
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(r+0,)~(r+0,)Ccos1

= +
st SINI h‘

(r+0,)-(r+02)COSI
= +h
s2 SINI 2

T

WHERE

1 =X T SIN A,

27X ~TSIN A

-
1]

%

O, =Y, -r{1 -cos Asz)

Y, -ri1-cos Ay)

NOTE: SEE CHART 660-2 FOR SPIRAL
AND SIMPLE CURVE DETAILS
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CHANNEL CURVE GEOMETRY
UNEQUAL SPIRALS

HYDRAULIC DESIGN CHART 680-2/1
WES 9-70

Tl ~
aﬁ;&z

5




o "”ﬂﬁ-i T T e

DU e wev e R —— 2 58 R I IS T SRR
) 25
n L, ft r, ft SN 7 1 Y, £t n_ Lt r ft O T X, ft Y, £t
No. 7 Curve No, 14 Curve

4 0.0 00 00 00 0.0 [} 0.0 00 00 00 0.0

1 12.5 00 00 07 12.500 0.0 n 12.5 00 00 1k 12,500 0.0

2 25,0 92,0018 000028 25.000  0.001 2 25.0 46,03 00 00 56 25.000  0.003

3 37.5 61,386 00 01 O3 37.500  0.004 3 37.5 30,693 00 02 06 37.500  0.008

4 50.0 46,039 00 01 52 50.000  0.009 4 50.0 23,020 00 03 kb 50,000  0.019

5 62.5 36,831 000255 62.500  0.018 5 62.5 18,416 00 05 50 62,500  0.036

6 75.0 30,693 00 Ok 12 75,000  0.03) 6 75.0 15,346 00 08 24 75,000  0.062

7 87.5 26,300 00 05 k3 87.500  0.049 7 87.5 13,158 0011 26 87,500 o.ogg

8 100.0 23,020 000728 100,000  0.0T3 8 100.0 11,510 001k 56  100.000 0.

9 12,5 20,462 0009 27  122.500  0.10% 9 2.5 10,231 0018 54 112,500  0.207
10 125.0  18,k16 0011 O 125.000  0.3hk2 10 125.0 9,208 002320 124,999  0.284
10 1375 16,7h2 001k 07 137.500  0.189 n 137.5 8,371 00281k 137.499 0.378
12 150.0 15,34 0016 M8 150,000  0.245 12 150.0 7,673 00333 149.999  0.k90
13 162,5  1k,166 0019 B3 162,499  0.312 13 162.5 7,083 003926 162,498  0.623
% 175.0 13,15 002252  1TH.999  0.389 1750 6,577 00 45 Uk 1Th.99T  0.7T8
15 187.5 12,277 00 2615  187.499 0478 15 187.5 6,239 005230 187.496  0.957
16 200.0 11,500 002952 199.998  0.580 16 200.0 5,755 0059 kb 199.99%  1.161
17 22,5 10,833 003343 212.498 0.696 17 2awe.s S,46 01072 212.492  1.392
18 225.0 10,231 00 37 48 224,997  0.826 18 225.0 5,115 011536 224,989  1.652
19 237.5 9,692 00 k2 07  237.496  0.971 19 237, 4,846 o12h 1k 237.486  1.942
20 250.0 9,208 00 46 40 249.995  1.133 20 250.0 4,60k 013320 249, 2.265
21 262.5 8,769 005127 262,49k  1.311 21 262.5 4,385 oL b2 Sk 262.h77  2.622
22 275.0 8,371 005 28 27h.993  1.507 22  275.0 4,185 01 52 56 27&.3670 3.004
23 287.5 ,007 010143  287.491  1.722 23 287.5 4,003 020326 287.463 3.4
24 300.0 7,673 010712 299.989  1.956 2k 300.0 3,837 o211k 2k 299.95%  3.913
25 312.8 7,366 011255 312,486 2.211 25 312.5 3,683 02255 3124k W22
26 325.0 7,083  0r18 52  324.983  2.487 26 325.0 3,500 23T ks 32h.932 h.97h
27 337.5 6,821 01 25 03 337.479 2.785 27 337.5 3,000 025006 337.4607 5.569
28 350.0 6,577 013128 349.975  3.106 28 350.0 3,280 030256  349.901 21
29  362.5 6,350 01 38 0T  362.470  3.k51 29 362.5 3,175 031614 362.382  6.900
30 375.0 6,139 0l 4500 374,965  3.820 30 375.0 3,069 033000 374,860 7.638
A 3875 5,941 015207 387.h59  h.ak 3 381.5 2,970 03 44 14 387.335  8.k27
32 %00.0 5,755 01 59 28 399.952 4,635 32 k00,0 2,877 03 58 56 399.807 9.268

No. 10 Curve No. 18 Curve

0 0.0 00 00 00 0.0 0 0.0 00 00 00 0.0

1 12,5 00 00 10 12500 0.0 1 12.5 00 0018 12,500  0.001

2 25.0 64,450 00 00 LO 25.000  0.002 2 25.0 35,810 000112 25.000  0.003

3 37,5 42,966 00 0) 30 37.500  0.006 3 3.5 23,873 00 02 k2 37.500  0.010

4 50.0 32,225 00 02 40 50.000  0.013 b 50.0 17,905 00 Ok 48 50.000  0.024

5 62,5 25,780 00 Ok 10 62.500  0.026 5 62,5 14,32k 00 0T 30 62,500  0.0k6

6 75,0 21,183 000600  T5.000  O.Okk 6 75.0 11,937 00104  75.000  0.080

T 815 184h 000810 87500 0.070 7 875 10,231 bk 87,500  0.126
8 100,0 16,112 001040  100.000  0.104 8  100.0 8,952 001912  100.000 0.188

9 12,5 14,322 0013 30 112,500  0.148 9  1l12.5 7,958 002418 112,499  0.267
10 125.0 12,800 w16 40 125,000  0.203 10 125.0 7,162 003000 124,999  0.365
13137, 11,718 002010 137,500  0.270 11 137.5 6,511 003618 137.098  0.486
12 150.0 10,742 0024 00  149.999  0.3% 12 150.0 5,963 00 4312 149, 0.631
13 162.5 9,915 002810 162,499  0.Ms 13 162.5 5,509 0050 k2 162,496  0.801
W 175.0 9,207 0032 40  174.998  0.556 % 175.0 5,016 0058 48  17h.995  1.000
1 187.5 8,593 003730 167.498  0.683 15 1815 b,775 010730 187.493  1.230
16 200.0 8,056 0042 ko 199,997 0.829 16 200.0 4,576 0116 48 199,990  1.k92
17 212.5 7,582 004810 212.496  0.99% 17 22,5 4,213 012642  212.487 1.78%9
18 225.0 7,161 00 54 00 22h.99%  1.280 18 225.0 3,979 013712  22L.982  2.12
19 237.5 6,784 010010  237.493  1.387 19 237.5 3,760 0L 4818  237.476  2.497
20 250.0 6,445 01 06 40 249,931  1.618 20 25%0.0 3,581 020000 249.970  2.912
2y 262.5 6,138 011330 262.488  1.873 a1 26e.s 3,410 021218 262,460  3.37)
22 275.0 5,859 0120 ko  274.985  2.153 2 2715.0 3,255 022512 278,950  3.875
23 287.5 5,60 012810 287.M81  2.460 23 287, 3,124 02384  287.439 k.48
2k 300.0 5,371 01 3600  299.977  2.7%% 2k 300.0 2,984 025248 299.92k  5.030
2 312.5 5,156 01 4k 10 312,472 3.159 25 312.5 2,865 03€7 30 312407 5.685
6 325.0 4,958 01 52 b0  324.965  3.553 26 325.¢ 2,755 032248  324.887  6.39k
2t 3375 4,77h 020130  337.458  3.979 27 337.5 2,653 03384  337.363 7.160
28 3%0.0 L,6ok 022040 349.949  L.h37 28 350.0 2,558 035512 349.836  7.98%
29 362.5 4,45 022020 362.k40  kh.929 29 362. 2,k70 Ok 2218 362,305 8.87
30 375.0 L,297 0230 00 374,929 5.456 30 375.0 2,387 ok 30 00 374.769 9.819
31 387.5 4,158 02 4020  387.416  6.020 31 3875 2,310 04 k818 387,228 10.833
32 %00.0 4,028 025040  399.901  6.621 32 48d.0 2,238 050712  399.68L 11.91k

CURVED CHANNELS
SPIRAL CURVE TABLES
HYDRAULIC DESIGN CHART 680-2/2
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n L, ft Ly & T X, £t Y, £t a L, ft ¥y £ T X, ft Y, ft
No. 23 Curve No. 35 Curve

0 0.0 00 00 00 0.0 0 0.0 00 00 00 0.0
1 12.5 00 00 23 12.500 0.001 1 12.5 00 00 35 12.500 0.001
2 25.0 28,024 0001 32 25.000 0.00% 2 25.0 18,517 00 02 20 25.000 0.006
3 37.5 18,683 00 03 27 37.500 0.013 3 37.5 12,278 00 0515 37.500 0.020
13 50.0 14,012 00 06 08 50.000 0.031 13 50.0 9,209 0009 20 50.000 0.047
5 62.5 11,210 00 09 35 62,500 0.059 5 62.5 7,367 00 1k 35 62.500 0.090
6 75.0 9,34 0013 k8 75.000 0.102 6 75.0 ,139 0021 00 75.000 0.155
7 87.5 8,007 0018 47 87.500 0.161 7 87.5 5,262 00 28 35 87.499 0.245
8  100.0 7, 0024 32 100.000 0.240 8  100.0 k60 00 37 20 99.999 0.365
g  112.5 6,228 00 31 03  112.495 0.3k 9 112.5 4,093 00 47 15  112.498 0.519
10 125.0 5,605 003820 124,998 0.467 10 125.0 3,683 005820  124.996 0.711
1 137.5 5,095 00 46 23  137.498 0.621 11 137.5 3,359 011035  137.h9% 0.945
12 150.0 4,670 005512  149.996 0.806 12 150.0 3,070 0L 2k 00 1k9.991 1.226
I 13 162.5 4,311 0L Oh 47  162.hg4 1.02h 13 162.5 2,833 013835 162.487 1.558
- 4 175.0 4,003 011508  174.992 1.278 1% 175.0 2,631 015420 17h.981 1.945
15 187.5 3,737 012615  187.488 1.572 15 187.5 2,456 021115  187.473 2.391
B 16 200.0 3,503 013808  199.98k4 1.907 16 200.0 2,302 02 2920  199.962 2.901
¥ 17  R12.5 3,297 01 50 b7 212.478 2.286 17 22.5 2,167 024835 212.4k9 3.479
3 18 225.0 3,11 o020k12  2249T1 2.7k 1 225.0 2,06 03 09 00 22k.932 L.1zg
. 19 237.5 2,950 02 18 23  237.462 3.191 19 2315 1,939 033035 237.h11 4.855
3 20  250.0 2,802 02 3320  249.950 3.721 20  250.0 1,842 03 5320 249.885 5.661
21 262.5 2,66 02 49 03  262.437 L.307 21 262.5 1,754  Oh 1715  262.353 6.553
22 275.0 2,548 030532 274.920 4.951 22 275.0 1,676 Ok b2 20 27h.81b 7.532
23 287.% 2,537 032247  287.h00 5.657 23 287.5 1,601 050835 287 268 8.605
2k 300.0 2,335 03 Lo M8 299.876 6.427 2h  300.0 1,535 053600 299.713 5.776
25  312.5 2,242 03 5935  312.348 7.263 25  312.5 1,473 06 0435  312.148  11.047
26 325.0 2,156 0419 08  324.815 8.169 26 325.0 1,517 06 3420  324.572  12.42h
27 337.5 2,076  0h 3927  337.277 9.147 27 337.5 1,364 070515  536.984  13.9.
28 3%0.0 2,002 050032 349.733  10.200 28 350.0 1,316 073720  349.281  15.511
29  362.5 1,933 052223 362181  12.331 29 362.5 2,270 081035  36L.762  17.229
30 375.0 1,868 05 4500  37h.622  12.543 30 375.0 1,228 08 4500 374226 19.068
31 387.5 1,808 06 08 23 387.055 13.837 31 387.5 1,188 09 20 35 386.470 21.034%
32 400.0 1,752 0632 32  399.479  15.218 32 400.0 1,150 05 57T 20 398.79% 23 125

! No. 28 Curve No. 44 Curve

s 0 0.0 00 00 00 0.0 0 0.0 00 00 00 0.0
1 12.5 00 00 28 12,500 0.001 1 12,5 00 00 4k 12.500 0.001
2 2.0 23,020 000 52 25,000 0.005 2 25.0 14,650 00 02 56 25.000 0.008
3 37.5 15,346 00 Ok 12 37.500 0.016 3 37.5 9,767 00 06 36 37,507 0.025
k 50.0 11,500 00 07 28 50,000 0.037 b 50,0 7,325 00 11 4h 50,000 0.059
5 62.5 9,208 00 11 ko 62.500 0,072 5 62.5 5,860 0018 20 62.500 0.113
6 75.0 7,673 0016 48 75.000 0.124 6 75.0 4,883 00 26 2k 75.000 0.195
7 87.5 6,577 002252 87.500 0.196 7 87.5 4,186 00 35 56 87.499 0.308
8  100.0 5,756 00 29 52 99.999 0.292 8  10.0 3,662 00 b6 56 99.998 0.459
9 125 5,115 00374 245 0.5 9 we.s5 3,25 005924 112497 0.652
10 125.0 4,606 00 W6 40 124,998 0.568 10 125.0 2,930 0L 1320 124,994 0.893
11 137.5 4,185 00 56 28  137.496 0.756 11 137.5 2,664 01 28 Lk 137.491 1.188
12 150.0 3,837 010712  1k9.994 0.981 12 150.0 2,442 01 b5 36 149,986 1.581
13 162.5 3,581 0118 52 162,491 1.24% 13 162.5 2,254  ©2 03 56 162.479 1.058
1h 175.0 3,889 0131 28 174,988 1.556 1k 175.0 2,093 02 23 ub 174.969 2545
15 187.5 3,069 01 45 00  187.483 1.913 15 187.5 1,953 02 4500  187.457 3.006
16 200.0 2,877 0159 28 199.976 2.321 16 200.0 1,831 03 0T &4 199.940 3.647
17 212.5 2,708 02 1k 52 212.467 2.7183 17 2.5 1,78 03 3 56 212.M9 4.373
18 225.0 2,558 0~ 3112 224,956 3.303 18 225.0 1,628 03 5736 22h.892 5.190
19 237.5 2,423 o2 48 28  237.443 3.884 19 2371.5 1,542  oOb 2k M4 237.359 6.402
20  250.0 2,302 03 06 k0 249.926 L.530 20 250.0 1,465 o4 5320  249.818 7.116
21 262.5 2,192 03 25 k8 262.h06 5.2h3 22 262.5 1,395 05 23 b 262.068 8.236
22 275.0 2,093 03 b5 52 274.881 6.027 2 275.0 1,332 05 Sk 56 27h.707 9.k67
23 287.5 2,002 0k 0652  287.352 6.886 23 287.5 1,278 0627 56  287.134  10.815
2k 300.0 1,908 Ok 28 48  299.817 7.822 2L 300.0 1,221 oy 02 2k 299.547  12.285
25  312.5 1,842 04 51 O 312.275 8.84%0 2% 312.5 1,172 07 3820 311,645  13.881
26 325.0 1,7TL 051528 324,726 5.943 26 325.0 1,127 08 15 L4 32k,32k 15.610
27 337.5 1,705 05 40 12 337.16¢  11.133 27 337.5 1,085 08 54 36  336.684  17.477
28 350.0 1,68k 06 05 52 349.604 12,414 28  350.0 1,046 09 34 50 349.022 19.485
29 362.5 1,588 063228  362.028  13.7%0 29 362.5 1,000 10 16 bh 361.33% 21.6k1
30 375.0 1,535 07 00 00 37.Lho  15.264 3¢ 375.0 97T 110000  373.619  23.9%8
31 387.5 1,485 0728 28 386.8k1 16.839 31 387.5 9ks5 11 44 L4 385.874 26.513
32 k400.0 1,439 07 5752  399.228 18.518 32 k00.0 916 12 3056  398.095  29.0%0

CURVED CHANNELS
SPIRAL CURVE TABLES

HYDRAULIC DESIGN CHART 660-2/2
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' a2 Lt oo TTT X Y, 1t A Lt o TTT %t Yt
No. 56 Curve No. 90 Curve
0 0.0 00 00 00 0.0 0 0.0 00 00 00 0.0
1 12.5 00 & 56 12,500 0.002 1 12.5 00 01 30 12.500 0.003
2 25.0 11,500 00 O3 Lk 25.000 0.010 2 25.0 7,162 00 06 00 25.000 0.016
3 37.5 7,674 00 08 24 37.500 0.032 3 37.5 L7765 0013 30 37.500 0.052
4 50.0 5,755 00 14 56 50,000 0.075 b 50.0 3.581 00 24 00 50,000 0..20
5 62.5 4,608 002320 62,500 0,144 5 62.5 2,865 00 37 30 62.499 0.232
6 75.0 3,837 003336 T%.999 0.248 6 75.0 2,387 00 Sk 00 74.998 0.398
7 87.5 3,280 00 L5 Lk 87.498 0.392 7 87.5 2,046 01 13 30 87.450 0.630
8  100.0 2,878 00 59 b4 99,997 0.584 8  100.0 1,790 01 36 00 99.992 0.938
9 2.5 2,558 0L 1536  112.495 0.830 9 12.5 1,592 020130 112,486 1.333
10 125.0 2,302 01332 124,991 1.137 10 125.0 1,532 023000 124,976 1.827
1 1375 2,093 01 5256  137.485 1.512 b} 137.5 1,302 030130  137.462 2.429
12 150.0 1,918 02 1k 2k 149.977 1.961 12 150.0 1,194 03 3600  1h9.9k1 3.152
13 162.5 1,77L 02 37 b4 162.466 2.4g2 13 162.5 1,102 0k 1330 16241 L,008
W 175.0 1,684 03025  17h.950 3.111 L 175.0 1,023 Ok 54 00  17h.872 4.999
15 187.5 1,535 033000 187.430 3.825 15 187.5 955 053730  187.319 Guw §
16 200.0 1,439 03 58 56 199,903 k,641 16 200.0 895 06 2h 00 199.750 7.455
17 212.5 1,35  ob 29k 212,3 5,565 17 22.5 8.3 071330 212.162 8.937
18 225.0 1,279 05 02 24 224,826 6.604 18 225.0 796 08 06 00  224.550  10.60%
19  237.5 1,212 05 3656  237.272 7.765 19 237.5 754 09 01 30 236.911  12.L65
20 250.0 1,150 061320  245.705 9.05h 20 250.0 76 100000  249.239  1k.531
21 262.5 1,096 06 5136  262.12k  10.477 21 262.5 682 110130 261,529  16.812
22 275.0 1,086 07 31 4% 27h.525  12.043 22 275.0 651 1206 00  273.775  19.317
23 287.5 1,001 08 13 4 286,907  13.756 23 287.5 623 131330  285.9T1  22.057
, 2k 300.0 959 0857 36  299.26T7  15.624 2k 300.0 597  1b 24 00 298.109  25.041
25 312.5 921 09 4320  311.601  17.653 25 312.5 573 153730  310.182  28.27%
26 325.0 885 103056  323.906  19.849 26 325.0 561 16 54 00 322,182  31.780
27 337.5 853 l11202F 336079 22.219 27 3371.5 531 181330 334099  35.551
28 350.0 822 1211k 34847 24,768 28 350.0 512 1936 00 345.92h  39.603
29 362.5 T9% 1304 56 360.61k  27.503
30 375.0 767 14 0000  372.766  30.430
N 387.5 743 14 56 56 38L.B69  33.55h
32 L00.0 719 15 55 bb 396,918  36.882
N No. 71 Curve No. 113 Curve
N\ s 0 0.0 00 00 00 0.0 0 0.0 00 00 00 0.0
1 12.5 00 01 1) 12.500 0,002 1 12.5 00 01 53 12,400 0,003
2 25.0 9,079 00 Ok 44 25.000 0.013 2 25.0 5,70 00 07 32 25,000 0.071
3 37.5 6,052  0C 10 39 37.500 0.041 3 37.5 3,803 00 16 5T 37.500 0.065
b 50.0 4,539 00 18 56 50,000 0.095 4 50.0 2,852 00 2¢ 08 50 200 0.151
s 62.5 3,631 002935 62,500 0.183 5 62.5 2,282 00 47 0% 62,499 0.291
3 75.0 3,026 00 k2 36 74.999 0,314 6 75.0 1,901 010748 %997 0.5
7 87.5 2,59% 00 57 59 87.498 0.497 T 87.5 1,630 013217 87,494 0.791
8  100.0 2,270 01 15 44 99.995 0.740 8  100.0 1,426 0200 32 %.988 1.178
9 112.5 2,017 01 3551  1l2.h91 1.052 9 112.5 1,268 02 3233 112478 1.67%
10 125.0 1,816 015820 124,985 1,441 10 125.0 1,141 030820 124,962 2.29%
1 1375 1,651 022311  137.476 1.917 11 137.5 1,037 03 47 53 137.4%9 3.050
12 150.0 1,503 025024 149.963 2.487 12 150.0 951  oh 3112  149.906 3.956
13 162.5 1,397 03 19 59 162,445 3.160 13 162.5 878 051817 162.360 5.027
1% 175.0 1,297 03 51 56 174,920 3.94h 1 175.0 815 0609 08  17h.738 6.274
15 187.5 1,220 Ok 2615  187.387 k.89 15 187.5 761 07 03 k5 187.215 7.713
16 200.0 1,135 05 02 56 199.844 5.883 16 200.0 73 08 02 08 199.606 9.35%5
# 17 212.5 1,068 05 k1 59 212,289 7,054 17 212.5 671 09 04 17 211.967  11.21h
EX 18 225.0 1,009 06232k  22k.720 8.370 18 225.0 634 101012 224,291  13.303
G 19 237.5 956 07 OT 11 237.133 9.840 19 237.5 600 111953 236,57k 15.635
"E, 20 250.0 908 075320  249.526  11.M473 20 250.v 570 123320 248.800  18.222
- 21 262.5 865 08 Ll S1L  26L.89>  13.276 21 262.5 543 13 50 33 260.970  21.076
iy 22 275.0 825 09 32 ks 27.237  15.257 2  275.0 519 151132  273.071  2h.209
23 287.5 789 102559 286,547 17.426 23 287.5 hg6 16 36 17  285.092  27.633
24 300.0 757 112136  298.822  19.789 2k 300.0 475 18 o4 48 297.02k  31.359
25 312.5 72€ 121935  311.056  22.35k 25  312.5 46 19 3705  308.853  35.397
] 26 325.0 698 1319 56 23,243 25.129
271 337.5 672 1b 22 39 335.380  28.123
28  350.0 648 15 27 Ak 37.MS8  31,3M)
25 362.5 626 16351 359.k12 34.792 .
30 375.0 605 17 4500 3TLALS 38..81
31 387.5 586 185711 383.279  k2.ky
X
¢
CURVED CHANNELS
SPIRAL CURVE TABLES
HYDRAULIC DESIGN CHART 660-2/2
(SHEET 3 OF 5)
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i No. 139 Curve No. 200 Curve
0 0.0 00 00 00 0.0 0 0.0 00 00 00 0.0
1 12.5 o0 02 19 12.500 0.00% 1 12.5 00 03 20 12.500 0.006
2 25.0 4,637 0009 16 25.000 0.025 2 25.0 3,223 0013 20 25.000 0.036
3 37.5 3,092 0020 51 37.500 0.080 3 37.5 2,149 00 30 00 37.500 0.115
b 50.0 2,319 00 37 Ok 49,999 0.185 y 50.0 1,611 0053 20 49.999 0.26T
5 62.5 1,855 00 57 55 62.498 0.358 5 62.5 1,289 01 23 20 62.496 0.515
6 5.0 1,546 o123 2 T™*.996 0.615 6 75.0 1,074 02 00 00 Th.991 0.885
ki 87.5 1,325 01 53 31 87.490 0.973 7 87.5 921 02 43 20 87.480 1.400
8  100.0 1,159 02 28 16 99.981 1.hs9 8  100.0 806 033320 99.961 2.084
- . 9 2.5 1,031 030739 112.h66 2.059 9  12.5 716  O4 30 00 112.430 2.962
10 125.0 927 03 51 4o 12k.943 2.821 1, 125.0 645 053320 124882 4,058
il 1 1375 643 ob k019 137.h08 3.751 i1 1378 586 06 43 20  137.310 5.394
us 12 150.0 713 053336  149.858 1.866 12 150.0 537 0830000 149,707 6.996
#3 13 1625 713 0631 3L 162.289 6,181 13 162.5 h96 092320 162,063 8.885
k. 1 175.0 662 0T 34 O4  17h.694 7.715 1% 175.0 460 1053 20 174.367  11.086
3* 15 187.5 618 08 L1 15  187.088 9.482 15 187.5 420 1230 00  186.607  13.619
et 16 200.0 580 0953 O  199.kok  11.499 16 200.0 403 11320  198.769  16.508
o 17T 212.5 sk6 11 09 31 211.69%  13.782 17 212.5 379 1603 20  210.834  19.772
18 225.0 515 1230 36 223.928  16.345 18 225.0 358 180000 220,786  23.432
19 2375 488 135619 236,096  19.205 19 237.5 339 200320 234.602  27.507
20 250.0 Léh 15 26 b0 248.187  22.375
21 268.5 Y2 170139 260,188  25.869
22 275.0 k22 18 4116  272.086  29.702
No. 168 Curve No. 237 Curve
0 0.0 00 00 00 0.0 0 0.0 00 00 00 0.0
1 12.5 00 02 48 12,500 0.005 1 12.5 00 03 57 12,500 0,007
2 25.0 3,837 001112 25.000 0.031 2 25.0 2,720 0015 48 25,000 2003
3 37.5 2,558 00 25 12 37.500 0.097 3 37,5 1,813 00 35 33 37,500 0.136
b 50.0 1,908 00 b 48 k9.999 0.224 b 50.0 1,360 0p10312 49,998 0.316
5 62.5 1,535 0110 00 62.497 0.433 5 62.5 1,088 0l 38 U5 62,495 0.610
6 75.0 1,279 01 4o 48 74,993 0.743 6 75.0 907 (22212 4,987 1.048
7 8715 1,096 021712  87.k86 1176 7 815 777 031333 8t 1659
8  100.0 959 02 59 12 99.973 1.751 8 100.0 680 Oh 12 48 99.946 2,469
1 9 112.5 853 03 46 48 112,451 2,485 9 2.5 60k 0519 57 112, 3.510
N, 10 125.0 767  O4 50 00 124.017 3.409 10 125.0 s 06 3500  12k.834 4,807
11 137.5 693 05 38 48  137.366 4.533 11 137.5 ugh 07 5T 57  137.233 6.390
12 150.0 639 06 4312  149.793 5.879 12 150.0 453 0928 48 149.488 8.285
13 1625 50 07 5312  162.191 T.468 13 162.5 418 110733 161.886 10.521
o 175.0 s48 09 08 k8 174.553 9.319 1 175.0 38 125k 12  17haie 13023
15 187.5 512 1030 00 186.870  11.h452 15  187.5 363 14 K8 45 186,248 16,117
16 200.0 480 11 56 48  199.130  13.885 16 200.0 30 165112  198.273 19.527
17T 22,5 451 132912 211.323  16.636 17 212.5 320 190133  210.16h  23.3717
18 225.0 426 1507 12 223.436  19.72k
19 237.5 Lob 16 50 K8 235.452 23,166
20 250.0 384 18 40 00 247,356  26.978
CURVED CHANNELS
SPIRAL CURVE TABLES
. HYDRAULIC DESIGN CHART 660~2/2
; (SHEET 4 OF 5)
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T X, £t Y, £t
No. 280 Curve
0 0.0 00 00 00 0.0
1 12.5 00 Ok %0 12,500 0.008
2 25.0 2,302 0018 &) 25.000 0.051
3 37.5 1,535 00 k2 00 37.499 0.161
b 50.0 1,151 01 14 4o 49.998 0.373
5 62.5 921 0% 56 62.493 0.721
6 75.0 761 02 k8 00 T4.982 1.238
7 87.5 658 03 48 Lo 87.461 1.959
8  200.0 576 0L 58 %o 99.924 2.917
9 125 512 061800 112.363 4,145
10 125.0 460 ST W6 ko 12h.769 5.677
1 137.5 419 0924 ko 137.128 7.545
12 150.0 384h 112200  149.426 9.781
13 162.5 35k 13 08 ko 161.684  12.M17
1% 175.0 329 15 1k 40 173.762  15.482
15 187.5 307 17 30 00 185.754 19.005
16 200.0 288 19 54 k0 197.593  23.013
No. 340 Curve
0 0.0 00 00 00 0.0
b 12.5 00 05 4o 12.500 0.010
2 25.0 1,806 0022k 25,000 0.062
3 37.5 1,264 00 51 QO 37.499 0.196
1A 50,0 9k8 01 30 ko 49.996 0.453
5 62,5 758 02 21 ko 62,489 0.876
6 75.0 632 03 2k 00 74,973 1.50k
7 87.5 s42  ob 37 kO 87.4k2 2.379
8  100.0 b7k 06 02 k0 99.888 3.542
g 12.5 k21 07 3900  112.298 5.031
10 125.0 379 0926 40 12L.659 6.889
1 137.5 35 112540 136.952 9.153
12 150.0 316 133600 149.15%  11.862
13 162.5 292 15 5T 40 161.239  15.050
1% 175.0 271 183040 173.177T  18.75%
No. 420 Curve
0 0.0 00 00 00 0.0
1 12.5 00 07 00 12.500 0.013
2 25.0 1,535 00 28 00 25,000 0.076
3 37.5 1,023 01 03 00 37.499 0.242
i 50.0 76T 0L 52 00 49.995 0.560
5 62.5 614 v2 55 00 62.483 1.082
6 75.0 512 04 12 00 7%.959 1.857
7 87.5 438 05 43 00 87.412 2.938
8  100.0 384 07 28 00 99.829 4.373
9 12,5 31 092100 112.192 6.211
10  125.0 307 11 4000 124,40 8.501
11 137.5 279 1 0700  136.66F  11.2%0
12 150.0 256 16 4800 1k8.701 k621
13 162.5 236 19 4300  260.580  18.537
SREMAREO OY U 5 AAMY ENGINCER WATEAWAYS CXPERIMENT STATION, VICKSOURS, MISS'SSIPPY

55
n L, ft e O T X, ft Y, ft
No. 520 Curve
0 0.0 00 00 00 0.0
1 12.5 00 08 4o 12.500 0.016
2 25.0 1,20 00 34 kO 25.000 0.095
3 37.5 826 0118 00 37.498 0.299
4 50.0 620 0218 ko k9. 0.693
5 62.5 L6 03 36 ko 62.475 1.339
6 75.0 413 0512 00 ™.937 2.299
7 87.5 354 07 Ok kO 87.365 3.636
8  100.0 310 o091k 99.738 5.410
9 112.5 275 11 42 00 112,020 7.682
10 125.0 248 b 26 40 12k.206  20.509
11 137.5 25 1728L0 136,220  13.946

No. 720 Curve

[ 0.0 00 00 00 0.0

1 12,5 00 12 00 12,500 0.022
2 25.0 895 00 48 00 2k.959 0.131
3 37.5 597 01 48 00 37.496 0.h1k
A 50.0 448 03 12 00 49.984 0.960
5 62.5 358 05 00 00 62,451 1.853
6 75.0 298 07 12 00 .880 3.182
7 87.5 256 09 48 00 87.21 5.029
8  100.0 22h 12 48 00 99.498 7.478
9 12,5 199 161200 111.598  10.607
10 125.0 179 200000  123.477 14490

No 1080 Curve

0 0.0 00 00 00 0.0

1 12.5 00 18 00 12,500 0.033
2 25.0 $97 01 12 00 2&.399 0.196
3 37.5 398 02 k2 00 37.491 0.622
b 50.0 298  oOh 48 00 kg.964 1.439
5 62.5 239 07 30 00 62.391 2.718
6 75.0 199 10 48 00 T4.730 .76
7 87.5 i ik k200 86.919 Tosd
8  100.0 149 19 12 00 98.873  11.167

CURVED CHANNELS
SPIRAL CURVE TABLES

HYODRAULIC DESIGN CHART 860-2/2
(SHEET 5 OF 5)
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’"’ GIVEN:
f g?‘“ Design Q = 15,000 cfs
" \g Channel width W = 50 ft
« * 4 Invert slope § = 0,005
Curve deflection angle | = 45 deg
Channel shape - rectangular
. Design controls - Sheets 631 to 631-2, par 7b(2)
Capacity Curve geometry
Equivalent roughness k_ 0.007 #t 0.002 ft
Depth y 11.26 ft 10.33 ft
Yelocity V 26.65 fps 29.05 fps
Critical depth d_ 14.0 #t 14.0 #t
Froude No. 1.40 1.59
REQUIRED:
Spiral (minimum length) and simple curve (minimum radius) geometries with invert banking
COMPUTE:
a. Simple curve radius (min)
‘ 4V2W _ 4(29.05)%(50)
L= = = 507.42 § 2, Sheet 660-1
¥ min p” (32.2)(10.33) 5 t (Eq 2, Sheet )
b. Approximate banking (Chart 660-1) = 2 Ay
r _507.42 _
i 10.14
. For V = 29.05 fps and &= 10.14 AC‘L =26
\ » Ay = 2.6(0.5) = 1.3 ft
c. Spiral length (min) L
L =30Ay = 30(1.3) =39 ft (Eq 3)

d. Spiral curve geometry
For r,.. =507 and L =39 v.o spiral surve No. 520 (Chart 660-2/2, Sheet 5 of 5)

Ag = 02°18'40"

n L r 3. X Y
(f1) (f1) e v (f) (f1)

1 12.5 00 08 40 12.500 0.016

2 250 1,240 00 26 00  25.000  0.095

3 375 826 00 43 20  37.498  0.299

4 500 620 01 00 40  49.992  0.693

02 18 40
* 8 =(2n-1)3, (Chart 660-2)

CHANNEL CURVE
EXAMPLE COMPUTATION

HYDRAULIC DESIGN CHART ¢60-2/3
(SHEET | OF 2)
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e. Simple curve geometry (use r = 620 t)
f‘:‘ S (1) Central angle 6 (Chart 660-2)
ﬁ‘%y 0=1-~ 2A,=45-2(02°18'40")
= 45 ~ (04°37'20") = 40°22'40"
(2) Curve length L. (Chart 660-2)

_U=289r (4002240 (620)

be= 57.2958 57.2958
_ 40.38(620) _
= o = 436,95 f+

f. Total curve length L.
L =2L + L. = 2(50) + 436.95 = 536.95 ft

g. Corrected invert banking = 2Ay

r _ 620
=25 212,40
w50 2

For V =29.05 fps and -@-: 12.40

%x =22 (Chart 660-1)

Ay =2.2C= 2.2(0.5) = 1.10 1
20y =2.20 ft

h. Maximum allowable Ay
24y, =0.18W = 0.18(50) = 9.0 ft (Eq 3, Sheet 660.1)
Ay, =4.5ft> Ay = 110 ft (item g) OK

'i i. Curve tangent distance T,
-,

To=X=rsin Ag + (Y +rcos A,)tan%
49.992 - 620 sin(02°18'40") + (0.693 + 620 cos 02°18'40") tan 22°30'00"
49.992 - 620(0,04033) + [0.693 + 620(0.999]9)] 0.41421
49.992 - 25,005 + (0.693 + 619.498)0.41421
24,987 + (620.191)0.41421 = 281.87 f+

CHANNEL CURVE
EXAMPLE COMPUTATION

HYDRAULIC DESIGN CHART 660-2/3
(SHEET 2 OF 2)
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b
TOP OF LEFT WALL
- TOP OF RIGHT WALL
\\‘*
—_—
€ WATER SURFACE T
3 ~ FLow
S e
LEFT WALL INVERT A
RIGHT WALL INVERT
— ] € INVERT ($20.005)
50’
ENTRANCE | 436,95
SPIRAL CIRCULAR CURVE s0'
EXIT
PROFILE SPIRAL
EXISTING WALL
—_— - Ts N\ IT
8 3
8 S
+ +
e Q
< <
{ a &
. 2 2 f¥3
‘s
SPIRAL CURVE Fr
NO, 520
Lg=SOFT
Ty =281.87FT
¢ X
.3: ' - 4,
4 ! ) '
e |
| . PLAN
wl - 8
N N
! J
f | o’ |
{ !
CURVE SECTION
HYORAULIC ELEMENTS - K=0.007 FT
STA TO STA | SECTION | sLoOPE Ye,FT | V,FRS | V,FT | F Q,CFs
IO*OOJ 18400 | SO'RECT | 0.005 14.0 26.65 1 11.26 | 1.4 15,000
CURVED CHANNELS
3’ ) EXAMPLE PLAN AND PROFILE
N HYDRAULIC DESIGN CHART 680-2/4
PREPARED BY U 3 ARMY ENGINKER WATERWAYS EXPERIMENT STATION VICKSBURG MIsSissimm WES ._70




HYDRAULIC DESIGN CRITERIA

SHEET 703-1
RIFRAP PROTECTION
TRAPEZOIDAL CHANNEL, 60 DEG-BEND

BOUNDARY SHEAR DISTRIBUTION

1. Riprap used to aid in the stabilization of natural streams and
art’ficial channels is most commonly placed in the vicinity of bends.
Procedures for estimating the required size of riprap in straight chan-
nels have been presented by the U. S. Army Engineer Waterways Experiment
Stationl and Office, Chief of Engineers.2 No similar procedure has been
developed for evaluating riprap size for channel bends. Hydraulic Design
Chart 703-1 is based on laboratory tests at the Massachusetts Institute
of Technology (MIT)3 and should be useful for estimating relative boundary
shear distribution in simple channel bends having trapezoidal cross sec-
tions, moderate side slopes, and approximately 60-deg deflection angles.
It may also serve as a general guide for riprap gradation in natural chan-
nel bends of similar geometry. Shear distribution di%grams for other bend
geometries and flow conditions have been published.3’

2. Laboratory studies of boundary shear in open channel bends of
trapezoidal cross section3s” indicate that the highest boundary shear
caused by the bend geometry occurs immediately downstream from the bend
and along the outside bank. Another area of high boundary shear is lo-
cated at the inside of the bend. The relative boundary shear distribu-
tion in & simple bend with a rough boundary is given in Chart 703-1. The
chart is based on fig. 21 of the MIT report.3

3. Experimental Data. Laboratory tests on smooth channel bends
have been made at MIT,> at U. S. Bureau of Reclamation,” and at the Univer-
sity of Iowa. In addition, limited tests on rough channel bends have been
made at MIT. In the latter tests, the channel was roughened by fixing
0.18- by 0.10- by 0.10-in. parallelepipeds to the boundary in & random
manner which resulted in an absolute roughness height of 0.10 in., The MIT
test channel was 2t in. wide with 1 on 2 side slopes. The boundary shear
distribution pattern has been generally found to be the same in all tests
on simple curves having smooth and rough boundary conditions. However,
the magnitude of the ratio of bend local boundary shear to the average
boundary shear in the approach channel appears to be a‘'function of the
channel and bend geometry. Some work has also been done at MIT3 on boundary
shear distribution in double and reverse curve channels.

4, Application. Extensive variation in riprap gradation throughout
a bend may not be practical or economical. However, increasing the 50
percent rock size and the thickness of the riprap blanket in areas of
expected high boundary shear is recommended. Chart 703-1 can be used as a
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guide for defining the location and extent of these areas in simple channel
bends. The boundary shear ratios should be less than those shéwn in Chart
703-1 for bends with smaller deflection angles or with larger ratios of
bend radius to water-surface width (r/w).

5. References.

(1) U. S. Army Engineer Waterways Experiment Station, CE, Hydraulic Design
of Rock Riprep, by F. B. Campbell. Miscellaneous Paper No. 2-777,
Vicksburg, Miss., February 1966.

(2) U. 8. Army Engineer, Office, Chief of Engineers, Stone Riprap Protec-
tlion for Chennels, by S: B. Powell.

(3) Ippen, A. T., and others, Stream Dynamics and Boundary Shear Distri-
butions for Curved Trapezoidal Channels. Report No. 47, Hydrodynamics
Laboratory, Department of Civil Engineering, Massachusetts Institute
of Technology, Cambridge, January 1962.

(4) Ippen, A. T., and Drinker, P. A., "Boundary shear stress in trapezoi-
dal channels." ASCE, Hydraulics Division, Journal, vol 88, HY 5,
paper 3273 (September 1962), pp 143-179.

(5) U. S. Bureau of Reclamation, Progress Report No. l--Boundary Shear
Distribution Arcund & Curve in a Laboratory Canal, by E. R. Zeigler,
Hydraulics Branch Report No. HYD 526, 26 June 196k,

(6) Yen, Ben-Chie, Characteristics of Suberitical Flow in a Meandering
Channel, Institute of Hydraulic Resesxrch, University of Iowa, Iowa
City, 1965.
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HYDRAULIC DESIGN CHART 703-!

WATER SURFACE
w=24"

TRAPEZOIDAL CHANNEL
60-DEG BEND
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HYDRAULIC DESIGN CRITERIA

SHEET TOU

ICE THRUST ON HYDRAULIC STRUCTURES

1. The expansion of an ice sheet as the result of a rise in air tem-
perature can develop large thrusts against adjacent structures. The magni-
tude of this thrust is dependent upon the thickness of the ice sheet, the
rate of air temperature rise, the amount of lateral restraint, and the ex-
tent of direct penetia ion of solar energy. Ice pressures from 3350 to
30,000,1b per lin ft 1) have been used for design purposes. EM 1110-2-
2200 3) suggests a unit pressure of not more than 5000 1b per sq ft of con~
tact area and indicates that ice thickness in the United States will not
normally exceed 2 ft.

2, Although the work of Rose(a) stimulated & number of studies on
ice pressure, the graphs proposed by him are of value for design purposes.
These graphs are reproduced in HDC TOk. ’

3. The ice thrust curves in HDC TOk are for ice thicknesses up to
4 £t and hourly air temperature rises of 5, 10, and 15°F. Separate curves
are presented to show the effects of lateral restraint and solar radiation.
The expected ice thicknesses, air temperature rise, and possible snow
blanket thickness are dependent upon geographical location and elevation
above sea level. In the region of chinook winds rapid ailr temperature
rises can occur. The U, S. Weather Bureau has recorded a 49°F rise in two
minutes at Spearfish, S. Dek. When the ice sheet is confined by steep
banks close to the structure, spillway piers, or other vertical restric-
tions, the criteria for complete lateral restraint should be used. The
direct effects of solar energy on the thrust are eliminated when the ice
sheet 1s insulated by a blanket of snow only a few inches thick.

L, References.
(1) American Society of Civil Engineers, "Ice pressure against dams: A

symposium." Transactions, American Soclety of Civil Engineers,

(2) Rose, E., "Thrust exerted by expanding ice sheet." Transactions,
American Society of Civil Engineers, vol 112 (1947), pp 871-900.

(3) U. s. Army, Office, Chief of Engineers, Engineering and Design, Gravity
Dam Design. EM 1110-2-2200, 25 September 1958.
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: 7° nN SHEET 711
i g LOW-MONOLITH DIVERSION
el o :

B

DISCHARGE COEFFICIENTS

by

) gj 1. Purpose. Several monoliths of the spillway section of a concrete
X ?i gravity dam are occasionally left at a low elevation during spillway con~

struction for diversion of floodflows. Information on the discharge char-
acteristics of these monoliths is necessary for determining the number of
monoliths required to allow floodflows to pass safely. HDC 711 should

serve as a guide for selection of discharge coefficients for this purpose.

PR g?}}?-— KLY 3,‘\;(;_ £

2. Free Overflow. The flow over low concrete monoliths is gener-
ally treated as flow over a broad-crested weir. The equation for free
discharge is:

Q=C, (L -2 Ku) 13/

it ke el

BN S s

where Cp 1is an empirical coefficient, L 1is the length of opening trans-
verse to the flow, H is the head on the weir, and K 1is an end contrac-
tion coefficient. The value of X 1is conventionally taken to be 0,10 for
square-end contractions. The free-flow coefficient Cy varies with the
ratio of head H to width B of the broad-crested weir in the direction
of flow. HDC 7lla shows the variation of Cp with H/B resulting from
investigetions summarized by 'l‘racy.l Kindsvater® has recently shown the
effect of boundary layer development on broad-crested-weir discharge. The
rate of development is a function of the bottom roughness. However, pres-
ent knowledge of this effect does not justify considering boundary layer
development for diversion flow computations. The curve resulting from the
2lassical experiments of Bazin3 as shown by the solid curve in HDC Tlla is
recommended for general design purposes.

3. Submergence Effect. Discharge coefficients for broad-crested
weirs are not usually affected until the depth of submergence is about 0,67
or more of the head on the weir., The phenomenon is commonly expressed in
terms of the ratio of the coefficient of the submerged weir to that of the
unsubmerged weir CS/Cf as & function of the ratio of the tailwater depth
on the weir to the head on the weir He/Hl « Available data indicate that
sharp-crested-weir coefficients are more sensitive to submergence than
broad~crested-weir coefficients.

4, Available data on the effects of submerg&nce on discharge coef-
ficients for both sharp- and broad-crested weirsSsts? ,6 are summariged in
HDC T7ilb. As far as is known, rectangular broad-crested weirs have not
been subjected to submergence tests. A suggested design curve for sub-
merged low monoliths is given in the chart.
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serve as guides for estimating diversion flows over low monoliths., In
cases where the head-discharge relation may be critical, a more exact rela-
tion should be obtained by hydraulic model investigation. A model study ofr

5. Application, Thé suggested design curves given in HDC 711 should

proposed low-monolith diversion schemes for Allatoona Dam' was made because
of critical diversion requirements.

(1)

(2)

(3)

(%)

(7)

711
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HYDRAULIC DESIGN CRITERIA

SHEET Tl2-1
STONE STABILITY
VELOCITY VS STONE DIAMETER

1. Purpose. Hydraulic Design Chart 7l2-1 can be used as & guide
for the selection of rock sizes for riprap for channel bottom and side
slopes downstream from stilling basins and for rock sizes for river clo-
sures. Recommended stone gradation for stilling basin riprap is given
in paragraph 6.

2. Background. In 1885 Wilfred Airyl showed that the capacity of a
stream to move material along its bed by sliding is a function of the sixth
power of the velocity of the water.l Henrg Law applied this concept to the
overturning of a cube,2 and in 1896 Hooker© illustrated its application to
spheres. In 1932 and 1936 Isbash published cxefficients for the stability
of rounded stones dropped in flowing water.3 The design curves given in
Chart 712-1 have been computed using Airy's law and the experimental coef-
ficients for rounded stones published by Isbash.

3. Theory. According to Isbash the basic equation for the movement
of stone in flowing water can be written as:

_ 1/2
V=20 |2g 57 Lt (D)l/2 (1)
w

where

velocity, fps

a coefficient

acceleration of gravity, ft/sect

g =

Y = specific weight of stone, lb/ft3
w s specific weight of water, lb/ft3
D = stone diameter, ft

The diameter of a spherical stone in terms of its weight W is

D= (6w )1/3 ()

194

Substituting for D in equation 1 results in

T12-1
Reviged 9-70
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which describes Airy's law stated in paragraph 2.

Experimental data_on stone movement in

rk of DuBuat5 to the more recent
have been shown to confirm Airy's
The published experimental datea

4, Experimental Results.
flowing water from the early (1786) wo
Bonneville Hydraulic Laboratory tests

law and Isbash's stability coefficients.
are generally defined in terms of bottom velocities., However, some are in

terms of average flow velocities and some are not specified. The Isbash
coefficients are from tests with essentially no boundary layer development
and the average flow velocities are representative of the velocity against
When the stone movement resulted by sliding, a coefficient of 0.86
was obtained, When movement was effected by rolling or overturning, a co-
efficient of 1.20 resulted. ZExtensive U, S. Army Engineer Waterways Ex-
periment Station laboratory testing for the design of riprap below still-
ing basins indicates that the coefficient of 0.86 should be used with the
average flow velocity over the end sill for sizing stilling besin riprap
because of the excessively high turbulence level in the flow. For impact=-
type stilling basins, the Bureau of Reclamation® has adopted a riprap de-
sign curve based on field and laboratory experience and on a study by
Mavis and Laushey.9 The Bureau curve specifies rock weighing 165 lb/ft3
and is very close to the Isbash curve for similar rock using a stability

coefficient of 0.86,

stone.

5. Application. The curves given in Chart 712-1 are applicable
to specific stone weights of 135 to 205 lb/Tt . The use of the average
flow velocity is desirable for conservative design. The solid-line curves
are recommended for stilling basin riprap design and other high-level tur-
bulence conditions. The dashed line curves are recommended for river clo-
sures and similar low-level turbulence conditions. Riprap bank and bed
protection in natural and artificial flood-control channels should be de-

signed in accordance with reference 10.

6. Stilling Basin Riprap.

a. Size. The W50 stone weight and the D50 stone diameter
for establishing riprap size for stilling basins can be ob-
tained using Chart 712-1 in the manner indicated by the
heavy arrows thereon., The effect of specific weight of the
rock on the required size is indicated by the vertical

spread of the solid line curves.

Gradation. The following size criteria should serve as
guidelines for stilling basin riprap gradation.

1=2

(1) The lower limit of Wso stone should not be less than
the weight of stone determined using the appropriate
"Stilling Basins" curve in Chart T12-1.

T12=-1
Revised 9-70
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(2) The upper limit of W50 stone should not exceed the
weight that can be obtained economically from the quarry
or the size that will satisfy layer thickness require-
ments as specified in paragraph 6c.

(3) The lower limit of Wipp stone should not be less than
two times the lower limit of W5p stone.

(4) The upper limit of W100 stone should not be more than
five times the lower limit of W50 stone, nor exceed the
size that can be obtained economically from the quarry,
nor exceed the size that will satisfy layer thickness
requirements as specified in paragraph 6c.

(5) The lower limit of W15 stone should not be less than one-
sixteenth the upper limit of Wypp stone.

(6) The upper limit of W15 stone should be less than the up-
per limit of W50 stone as required to satisfy criteria
for graded stone filters specified in EM 1110-2-1901,

R
SRR T S b sk RN AP e L RS R N o,
(LR A VA e Ty Sy P R S g 5 A P T € B g AR R
o RN 1 REAORA S e R SE ST A, T DI
. - : ; R IR L R e g S R R

i

¥ (7) The bulk volume of stone lighter than the W15 stone

£ should not exceed the volume of volds in the revetment
W without this lighter stone.

i

5 (8) Wo to Wos stone may be used instead of Wi5 stone in cri-
& teris (5?, (6), and (7) if desirable to better utilize

e
available stone sizes,

™

L R
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W{a«;ﬁx Al AR
AR BT

Thickness. The thickness of the riprap protection should be
2D50 max ©r 1.5D100 max » whichever results in the greater

thickness.

Q

d. Extent. Riprap protection should extend downstream to where
nonerosive channel velocities are established and should be
placed sufficiently high on the adjacent bank to provide pro-
tection from wave wash during meximum discharge. The re-
quired riprap thickness is determined by substituting values

Brinioaah bl

EERN

3 %é for these relations in equation 2.

p 2

; - 7. References.

Z E% (1) Shelford, W., "On rivers flowing into tideless seas, illustrated by
; % the river Tiber." Proceedings, Institute of Civil Zngineers, vol 82

(1885).

(2) Hooker, E. H., "The suspension of solids in flowing water." Trans-
actions, American Society of Civil Engineers, vol 36 (1896), pp 239-

340,

(3) 1Isbash, S. V., Construction of Dams by Dumping Stones in Flowing
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Water, Leningrad, 1932. Translated by A. Dorijikov, U. S. Army En-
gineer District, Eastport, CE, Maine, 1935.

s "Construction of dams by depositing rock in running
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pp 123-136. ’
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U. S. Army Engineer District, Portland, CE, McNary Dam - Seccd Step
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1956,
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PEEN HYDRAULIC DESIGN CRITERIA

g\.y SHEETS 722-1 TO 722-3
STORM DRAIN OUTLEIS

FIXED ENERGY DISSIPATORS

1. Purpose. Storm drains frequently terminate in unstable channels
and gullies. Under these conditions dissipation of the energy of the out-
flow is required to prevent serious erosion and potential undermining and
subsequent failure of the storm drains. Adequats energy dissipation can
be accomplished by extensive riprap protection%’ or by construction of

specially designed fixed energy dissipators.Jd: 3D

2. Hydraulic Design Charts (HDC's) 722-1 to -3 present design
criteria for three types of laboratory tested energy dissipators.3 Each
type has its advantages and limitations. Selection of the optimum type
and size is dependent upon local tailwater conditions, maximum expected
discharge, and economic considerations.,

3. Stilling Wells. The stilling well energy dissipator shown in
HDC 722-1 was developed at the U, S. Army Engineer Wateriw:ys Experiment
Station (WES).3 Energy dissipation in this stilling well is relatively
independent of tailwater and is accomplished by flow expansion in the
well, by impact of the fluid on the base and wall of the well, and by
the change in momentum resulting from redirection of the flow to verti-
cally upward. WES laboratory tests3 indicated that the structure performs
satisfactorily for flow-pipe diameter ratios (Q/D%‘s) up to 10 with a
well-pipe diameter ratio of 5.

ot P

4, HDC 722-1 shows the relation between storm drain diameter, well
diameter, and discharge. Designing for operation beyond the limits shown
in HDC T722-1 is not recommended. Intermediate ratios of stilling well-
drain pipe diameters within the limits shown in HDC 722-1 can be computed
using the equation given in this chart.

5. Impact Energy Dissipators. The U. S. Bureau of Reclama-
tion (USBR)> has developed an impact energy dissipator which is an ef-
fective stilling device even with deficient tailwater. The dimensions
of this energy dissipator in terms of its width are shown in HDC 722-2.
Energy dissipation in the basin is accomplished by the impact of the
entering jet on the vertically hanging baffle ana by the eddies that
are formed following impact on the baffle.

6. HDC T722-2 shows the relation between storm drain diameters,
basin width, and discharge. WES laboratory tests3 showed that this
structure properly designed performs satisfactorily for Q/D%'5 ratios
up to 21. Intermediate ratios of basin widths within the limits shown
in HDC 722-2 can be computed using the equation given in this chart.
Design for operation beyond these limits is not recommended. The WES

722-1 to T722-3




S T R R A I A B RS
O i < AT, % L s g o B0 gt R Y A N I R S R T R L R R I S ORI TR,

b tests also showed that optimum energy dissipation for the design flow >
b occurs with the tailwater midway up the hanging baffle. Excessive tail- 5§«
& water should be avoided as this causes flow over the top of the baffle. ¥

& 7. Hydraulic Jump Energy Dissipators. The St. Anthony Falls
- Hydraulic Laboratory (SAFHL)0 has developed the hydraulic jump energy
‘%’ dissipator shown in HDC 722-~3. Design equations for dimensionalizing
the structure in terms of the square of the Froude number of the flow
entering the dissipator are also given in the chart. WES laboratory

4 : tests3 showed that this type of stilling basin performs satisfactorily

k. for ratios of Q/bg's up to 9.5 with a basin width three times the

5 storm drain diameter. WES tests were limited to basin widths of 1, 2,

£ and 3 times the drain diameter with drops (drain invert to stilling basin)
e of 0.5 and 2 times the drain diameter. Parallel stilling basin walls

f%“ were used for basin width-drain diameter ratios of 1 and 2. The tran-

& sition wall flare was continued through the basin for W = 3D, . Parallel
i basin sidewalls are generally recommended for best performance. Tran-
sition sidewall flare (1:D') during the WES tests was fixed at 1 on 8.
The invert transition to the stilling basin should conform to the geom=
etry of the trajectory of a flow not less than 1.25 times the drain
outlet portal design velocity.

8. HDC 722-3 shows the relation between storm drain diameter and
discharge for stilling basin widths up to 3 times the drain diameter
which results in satisfactory performance. WES tests have been re-
stricted to the limits shown in HDC 722-3, and the equation given in the )
chart can be used to compute intermediate basin width-drain diameter i
ratios within those limits. General WES model tests of outlet works «
indicate that this equation also applies to ratios greater than the
maximum shown in the chart. However, outlet portal velocities exceeding
60 fps are not recommended for designs containing chute blocks. This
chart does not reflect the outlet invert transition effects on basin
performance. The design of the basin itself (HDC 722-3) is dependent
upon the depth and velocity of the flow as it enters the basin. The
values should be computed taking into account the drain outlet transi-
tion geometry.

e S At . A A

9. Riprap Protection. Riprap protection in the immediate vicinity
of the energy dissipator is recommended. Preliminary, unpublished WES
test results3 on riprap protection below energy dissipators indicates
the following average diameter (DSO) stone size should result in ade-
quate erosion protection.

v \3
%50 =2 (75)

where

Dgp = the minimum average size of stone, ft, whereby 50 percent by
weight of the graded mixture is larger than Dgo size

N
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,depth of flow in outlet channel, ft
average velocity in outlet channel, ft
gravitational acceleration, ft/sec?

W
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HYDRAULIC DESIGN CRITERIA
SHEET 722-4 TO T722-7
STORM DRAIN OUTLETS

RIPRAP ENERGY DISSTIPATORS

1. Purpose. Criteria for the hydraulic design of fixed energy
dissipating structures for storm drain ouilets are presented in Hydrau-
lic Design Charts (HDC's) 722-1 to 722-3. Under some conditions adequate
energy dissipation can be accomplished more economically using riprap as
an alternate to fixed structures. HDC's 722-L4 to 722-5 present three
basic riprap energy dissipator designs developed at WES.1,2

2. Scour Holes. Scour holes at storm drain exit portals effec-
tively dissipate flow energy and reduce downstream erosion. However,
uncontrolled scour holes can undermine the storm drain with subsequent
structural failure. Basic laboratory tests were conducted at WESl during
the period 1963-1969 to investigate scour hole development and erosion
protection in cohesionless material downstream from storm drain exit
portals. These tests showed that the length, width, depth, and volume
of the scour hole could be related in terms of the storm drain diameter
D, 1in feet, the discharge Q in cfs, and the flow duration t in
minutes. The tailwater depth TW in feet over the storm drain invert
was also found to be important. The following set of design equations?
describes the basic scour hole dimensions for two controlling tailwater
conditions.

i 0.71 \

sm _ Q 0.125

T = .<Di'5> (s ). (1)
I 0.375

L [ (20-10) (2)

5 ~°[25) _

W g \0+915 (0.151

=L ag¢ b
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where
Lgm = scour hole length, ft, 3%%&
Dgm = depth of maximum scour, ft
Wgp = half the width of the hole at the location of maximum scour, ft
Vs = volume of material removed from scour hole, £t3

Empirically determined values of C 1in the equations above for the two
controlling tailwater conditions are:

Iv Equation No.
D, 1 2 3 Y

»>0.5 4,10 0.74 0.72 0.62

<0.5 2.40 0.80 1.00 0.73

3. HDC 722-4 shows dimensionless scour hole profiles and cross
sections for the two limiting tailwater conditions.

4. Horizontal Riprap Blanket. HDC 722-5 shows the recommended
length Lgp and geometry of the horizontal riprap blanket protection
required for satisfactory dissipation of the energy of the design out-
flow from & storm drain. (The required D50 riprap size can be estimated
using HDC 722-7.)

'ﬁ -

5. Preformed Scour Holes. Laboratory studies have shown thet
satisfactory energy dissipation of storm drain outflow occurs in riprap-
lined, preformed scour holes of nominal size. HDC 722-6 shows the rec-
ommended design for preformed scour holes 0.5 and 1.0Dy deep. The D5p
minimum stone size required for each scour hole depth can be estimated
using HDC 722-7.

5. Application., Study of the basic test data indicates that the
resulting design criteria are generally applicable to both circular and
rectangular conduits flowing full or partly full. For rectangular con=-
duits the conduit width is used in place of the diameter D, of the
circular conduits.

6. References,

(1) U. S. Army Engineer Waterways Experiment Station, CE, Erosion and
Riprap Requirements at Culvert and Storm-Drain Outlets; Hydraulic
Model Investigation, by J. P. Bohan. Research Report H-70-2,
Vicksburg, Miss., January 1970.

(2) , Practical Guidance for Estimating and Controlling
Erosicn at Culvert Outlets, by B. P, Fletcher and J. L. Grace, Jr.,
Miscellaneous Paper H-72-5, Vicksburg, Miss., May 1972.
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HYDRAULIC DESIGN CRITERIA

SHEET T733-1
SURGE TANKS
THIN PIATE ORIFICES

HEAD LOSSES

1. Thin plate orifices are often used in surge tank risers to re-
strict the flow during load-on and load-off operations. Computation of the
head losses through these orifices is of interest in the design of surge
tanks.

2. A number of experiments have been made on head losses through or-
ifices in straight pipe. When an orifice is pleced in a surge tank riser
close to the penstock tee, the energy loss of f%og entering or leaving the
riser is affected by the orifice flow. Indri's 2) extensive study of ori-
fices in branches has made available new data on head loss coefficients
considered to be applicable to surge tank problems. The plpe used in this
study was 9 cm (3.54 in.) in dlameter. The orifice plates were located in
the branches 125 mm (%.92 in.) from the center line of the main pipe. The
test results indicate that the combined tee and orifjice loss coefficients
were independent of Reynolds number for Re > 3 X 107 .

3. HDC T33-l presents a head loss coefficient curve for thin plate
orifices in tees. The head loss coefficient is based on the combined tee
and orifice head loss. Indri's data shown in this chart indicate that a
single curve is applicable to load on-load off turbine condition?. Alsc
shown in ?h‘s churt are head loss coefficient curves by Weisbach 3) and
Marchetti(l) for thin plate orifices in straight pipe. These curves indi-
cate that the location of the orifice with respect to other disturbances
affects the head loss.

4. The data in HDC T33-1 are based on the equation:

v2

HL=KO?g-
vhere
Hy = head loss across the orifice or orifice and tee, ft
Ko = head loss coefficient
V = velocity in riser, ft per sec

The head loss coefficient is plotted as & function of the ratio of the
square of the riser diameter D +to the square of the orifice diameter 4 .
A sketch of an orifice in a straight pipe is included in the chart for pur-
poses of defining the terms involved.

733-1
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