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Chapter 1 : HEC 14
A

Design Concept

Go to Chapter 2

The failure of many highway culverts can be traced to unchecked erosion. Erosive forces which
are at work in the natural drainage network are often increased by the construction of a
highway. Interception and concentration of overland flow and constriction of natural waterways
inevitably result in increased erosion potential. To protect the highway and adjacent areas, it is
sometimes necessary to employ an energy dissipating device. These'@avices cover a wide
range in complexity and cost and the particular type selected will dependan the assessment of
the erosion hazard. This assessment includes determining the ability, atural channel to
withstand erosive forces and the scour potential represented by the ed flow
conditions. The purpose of this circular is to aid in selecting an ergy dissipator
which will meet the requirements indicated by an erosion ha

Energy dissipators should be considered part of a larger ge ste@ which includes the
culvert, channel protection requirements (both upstream
control structure. When viewed from this stan?oin f the Mput data will be available to

the energy dissipator design phase from previou s. For example, the culvert design

should provide:
« The design discharge
« Outlet flow conditions--velocity a
« Culvert type, size, shape, and
« Culvert Slope
« Operating characteristic nce curve
« Standard culvert outl [ @@ projecting, wingwalls, headwall, and aprons

Much of the locati ' serve more than one design segment in the overall process.
Vicinity and conto : tial to culvert, dissipator and channel designs. A debris
assessment is a neq o selecting both a debris control structure and energy
dissipator. The allowS##€ scour estimate, which is related to location, is a design as well as a
selection parameter. IR@rmation generated as input and part of the energy dissipator design
output will also be usef@in subsequent design phases. The channel characteristics--slope,
cross section, normal depth, and velocity, bank and bed materials, along with the flow
characteristics at the dissipator exit, velocity and depth--are all essential to the design of
channel protection.

These common data input and output requirements, although very important, are only one
reason for considering the culvert, design control, energy dissipator and channel protection
designs as an integrated system. The interrelationship of the various parts or individual designs
within the system must be considered. For example, energy dissipators can change culvert
performance and channel protection requirements; some debris-control structures represent



losses not normally considered in the culvert design procedure; energy increased, or possibly
eliminated by changes in the culvert design; and downstream channel conditions--velocity,
depth, and channel stability are important considerations in energy dissipator and design.

The designer might also consider energy dissipator design as a mini-system involving
numerous energy dissipation schemes with overlapping selection criteria. A combination of
dissipator and channel protection might be used to solve specific problems. Figure 1-1,

"Conceptual Model--Energy Dissipator Design," indicates the input, output, and the various
steps in the energy selection and design process. As indicated on the flow chart, the process
begins by considering the standard design terminal structures normally employed. The initial
step is to determine the flow conditions at the exit of the standard transition outlet and using
these conditions estimate the scour which might be expected if the do@Rstream channel were
composed of unconsolidated sand. This estimate represents an extremgs@g@ndition; but, by
comparing it with the subjective judgment of the erodibility of the act jal present in the
channel, the designer is provided with a qualitative measure of the

downstream channel which is discussed in Chapter 2, erosioj z Ples the designer to

ay be that no
protection is required; that minimal protection and monit run-off event is
needed; or that energy dissipator or combination energy

necessary.
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Figure 1-1. Conceptual Model of Energy Dissipator Design

Throughout the selection and design process, the designer should keep in mind that his
primary objective is to protect the highway structure and adjacent area from excessive damage
due to erosion. One way to help accomplish this objective is to return to the flow of the
downstream channel in a condition which approximates the natural flow regime. This also
implies guarding against over-design or employing dissipation devices which reduce flow
conditions substantially below the natural or normal channel conditions.

If scour computation indicates the need for an energy dissipator, a logjcal next step is to
investigate the possible ways of reducing or eliminating this need by iW@gdifying the outlet

"Outlet Velocity and Design." The cost of the culvert alteration and it
performance compared with the cost of providing an energy digsi
considerations in this investigation.

Preliminary energy dissipator selection is made by compgi lnp constraints or deSIgn
criteria--flow regime, debris problems, location, channel
etc.--to the attributes of the various energy div'pa

This process may result in the selection of seve nerg ipator designs or combination of
designs which substantially satisfy the desi ite ach situation is unique, however, and
compromise between the various ele yS and the exercise of engineering
judgment will always be necessary.

Flow transition design, the next st ess, is an essential part of many dissipator
designs. The flow transition chap rovides guidance for the selections and
design of this important appu Mogl situations encountered involve supercritical flow
indicating transitions must ned in order to minimize wave and flow separation

The individual diss ' e been qualified as to their area of application. The
attributes delineate

« Froude number@@nge for best performance

« Discharge veloci§@or other limitations

« Possible maintenance

« Operational or location problems

o Maximum size

« Limiting characteristics such as culvert slope or shape

The design output includes the detailed design information and sufficient data to make the final
design selection or to indicate that a different design or designs should be considered. Design
selection, detailed design problems, and procedures are discussed in Chapter 12 of this

manual.



The circular contains sections which discuss erosion hazards and provide guidance on velocity
reduction, flow transition designs, as well as a procedure for estimating scour in sand bed
channels. The design of free hydraulic jumps for various channel shapes and slopes are
included along with energy dissipator designs which utilize forced hydraulic jumps. The design
of several types of impacts basin, drop structures, and stilling well or vertical flow devices are
included. The last design chapter deals with the riprap basin.

Although it is not always possible, every effort has been made to treat energy dissipator design
as illustrated by the conceptual model. The weakest areas are the initial scour determination
and the economic data necessary for the selection process.

Throughout this circular, an attempt has been made to relate the desig@g to actual situations
through example problems. Examples of the application of each type of 8Rergy dissipator are
presented in Chapter 12. Each of the design chapters includes the bg :

information to date. The entire manual should be considered a dyna Ak within which
the material will be added and deleted as new information bec

Go to Chapter 2




Chapter 2 : HEC 14
A

Erosion Hazards

Go to Chapter 3

2-A Erosion Hazards at Culvert Inlets

Erosion from vortexes, flow over wingwalls, and fill sloughing at culvert inlets are generally not mag ems. However, there are some
exceptions. For example, some degree of protection may be required if a confined approach cha jgned with the culvert axis. The area
with the greatest potential for damage is on the outside of a sharp bend where the flow must tur

At design discharge, water will normally pond at the culvert inlet and flow from this pool ¥
increases in velocity only extend upstream from the culvert inlet at a distance equal to i ofathe culvert. Velocity near the inlet may be
approximated by dividing the flow rate by the area of the culvert opening. The risk qf ¢ el e
approach velocity.

It is essential that any protection provided also be adequate for flow rgtes legs than max design rate, since depth of ponding at the inlet
is less and greater velocities may occur. This is especially true in chaWhels opes where high velocity flow prevails.

Depressed Inlets

Culvert inverts are sometimes placed below existing c increase culvert capacity or to meet minimum cover
requirements. The depression may result in progressive

Culvert invert depressions of 0.30 or 0.61
modification of the concrete apron. The
of the apron, from wingwall to wingwall.

dequate to obtain minimum cover, and may be readily provided by
in two ways. A vertical wall may be constructed at the upstream edge
be considered undesirable, the apron slab may be constructed on a slope

Caution must be exercised in 2g@mpt i advantages of a lowered inlet where placement of the outlet flowline below the
channel would also be required! Y ¢ ire culvert flowline below channel grade may result in deposition problems.

Headwalls and Wingwalls

Recessing the culvert into the fill slope and retaining the fill by either a headwall parallel to the roadway or by a short headwall and
wingwalls does not produce significant erosion problems. This type of design decreases the culvert length and enhances the
appearance of the highway by providing culvert ends that approximately conform to the embankment slopes. A vertical headwall
parallel to the embankment shoulder line should have sufficient length so that the embankment spill cones remain clear of the culvert
opening. Normally riprap protection of these spill cones is not necessary if the slopes are sufficiently flat to remain stable when wet.

Wingwalls flared with respect to the culvert axis are commonly used and are more efficient than parallel wingwalls. The effects of


http://aisweb/pdf2/hec13/default.htm

various wingwall placements upon culvert capacity are discussed in HEC No. 5, HEC No. 10, and HEC No. 13 (2A1, 2, 3). Use of a

minimum practical wingwall flare has the advantage of reducing the area requiring protection against erosion. The flare angle for the
given type of culvert should be consistent with recommendations of HEC No. 13.

If the flow velocity near the inlet indicates a possibility of scour threatening the stability of wingwall footings, erosion protection should
be provided. A concrete apron between wingwalls is the most satisfactory means for providing this protection. The slab has the further
advantage that it may be reinforced and used to support the wingwalls as cantilevers.

headwater elevation. With the inlet
ily erodible soils, a vegetative

It is not necessary to extend an inlet headwall (with or without wingwalls) to the maximum d
and the slope above the headwall submerged, velocity of flow along the slope is low. Even wit
cover is usually adequate protection in this area.

Inlet Failures

Most inlet failures reported have occurred on large, flexible-type pipe culverts wit d @r mitered entrances without headwalls
or other entrance protection. The mitered or skewed ends of corrugated metal pi form with the embankment slopes,
offer little resistance to bending or buckling. When soils adjacent to the inlet ome saturated, pipe inlets can be
subjected to buoyant forces. Lodged drift and constricted flow conditions at ¢
predict, have significant effect on the stability of culvert entran(‘

To aid in preventing inlet failures of this type, protective features clude full or partial concrete headwalls and/or
slope paving. See Figure 2-A-1 and Figure 2-C-1. Riprap can serve otectionTn some instances, but concrete inlet structures
anchored to the pipe are safer. Performed concrete e used in lieu of the inlet structures shown. Metal end
sections for culvert pipes larger than 1350 mm in heig increase their resistance to failure. The figures also
show inlet designs which should be used if such protecti necessary for pipes smaller than 4800 mm in height.
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General Notes

Design Specifications: AASHO Standard Specifications
for Highway Bridges, 1973,

Concrete: All concrete shall be Class A (AE) using Type Il
{low alkall) Portiand cement and having a minimum
28-day compressive strength f; =27813 kPa.The air
entraining agent shall be approved by the engineer prio
to acceptance for use. All exposed edges shall be
chamfered 189 mm wunless otherwise noted.

Reinforcing Steel: Reinforcing steel shall conform to
ASTM A-615, A-816 or A-617.

Anchor Bolts: Bolt and nut material shall conform to
ASTM A-307. Bolts and nuts shall be galvaniz
fabrication in accordance with ASTM A-153.
bolts are not required for concrete pipe.

Cutoff Wall: The depth of wall shown on the
be reduced if rock is encountered at a

Multipie Pipe Installations: To permit ca
tamping of back fill mat
pipe installations shall
diameter of the larger pipe
pipes, but not reguired to exc
no case less than 0.30

Fiping: When backfill, it is
desirable to pre pip¥g by placing
Impervious mate collars may be
used in lieu

to embankment, the em-
as shown on Sheet No_ 4.

U.5. Department of Transportation
Federal Highway Administration
Washington, D.C.

Circular Culvert End Treatment
let Structures for Concrete and Corrugated
Metal Culverts Sizes 457 mm to 4570 mm Diameter

Figure 1. Inlet Structures for Concrete and Corrugated Metal Culverts
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TYPICAL DIMENSIONS AND QUANTITIES

Culvert Square Hoadwall 15 deg. Shkew
Dia A, L Concrale Raind. A L Concrote Faind.
i m m m m? kg m m m? kg
1,218 4,08 1j2 2,44 214 B1.65 1.30 259 2,14 g3.92
1.524 4.60 1.52 305 Z.83 ll:lg.'DE 1.63 3.25 2,83 108,60
1,829 211 1.83 368 359 124.74 1.96 387 13381
2. 743 B.E5 274 549 5B 217.73 295 231,24
3658 8.158 3.66 732 11.62 31525 391 33753
4572 9,71 4,57 9,14 18,12 426,38 4.50 462 6T
Cubvert S 30 deg. Skaw
Dia A L Concrele
mm m m m m?
1.219 4,08 163 3,25
1.524 4 .60 2.03 4,06
1,829 511 244 4,88
2,743 B.65 365 7.532
3658 a8.18 4,88 9.75
4572 .71 .10 1218




General Notes

Design Specifications: AASHO Standard Specifications
for Highway Bridges, 1973,

Concrete: All concrete shall be Class A [AE) using Type |l
{low alkall} Portland cement and having a minimum

28-day compressive strength fz = 27613 kPa.The air
entraining agent shall be approved by the engineer pri
to acceptance for use. All exposed edges shall be
chamfered 18 mm unless otherwise noted. Slope paving
surface variations shall not exceed 9 mm in 3 m.

Reinforcing Steel: Reinforcing steel shall conform to
ASTM A-815, A-616 or A-617.
Welded steel wire fabric shall conform to ASTM

Anchor Bolts: Bolt and nut material shall co
ASTM A-307. Bolts and nuts shall be galva
fabrication in accordance with ASTM A.-

Cutoff Wall: The depth of wall shown o
be reduced if rock is enciu nteredatah

Multipie Pipe InstallationS? To
tamping of back fill materia
pipe installations shall be no
diameater of the larger ides of adjacent
pipes. but n uir eter.

Piping: When u i ingand backfill, itis
desirable to preve _ iping by placing
impervious

Skew: W to embankment slope, a
h used as an alternative and the
a5 shown on Sheet No. 4.

U.5. Department of Transportation
Federal Highway Administration
Washington, D.C.

Circular Culvert End Treatment
let Structures for Corrugated Metal Culverts
Sizes 1200 mm to 4500 mm Diameter

Figure 2-A-2. Inlet StRgetures for Corrugated Metal Culverts Sizes 1200 mm to 4500 mm in Diameter

Failures of inlets are of primary concern, but other types of failures have occurred. Seepage of water along the culvert barrel has
caused piping or the washing out of supporting material. Hydrostatic pressure from seepage water or from flow under the culvert
barrel has buckled the bottoms of large corrugated metal pipes arches. Good compaction of backfill material is essential to reduce the
possibility of these types of failures. Also, where soils are quite erosive, special impervious bedding and backfill materials should be
placed for a short distance at the entrance, and further protection may be provided by cutoff collars placed at intervals along the
culvert barrel or by special subdrainage system.



2A1. Herr, Lester A. and Bossy, Herbert G.

Hydraulic Charts for the Selection of Highway Culverts,

Federal Highway Administration, U.S. Government Printing Office,
Washington D.C., 1965, 54 p.

(Hydraulic Engineering Circular No. 5).

2A2. Herr, Lester A. and Bossy, Herbert G.

Capacity Charts for the Hydraulic Design of Highway Culverts,
Federal Highway Administration, U.S. Government Printing Office,
Washington D.C., 1965, 90 p.

(Hydraulic Engineering Circular No. 10).

2A3. Harrison, L. J., Morris, J. L., Norman, J. M. and Johnson, F. L.
Hydraulic Design of Improved Inlets for Culverts,

Federal Highway Administration, U.S. Government Printing Office,
Washington D.C., August 1972, 150 pp.

(Hydraulic Engineering Circular No. 13).

2-B Erosion Hazards at Culvert Outlets

Erosion at culvert outlets is a common condition. Determination of th&ow
procedure in the design of all highway culverts. The only safe procedur o de e basis that erosion at a culvert outlet and downstream
channel is to be expected. A reasonable procedure is to provide at least um proteCtion, and then inspect the outlet channel after major
storms to determine if the protection must be increased or gxten er rocedure, the initial protection against channel erosion should
be sufficient to provide some assurance that extensive da uld n sultNg®m one runoff event.

ur potential, and channel erodibility, should be standard

Types of Scour

Two types of scour can occur in the vicinity of,culéert outlet
1. local scour
2. general channel degradation.

Culverts are generally constri{@
Channel degradation may prod
progressing upstream with eve
periodic maintenance inspections
essential part of the culvert site in¥
protection should be included in thé

small streams, and the majority of these streams are eroding to reduce their slopes.
manner over a long length, or may be evident in one or more abrupt drops

e latter type, referred to as headcutting, can be detected by location surveys or by
Pving construction. Information regarding the degree of instability of the outlet channel is an
stigation. If any substantial doubt exists as to the long-term stability of the channel, measures for
itial construction.

Long term lowering of the stream channel through natural processes and local erosion at the culvert outlet may occur simultaneously.
Local scour is the result of high-velocity flow at the culvert outlet, but its effect extends only a limited distance downstream. Natural
channel velocities are almost universally less than culvert outlet velocities, because the channel cross section, including its flood
plain, is generally larger than the culvert flow area. Thus, the flow rapidly adjusts to a pattern controlled by the channel characteristics.

The highest velocities will be produced by long, smooth-barrel culverts on steep slopes. These cases will no doubt require protection
of the outlet channel at most sites.However, protection is also often required for culverts on mild slopes. For these culverts flowing



full, the outlet velocity will be critical velocity with low tail-water and the full barrel velocity for high tail-water. Where the discharge
leaves the barrel at critical depth, the velocity will usually be in the range of 3 to 6 meters per second.

Standard Culvert Outlet Treatment

Standard practice is to use the same treatment at the culvert entrance and exit. It is important to recognize that the inlet is designed to
improve culvert capacity or reduce headloss while the outlet structure should provide a smoggh flow transition back to the natural
channel or into an energy dissipator. Outlet structures should provide uniform redistribution reading of the flow without excessive
separation and turbulence. It may not be possible to satisfy both inlet and outlet requirements he same end treatment or design.
As will be illustrated in Chapter 4, properly designed outlet structures are essential for effici dissipator design; and in some

cases, may substantially reduce or eliminate the need for other end treatments.

2B1. Normann, J. M.,
Design of Stable Channels with Flexible Linings,
Federal Highway Administration, October 1975

2B2. AASHTO, Highway Drainage Guidelines,
Guidelines for the Hydraulic Design of Culverts,
Vol. IV, 1975, 45 pp.

2-C Riprap Protection

This flow condition rapidly adjusts to the downstream or natural
rofems requiring protection adjacent to the basin exit.

Some energy dissipators provide exit conditions, velocity
channel regime; however, critical velocity may be sufficient t

ergy dissipators. The length of protection can be judged based on
ocity. The greater this difference, the longer will be the length required for

Figure 2-C-1 Provides the riprap size recommended for u

the magnitude of the exit velocity compared with the n
the exit flow to adjust to the natural channel condition.
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2C1. Searcy, James K.,



Use of Riprap for Bank Protection
Federal Highway Administrations,
Washington, D.C., 1967, pp. 43.
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pyp Chapter 3: HEC 14
(v’ Culvert Outlet Velocity and Velocity Modification

Go to Chapter 4

Culvert Qutlet Velocity

Culvert outlet velocity is one of the primary indicators of erosion potential. Outlet velog dom less than 3.05 m/s and
range up to 9 m/s for culverts on small or mild slopes and can exceed this for culverts @pes. Under these conditions, it
is reasonable to investigate measures to modify or reduce velocity within the c geT g¥idering an energy dissipator.
Several possibilities exist, but the degree of velocity reduction is, in most casg ust always be weighed against the
increased costs which are generally involved.

The continuity equation Q =AV can be utilized in all situations to compu@cul® gcities, either within the barrel or at the
outlet. Since discharge will generally be known from culvert (Vign tern@ling the flow area will define the velocity.

Culverts on Mild Slopes

Figure 3-1, taken from HEC No. 5 (3-1), indicates the
outlet control.

w for culverts on mild slopes, i.e., culverts flowing with

Figure 3-1a indicates a condition where high tall ter co e culvert outlet velocity. In this case, outlet velocity is determined

using the full barrel area. With this flow con is posgible to reduce the velocity by increasing the culvert size. The degree of
reduction is proportional to the reciprocal ecu . Selecting several culvert diameters provides a specific example:

800 mm 1200 mm 1500 mm 1800 mm

44% 36% 31%

For high tailwater conditions, erosiorfiay not be a serious problem. It may be more important to determine if tailwater will always
control, or if the conditions shown in Figure 3-1b, Figure 3-1c, or Figure 3-1d might occur under some circumstances. When

discharge is high enough to produce critical depth equal to the crown of the culvert barrel, the full flow condition shown in Figure
3-1b will occur. The outlet velocity reduction is again illustrated in the previous example. In this case, however, it is necessary to

determine if the increased culvert dimensions result in brink depth below the culvert crown. When this occurs, the flow area used
in the continuity equation is that associated with brink depth, which for this illustration is assumed to be critical depth. Figure 3-3,




Figure 3-4, Figure 3-5, Figure 3-6, Figure 3-7, and Figure 3-8 are included for convience in determining critical depth for various
shapes of culverts.

Example: A 900 mm CMP discharging 2.832 m3/s, flowing full with a tailwater of 0.610 m.
Critical depth (y.) exceeds 0.914 meters. (see Figure 3-4).

Therefore, the barrel is flowing full to the end. From Table 3-2 with d/D=1, A/D2 =
4.38m/s.

85, and v=2.832/.785(0.914)2 =

Changing to a 1200 mm CMP, changes Yy, to 0.945 meters which is less than D

VeylL = 2.832 = 2.43misandyy/D = 0.945/1.219 = 0.78
785(1.219) 2

VIVgy L = 1.13 from Figure 7-C-3 and V = 1.13(2.43) = 2.74 m/s.

Is outlet velocity.

This is a reduction of about 37 percent instead of the a*woximate 43@berc Icated in the previous example.

When culverts discharge as in Figure 3-1c and Figure 3-1d wi ear the outlet, changing the barrel slope will have

“Phanging the resistance factor will change the
the outlet velocity.

The initial steps to compute normal depth (tailwater) i
calculations with this, Figure 3-9 and Figure 3-10
circular sections. These figures are dimensionle
on mild or horizontal slopes. Values of 1.881 Q/
Table 3-3.

, (see Table 3-1 and Table 3-2) facilitate normal depth
may b to determine outlet brink depths for rectangular and

gcu which indicate the effect on brink depth of tailwater for culverts

32 an Q/D52 for use with Figure 3-9 and Figure 3-10 are included as

When the tailwater depth is low, culverts o
on the ordinate of Figure 3-9 a

the 1.811Q/BD32 or 1.811Q/D5/
and Figure 3-10. Using these fig

lld or horizontal slopes will flow with critical depth near the outlet. This is indicated
the tailwater increases, the depth at the brink increase, at a variable rate, along

where the tailwater and brink depth vary linearly at the 45° line on Figure 3-9
of changing culvert size may be determined. For example.

Q = 1.698 m3/s (constant)
TW = 0.610 m (constant)

D D5/2 1.881 Q/D5/2 TW/D Yo /D
1.07 | 1.8 2.61 57 63
122 | 1.64 1.88 50 54
1.37 | 2.20 1.39 44 46
152 | 2.85 1.09 40 41




Yo/D Yo Ye A/D2 A V= QIA D

.63 0.67 0.73 0.52 0.595 2.83 1.07
54 0.66 0.70 0.43 0.640 2.65 1.22
46 0.63 0.70 0.35 0.657 2.57 1.37
41 0.62 0.67 0.30 0.693 2.46 1.52

Changing culvert diameter from 1.07 to 1.52 meters, a 42 percent increase, results in a d8
velocity.

ease of only 15 percent in the outlet

oximated from the critical
is larger than brink depth,

For culvert shapes other than rectangular and circular, the brink depth for low tallwate an be 2
depth curves in Figure 3-4, Figure 3-5, Figure 3-6, Figure 3-7, and Figure 3-8.

determining brink depth in this manner is not conservative, but is acceptable.

Culverts on Steep Slopes

¢

For the situation shown in A and B of Figure 3-2, it is convenieni@g de ' ormal flow conditions by the use of Manning's
equation. The charts and tables of reference 3-1 provide rapid so s undefthese circumstances.

Increasing the barrel size for a given discharge and
within most culverts on steep slopes. For example, usi
velocity in a 900 mm pipe will be 1.03 larger and th

e n velocity if the flow reaches normal depth, as it will
diameter concrete pipe with constant slopes as a base, the
0 mm pipe will be 0.97 smaller. Less velocity change

Some reduction in outlet velocity can be obtg [ ing the number of barrels carrying the total discharge. Reducing the
flow rate per barrel reduces velocity at no | owline slopes are the same. Substituting two smaller pipes with the
er barrel to one-half the original rate and the outlet velocity to

rel design. However, this 13 percent reduction must be considered in light of the
ntage reduction decreases as the number of barrels is increased. For

in only an additional 5 percent reduction in outlet velocity. Furthermore, where
sing more barrels may still result in velocities requiring protection, with a large increase in

increased cost of the culverts. |
example, using four pipes instea
high velocities are produced, a de
the area to be protected.

Outlet velocities can also be modifie(@®y substituting a rough barrel for a smooth barrel. For a 1500 mm concrete pipe
n=0.012, on a 1 percent slope (S, = 0.01), discharging at 2.83 m3/s
V, =4.21 m3/s
S = 0.00325;

using a c.m. pipe (n = 0.024) results in a critical slope of 0.015. Since S, for the c.m. pipe is greater than the actual slope, the



flow is subcritical and the outlet velocity will be critical velocity or 2.6 m/s
Manning's equation:
V = (R2/3S1/2) In
shows that V varies as S¥2 /n . For the critical slope situation (R is a constant), doubling the roughness results in a four-fold

increase in critical slope. When using this method of velocity reduction, it should be remembered that changing the flow from
supercritical to subcritical may result in a marked change in the headwater.

Substituting a "broken-slope” flow line for a steep, continuous slope is not recommendeg
design is based on the assumption that the reduced slope of the lower barrel will cont
Manning formula. Where the total fall from inlet to outlet remains the same, a broken-< >
only slightly. The initial steeper slope will bring about a lesser depth and greate iY@k the yeak in grade, followed by a

ey py resistance will be somewhat
greater with the steeper and then flatter slope because a lesser depth is prod greater portion of the barrel length. This

ontrolling outlet velocity. Such a

increased loss due to resistance will be small, however, as will the reduci@n e pcity. Formation of a hydraulic jump in
the lower barrel is rare, as the downstream depth required to force a jumpgi Pe encountered. If this type of design is
attempted, water surface profile calculations must be made t‘ﬂsu hydraulic jump relationship is fulfilled.

For culverts on slopes greater than critical, rougher material will
Velocity varies inversely with resistance; therefore, using a ug metal pipe instead of a concrete pipe will reduce velocity
for concrete will result in about 50 percent reduction in
velocity at the outlets of culverts on steep slopes. Chapter

easing barrel resistance.

velocity. Barrel resistance is obviously an important f
7 contains detailed discussion and specific design infor
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Figure 3-6. Critical Depth Oval Concrete Pipe Long
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Figure 3-8. Critical Depth Structural Plate C.M. Pipe-Arch
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Figure 3-9. Dimensionless Rati@ Curves for the Outlets of Rectangular Culverts on Horizontal and Mild Slopes (from
reference 3-2)
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Figure 3-10. Dimensionle Cur

or the Outlets of Circular Culverts on Horizontal and Mild Slopes (from
reference 3-2)

To view the following tables click hyperlinks below:

@ Table 3-1. Uniform Flow in Trape¥@idal Channels by Manning's Formula
@ Table 3-2. Uniform Flow in Circular Sections Flowing Partly Full.
@ Table 3-3. Values of BD3/2, D312, and D5/2

3-1. Federal Highway Administration,
Design Charts for Open-Channel Flow,
U.S. Government Printing Office



Washington, D.C., 1961, 105 pp.
(Hydraulic Design Series No. 3)

3-2, 7A1,11-2. Simons, D. B., Stevens, M.A., Watts, F. J.
Flood Protection At Culvert Outlets

Colorado State University

Fort Collins, Colorado, CER 69-70 DBS-MAS-FJW4, 1970.

3-3. U. S. Department of the Interior, Bureau of Reclamation
Design of small Canal Structures,
1974, pp. 127-130.

Go to Chapter 4
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) Chapter 4 : HEC 14
(.’ Flow Transitions

Go to Chapter 5

A flow transition, as discussed here, is a change of open channel flow cross section designed to be
accomplished in a short distance with a minimum amount of flow disturbance. The types of transitions are shown
in Figure 4-1. The most common flow transitions are the abrupt headwall and the straight-line wingwall

transitions.

Specially designed open channel flow inlet transitions (contractions) are normally not required for highway
culverts. The economical culvert is designed to operate with an upstream headwag®t pool which dissipates the
channel approach velocity and, therefore, negates the need for an approach flow tra@sition. The side and slope
tapered inlets are designed as submerged transitions and do not fall within the inteae@8limits of open channel
transitions discussed in this chapter (see reference 2A3).

Special inlet transitions are useful when the conservation of energy flow is esse JEWT allowable

headwater considerations such as an irrigation structure in subcritical floy

1. Those applicable to culverts in outlet control (subcriti
2. Those applicable to culverts in inlet caikol i



4-A Culverts in QOutlet Co

Two types of design culverts in outlet control:
1. abrupt expansi

2. gradual transitio

lems app

Abrupt Expansion

As a jet of water, whicWis not laterally constrained, leaves a culvert flowing in outlet control, the
water surface plunges or drops very rapidly (see Figure 4-A-1). As the water surface drops and the
flow spreads out, the potential energy stored as depth is converted to kinetic energy or velocity.
Therefore, the velocity leaving the wingwall apron can be higher than the culvert outlet velocity and
must be considered in determining outlet protection. The straight line transition may also be
considered an abrupt transition if the tan® is greater than 1/3Fr.
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A more accurate way to determine apron end flow con bped by Watts
(reference 4A1). Watts' experimental data has been co ily-of curves
relating the Froude number (Fr) to the av@ge depth ratio (yaly,), Figure

4-A-4 and Figure 4-A-5, and Fr or "g to

curves were developed for Fr frogn 1 to [ e applicable Froude number range

Water cannot expand to comp i ection between the wingwalls in an abrupt
expansion. The majority of tlg ithin an area whose boundaries are defined
by tan® = 1/3Fr. As showq ingki flaring the wingwall more than 1/3Fr--45° for
example provides un W 5 not completely filled with water.

Design F

J Step 1. ow conditions at the culvert outlet: (V) and (y,) see Chapter

0] (0]

et

jStep 2. CalcWate the Froude number (Fr) = VES g at the culvert outlet.

J Step 3. Find the optimum flare angle (8) using tan® = 1/3Fr. If the chosen wingwall
flare (8,,) is greater than (8), consider reducing 6,, to 6.

J Step 4. Use Figure 4-A-4 for boxes and Figure 4-A-5 for pipes to find the average
depth downstream. The ratio ya/y, is obtained knowing the Froude number (Fr) and the
desired distance downstream (L) expressed in culvert diameters (D).



J Step 5. Use Figure 4-A-2 for boxes and Figure 4-A-3 for pipes to find average
velocity (Va)-

J Step 6. Calculate the downstream width (W2) using:

W, = W, + 2Ltan® 4-A-1
Tand = 1/3Fr e

if 8,,>0 use 06,, in Equation 4-A-1.

J Step 7. If 8 was used in Equation 4-A-1, calculate downstream depth y, using W, and
Va.This depth will be larger than y, since the flow prism is now lateraliconfined.

If 8,, was used, y, =y, and the average flow width is (W,)=Q/Vaya
If Wa >W5, use W, to calculate y,=Q/V Wo.

Example Problem

Given:

1524 mm x 1524 mm RCB Q =7.65m3/s

L =60.96 m 1.881 Q/BD32=4.8
So = 0.002 m/m e 1‘m

Wingwall flare 6,,= 45° with 3.1 m apron
Find:

Flow Condition at end of apron -y a ;

Solution:

J 1. Find outlet veloci Fiqure with

Yo /280.68

& 3 Findo

tan® = 1/3 Fr=1/3(1.52)=0.22
6=12.37

d 4. Apron Length/Diameter = 3.1/1.524 = 2. Use Figure 4-A-4 for average depth, ya.
ya = 0.26(1.036) =0.269 meters



& 5. From Figure 4-A-2 the average velocity v, is:
Valvg = 1.2
vp = 4.84(1.2)
Vp=Vo = 5.82 m/s
&6 6,,> 0 use 0,
W, =W, + 2L tan(6,,)
W, = 1.524 + 2(3.048)(1.0) = 7.62 m

&7 6,, was used:

Yo =ya =0.269 meters
Wp =4.89 m <7.62 m

Alternate Solutions Using Energy Equation

& 1. Assume W, = full width between wingwalls at thesen

W, =Wo + 2L tan 45°=7.62 m

A, =W, y, =7.62y, , Vo =Q/A, = 7.(‘./7.

Zo Yo tVo? 129=25 +y; +V52 12g+H;
H¢i=0and z, = 2,

1.036 + (4.84)2 /2(9.81)=y,

1.036 + 1.194 =y, + 0.051

2.230 =y, + 0.0514/y,2

y> =.157 meters, whic
V, =1.004/0.157=

Fr.

W,
= Y096 =2.87 meters
Ao =21 , V5 =7.65/2.87y, = 2.66/y,
2.23 >y + 0.360/y22

y» = 0.45 meters, which is 68% higher than first solution
V,=2.66/0.45=5.91 m/s, which is 2% higher than first solution.

Design of Subcritical Flow Transitions

Subcritical flow can be transitioned into and out of highway structures without causing adverse effect
if subcritical flow is maintained throughout the structure. The flow cannot approach or pass through
critical depth (y.). The range of depths to avoid is .9y to 1.1y . In this range, slight changes in

specific energy are reflected in large changes in depth, i.e., wave problems develop.



The straight line or wedge transition should be used if conservation of flow energy is required; such
as in irrigation canal structures which traverses the highway. Warped and cylindrical transitions are
more efficient, but the additional construction cost can only be justified for structures where
backwater is critical.

Design Considerations

Figure 4-A-6 illustrates the design problem. Starting upstream of section 1 where some
backwater exists due to the culvert, the flow is transitioned from a canal into then out of
the highway culvert. The flare angle (8,,) should be 12.5°, (4.5H:1V or flatter), reference
4A3. This criteria provides a gradually varied transition which can be analyzed using the
energy equation.

As the flow transitions into the culvert the water surface approaches y..
waves, y should be equal to or greater than 1.1yc. In the culvert, the

and will reach y if the culvert is long enough. In the expansion, the d to v,
of the downstream channel, Section 4.
Associated with both transitions are energy losses which ar,
in velocity head in the transitions. The energy loss in the ca ) is:
Hic = C¢ (V22 129-V42 /129) 4-A-3
and in the expansion ‘
Hie = Ce (V32 /29-V,42 129) 4-A-4
where C. and C, are foung
Expansion
Ce
0.20
0.15 0.25
0.30 0.50
0.30 0.50
0.30 0.75
The depth i can be found by trial and error using the energy equation with

Y4 = Yy in the nstream channel and assuming hs, =0 (see Figure 4-A-6) The
streambed eleY@ion is equal to z.

Zy+ Y4+ Va? 120 Hie + Hpp = 23 + y3 + V32 /2g

Hip 00, V3 = Q/W3 Y3, V4 = Q/Wy Yy

Zg +Ya V42 129 +C¢ (V32 129 - V42 129) = 25 + y3 + V32 /129

Za+Ya+ (1-Co) V42129 =23+y3+(1-Cg)Va?/2g9

Z4-23+Y4+(1-Cg) (QMW,4Yy4)212g=y3+(1-Ce) (Q/MW3Y3)2 129 4-A-5

When known values are used in Equation 4-A-5, the equation reduces to:

Cy=y3+Cylys?

Which has two constants C, and C, and can be solved quickly by trial and error.



In a similar manner, y, can be determined by assuming y, =y3 and h=0.

Zy+ Y5 + Vo2 129 + Hic + Hyp = 23 +y1 + V42 /29

Zp + Yo V52 129 +C; (Vo2 129 - V12 129) = 21 +y1 + V42 /29

Zp+yp+ (1+Cc) V2129 =21 +y; + (1 +C¢) V42 /29

Zy-23+ Yy + (1 +Cp) (QMW, y5)2 12g =y + (1 + C¢) (Q/Wy y1)2 /29 4-A-6
These depths are approximate because friction loss was neglected. They should be

checked by computing the water surface profile. Since the channel width is changing, the
standard step method (4A5) should be used.

Standard Step Method of Water Surface Profile Computation

The standard step method is a trial and error procedure for computing t ter surface

profile. The energy equation is used for energy balance.

S; =[n2 V2 [R4/3] 4-A-7

an then
egkls of the section

is used to calculate the friction slope (S; ) at each section. T
be approximated over a small distance (AL) by calculating §

and using the average Sy .
Hf :Sf AL
The head loss (H,) due to the contractlon
entire length of the transition (Lt) and then pw

4-A-8

mally calculated for the
lly over the length L+:

Hy = Hie (AL/LT) or Hi ¢ (A8l 1) 4-A-9
To aid in this computational proce the ele n of the water surface is designated
(Z2) where:

Z=z+y 4-A-10
and the total head (H) jon is eg@al to

H= 2 /29 4-A-11

An ener [ between section (K) of known y and V and a section (x), a

small dista r subcritical flow or downstream for supercritical flow.

H, + 4-A-12

To find Hy, ch@se AL and assume a Z, slightly larger than Z, for subcritical or slightly
smaller for sup&@ritical. This defines

Z,=Z+ Sy AL 4-A-13
and
Vi I 4-A-14

With y, known, V, can be found by the continuity equation Q=AV. Hx is
determined from Equation 4-A-11 Using y, and V, in Equation 4-A-7, S¢is
found at section X, (Sg)y. Since (Sy) was previously found for the known
section, the average S; is calculated and used in Equation 4-A-8 to find Hs.
Equation 4-A-9 provides H, . If we assumed Z, correctly, H, (Equation




4-A-12) should be equal to H, +H; +H, . If not, choose another Z, and repeat
the procedure. When Equation 4-A-12 has been balanced, and y and V are

known at section X, the water surface computation proceeds to the next
section.

Design Procedure

J Step 1. Find y,4, and V4 knowing S, n, and approach geometry using Manning's
equation or Table 3-3.

J Step 2. Calculate critical depth (y.) using y. =0.467(Q/W)2/3 which js valid for
rectangular channel. See Figure 3-3.
Compare y. with y,. to insure subcritical flow.

J Step 3. Choose transition type and C. and C, from Table 4-A-1.

J Step 4. Determine the minimum culvert width by assumi
Equation 4-A-5.

and using

J Step 5. Knowing Yy, for the minimum width choose yS@ 1y de a culvert that
will have a flow depth conservatively abo“lc. cula@Ws;, round to nearest even
dimension and recalculate y;.

J Step 6. Calculate y; by ass on 4-A-6.

J Step 8. With the con n, calculate the transition length (L) using a

4.5:1 flare =4.5(W, ) /2 or 4.5(W; -W5)/2.
J Step 9 1 ater surface profile through the structure using the standard
step metho cli'¥@8 an evaluation of friction losses.

Given:

3.048 meters wide rectangular irrigation canal on a slope (S,) of 0.001 m/m. The canal is

designed to convey 8.495 m3/s with a Manning's roughness (n) = 0.02. A rural highway
will cross the canal requiring a 30.48 meter long culvert.

Find:
The culvert and transition dimensions.

Solution:



) Step 1. Assume normal depth at section 4
Y 1 =Y4 =1.953 m from Manning's equation and trial and error.
V =V, =1.426 m/s
H n :H4 =Ya +V42/2g:2057 m

J Step 2. Determine critical depth (y.) for section 4

Yo =0.467 (Q/W)2/3 = 0.467 (8.495/3.048)2/3 =
J Step 3. Use Straight line transition CeiO.S, C.=0.3

J Step 4. Calculate minimum w5 using Eq Y. =0.467 (Q/W3)2/3 =y, also z
3 c 3 3 4

-23 =S, Lt 00 even if Ly =15.24 m, S, uld be 0.015 m
Z4 23 +Y4 +(1-Cg) (Q/wy ¥y ) (QTW3 y3)2/2g
0+1.953+0.5[8.495/3.048(1,95 8.4952/(W3y3)2)/2g

Try W3 =1.219 m
y3 =0.467(8

B/(Wsy3)2=1.468+1.839/[1.524(1.468)]2=1.835m<2.005m

B35 m since 1.219 was high and 1.524 was low.

y3 =0.487 (8.495/1.335)2/3 =1.604 m

y3 + 1.839/(W3 y3)2 =1.604 + 1.839/ [1.335(1.604)] 2 =2.005 m
y3=1.604 m

J Step 5. Choose y3 =1.1 Yy, to insure subcritical flow and recalculate W3, y3
=1.1(1.604)=1.764 m
2.005 = 1.764 + 1.839/[w5 (1.764)]?
0.231 W32 (3.094) = 1.839
W3 =1.566 m



Use W3 =1.524 m (5 ft)

2.005 =y3 + 1.839/[1.524 y3)2 = y3 + 0.792/y32
y3 =1.745m
V3 =3.194 m/s

J Step 6. Assume y, =y5 . Calculate y, using Equation 4-A-6.
Zp -1 Yo + (1+C¢) (Q/W, y5)? 12g=yq + (1+C) (Q/W; y1)? /29
0+1.745+1.3[8.495/1.524(1.745)]2/19.62=y,+1.3(8.495/3.048y)2/2g

1.745 + 0.676=2.421=y, +0.515/y,?2
y1 =2.326 m which is 0.373 m above yy,

+1.839/(W3 y3)2, solve for y; then use Equation 4-A-6 in step 6. y, +
/19.62=y, +0.515/y,2
For example try W3 =1.829 meters:

2.005 = y3 +1.839/(1.829 y3)2 =y +0.550/y32
y3=1.843 m

1.843 + 1.3[8.495/1.829(1.843)]2 /1$2=y
2.264 =y, +0.515/y42

y1 =2.153 meters or 0.200 meters of bac er

515882

J Step 8 Transition length use

Lt =4.5(Wq -W, ) /2=4.5(3.048 9 m. Use 3.353 m (11 ft)

J Step 9 Calculate the waf@ surfac
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Figure 4-A-2. Average Velocity for Abrupt Expansio

refer&ce 1)
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L = Distance to Desired Velocity
' D = Diameter Of Culvert
"|"0= Brink Depth

¥, = Average Depth of Flow
aly/gp® A
9 Vn = Velocity At Culvert Outlet
‘U’A= Average Velocity In Expansion

Figure 4-A-3. Average Velocity for Abrupt Expansion Below Circular Outlet (from reference
54)
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4-B Culverts in Inlet Control

difficult to manage without causing
should be maintained if at all possi ions and expansions are discussed in this section including

stilling basin.

A smooth transitio percritiCal flow requires a long structure and should not be attempted unless
the structure is of pNlllary importance. A model study should be used to determine transition
geometry where a h ulic jump is not desired. If a hydraulic jump is acceptable, the inlet structure
can be designed as s n in Figure 4-B-1. This design, which must be accomplished in a

rectangular channel, yields a long transition. The design approach is outlined in reference 4A4 and
4A5. The length (L) is defined by (W, -W,), the channel contraction, and the wall deflection angle

(Bw):
L=(W; -W,)/2tan8,, 4-B-1

To minimize surface disturbances, L should also equal L, +L, where

Ll =W1 [2tan Bl 4-B-2



L2 :W2/ Ztan(Bz % GW) 4-B-3

tan g1 [J1+8Fr12 Sin® 6 —3]
2tan® g1+ .1+ 8Fr2 6, -1

4-B-4

tan@.,, =

The transition design requires a trial 8, which fixes L as defined by Equation 4-B-1. This length is
then checked by finding L, + L,. To determine L4, 1 is found from Equation 4-B-4 by trial and error
and then substituted into Equation 4-B-2. L, is calculated from Equation 4-B-3 with (3, determined
from Equation 4-B-4 by substituting (3, for 3; and Fr4 for Fr,. To find Fr, first calculate:

Yo ! by [J’1 R 8Fr12 5|n2;31 - ’1] ’ 2

4-B-5

Then
2 2 2
Frs = (yq fya )Fré = (ve £ 2v2)lva fye-1)w2 fyq + 1)) 6
If the trial 8, was chosen correctly L=L; +L, . If not, choose anot pd repeat the process
until the lengths match. The depth (y3) and Fr3 in the culvert jlated using Equation
4-B-5 and Equation 4-B-6 if the subscripts are increased by 1 oW Y3 /y, To aid in the
above calculation, Figure 4-B-2 and Figure 4-Bﬁre [ olution of Equation 4-B-4,

Equation 4-B-5, and Equation 4-B-6.

The above design approach assumes that th
(W,) are known and L is found by tria

ho channel (W;) and the width of the culvert

If W, has to be determined, the design pr ated by another trial and error process.

Design Procedure

J Step 1. The flow iti nmpe’ Fr) in the approach channel should be computed
using Ta ign aids. If the channel is irregular, choose the trapezoidal

water surface t@@width (T) and the trapezoidal section base width (b): W = (T+b)/2.
Compute the floWconditions (y,, Vj,, Fr) for this rectangular section.

J Step 3. Assume a trial culvert width W, .

J Step 4. Determine the contraction length (L) required to reduce W; to W, by varying
the contraction wingwall angle (8,,) until L from Equation 4-B-2 is equal to L, +L, from
Equation 4-B-2 and Equation 4-B-3.

Select trial By
. Calculate L using Equation 4-B-1.




b. Find 34, ¥, ly;, and Fr; from Figure 4-B-2 or Figure 4-B-3. If greater accuracy is
desired use Equation 4-B-4, Equation 4-B-5, and Equation 4-B-6.

c. Calculate L, using Equation 4-B-2.

d. Find B,, yaly,, and Fr, from Figure 4-B-2 or Figure 4-B-3 by increasing the
subscripts shown on the figure by 1. Again Equation 4-B-4, Equation 4-B-5, and
Equation 4-B-6. can be used.

e. Calculate L, using Equation 4-B-3.

f. Find the sum L, +L, and compare with L: if L is smaller decrea
increase 6,,. Select a new trial 8,, and repeat steps a through f §

arger

g. Calculate y; by multiplying the depth ratios: yz =y; (y

ular dimension

not, return to step 3, assume
bination of y3 and w; is

J Step 5. Compare the depth y; and width w, to see

(i.e., 1829 mm X 1829 mm, 2134 mm X 1 m
another w,,and repeat the process until a for,

found.

Example Problem

Given:

r botto ap@2oidal channel with 2H:1V side
.012.

Q=8.495m3/sina1.829 m
slopes,S, = 0.02 m/m n

Find:
culvert si ansitio ensions.
Solution:
& 1149 S1/2 = (1.49)(8.495)(0.012)/(1.829)8/3 (0.02)1/2 =0.2141

d/b=y, /08278 from Table 3-1.
Y, =0.508 WV, =5.852 m/s

Fr=viJo[AJT) =5852/ /381144573867 = 3.05

&> (T+b)/2=(3.861+1.829)/2=2.845 m
use wq =3.048 m (10 ft) rectangular channel

1.49 Qn/b8/3 S1/2 =(1.49)(8.495)(0.012)/3.0488/3 (0.02)1/2 =0.0548
d/b=y, /b=0.154 from Table 3-1.

Y =0.469 m, v, =5.938 m/s

Fry=vi.foy =5938/./00469) = 277



& 3. Assume W, =1.524 m. (5 ft)

& 4. Try 0,=15° for Fr; =2.8

. L=(3.048 -1.524)/2tan15°=2.844 m.
B =36°, v, ly; =1.9, Fr, =1.8.
L, =3.048/2tan 36°=2.098 m.
B, =58° y3ly, =1.7, Frg3 =1
L, =1.524/2tan(58°-15°) = 0.817 m
L; 4L, =2.915m>L

mmO O ®

Try 6, =10° for Fr =2.8

. L=(3.048 -1.524 )/2tan10°=4.322 m
By =31° vy, /ly; =1.6, Fr, =2.1
L, = 3.048/2tan 31°=2.536 m
B,=39°vy3ly, =15, Fr3 =1.5
L, =1.524/2tan(39°-10°)=1.375
L, +L, =2.536 + 1.375=3.911 m<4.322 m
y3 =0.469(1.5)(1.6)=1.126 m ’

mmUO O ®

®

Try 6, =14° for Fr =2.8
. L=(3.048 -1.524)/2tan 14°=3.

B. By =35° y, ly; =1.8, Fry =19
C. L, =3.048/2tan 35°=2.176 m
D. B, =55° y3 /ly, =1.6, Fr,
E
F

. Ly, =1.524/2 tan (552-

351 m

& 5. Since y3 =1.351 m and W3 = 1.524 m, a 1524 mm x 1524 mm box culvert will be satisfactory.
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design has in part been discussed in Section 4-A. The procedure outlined in
that section should b§lised to determine apron or expansion flow conditions if the culvert exit Froude
number (Fr) is less thah 3, if the location where the flow conditions are desired is within 3 culvert
diameters of the outlet, and S, is less than 10%

Supercritical expan

For expansions outside these limits, the energy equation can be used to determine flow conditions
leaving the transition. Normally, these parameters would then be used as the input values for a basin
design.

Expansions into Hydraulic Jump Basins

The expansion shown in Figure 4-B-4 is used to convert depth or potential energy at the
culvert outlet to kinetic energy by allowing the flow to expand, drop, or both. The result is:

asition Design Curves for Rectangular Channels (from reference 4A5)



1. the depth decreases,
2. the velocity increases,
3. the Froude number increases.

The higher Froude number (Fr) results in a more efficient jump and a shorter basin.

JFr MIN
1

Figure 4-B-4. Defi r Basin Transition

The energy balance is writte g0 t outlet to the basin. Substituting Q/y; wg for
V, and solving for Q results

+ 274572 +1/ 3F1, 4-B-8

Since the flow i percritical, the trial y; value should start near zero and increase until
the design Q is reached. This depth y, is used to find the sequent depth, y, using the
hydraulic jump equation:

J1+8Fr° - ’1]I : 4-B-9

Yo = LYy

Where:
C; = TWly;, ratio.

For USBR basins, C, is found on Figure 8-D-2: For the hydraulic jump, C;=1.0 and for



SAF basin, C, varies with Fr (see Section 7-G for the expressions). The above value of
Y» + z, must be equal to or less than TW + z3 for the jump to occur. In order to perform
this check, z; is obtained graphically or by using the following expressions:

Lt = (2021 )/St

4-B-10
Ls = (23 -25 )/Sq 4-B-11
Lg = f(y1, Fr1) 4-B-12
L=Lt +Lg *+Ls =(20 -23)/S,
Solving for z3 yields
Z3 = Zo-(L1 +Lg -2, /Sg)S)/(So/Se +1) 4-B-13

This expression is valid only if z, is less than or equal to z3.

If z, +y, is greater than zz +TW, the basin must be lowered and the t
process repeated until sufficient tailwater exists to force the j

Design Procedure

J Step 1. Calculate culvert brink depth wsin jgure or Figure 3-10, velocity V,,
D Erd =g 1 ala¥e -
J Step 2. Determine y,, (tailwa i Str with the aid of Table 3-1.
J Step 3. Find y, using Equ

J Step 4. Compare y : W , the jump will form. If y, > TW, lower the
basin to provide addig

. Calculate Fr“l i W; v -

.-Determine y, using Equation 4-B-9 with C; corresponding to basin

type.
F. Find z 5 using Equation 4-B-13.

B
C. Calculate y; by trial and error using Equation 4-B-7 and calculate V.
D
E

G. Calculate y, +z, and z3 +TW. If y, +z, is greater than z3
+TW, choose another z; and repeat step 5 until balance is
reached.



J Step 6. Calculate L+, Lg, and Lg using Equation 4-B-10, Equation 4-B-11, and
Equation 4-B-12. The horizontal distance downstream to the sill crest, L, is Lt + Lg + Lg.

J Step 7. Determine radius to use between culvert and transition from Figure 4-B-5.

Example Problem

Given;

3048 mm x 1829 mm RCB, Q=11.809 m3/s, S, =6.5%, Elevation outlet invert z, =30.480
m, V, =8.473 m/s, y, = 0.457 meters Downstream Channel is a 3.048 g bottom
trapezoidal channel with 2H:1V side slopes and n=0.03

Find:

Dimensions for hydraulic jump basin.
Solution:

& 1.v,=8.473 mls, y, =0.457 m

Fro =8473/./9810457) =4

& 2. 1.490Qn/b8/3 S1/2 =(1.49)11.809(0.03)/

0= Z1fS72 + 1/ 3Fr, St

3048 + 2(3048 - 286503052 + 1/ 3(4)(05) = 3730 m> 2048 m OK.

C. Q =y, 3.048[2g(30.480-28.651+0.457-y,)+ 8.4732]1/2
Q = 3.048 y; [19.62(2.286-y;) +71.792]1/2
Try y; = 0.305 m (1 ft), Q=9.779 m3/s -low
y; = 0.610 m, Q=19.022 m3/s -high
y; =0.370 m, Q=11.801 m3/s -O.K.
V=11.801/0.370(3.048)=10.464 m/s

D. Fry =10464/ ./9810.372) = 549



E For Cy=1 yo = 0_3?0[4%8(5_49)2 —'1]f2 - 2693 m

F. Lg =45 (0.370) = 16.65 m Figure 6-11
Lt =(z, -21)/S7=(30.480 -28.651)/0.5=3.658 m
Z5 =[30.480-(3.658+16.65 -28.651/0.5).065]/(0.065/0.5+1)
Z5 =[30.480 + 2.404]/1.13=29.101 m

G. Yo +2, =2.693 + 28.651=31.344 m
z3 +TW=29.101 + 0.579 = 29.680 m
31.344 > 29.680 try z; = 27.432 m (90 ft)

Try z, =27.432 m (90 ft)
. Wg =3.048 m., St =S4 =0.5
B. Wg =3.048 m. O.K.

C. Q=3.048y [19.62 (3.505 - y; )+71.792]1/2
y1 =0.335 m, V; =11.557 m/s

D. Fry = 11557/ ,/g[0.335) = 638
Ely, < 0_335[41 +5(6.38) —jf? - 286

F. Lg =53(0.335) =17.755 m
Lt = (30.480 -27.432)/0.5=6.096 m

Z5 = [30.480 -(6.09 : 32788, 065]/(0.065/0.5+1)
=28.757 m

yg = 0_302[4“8(?45)? —1]f2 =3.034 m

Lg =64(0.302) =19.328 m

Lt = (30.480 -25.908)/0.5=9.144 m

z3 =[30.480 - (9.144 + 19.328 -25.908/0.5).065]/1.13
z3=28.316 m

G. yo +2,=3.034 + 25.908 = 28.942 m
z3 +TW=28.316 + 0.579 = 28.895 m O.K. use z; =25.908 m

mm



& 6. L;=9.144 m,
Lg =19.328 m

Ls = (2z3- 2, )/ Se = (28.316 -25.908)/0.5 = 4.816 m
L =9.144 + 19.328 + 4.816 = 33.288 m

&7 Fro = 4, from Eigure 4-B-5 y, /r=.10
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Figure 4-B-5. Fr vs. y,/r for Transition (from reference 4B1)
4A1, 7B9. Waltts, F. J.,
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Estimating Scour at Culvert Outlets

Chapter 5 : HEC 14
A

Go to Chapter 6

Estimating erosion at culvert outlets is difficult because of the many complex factors affecting
erosion. Some of these factors are the discharge, culvert shape, soil type, duration of flow, culvert
slope, culvert height above the bed, and tailwater depth. In addition, the magnitude of the total scour
can consist of local scour and channel degradation, the two types of erosion discussed in Section
2-B. Maintenance history, site reconnaissance and data on soils, flows angl flow duration provide the

best estimate of the potential scour hazard at a culvert outlet.

The objective of this chapter is to present a method for predicting local sg e outlet of
structures based on soil, flow data, and culvert geometry. This scour pre@lcti edure is intended
to serve together with the maintenance history and site reconnaiss ' IQ Tor determining
energy dissipator needs.

ailwater conditions with
e culvert height (5-1); and

Investigations (5-1), (5-3) indicate that the scour hole geom
the maximum scour geometry occurring at tailwater depths
that the maximum depth of scour (hg) occurs at &Iocation ap

culvert outlet (5-3) where L is the length of scou¥.

Empirical equations define the relationship between ulvert discharge intensity, time, and the
length, width, depth, and volume of sc es d for the maximum or extreme scour
case.

Cohesionless Material

The general expreg@img for deteN@ining scour geometry in a cohesionless soil for a circular pipe
flowing full is:

3

Dimensionless&cour Geometry =

o | @ [t]ﬂ
g3 Jaghmz I

Is where:

hg We Lg Vs

Dimensionless Scour Geometry is ar

R ' Ry Ry Ryl

hg, W, Lg, Vg depth, width, length, and volume of scour, respectively.

Ry, is the hydraulic radius



Q is the discharge
g is the acceleration of gravity
t is the time in minutes

t, Is the base time used in experiments to derive coefficients (316 min. unless specified
otherwise).

o is the material standard deviation

The values of the coefficients a, (3, and 6 in Equation 5-1 are presented in Table 5-1.

Gradation

The bed-material grain-size distribution is determined by performj
DA22-63) . The standard deviation (o) is computed as:

142
: [dﬂ]
Ij' =
dig &
where the values of dg, and d,¢ are extracted from rain siZ&istribution. If 0 < 1.5, the material
Is considered to be uniform; if 0 >1.5, m ' ified as graded.

is (ASTM

5-2

Cohesive Soils

If the soil is cohesive in natu uati should not be used to determine the scour hole
dimensions. Since ¢ [ s not include soil characteristics, it should only be used for

: essions, which related scour to the critical shear stress of the
ange of applicability for cohesive soils besides the one specific
¥. The sandy clay tested had 58 percent sand, 27 percent clay, 15 percent
silt, and 1 percent orgaQlie matter; had a mean grain size of 0.15 mm and had a plasticity index PI, of
essions for circular culverts are:

R len
hs We Ls Vs _ e o
B D D 03 re | LT,

and for other shaped culverts:



2 5 g8
i el

Yo Ye Ye pe T t,
where:
Ye = (A2)1/2
2
8V* _ modified shear number

o
V =outlet mean velocity
T.= critical tractive shear stress
p = fluid density

®  forhg, Ws,and Lg
(063]

o for Vg

g =

&g

(063)°
A = Cross-sectional area of flow
D= Culvert diameter @
The values of the coefficients a, (3, 6, and o, are pwn le 5-1. The critical tractive shear

stress is defined in Equation 5-5.

T, =0.001 (S, + 8618) tan (30 + 1. 5-5

where:
S, = the saturated shear in N/
Pl = the Plasticity Inde th rg Limits.

It is recommende and Equation 5-4 be limited to sandy clay soils with a plasticity
index of 5-16.

Time of Scour

The time of scour is estimated based upon a knowledge of peak flow duration. Lacking this
knowledge, it is recommended that a time of 30 minutes be used in Equation 5-1, Equation 5-3, and
Equation 5-4. The tests indicate that approximately 2/3 to 3/4 of the maximum scour occurs in the
first 30 minutes of the flow duration.

It should be noted that the exponents for the time parameter in Table 5-1 reflect the relatively flat part
of the scour-time relationship and are not applicable for the first 30 minutes of the scour process.




Headwalls

Installation of headwalls (5-6) flush with the culvert outlet moves the scour hole downstream.
However, the magnitude of the scour geometries remain essentially the same as for the case without
the headwall. If the culvert is installed with a headwall, the headwall should extend to a depth equal
to the maximum depth of scour.

Drop Height

The scour hole dimensions will vary with the distance the culvert invert e gve the bed. The
scour hole shape becomes deeper, wider, and shorter, as the culvert in ' [
(5-10). The coefficients are derived from tests where the pipe invedsisss

[Dimensionless Scour Geometry] = 5-6

o ()
Ch J173 \@Rhsxz
@

compensate of an elevated culvert invert, Equatio dified to where Cy,, expressed in
pipe diameters, is a coefficient for adjusting the compS@Rd scour hole geometry. The values of Cy
are presented in Table 5-3.

Slope

with culvert slope. The scour hole becomes deeper, wider, and
). The coefficients presented are derived from tests where the
der to compensate for a sloped culvert, Equation 5-1 can be

q g ;
=G *IljifS 512 i 2
a '\@Rh tIII
Where Cq is a coefficient adjusting scour hole geometry. The values of Cg are present in
Table 5-4.

The scour hole dim
longer as the slopd
pipe invert is adjace
modified to:

nsions wi

[Dimensionless ScojlGeometry]




Summary

The prediction equations presented in this chapter are intended to serve along with field
reconnaissance as guidance for determining the need for energy dissipators at culvert
outlets. It should be remembered that the equations do not include long-term channel
degradation of the downstream channel. The equations are based on tests which were
conducted to determine maximum scour for the given condition and therefore represent
what might be termed worst case scour geometries. The equations were derived from
tests conducted by the Corps of Engineers (5-1), and Colorado State University (5-5)
through (5-11).

Design Procedure for Cohesionless Materials

J Step 1. Determine the magnitude and duration of the peak di he discharge in

m3 /s and the duration in minutes.

J Step 2. Compute the modified discharge at the peak dis§@ar
The modified discharge intensity (D.l.*) is:‘

i =%for all culvert shap
VIR

J Step 3. Determine scour coeffici m le 5-1.

J Step 4. Obtain a soil samplgg@t propog@d culvert location, conduct a sieve analysis, and
determine the material standgddevi

oeffic for culvert drop height and slope if appropriate.

dimensions from:
B

g
¥ i) t
=, & 5-1a
I:r“I.I'SCh = \@Rhﬁu [316]




Design Procedure for Other Cohesive Materials with Pl From 5to 16

J Step 1. Determine the magnitude and duration of the peak discharge. Express the discharge in
m3/s and the duration in minutes.

J Step 2. Compute the culvert outlet velocity in m/sec.

J Step 3. Obtain a soil sample at the proposed culvert location.

a. Perform Atterberg limits tests and determine the plasticity index, Pl (ASTM D423-36).

b. Saturate a sample and perform an unconfined compressive test (&I M D211-66-76)
to determine the saturated shear stress, S,,, in newtons per square Lag

S

J Step 4. Compute the critical tractive shear strength, 1., from Equatio

2
J Step 5. Compute the modified shear number oV :

e

J Step 6. Determine scour coefficients from T&e -

J Step 7. Compute the desired scour Role dj r a circular culvert from:

hs We Le Vs
R jE e

he We L
Ye Yo Ve

where:




Cohesionless Material Example Problem

Determine the scour geometry-maximum depth, width, length and volume of scour-for a
proposed circular 762 mm C.M.P. discharging an estimated 1.416 m3/s when flowing full.
The downstream channel is composed of graded gravel material with 0 =2.10. The
culvert barrel is horizontal and adjacent to the bed.

J 1. The duration of the peak discharge of 1.416 m3/s is not known. Therefore, a peak
flow duration of 30 minutes will be estimated.

The hydraulic radius (Ry) of a circular, 762 mm CMP is:

Area e 314159(01452)

Rh = Wetted Permetor _ 2ar _ 2(3141590381 4

4i"3. The circular, 762 mm C.M.P. at 1.42 m3/s will have a gdi

s 1.416 4 1416 %
I \@(D.TQDB)SIE (3.132)(0.1906)’
) 4

4i"4. The coefficients of scour obtained from le 5% le 5-2, and Table 5-3 are:

B 0
Depth of scour 0.39 0.06
Width of scour 0.53 0.08
Length of scour 0.47 0.10
Volume of scour 1.24 0.18
Ch =1.0
Cs=1.0
4i"5. Scour
2
s e L g @[m][t]E
1 1 1 S

Ry 'Ry 'Ry 3 i @hﬁfz 316

Depth: he=1.0(1.0) % (28.50)0-39(0.095)0.96 (0.1906); h,=1.08 m

Width: W,=1.0(1.0) % (28.50)053 (0.095)0.08 (0.1906); W,=5.05 m

1710

Length: L=1.0(1.0) (28.50)047 (0.095)0-10 (0.1906); L=9.72 m

128



12708

Volume: V¢=1.0(1.0) (28.50)1-24 (0.095)0-18 (0.1906)3 ; V= 28.7 m3

¥ 6 The location of the maximum scour.
0.4(Ls) = .4 (9.72) = 3.9 m downstream of the culvert outlet.

Cohesionless Material Example Problem

me of scour for a
channel is

isting outlet

pecause of

Determine the scour geometry-maximum depth, width, length and vG
proposed circular 457 mm CMP, discharging at 0.764 m3/s. The do
composed of graded sand material with a standard deviation of 1.8
pipe has a barrel slope of 2 percent and is suspended .9144 m abd
channel degradation.

The general equation for computing the scour hole dimen;

ha AL AT o
: A g =2 k73
Ry 'Ry Ry 7Ry AL
& 1. The duration of the peak di 3/s is not known. Therefore, a peak

flow duration of 30 minutes will be
&2 The hydraulic radius (R [ r, 457 mm CMP is:

~ 814198(0,

& 3. The cirfal at 0.764 m3/s will have a modified discharge of:
0.764

(01143152 (3.133)(0.1143)F'2

J 4. The Coefficients of scour obtained from Table 5-1, Table 5-3, and Table 5-4 are:

a B 0 Cs Ch
Depth of scour 2.27 0:39 0.06 1.03 1.26
Width of scour 6.94 0.53 0.08 1.28 1.54
Length of scour 17.10 0.47 0.10 1.17 0.73

Volume of scour 127.08 1.24 0.18 1.30 1.47



J 5. Scour hole dimensions are:

&

;
o ) t
Depth: CRCy [ [ ] F,
cr”3 @EIE 316
= 126(1.03) %(552)“-39 (0.095)9 08 (01142) =1 14m
£oa 1710 :

Length: Ls=0.73(1.17) ___— (55.2)%47(0.095)9:10(0.114R)=6.78m
Width: W.=154(1.28) 04 053 0.08

Volume: V¢=1.47(1.30) % (55.2)1-24(0.095)°: 3

Cohesive Material Example Problem

Determine the scour geometry-m
proposed circular 610 mm CMP,
downstream channel is composed o
horizontal and adjacent to the b

h, length and volume of scour for a
imated 1.133 m3/s. The
-clay material. The culvert barrel is

& 1. The duration of the peallidischar®® of 1.133 m3/s is not known. Therefore, a peak
flow duration of 30 min il estigigted.

J 2.a. The age velo at the culvert outlet is:

b-e. The sa@lly-clay material was tested and found to have a plasticity index
(PI) of 12 an@e saturated shear strength (S,) of 23970 N/m?2

The critical tractive shear can be estimated by substituting into Equation 5-5.

T, = 0.001 (23970+8629)tan [30+1.73(12)]
0.001(32599) tan(50.76)=39.9 N/m2

o

f. The modified shear number gnm



_1000(3 88)°

=37738
i 309

& 3. The experimental coefficients a, 3, and 6 from Table 5-1, Table 5-2, and Table 5-4
are:

a B 0
Depth .86 .18 .10
Width 3.55 A7 .07
Length 2.82 .33 .09
Volume .62 .93 .23
Ch=1.0
Cs=10

J 4. The scour hole dimensions are;:

& 8
R a2 [ t ]
f?"chcﬂﬂ[ TE] 316

=1.0(1.0) 0.86(377.3)-18 (0.09)-1w5=

% =1.0(1.0) 3.55(377.3)-17 (0.09).07 ; h&&B.23 X .61 = 5.02 m

Ls

= =1.0(1.0) 2.82(377.3)33 6.09 x .61=9.81m

by =1.0(1.0) 0.62(377

93 (0. ' \V/,=88.8 x 0.227 =20.16 m3

& 5. Locat maxim cour depth is:
04 Lg = 92 ownstream of culvert outlet.

Coefficients for Culvert Outlet Scour-Cohesionless Materials

o | 8 | o |
Depth, hg 2.27 0.39 0.06
Width, Wy 6.94 0.53 0.08
Length, Lg 17.10 0.47 0.10
Volume, Vg 127.08 1.24 0.18

For All Shaped Culverts. Cohesionless Material



5
hg Ws Lg Mg |
Rp Ry Ry 'DrRh3 ik

o Q [ t ] ;
Cr“IIS @hEIE 216
Table 5-2. Coefficients for Culvert Outlet Scour-Cohesive Sandy Material

Depth, hg 0.86 0.18 0.10 1.37
Width, Wy 3.55 0.17 0.07 5.63
Length, Lg 2.82 0.33 0.09 4.48

Volume, Vg 0.62 0.93 0. 2.48

For Circular Culverts. Cohesive Sandy Clay Mat

Ng Ws Lg
B

o | 1,00
1 | 128
|2 | 1.47
| | 155

N\ din pipe eters
W d materials

Table 5-4. Coefficients (Cg) for Culvert Slope

| 0 | 1.00 | 1.00 | 1.00 | 1.00
| 2 | 1.038 | 1.28 | 1.17 | 1.30
| 5 | 1.08 | 1.28 | 1.17 | 1.30
| >7 | 1.12 | 1.28 | 1.17 | 1.30
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(ﬁ Hydraulic Jump
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6-1 Nature of the Hydraulic Jump

The hydraulic jump is a natural phenomenon which occurs when supercritical flow change O@itical flow. This abrupt change in
flow condition is accompanied by considerable turbulence and loss of energy. Within certa [
effective energy dissipation device which is often employed to control erosion at hydra

evaluation of stilling basins are based on these relationships.
When the upstream Froude number (Fr) is 1.0, the flow is at critical and a ju

slightly below critical depth and the change from
rface. On the high end of this range, Fr approaching
exit velocity about half the upstream velocity.

For Froude numbers greater than 1.0, but less than 1.7, the upsgam
supercritical to subcritical flow will result in only a slight disturbanc
1.7, the downstream depth will be about twice the incoming depth an

appear, becoming more intense as the Froude number
nge, there are no particular stilling basin problems involved.
ort, be provided. The water surface is quite smooth, the

in the range of 20 percent. The exit Froude number for many

When the upstream Froude number is between 1.7 an
increases. This is the prejump range with very low energ
The only requirement is that the proper length of basi
velocity throughout the cross section uniform, and
culverts falls within the range 1.5 to 4.5.

n 2.5 and 4.5. The incoming jet alternately flows near the bottom and
aves which can cause erosion problems downstream.

An oscillating form of jump occurs for Froud
then along the surface. This results in objeC



Sl —_—
—-h-‘:-‘-:;__._"m R - — e —_— P
Fr Between 1.7 and 2.5
A-Prejump Stage
Oscillating Jet
Roller T
=<9 21> =
_,._l_;i_:_" T

B-

sen 4.5 and 9.0
Well-Balanced Jumps

’f__;——_: pgfﬁf __h_..

Fr Higher Than 9.0
D - Effective Jump But Rough Surface Downstream

Figure 6-1. Jump Forms Related to Fr (from reference 6-1)



= Total discharge (m “/s)
= Width of flume (m)

= Discharge be unit width {m “/s)
= Energy entering jump {m)

= Energy leaving jump {m)

= Froude number -V f(gY )"
J = D2 - D1, Height of jump (m)
yc = Critical depth (m)

¥., ¥, = Sequent depths (m)

¥, ¥, = Alternate depths (m)

=0

| E, - E, = Energy loss in jump

_nmims
(%] =

-

igure @&. Hydraulic Jump
A well balanced and stable jump occurs w the in ' ow Froude number is greater than 4.5. Fluid turbulence is mostly
confined to the jump, and for Froyde number to 9.0 the down-stream water surface is comparatively smooth. Jump energy loss of

45 to 70 percent can be expecte

With Froude numbers greater tha
problems.

icient jJump results but the rough water surface may cause downstream erosion

The nature of the hydraulic jump may\@e illustrated by use of the specific energy diagram, Figure 6-2. The flow entering the jump at
supercritical velocity V4, and depth y,, s a specific energy of E= y; + V42/2g, the kinetic energy term, V2/2g, is predominant. As the

depth of flow increases through the jump, the specific energy decreases. Flow leaves the jump at subcritical velocity with the potential
energy y, predominant.

The hydraulic jump commonly occurs with natural flow conditions and with proper design can be an effective means of dissipating
energy at hydraulic structures. In designing energy dissipators which includes a hydraulic jump, expressions for computing the before
and after jump depth ratio (conjugate depths), and the length of jump are needed.



6-2 Hydraulic Jump Expression--Horizontal Channels

The hydraulic jump in any shape of horizontal channel is relatively simple to analyze (6-2). Figure 6-3 indicates the control volume
used and the forces involved. Control section one is before the jump where the flow is undisturbed, and control section two is after the
jump, far enough downstream for the flow to be again taken as parallel. Distribution of presgure in both sections is assumed
hydrostatic. The change in momentum of the entering and exiting stream is balanced by th&@sultant of the forces acting on the control
volume, i.e., pressure and boundary frictional forces. Since the length of the jump is relativel grt, the external energy losses
(boundary frictional forces) may be ignored without introducing serious error. The moment hole provides for solution of the
sequent depth, y,, and downstream velocity, V,. Once these are known, the internal ener d jump efficiency can be

determined by application of the energy principle.

The momentum function can be use a general format for the solution of the hydraulic jump sequent-depth relationship in any shape
of channel with a horizontal floor.

The momentum function is, M = Q2/gA + Ay.
At section 1 and 2 respectively,

Q2/gAy + A1y = Q2gA; + Azy, 6-1

or



A1y1-Ar Y = (LA, - 11A1)Q2/g
Letting the distance to the centroid from the water surface = Ky gives: A; K1 y1 - Ay K, ¥, = (1/A, - 1/A1)Q2/g. Rearranging and using
Fri2 = V12 /gy, = Q2 /A12 gy1. Gives: A; Kq y1 - Ay Ky Yo = Fri2 Ag yq (Aq /A, -1). Dividing this by A; y; provides:

Ko Az y2 IA1 Y1 - Ky = Fry2 (1- Ag 1A;) 6-2

This is a general expression for the hydraulic jump in a horizontal channel. For various cha
the ratio A;/A, may be evaluated:

shapes, the constants K; and K, and

For Rectangular Channels:

Kl = K2 =1/2 and Al /A2 =VY1 /y2

and
Y22 Iy12 -12 = 2Fry2 (1 - y4 Iy, ) A
Defining y, /y; = J the expression for a hydraulic jump in a h ntal, ular channel is obtained:
J2-1=2Fr;2 (1- 1) 6-3
Figure 6-4 is a plot of Equation 6-3. Q

For Triangular Channels
K1: K2:A1 /3A2:y12 2

and

y23ly;3-1=3Fr2[1-y;
or J3-1=3Fr;2(1-14
This gives:

Fry=J2 (J3- 1)/ 3(J2- 1)

or
Fry = (34 + 33 + J2)/ 3(J + 1) 6-4



Figure 6-5 is a design curve for hydraulic jumps in horizontal triangular channels. Two scales for the Froude number are
indicated on this figure. The upper scale defines the Froude number as:

Frp = W W m

where:

Ym IS the hydraulic depth, area/top width .

For a triangular channel y,, = y/2 so the upper scale is offset 1.414 units to the left of r scale which defines the

Froude number as:

Fr=y.Joy

The reason for using the hydraulic depth is that at a Froude number of 1.0 1.@irrespective of sectional shape. The
hydraulic depth and the actual depth in a rectangular section are identigal s addional scale is omitted from Figure 6-4.

) 4

For Parabolic Channels

K, = K, = 2/5, and the area ratio Ay /1A, = (yq ly,)1-5

O

ber expression gives:
6-6

N

This results in:

(Vo ly1)22-1=25Fr2[1-(yy ly;)1o].

or
Fr=[.4(J34-J15)/ (1.5 -1)]°

6-5

Using the hydraulic depth roud

Fr=[.6(J4 - J15) / (315 -1)]

Figure 6-6 is a plot of these re nships, again using a scale adjustment for the hydraulic depth.

For Circular Channels

Figure 6-7 and Figure 6-8 are design charts for horizontal circular channels using the hydraulic depth and actual depth in
computing the Froude numbers.

For circular channels, it is necessary to consider two cases:



1. where y, is greater than D, and
2. where y, islessthan D .

For y, less than D
(Kz y2 Colyq Cq) -Kq=Fr2(1-C4 /C)) 6-7
For y, greater than or equal to D

(Y2 Coly; Cy) - 0.5 (C, DIC; yp)-K;g = Fr2 (1-C4/Cy)

C and K are functions of y/D and may be evaluated from the following table:

Table 6-1

y/D 0.1 0.2 0.3 0.4 0.5 0.9 1.0
K 410\ .413| .416| .419| 424 . . 473|500
C 041 .112| .198| .293|_ .393| . . . 745| 748
c .600| .800| .917| .980 .600
The C' values are used in converting the Froud m 1o Fr = ‘nfff'ﬂu'gy m - Where y, = (C/C')D.

For Trapezoidal Channels

In these channels the A and



z=(z1 +2,)I2, t=blz(y,) or z(y,) = b/t

J=y, lyg ory, =3(y1 )
Area (1) = z(y1)? +b(y1)= b(y;) (1+)/t
Area (2) = z(y,)? +b(y2)=Jb (yo) (J+i/t
6(Kq) = [2z(y,) +3b)/z(y1)+b]=(2+3t)/(1+t)
6(K5)=[2z(y,)+3b]/[z(y,)+b]=(2J+3t)/(I+t)

Using these equations in the hydraulic jump equation,
Ko (Az 1AL )(y2 Iy1) -Ky =Fr2 (1-A1 IA;)

gives:

J[(23+3t)/(J+1)] [ I(+1)/(1+1)]-(2+3t)/(1+t)=6Fr2 [1-(1+t)/I(I+1)]

Simplifying and expanding yields:
Fr2 =J(J+t)] [3t(J+1)+2(J2 +J+1))/[6(I+t+1) (1+1)]
and using the hydraulic depth:

AIT=[z(y1)? +b (yp)]/ [22 (1) +b]

AlT=[(y,) b/t +b (y,)] / [2b /t +b]
AlT=y, (1+ t)/(2+1)
(Fr)2 =Fry2 (1+t)/(2+t)
of E

6-10

Figure 6-9 and Figure 6-10 tepresent p guation 6-9 and Equation 6-10. These figures represent ranges of Froude
numbers, shape factors b/2 \, gnd dep tios sufficient for most highway design problems.

General Equation for a { in a horizontal channel:

HE[ -'ﬂ'-EYE] _l'{1 = FFE[



Table 6-2. Area Ratio and K Factors

Channel Area K Factors

Shape Rations
AR AR /" ] K
| Rectangular | J W | 1/2 | 1/2
| Triangular | J2 | 1/J2 | 1/3 1/3
| Parabolic | J3/2 | 1/33/2 | 2/5 | 2/5

Circular See Table 6-1

Trapezoidal J(J+t) (1+t)
(1+1) J(J+t) 14 6[ ]

Length of Jump Horizontal Channels, (Case A)

The length of the hydraulic jump is generally measured t d treaNlAsection at which the mean water surface attains
the maximum depth and becomes reasonably level. Errors be d in determining L; since the water surface is

rather flat near the end of the jump. This is undoubtedly one o reaso 0 many empirical formulas for determining
jump length are found in the literature.

The jump length for rectangular basins has been e ' jled and can be reasonably well defined for Froude
numbers up to 20. This is not the case for non-rectan . In these channels, there are side areas, roughly
triangular in shape, which are not directly infl upstream jet. The flow must expand in the lateral direction as
well as vertical. This lateral expansion result
flatter), return or upstream flow become er. Thefeverse circulation results in increased energy dissipation but

longer jump lengths. It will, however, he formation of a stable jump and convert the flow into an
oscillating jet.

c TN,
recommendations presentes S based on a large number of observations by a number of investigators.
While the length of the hydra -rectangular channels is still being actively debated, the recommendations
presented are considered con ative if used within the indicated limits.

Figure 6-11, Figure 6-12, and Figliwe 6-13 may be used for the determination of jump lengths in rectangular, trapezoidal,
parabolic, triangular, and circular®hannels, respectively. The circular channel curve (Figure 6-13) is for the case where y,
is less than D. For the case where y, is greater than D, it is suggested that the length be taken as seven times the
difference in depths, i.e., Ly = 7(y2 -y1).

The jump length curves pr&&i r non angular sections should not be extrapolated. The curves and

Free jump basins can be designed for any flow conditions; but because of economic and performance characteristics they
are, in general, only employed in the lower range of Froude numbers. At higher Froude numbers, the use of baffles and



sills make it possible to reduce the basin length and stabilize the jump over a wider range of flow situations.

Flows with Froude numbers below 1.7 may not require stilling basins but may require protection such as riprap and
wingwalls and apron. For Froude numbers between 1.7 and 2.5, the free jump basin may be all that is required. In this
range, loss of energy is less than 20 percent; the conjugate depth is about three times the incoming flow depth; and, the
length of basin required is less than about 5 times the conjugate depth. Many highway culverts operate in this flow range.

Example Problem

As an example, consider a 2.134 meter wide box culvert discharging 11.327 m3/s o pe@isent slope.

J 1. Qutlet flow conditions are:

Vi = 5.79 m/s
y1 = 0.914 meters

Fr=1.9
& 2. For these conditions, in a rectangular basin, the co‘gat
required is:
J=y,ly; =22
y, =2.2(0.914) = 2.0 m.
& 3. Length of jump, i See Figure 6-2 0

Lj/y1=9.0
Lj =.914(9.0) = 8.226 m

J

4. After jump velocity
V2 =Q/A=11.327/2.1Q4 53¥m/s

>

5. Velocity reduction is mo

V(in) =5.79 m/s
V(out) = 2.64 m/s

These answers could also be obtained using Figure 6-21.

It is always advisable to investigate the operating characteristics of the dissipator selected over the range of flows
expected. This involves developing a downstream rating curve for the natural channel (Q vs. stage curve) and comparing



this with the sequent depth requirements. In the previous example, the downstream channel has a 3.04 meter bottom, is
trapezoidal with 2H:1V side slopes, and n = 0.03. The bottom slope changes to 0.0004 m/m at the culvert exit. The
dissipator is on this new slope. The normal depth values for the various discharges can be readily obtained from HDS No.

3(3Al)or Table 3-1.
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Normal Channel Depth - Conjugate Depth Relationship

The sequent depth values are obtained by applying the same process used to determine the design sequent depth above.
These values are plotted in the figure above. This plot indicates excess tailwater depiis available in the downstream

channel for discharges up to approximately 13.6 m3/s. Beyond this point, the jump wo egin to move downstream out of
the basin.

6-3 Hydraulic Jump Expressions--Sloping Channels, Case

riz
4 %

tal and sloping channels. Case A was

C is not included since it is assumed that
rposes, the same.

Figure 6-14 from reference (6-3) indicates a method of delineating hydraulic jum

analyzed in the previous section, and Cases B and D will be considered in t
a horizontal floor begins at the end of the jump for Case D, making C and D,

If the channel bottom is selected as a datum, the momentum eq&ti n

Q(V, -V,)/g = .5b(y;2 -y,2) cosb + wsinBly 6-11

irectly to hydraulic jumps in sloping channels since the
ncountered is in defining the water surface profile to determine
ume may be neglected for slopes less than 10 degrees and

The momentum formula used for the horizontal chann
weight of water (w), within the jump, must be considered?
the volume of water within the jumps for various channgel sl
the jump analyzed as case A.

The Bureau of Reclamation (6-3) conducted exten stS on Case B and C type jumps to define the length and depth

relationships.

The procedures presented in this section are
channel shapes are not included e of th

where other channel shapes are V

Figure 6-15 indicates the relation b§lve pude number, tailwater and upstream depth for various slopes, Case D. The small
inset provides a relationship betweeN@&ilwater depth for a continuous slope and the conjugate depth for a jump on a horizontal apron.
The inset indicates the additional dep§required for a jump to form in a sloping channel.

those Tests and apply to hydraulic jumps in sloping rectangular channels, only. Other
imited use and the difficulties involved in analysis. Model tests should be considered

Case B is the more common jump encduntered in sloping channels. In this case, the jump forms on both the sloping and horizontal
parts of the channel.

Sufficient tailwater depth should be provided for the front of the jump to be positioned at section 1, Figure 6-14. Figure 6-16 indicates

what occurs when the tailwater is increased a vertical increment. When the tailwater is increased Ay, the front of the jump moves up
the slope several times Ay until the tailwater depth approaches 1.3(y,). At this point, the relationship becomes geometric; an increase




in tailwater moves the front of the jump an equal vertical distance. Figure 6-17 provides the depth relationship for the Case B-type
jump. Design rules are provided at the end of this section.

Jump Length

The length of jump for both Case B and Case D can be obtained from Figure 6-18. Thjs figure is for Case D type jump but it
can be applied to Case B with negligible error. Figure 6-19 may also be used to dete e the length of Case D type jumps.

Tailwater Jump Height

The major design concern should be to determine an apron slope which will
minimum concrete for the maximum discharge and tailwater condition.

xcavation and require

Once this condition is established, then the jump height-tailwater relati diate flow condition can be
checked. Generally, the tailwater for intermediate flows will be excessi '
difficulty but will result in a submerged jump which provideg a smoother @ater e downstream and greater jump
stability. Where the tailwater is found insufficient for the in&m the depth of the apron will have to be
increased. It is not necessary that the jump form at the upstr pron for intermediate flows as long as the
length of basin is considered adequate. The slope itself has litt e stilling basin performance; therefore, using
this design approach gives the designer freedo he desires.

The design of sloping hydraulic jump basins requir jdual judgment than for the more standardized horizontal
jump basins. The length of basin is judged on th stream channel bed while the slope and shape of
aprons are determined from economic reaso

6-4 Design Recommendations

The following recommendations hbe Bure Reclamation should be followed in the design of the sloping aprons:
3 Step 1. Determine an apron ar

governing factor and the only justifid

‘ will give the greater economy for the maximum discharge condition. This is the
for using a sloping apron.

J Step 2. Position the apron so that §a& front of the jump will form at the upstream end of the slope for maximum discharge and
tailwater condition by means of the infofmation on Figure 6-15 and Figure 6-17. Several trials will usually be required before the slope
and location of the apron are compatible with the hydraulic requirement. It may be necessary to raise or lower the apron, or change the
original slope entirely.

3 Step 3. The length of the jump for maximum or partial flows can be obtained from Figure 6-18. The portion of the jump to be
confined on the stilling basin apron is a decision for the designer. The average overall apron averages 60 percent of the length of jump



for the maximum discharge condition. The apron may be lengthened or shortened, depending upon the quality of the rock in the
channel and other local conditions. If the apron is set on loose material and the downstream channel is in poor condition, it may be
advisable to make the total length of apron the same as the length of jump.

3 Step 4. With the apron designed properly for the maximum discharge condition, it should then be determined that the tailwater
depth and length of basin available for energy dissipation are sufficient for, say, 1/4, 1/2, and 3/4 capacity. If the tailwater depth is
sufficient or in excess of the jump height for the intermediate discharges, the design is accggtable. If the tailwater depth is deficient, it
may then be necessary to try a flatter slope or reposition the sloping portion of the apron fo tial flows. In other words, the front of
the jump may remain at section 1 (Figure 6-14), move upstream from section 1, or move doy e slope for partial flows, providing the

tailwater depth and length of apron are considered sufficient for these flows.

J Step 5. Horizontal and sloping aprons will perform equally well for high values o
depth of flow are reasonably uniform on entering the jump.

giper if the velocity distribution and

J Step 6. The slope of the chute upstream from a stilling basin has little ef
and depth of flow are reasonably uniform on entering the jump.

hyd

lic jJump when the velocity distribution

J Step 7. A small solid triangular sill, placed at the end of the % ,
apron. It serves to lift the flow as it leaves the apron and thus acts t
height is between 0.05(y,) and 0.10(y,) with a face slope of 34

ppurtenance needed in conjunction with the sloping

ntrol Its dimensions are not critical; the most effective

J Step 8. The approach should be designed to insure s [ into the stilling basin. (This applies to all stilling basins.)
Asymmetry produces large horizontal eddies that ca bed material onto the apron. This material, circulated by the eddies,
can abrade the apron and appurtenances in the b prising rate. Eddies can also undermine wing walls and riprap.

J Step 9. A model study is advisable when iIS@Rarge efeeds 46.45 m3/s per meter of apron width, where there is any form of
asymmetry involved, and for higher values
less acceptable.

6-5 Jump Efficiency

A general expression for the energy
HL/Hl = 2-2(y2)+|:r2 [1-A12

(H_ /Hq) in any shape channel is:
2 JI(2+Fr2) 6-12
Where Fr is the upstream Froude number at section one:

Fr2 = V2/gy,, Y is the hydraulic depth

This equation is plotted for the various channel shapes as Figure 6-20.



Even though this figure indicates that the non-rectangular sections are more efficient for the higher Froude Numbers, it should be
remembered that these sections also involve longer jumps, stability problems, and a rough downstream water surface.
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Figure 6-4. Hydraulic Jump - Horizontal, Rectangular Channel
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Figure 6-17. Stilling Basin Tailwater Requirement for Sloping Aprons - Case B (from reference 6-3)
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Forced Hydraulic Jump Basins
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exaggerated resistance to flow. Roughness elements provide the designer with a v¢ QB in that they may be utilized in
forcing and stabilizing the hydraulic jump and shortening the hydraulic jump basin.
culvert barrel, at the culvert exit or in open channels.

This section contains information which enables the designer to evaluate t oughness elements and, within limits,
“tailor-make" an energy dissipator. A number of “formal or fixed" desig aSented. Each design section discusses:
1. Limitations
2. Design guidance ‘

3. Sample problem solutions.

Drag Force on Roughness Elements
Roughness elements must be anchored suffici@ d the drag forces on the elements. The fluid dynamic drag
equation is:

FD = CD AFp Va2 12

Horner's (reference 7-1) maxi oefficicN@&f drag, Cp, for a structural angle or a rectangular block is 1.98. Using 1000
kg/ms3 for the density of water, b&omes:

FD =990 AF Vaz 7-1

In the CSU rigid boundary basin, tN@USBR basins, and the SAF basin, design all of the roughness elements for the worst
case using the approach velocity at$rte first row for V,. In cases of tumbling flow or increased resistance on steep slopes,

use the normal velocity of the culvert without roughness elements for V.

The force may be assumed to act at the center of the roughness element as shown in Figure 7-1.



Figure 7-1. Forces Acting on a Rough

The anchor forces necessary to resist overturning can be computed as foll
Fa = hFp/2L, = 495 (h/L.) AgV,2

Where: ‘

F = total force on anchors

Fp = drag force on roughness element \
h = height of roughness
Lc = distance from downstream edge of roughpe
element to the centroid of the anchors.
eS@elemait.

1:2

Ag = frontal area of roughness element
V4 = approach velocity acting on rg

7-A C.S.U. Rigid Boun as

The Colorado State University rigi undary basin (7A1) which uses staggered rows of roughness elements is illustrated in

Figure 7-A-1.




Figure 7-A-1. id Boundary Basin

CSU tested a number of basins with different roughn yjons to determine the average drag coefficient over the
roughened portion of the basins. The effects of tj s elements are reflected in a drag coefficient which was derived

Figure 7-A-2. Definitive Sketch for the Momentum Equation



The CSU test indicate several design limitations. The height, h, of the roughness elements must be between 0.31 and 0.91 of
the approach flow average depth (y); and, the relative spacing, L/h, between rows of elements, must be either 6 or 12. The

latter is not a severe restriction since relative spacing is normally a fixed parameter in a design procedure and other tests
(7A2) have shown that the best range for energy dissipation is from 6 to 12.

Although the tests were made with abrupt expansions, the configurations recommended for use are the combination
flared-abrupt expansion basins shown in Figure 7-A-5. These basins contain the sang number of roughness elements as the

abrupt expansion basin.

The flare divergence, ug, is a function of the longitudinal spacing between rows of and the culvert barrel width,

Wo:
Ue =4/7+(10/7)LIW,

e 7-

The values of the basin drag, Cg, for each basin configuration are giv
expansion ratios (Wg /W) from 4 to 8. They are also valid for lower rati he same number of roughness
elements, N, are placed in the basin. This requires addition’r nts for basins with expansion ratios less than 4.

The arrangements of the elements for all basins is symmetric out in centerline. All basins are flared to the width
W5 of the corresponding abrupt expansion basin.

. The Cg values listed are for

The basic design equation is:

PVo Q+Cp Y (Yo? 12)W, =Cg Ap N p Va2 /2+ Q2 /(292 Wg ) 7-A-1
Where:

CIO is the momentum correction co ien hegWessure at the culvert outlet Figure 7-A-4.

y and p are unit weight (ZB&Q N/m3) ensity (1000 Kg/m3) of water, respectively

Yo = depth, V, = Velocity, , at the culvert outlet.

V, = the approach velocity "o culvert widths downstream of the culvert outlet.
Vg = exit velocity, and Wg = D@in width, just downstream of the last row of roughness elements.

N = total number of roughness elements in the basin.

Ar = frontal area of one full roughness element.

Cg = basin drag coefficient.



This equation is applicable for basins on less than 10 percent slopes. For basins with greater slopes, the weight of the water
within the hydraulic jump must be considered in the expression. Equation 7-A-2 includes the weight component by assuming

a straight-line water surface profile across the jump:
Cp YVYo2 W, 12+ pV, Q+wW(sinB)=Cg Ag N pV2 12+ y Q2 /(2Vg2 Wg )+ pVg Q  7-A-2

where:

w = weight of water within the basin.

Approximate Volume = (yo, Wq +ya Wa )W, +(.75LQ/NVg )[(N; - 1)
-(Wg /W, - 3) (1 - Wu /W5 )/2]

Weight = (Volume) y

6 = arc tan of the channel slope, S,.

N, = Number of rows of roughness elements.

L = longitudinal spacing between rows of elements.

The velocity V, and depth y, at the beginning of t
Figure 4-A-4, and Figure 4-A-5.These figures are a
10 percent, V, and y, can be computed using the en
culvert widths downstream (section A) .

2Wq Sq +ya +(0.25) (Q/Wp Ya)2 [2g=y, +

nts can be determined from Figure 4-A-2, Figure 4-A-3,
less than 10 percent. Where slopes are greater than
ritten between the end of the culvert (section o) and two

5(V,y2 7-A-3

where:

W =W, [4/3Fr+1]

There will be substantial splash t row of roughness elements if the elements are large and if the approach
velocity is high. This problem cargag@fandled by providing sufficient freeboard or by providing some type of splash plate. If
feasible from the standpoint of cul\@rt design, both structural and hydraulic, one solution to potential splash problems is to
locate the dissipator partially or tot3l within the culvert barrel. Such a design might also result in economic, safety, and
aesthetic advantages.

The necessary freeboard (F.B.) can be obtained from:
F.B. = h+y; +0.5(V, sing)? /9.81 7-A-4



The value of @is a function of y,/h and the Froude number, Vo @ It is suggested that ¢ =45° be used in design, since no

relationship has been derived.

Another solution is a splash shield, which has been investigated in the laboratory (7A3). This involves suspending a plate
with a stiffener between the first two rows of roughness elements as shown in Figure 7-A-3. The height to the plate was

selected rather arbitrarily as a function of the critical depth since flow usually passedghrough critical in the vicinity of the large
roughness elements.

Design Discussion

pute the flow parameters at the culvert outlet or, if the basin is partially or totally
at the beginning of the flared portion of the barrel. Compute the velocity, Vg,

The initial design step is to
located within the culvert ba

depth, y,, and Froude numbe

Select a trial basin from Figure 7-A-3 based on the Wg /W, expansion ratio which best matches the site geometry
or satisfies other constraints.

Determine the flow condition V5 and y, at the approach to the roughness element field--two culvert widths



downstream

For basins on slopes less than 10 percent with expansion ratios, Wg /W, , between 4 and 8, use Figure 4-A-2 or
4-A-3 to find V and Figure 4-A-4 or Figure 4-A-5 to find y, .For basins with expansion ratios between 2 and 4,
use Figure 4-A-2 or Figure 4-A-3 to determine V, and compute y, based on the actual width of the basin two
culvert widths downstream

For basins with slopes greater than about 10 percent, use Equation 7-A-3 to det@@nine both V, and yp .

Select the trial roughness height to depth ratio h/y, from Figure 7-A-5 and de

« roughness element height, h;
« longitudinal spacing between rows of elements, L;
« width of basin, Wpg;

« number of rows, N,;
o number of elements, N; ‘
o element width, Wy; \

« divergence, Ug;

« basin drag, Cg;
« frontal area of element, Ag = Wy h;

i @ength downstream of the last row of elements equal to the

if the width of the basin matches the downstream channel and the normal
e known, solve Equation 7-A-1 or Equation 7-A-2 for Cg Ag N.

. Cp from Fiqure 7-A-4

Total basin length is L; =2W,+LN; .
length between rows, L.

Solve Equation 7-A-1 ox
flow conditions, V,, and

Using the Cg, Ag, and N v
or larger than the Cg AL N v
new roughness configuration.

ound in Figure 7-A-5 also compute Cg Ag N. This last value should be equal to
e obtained from Equation 7-A-1 or Equation 7-A-2. If the value is less, select a

If the basin width is less than the downstream channel width-widths larger than the natural channel are not
recommended--solve Equation 7-A-1 or Equation 7-A-2 for Vg. This is a trial and error process and will result in

three solutions. The negative root may be discarded and the correct positive root determined from the
downstream condition. If the downstream depth is sub-critical, the smaller root (Vg ) is the solution providing the




tailwater depth is less than yg. If yg is smaller than the tailwater--tailwater controls the outlet flow. If the
downstream flow is supercritical, the larger root (Vp) is the proper choice; however, when the tailwater depth is
larger than yg, tailwater may again control.

The basin layout is indicated on Figure 7-A-5. The elements are symmetrical about the basin centerline and the

spacing between elements is approximately equal to the element width. In no case should this spacing be made
less than 75 percent of the element width.

. d have an element near the

SRake staggered.
o Q

The W, /h ratio must be between 2 and 8 and at least half the rows of elemen
wall to prevent high velocity jets from traversing the entire basin length. Alter

Riprap may be needed for a short distance downstream of the dissipatg B
Protection” and Figure 2-C-1 may be used to size the required riprap '

ains a section on "Riprap

\ 4
Design Procedure
J Step 1. Compute:
a- VO Q

J Step 2 Select a basin from Figur@P-AS@that fil@site geometry. Choose Wg /W, number of rows, N, N, h/ya
and L/h.

b. Yo

c. Fr

J Step 3. Determine:
a. VA
b. ya
Use Figure 4-A-2, Figure’4-A-3, Figure 4-A-4, and Figure 4-A-5 for 4<Wg /W, < 8

For Wg /W, <4 use Figure 4-A-2 or Figure 4-A-3 for V, and compute y, by Equation 7-A-3.

For slopes > 10 percent use Equation 7-A-3 to find both V and ya



J Step 4. Determine dissipator parameters:

J Step 5.

. h--element height
L--length between rows

Wpg --basin width

W, --element width=element spacing

Ue --divergence

. Cg --basin drag
A= W;h--element frontal area ‘ A
Cp --from Figure 7-A-4 : \

r ately equal to Wg, compute from Equation 7-A-1 or

Lg =2 (W,) +LN;

a. If the downstream channel
Equation 7-A-2.

Cg Ae N

Also compute Cg Ag va in step 4 If the latter value is equal to or greater than value from
Equation 7-A-1 or EqUglion 7-A-2, design is satisfactory. If less, return to step 2 and select new
design.

b. If channel width is greater than Wg, compute Vg from Equation 7-A-1 or Equation 7-A-2 and
compare with downstream flow to determine controlling Vg. Compute yg and compare with TW. If
TW>Yg TW controls.

J Step 6. Sketch the basin:



. Elements are symmetrical about centerline
b. Lateral spacing approximately equal to element width

c. W, /hratio between 2 and 8

d. Minimum of half of the rows with elements near walls

e. Stagger rows

J Step 7. Determine riprap protection requirement downstream of b ovides guidance and

Figure 2-C-1 design information.

Example Problem

Given:

2438 x 2438 mm Box culvert: \
length = 71.6 meters
slope = 0.02
Q Design = 39.64 m3/s.
7

Assumed n = 0.013
computed critical depth, yc =

normal depth, y, = 1.829 me

Natural channel:

width = 12.497 mete
Q = 39.64 m3/s.

slopes and cross sections vary@put all slopes are subcritical for the channel discharge so channel water surface
profiles must be computed from downstream controls. In this case normal depth several hundred meters
downstream of the basin could be assumed. Using the standard step method, a backwater profile was plotted and
the tailwater depth determined as TW= 1.001 meter.

Find:



Design a CSU basin to provide a transition from the 2.438 m wide culvert to the 12.497 m wide natural channel
and reduce velocities to approximately the downstream level.

Solution:

J 1. Culvert outlet flow conditions
- Yo.=Yn =1.829 m Reference 3-1.

2. Vo=V, =8.870 m/s

S Fr=VWg!.Javg =8.870/./9.811829) = 21

& 2. Select basin configuration Figure 7-A-5.

Channel Width/Culvert Width=12.497/2.438=5.12

Try expansion ratio &
Wg /W, =5
W, /W, =0.63, N, =4, N=15
hiya =0.71
L/h=6

& 3. Flow conditions at beginning of roy@hness figld? 0 Or 2 X 2.438=4.876 m from culvert exit.
.V Vo =1.05 from Figur

V5 =8.870(
ya =1.829(0.



. hly, =0.71; h=0.71(0.604)=0.429 meters
L/h=6; L=6(0.429)=2.574 m

Wpg /W, =5; Wg =5(2.438)=12.190 m
W, /W, =0.63; W, =0.63(2.438)=1.536 m; use 1.524 m (5 ft)
Ue=4/7+10L/7TW, =4/7+10(2.574)/(2.438)7=2.07 use 2
Cg =0.42

Ar =(1.524)(0.429)=0.65 sqg. meters

Cp =0.7

i. Lg =2(2.438)+4(2.574)=15.172 meters.

5> Q -~ 0 2 0T

& 5. Since channel and dissipator are approximately equal in h, ersus 12.497 m, the Cg A N

value will be computed directly from Equation 7-A-1. ‘
Yn Downstream=1.001 m

Vg =39.64/12.190(1.001)=39.64/12.178=3.255 m/s
P VO Q+Cp yYOZWO /2:CBAF Np VAZ/ V,
p=1000 kg/m3

Terms with V,, and y,: 1000(8.870) (3098%) + WRR(9810) (1.829)2 (2.438)/2 =379609
Terms with Vg : 1000(3.255) ( 9810(38.64)2 /2 (3.225)2 (12.190) =189820
33
eN

2 /P2 W

Cg Ar N (1000)(9.314) @4
(379609 - 1
Cg Ag N =4.

=N
=4337

From step 4

CB =0.42
N =15
AF =0.65

so, Cg NAE =4.12<4.40

try 5-rows same h/yA and return to step 4.



. h=0.429 m

= Q@

Cg A N =0.654(19)(0.38)=4.72>4.40 0.k

& 6. Sketch basin and distribute roughness elemeng
W,/h=1.524/0.429=3.55 between 2 and 8 0.k

& 7. Since the design matches the downst
place stone with 0.213 meters mean diameter

Design required filter from reference 52. :

-~ 0 2 0 U

L=2.574 m
Wpg =12.190 m

W; =1.524 m
Up =2

Cg =0.38

Ar =0.654 m2
C,=0.7

Lg =17.75m

S,
457

Q

jmum riprap will be required. From Figure 2-C-1,
layer for 3.05 meters downstream of dissipator exit.
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“A-5. Design Values for Roughness Element Dissipators

7-B Large Roughness Elements on Steep Slopes

In situations where there is limited right-of-way for an energy dissipator at the culvert outlet and where the culvert barrel is not
used to capacity due to inlet control, roughness elements are sometimes a convenient way of controlling outlet velocities.
Roughness elements placed in the culvert barrel may be used to decrease velocities by creating a series of hydraulic jumps



in a phenomenon known as tumbling flow (7B1).

Tumbling Flow in Box Culverts and Open Chutes

The tumbling flow phenomenon was investigated as a means of dissipating energy in highway culverts and
embankment chutes at Virginia Polytechnic Institute (VPI), (7B2, 7B3, 7B4, 7B2). Slopes up to 20 percent were
tested at VPI and up to 35 percent in subsequent tests by the Federal Highwa inistration (7B6).

Drainage chutes on highway cut and fill slopes are candidate sites for roughng
of roughness elements is reasonable for slopes up to 10 or 15 percent. Beyo
trajectory of the flow which is out of contact with the channel bed are so exagd
incorporated to counter splashing.

ent energy dissipators. Use
eparation and the
provisions must be

Tumbling flow is an optimum dissipator on steep slopes. It is essepti riéd8 of hydraulic jumps and overfalls
that maintain the predominant flow paths at approximately critica evegon slopes that would otherwise be
characterized by high supercritical velocities.

One of the major limitations of tumbling flow as an eng di that the required height of the roughness
elements is closely related to the unit discharge (dischar er unl th of channel). Conversely, the required
element height is relatively insensitive to the gulver, given slope and culvert width, doubling the
discharge increases the required height of r entS@Py approximately 50 percent; whereas, for a
given discharge, increasing the slope from 2 p ent increases the required element height by less
than 3 percent. There will be many situatio e element height may have to be half the culvert height to
maintain tumbling flow. Practical applicati
width, high-velocity culverts.

Tumbling flow is uniform flow in a ical h the same patterns of depth and velocity repeated at each
roughness element. It is not necessa@kto line the entire length of the culvert with roughness elements to get
outlet velocity control. F lve ro roughness elements are sufficient to establish the cyclical uniform flow
pattern.

Tumbling flow can be esta
element and a splash shiel
considered to be a practical

rather quickly by using either a very large leading element, or a smaller leading
reverse the flow jet between the first and second rows. The first alternative is not
tion since the element size is likely to be excessive.

The splash shield has merit since it deflects the so-called "rooster tail" jet against the channel bed and brings the
flow under control very quickly without using a large leading roughness element. For open chutes a splash plate
such as the one sketched in Figure 7-B-1 must be used, but for culverts the top of the culvert can serve as the
shield. In either case, there should be a top baffle to help redirect the flow. The top baffle need not be the same
size as the bed elements. It is not unreasonable to expect to provide additional culvert height in the roughened




region of culverts.

Steel Plate h

Suggested Value of hy= [1.23 to0 1.3) ¥a

a. Open Channel

b. Box Culvert

Figure 7-B-1. Shiel@Definitive Sketch for Tumbling Flow

The basic premise of the tumbling
slopes. The last elemenjg
bed right at the outlet. O

regi at it will maintain essentially critical flow even on very steep
ance L/2 upstream of the outlet so the flow reattaches to the channel
proach critical velocity, unless backwater exists.

Design Procedure

J Step 1. Check culveWcontrol. If inlet control governs, tumbling flow may be a good choice for
dissipating energy.

J Step2. Compute the initial condition:
a. The discharge intensity--discharge per unit width Q/W=q



b. Critical velocity Vi and depth y- see Chapter 3
c. Normal depth y, and velocity V|, Table 3-2 or Table 3-1

J Step 3. Select type of roughness configuration.

a. The recommended configuration is to use 5 rows of elements al
h =y, /(3-3.7S,)%/3

he same height (h).

b. The alternate method is to use a large initial roughness eleme four
smaller elements. In this case it is necessary to compute the sequé ») required
for the hydraulic jump:
Yo =(Fr)y, (So +0.153)/0.133 7-B-2
where :
Y, and F, are the approach conditions am mp.
In order for tumbling flow to occur the largg ini lement height should be:
hi >y; -ye 7-B-3

This element is followed by four sma lement® with a height computed by Equation
7-B-1.

J Step 4. Compute the longi
a. for the smg L/h ratio of either 8.5 or 10 is selected and L computed

b. for the alte
between this

a large leading roughness element is used, the spacing
p first small element L is:

Ly=2h+
g

EIS[

3 2@1;3 Cos
13

tan ¥ cosd +sind) +|itan*Focos e +5ind) < +
( ) 'I ]' qg;g COS

COS50

Where:
y = @— 0 =450 is used.

&
] hjcos @

12



Figure 7-B-2. Trajectory for FW\/ 0] the @&rge Leading Element

J Step 5. Slots may be provided in'the roughnessS\@gments a8 shown in Figure 7-B-3. To pass fine
sediment and to allow for drainage duriag lo Th t width (W5) should be:

W, = 0.5h 7-B-4
where:
h = the height of the small
The slot configuration -B-2 is recommended.
Wy = (W- /3 7-B-5

where:

Ng = the num f slots .
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J Step 6. When the recommended roughness configuration ig 2p 3a), a splash shield
may be desirable.
. For open channels use the splash shield as indicate , 1 with the splash guard
height (h,) equal to 50 mm or as dictated [ ents. The length, position and

height are shown on Figure 7-B-1.

b. For culverts, the jet should just clear the culve

hl :125yC 7-B-6

If D<(h; +h) an enlarged culvert heig o h; +h is required.

If D>(h; +h) an element, to r ith height (h,) should be located

downstream as shown o
h =1.5(D-h; -h) 7-B-7

J Step 7. The outl

V. =(qg)1/3 7-B-8

Design Procedure Summary

J Step 1. Check culvert control.



J Step 2.Compute: g=Q/W, V¢, Ye, Yn, and V,

J Step 3. Compute h using Equation 7-B-1
Compute y, for alternate design and h; >y, -y..

J Step 4. Select L/h = 8.5 or 10 and compute L.
Compute L; if alternate design is used.

J Step 5. Calculate W, and W, from Equation 7-B-4 and Equation 7- pge elements as

indicated in Figure 7-B-3.

J Step 6. Splash shields:

a. For open channels h, = 50 mm minimum, hy = 1.2 an +h4. The splash shield
length equals L/2.

b. For culverts check jet clearance. Find h; fr quatl B-6. If D<h; +h, make hz =h;

+h. If D>h; +h use Equation 7-B-£to fi eq

J Step 7. Calculate V. using Equation 7-

Example Problem

Design a tumbling flow ener iSSipa

cha

0.610 meters wid
Manning's n = 0.01
Q = 0.566 m3 /s.
So=10%

& 1. inlet control check¥not applicable for open channel flow.

& 2. = Q/W = 0.566/0.610 = 0.928 m3/s/m
yc =(g2/g)Y/3 = (0.9282 /9.81)1/3 =0.444 m

Ve =2.088 m/s



Yn = 0.186 meters
V), =4.999 m/s

& 3. Use 5 rows of elements all the same height.

h=yc /(3.-3.75,)?/3
=0.444/1.91=0.232 use 0.229 meters (0.75 ft)

- V3 Spacing L , using L/h =8.5
L=8.5(0.229)=1.95 meters, use 1.98 meters (6.5 ft.)

& 5. Slots W5

W, =0.5(h)=0.5(0.229)=0.115, use 0.122 meters (0.4

Segment width W4 ‘
1st, 3rd, and 5th rows W, = [0.610-2 (0.122)

2nd, and 4th rows W; =[0.610 - 3 (0.12 1 meters, use 0.914 m (0.3 ft.)

& 6.h, =0.050 m
hy = 1.25 ye =1.25 (0.444) = O

7 Ve atend o
Ve =(qg)*3

Tumbling flow in circular culvefts can be attained by inserting circular rings inside the barrel, Figure 7-B-4.

Geometrical considerations are more complex, but the phenomenon of tumbling flow is the same as for box
culverts.

In the previous section, primarily bottom roughness elements were considered, whereas in circular culverts the
elements are complete rings. The culvert is treated as an open channel which greatly simplifies the discussion,



and the diameter is varied to obtain vertical clearance for free surface flow.

Design Procedures have been described by Wiggert and Erfle(7B7,8). Their experiments for tumbling flow in
circular culverts were run with a 152 mm plexiglass model and a 457 mm concrete prototype culvert. Slopes
ranged from O to 25 percent, h/D, ranged from 0.06 to 0.15 and L/D; ranged from 0.3 to 3.0 (L/h from 5 to 20).

The experimental variables are illustrated in Figure 7-B-4. The variables that determine whether or not tumbling
flow will occur are: roughness height= h, spacing = L, slope = S, discharge = @and diameter = D;.

A functional relationship for the roughness hel

h:f (L1 Sl Ql Dls g) 7'B'9
Establishing dimensionless groupings yiciils:
h/D4 =f(L/D4, S, Q/(gD4°)1/2 7-B-10

Practical design limits ¢
gualitative laboratory ob
when h/D; is between 0.1
for L/h in the design proce

Constant = (S, Q/g D4

assign
tum

h/D; and L/D; to further simplify the functional relationship. Based on
flow is easiest to maintain when L/D, is between 1.5 and 2.5 and
igning these limits for circular culverts is analogous to assigning values
or box culverts. The functional relationship in Equation 7-B-10 can be rewritten:
2

or
Q/(gD1°)Y2 =f(S) 7-B-11

Theoretically f(S) in Equation 7-B-11 could be any function involving the slope term Empirically f(S) was found to
be approximately a constant. The slight observed dependence of f(S) on slope is considered to be much less




significant than the inaccuracies associated with measuring flow characteristics over the large roughness
elements. Based on model and prototype data, f(S) can be defined by:

0.21<f(S)<0.32 ,

if the slope is between 4 percent and 25 percent. For slopes less than 4 percent, the culvert should be designed
for full flow rather than tumbling flow. See Section 7-B. "Roughness Elements for Increased Flow Resistance."

Equation 7-B-11 can be rewritten to yield
0.21<Q/(g D1°)12 <0.32

-12
or
1.6(Q2/g)L/5 <D, <1.9(Q?/g)/5

Equation 7-B-12 is the basic design equation for tumbling flow in gte lar@@ulverts. If the diameter of the

roughened section of the culvert is sized according to this equati will occur and the outlet velocity
will be approximately critical velocity. Equation 7-B-12s limjted to g conditions:

L/D, [2.0 (tolerance® 25%)

h/D; [0.125 (tolerance 20%)
slope greater than 4% and less than 2

Since tumbling flow is an open channel ph gravity forces prevail and the Froude number, V/(gy)l/2,
should be used as the basis for design (g
to several publications, that h/y is an imp@ktant scfling parameter for roughness elements in open channel flow.
In both of these dimensionless term ' ristic flow depth. The validity of using D in lieu of a
characteristic flow depth in Q/(gD4 efully examined for culverts flowing less than full. The
characteristic depth for Ing flow ever, is critical depth which is uniquely defined by Q and D,; so D4 can

be substituted for y in thi rtially full culverts.

457 mm prototype. Differen
prototype; nevertheless, if th

in model and prototype data were attributed to experimental difficulties with the
are scaling errors, they appear to be on the conservative side.

A major concern is that silt may accumulate in front of the roughness elements and render them ineffective. This
is perhaps unwarranted as the element enhances sediment transport capacity and tends to be self-cleansing. In
their original list of possible applications, Peterson and Mohanty (7B1) noted that by "using roughness elements
to induce greater turbulence, the sediment-carrying capacity of a channel may be increased."

Water trapped between elements may cause difficulties during dry periods due to freezing and thawing and insect



breeding. Narrow slots in the roughness rings (less than 0.5h) can be used to allow complete drainage without
changing the design criteria.

Five roughness rings at the outlet end of the culvert are sufficient to establish tumbling flow. The diameter
computed from Equation 7-B-12 is for the roughened section only, and will not necessarily be the same as the
rest of the culvert. The American Concrete Pipe Association (7B7) introduced the telescoping concept in which
the main section of the culvert is governed by the usual design parameters (prggumably inlet control) and the
roughened section is designed by Equation 7-B-12. They suggest telescoping t rger diameter pipe over the
smaller “for at least the length of a normal joint and using normal sealing mateg e annular space.

Velocity Prediction at the Culvert Outlet

be computed by
ings. Critical flow for an

The outlet velocity for tumbling flow is approximately critical vel
determining the critical depth, y., for the inside diameter of

open channel of any shape will occur when

Q2 T/gAc3 =1 P 7-B-13

Referring to Eigure 7-B-5, the following additional re nships<€an be written:

For y. >r:

Y1=Ye- T

B =2 Arc cos (y;/r)
A = Ti2(1 - B/360) + vy (12 -y Q2
T:2(r2_y12)1/2
Fory. <r:
Y1=r-Y¢

B =Same

Ac =102 B/360 - Y12 - y,2)1/2
=2 (r2_ y12)]J2



Figure 7-B-5. Definition Sketch for Criticgl Ciggular Pipes

Figure 3-4 can be used to determine critical depth using D;.

Table 3-2 can be used to determine the criticalxa
VC :Q/AC

elocity can be computed from:

Design Procedure

J Step 1. Check culvert control. |
dissipating energy.

let congiol ¥Bverns tumbling flow may be a good choice for

J Step 2. Determy r, D4, of the roughened section of pipe to sustain tumbling flow.

1.6(Q2 /g)? 9@ /g)l°

h/D; =0.125% 20%
L/D; =2.0 £ 25%

J Step 4. Compute the internal diameter of the roughness rings:



Di:Dl - 2h

J Step 5. Determine the critical depth, y,, using: Figure 3-4 from design discharge for Q and D, for
diameter.

J Step 6. Compute y, /D;.

3 Step 7. Determine A, from Table 3-2 use y,/D;
for d/D and read A/D2 which equals A;/D;2

Ac =(Ac/Di?)D;2

J Step 8. Compute the outlet velocity:
VolVe =Q/Ac

Example Problem

Given: \
1219 mm diameter culvert, 60.96 m
n=0.012, 6% slope
Q-Design = 2.266 m3/s

Vo =7.315m/s
The Culvert is govern

Required:
Determine size and ghness elements for tumbling flow.

Solution:



J 1. Inlet control governs.

& 2. Equation 7-B-12

1.6(Q2/g)1/5 < D; < 1.9(Q%/g)Y5
14m<D; <17
Use D; =1.524 m (5 ft)

J 3. Compute h and L.

h/D; =0.125 + 20%

h=0.125(1.524)=0.191 m
0.15<h<0.23 Use h =.178 m (7 inches)

L/D; =2 = 25%
L=3.048
29m<L<3.8m, UselL=3.048m (10 ﬁ’\

&, Compute D;.

D; =D4 -2h=1.524 - (0.382) =1.14

Figure 3-( :

AID2 =A/D;2 =0.628
A, =0.629(1.142)2 =0.820 m2

& 5. Determine Y from

Y. =0.853 m

J 6. Compute y

" ¥ Compute the outlet velocity.
V. =Q/A, =2.266/0.820=2.763 m/sec



This is a reduction from V=7.315 m/s in the original culvert of:

100(7.315 - 2.763)/7.315 =62%

'| L 3 ™
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Figure 7-B-6. Sketched Solution for the Tumbj4
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7-C Roughness Elements to Increase Culvert Resistance near the Outlet

Increased Resistance in Circular Culvert

case resistance and
grtial flow to full
rfaces as well

The methodology described in this section involves using roughness elements to
induce velocity reductions. Increasing resistance may cause a culvert to change
flow in the roughened zone. Velocity reduction is accomplished by increasing t
as by increasing drag and turbulence by the use of roughness elements.

Tumbling flow, as described in Section 7-B, is the limiting design conditjg ements on
steep slopes. Tumbling flow essentially delivers the outlet flow at critig Iy . Squirement is for
outlet velocities between critical and the normal culvert velocity, desi @ ed resistance into the

barrel is a viable alternative.

ert flowing partially full

The most obvious situation for application of increased barrel res !
creating additional

with inlet control. The objective is to force full flow’art
headwater.

Figure 7-C- onceptual Sketch of Roughness Elements to Increase Resistance

Based on experience with large elements used to force tumbling flow, five rows of roughness elements
with heights ranging from 5 to 10 percent of the culvert diameter are sufficient.

Much of the literature relative to large roughness elements in circular pipes expresses resistance in terms
of the friction factor, "f." Although there is some merit in using the friction factor, all resistance equations
are converted to Manning's "n" expressions for this manual.

The Manning equation for a circular culvert flowing full is:
Q=AV=TUDZ4)(1/n) (D/4)2351/2= (0.31/n)D8/351/2 -C-1

Assuming normal flow near the outlet and inlet control allows substitution of the bottom slope, Sg _for the



friction slope, S;. If the culvert flows less than full, it is usually expedient to compute full flow and to use a
hydraulic elements graph, Figure 7-C-3, to compute partial flow parameters. Designing roughness
elements is basically a matter of manipulating Equation 7-C-1 and Figure 7-C-3 in conjunction with
empirical graphs for determining "n" in roughened pipes.

Wiggert and Erfle (7B7) studied the effectiveness of roughness rings as energy dissipators in circular

culverts. Although their study was primarily a tumbling flow study, they observed in many tests that they
could get velocity reductions greater than 50 percent without reaching the roughness level necessary for
tumbling flow. They did not derive resistance equations, but they did establish approximate design limits.

Best performance was observed when h/D was .06 to .09. Doubling the height, h4, of the first ring was
effective in triggering full flow in the roughened zone. Adequate performance was obtained with four rings
but with double spacing between the first two. However, the same pipe length is involved if a constant
spacing is maintained and five rings used, with the first double the height of the gther four. The additional
ring should help establish the assumed full flow condition.

Subsequent experience reported by the American Concrete Pipe Association (7 ated a need to
consider lower values of h/d, and to establish approximate resistance curves fq ;
order to avoid installations that will propagate full flow upstream to the culvert i

Morris (7C4) studied all pertinent rough pipe flow data available and cog

1. Quasi-smooth flow-Occurs only when there are depressions or ess elements are
spaced very close (L/h= 2).Quasi-smooth flow is not impo [

2. Hyper-turbulent flow-Occurs when roughness elements are gse so each element is in
the wake of the previous element and rough‘rfac ' the primary source of the overall

friction drag.

3. Isolated roughness flow-Occurs when roughness ing is
drag on the culvert surface plus forgn dra ro ess elements. The three regimes are
illustrated in 7-C-2.

o |
2l = (|
i IH"
FLOWY ———=
1 1 =

ot G AR F G iy T e g el ¢ A A S o] e B

b. Hyperturbulent Flow . lsolated Roughness Flow

Figure 7-C-2. Flow Regimes in Rough Pipes

Isolated-Roughness Flow

The overall friction or resistance, fir, is made up of two parts:



flR = fS + fd 7-C-2
Where:

fs = friction on the culvert surface.
fq = friction due to form drag on the roughness elements.

The friction due to form drag is a function of the drag coefficient for the particular shape, the
percentage of the wetted perimeter that is roughened, the roughness dimensions and spacing
and the velocity impinging on the roughness elements. Morris related the velocity to surface
drag and derived the following equation:

fir = f5 [1+67.2Cp (L, /P)(h/r; )(r; /L)] 7-C-3

where;:

Cp = drag coefficient for the roughness shape,

L, /P = ratio of total peripheral length of roughness elements to tota
perimeter,and

r, = pipe radius based on the inside diameter of roughness fj
crest to crest.

hness element
ningls Ilnll

ar
a

Throughout Morris' work, he used measurements from cre
ring as the effective diameter, D;. Equation 7-C-3 can be ¢

expression as follows:
fs =123.96 (n/D1/6)2 ‘
flR =123.96 (n|R /Di1/6)2
Nr =N (DI /D)l/6 [1+672 CD

7-C-4
where:

nr =overall Manning's 'n" ughness flow.

shapes and gaps are left in the roughness rings, L,/P is less than 1.0 and

the equation
that the overal

regime.

Sistance, n|r, decreases as the relative spacing, L/D;, increases for this

Hyperturbulent Flow
The friction in this regime is independent of friction on the culvert surface

where:

fyt = overall friction for hyper-turbulent flow.
@ = function of Reynolds number, element shape, and relative spacing

By restricting application of Equation 7-C-5 to sharp edged roughness rings and to spacing




greater than the pipe radius, @ can be neglected.

Substituting:

DM iy = 1239675

into Equation 7-C-5 and rearranging terms yields:
ny7=0.0898 D;1/6/(1.75 - 2log;q L/r;) €6

The effect of the roughness height, h, is included inherently in D;. From Figure 7-C-5, it can be
seen that nyt increase as the spacing increases for this regime.

Regime Boundaries

Since resistance increases when the spacing increases for the hyper-turb
when the spacing decreases for the isolated roughness regime, the bou
regimes occurs when the resistance equations are the same. The boundé
equating fig in Equation 7-C-3 to fy in Equation 7-C-5. All the boun

are based on sharp-edged rectangular roughness elements (C
rings (L,/P=1.0). Smaller values of L,/P increase the isolated r zone; so if isolated
roughness flow occurs for L,/P=1.0, it will occur for any va 10

ed by
os in Elre 7-C-6

Design Procedure ’

& Step 1. Compute 0.820 n/DY/6, where "n” is M
"D" is the diameter.

Mg's coefilcient for smooth culvert and

J Step 4. Determine th Figure 7-C-6. The flow regime will be"isolated
roughness" (I.R.) if the i e L/D; and h/D; ratios is above the 0.820 n/DY/6 value.
If the pointd is hyper-turbulent” (H.T.). Isolated roughness flow is the most

re to be left in the roughness rings so that L,/P is much less than 1.0,
Equation 7-C-4 must be used since Figure 7-C-4 is based on L,/P=1.0.

2. For hyper-turbulent flow obtain n=nyt from Figure 7-C-5 directly or from Equation 7-C-6.

3 Step 6. Compute the crest to crest roughness ring diameter,
D; =D-2h=D/(1+2h/D;)

3 Step 7.Compute full flow characteristics based on D and n:

Q(FULL)=(0.31/n, )D813 S 1/2



and V(FULL)=(0.40/n, )D2/3 S 1/2

J Step 8. Determine outlet velocities:
. If Q(FULL)=Design Q,

V(OUTLET)=V(FULL)

b. If Q(FULL) is less than Design Q, the culvert is likely to flow full and result in increased
headwater requirements. In this case, a complete hydraulic analysis of the culvert is
necessary to compute the outlet velocity which will be greater than V(FULL) from Step 7.
To avoid this situation, use an oversize diameter, D;, for the roughened section of the

culvert and repeat steps 1 through 7 above.

3. If Q(FULL) is greater than Design Q, use Figure 7-C-3 to compute t locity. Enter the
figure with

Q/Q(FULL) = Q(DESIGN)/Q(FULL)

read
V/V(FULL) and compute
V(OUTLET)=(V/V(FULL)) V(FULL)

3 Step 9. Evaluate acceptability of outlet velocity and rep if necessary.

Acceptable outlet velocity is a site determina’n ade by the designer. It is
anticipated that one use of roughness rings ma nt riprap protection.

If the outlet velocity is not acceptable, the recomm d order of considerations is:
. If Q(FULL) is less than Desi i : proach full flow. A solution can

ated value of D; slightly greater than
esponding h/D; from Figure 7-C-4 or Figure

3 Step 10. Determine the size and spacing of the roughness rings.
. D; =DI(1+2(h/D; ))

h=(h/D; )D;

L=(L/D; )D;

h; =2h ~ (height of first roughness ring; see Figure 7-C-1)

D=D; +2h (for oversized sections of rough culverts)

(O L B ST S TR O

Use five roughness rings including the oversized first ring. If an oversized diameter is
used provide an approach length of one diameter before the first ring.




Example Problem

Given:
1200 mm Culvert flowing under inlet control.

Diameter =1.219 m
Design Q = 2.830 m3/s
n=0.012

Slope = 4%

Length = 60.960 m

Also

Q(FULL) = 8.892 m3/s

V(FULL) = 7.620 m/s

Q(DESIGN)/Q(FULL) = 2.830/8.892 = 0.32
V(DESIGN)/V(FULL) = 0.88 (from Figure 7-C-3)
V,= 6.706 m/s

Yo= 0.457 meters

Find:

the size and spacing of roughness element and the diameter o rg nd section (if
required) to reduce the outlet velocity to 4.572 m/s (15 ft/s

& 1. compute 0.820 n/DVS.
0.820 n/DY6 = 0.820/(0.012)/1.219%/6 =0.00

Solution:

& 2. select L/D; =1.5.

& 3. Try h/D; =0.05

1)=1.219 /(1+0.10)=1.108 m

& 7.Full flow computations for the rough pipe.

Q(FULL) = (0.31/.0276)(1.108)83 /77 = 2.954 md/s
V(FULL) = 3.063 m/s

ds Compare full flow with design flow.

Q(DESIGN)/Q(FULL)=2.830/2.954=0.96
VIV(FULL)=1.14 from Figure 7-C-3.
V(OUTLET)=1.14(3.063)=3.492 m/s < 4.572 which meets design conditions



& 9. The roughness size could be reduced slightly since velocities up to 4.6 m/s can be
tolerated. From Figure 7-C-3 it can be seen that:

max(V/V(FULL)) 01.15;

The resistance, n, could be estimated such that
V =4.572 m/s and V(FULL) = 4.572/1.15: i.e.

n, =0.40 D23 5,12 [(4.572/1.15)

Using D; =1.158, n, =.022; so h/D; =0.025 would be satisfactory.The inherent
assumption in the design procedure may not be valid for h/D; less than 0.05; use
h/D; =0.05 rather than reduce h. A gap should be left at the bottom for dry weather
drainage. From Figure 7-C-3, the roughened culvert will flow 80 per full at the

design discharge so it is reasonable to also leave a gap in the top of €
an additional safeguard against propagating full flow upstream to the4

& 10. Roughness sizes and spacing:
D; =D/(1+2h/D; )=1.219/1.1=1.108 m
h=(h/D; )D; =(.05)1.108=.0.055 m use 51 mm (2 in)
L=(L/D; )D; =(1.5)1.108=1.662 m use 1.5m -1.676 m
h; =2h=102 mm or .10 m
Use five roughness rings.

oo 0.80; = 864 mm 4
g

- Bt
Section A-A

Sketch of
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Figure 7-C-6. Flow Reg

Increased Resistance in Box Culverts

prelimi®ary FHWA report on fish baffles in box culverts
f flow regimes and basic friction equations, but a

Material for this section was drawn prim

more representative approach velo e regimes. Experimental data by Shoemaker (7C2)
was also utilized to define the t i or several reasons, modifications to the fish baffle
development were necessar dissipator needs. In fish baffle design, the interest is in a
conservative estimate of resi i size a culvert; whereas, in this manual, a conservative

estimate of the g ity i important. Also, fish baffle design curves involve bottom roughness
only.

overprediction or an underprediction of resistance. For this manual, it is

igh as well as low resistance curves. Rather than attempt to define the transition
abrupt transition is used as the worst condition for the high curves, and a
sumed as the mildest condition for the low curves. This is illustrated in Figure

will lean towards eit
appropriate to develd
between these curves
straight line transition IS

Haliils
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Figure 7-C-7. Transition Curves between Flow and Regimes

Observations by Powell (7C3) are the basis for assuming the 6 to 12 range of L/ the transition curve.

An L/h=10 is chosen for design because it yields the largest n value.

Desigh Recommendations

The three equations below form the basis for determining the ug curves
through a procedure similar to the one shown in Figure 7-C-7. ‘ @ad lower design

curves can be used to conservatively compute resistance
velocities.

(an/n)LOW = [1+ 200 (h/L)(Lr/P)]l/z ‘ 7-C-7

(iR /N)i=[1+390(h/L)(L, /P)]L/2 7-C-8

(ny/n) = {(1-L,/P)+70.6(L/P)/[2lo 7-C-9

implicitly included in Equation er value in Equation 7-C-8. It is assumed that
(R/R;)1/3 is approximately aulic radius of the culvert proper and R; is the
e roughness elements.

recommended
spacing is the sa

ght of the larger element is twice the height of the regular elements. The
for all rows of elements.

The procedure is limited to solid strip roughness elements with sharp upstream edges.
Rectangular cross section roughness elements will best fit the assumptions made.

Due to the assumed velocity distribution, application of the procedure must be limited to small
roughness heights and to relatively flat slopes. The roughness height should not exceed ten
percent of the flow depth. This restriction is inherently included in the suggested range of h/Ri
in the design procedure. Slope should not exceed 6 percent.

Design Procedure

Note: Steps 1-7 are concerned with computing outlet velocity to evaluate scouring potential



and/or to design additional outlet protection.
3 Step 1. Use L/h=10

& Step 2. Select h/R; from 0.10 to 0.40

3 Step 3. Computer L, /P where: L, = peripheral roughness length including slots. L, /P=1

when roughness length extends through the flow or when the culvert is flowing full with a
roughness length equal to the circumference. P = the total wetted perimeter of the culvert.

Slots are provided for low flow drainage. Their width should not exceed h/2. In this step
assume the culvert flows full; so

P=2(B+D)

and

L, =B for bottom roughness only.

J Step 4. Determine (n, /n) from the lower set of curves of Figure ; n" is the

Manning resistance coefficient for the culvert without roughnes . Whichever is
smaller. Compute n, which is the overall effective Manning resi i

roughened portion of the culvert.

ement crests:
. Assume a value of h from h ~ (h/R;)BD/2(BsD

b. Assume a trial value of y; . Initially assume y;
c. Compute A; and R;.

Ai = By;
Ri = Ai /(B+2y|)

y; if Q is less than Q(DESIGN),
Bse y; if Q is greater than Q(DESIGN).

f. Repeat ste@@5c, d, and e until Q and Q(DESIGN) are approximately equal.

J Step 6.
. Compute the velocity, V, using A from the last iteration.
V=QIA,

2. Compare V with the allowable outlet velocity. If a different value of V is required, select a
new h/R; and repeat steps 2 through 6.

3 Step 7. Compute the required number of rows of roughness elements from the momentum
eguation written as follows:



[]_5}83#;12 HoQVR =(NICp Ao Vi 2 f2+0_5}Byi2 +oQY, 7-C-10
where;

Y, and V,, are normal depth and velocity for the smooth culvert.
yj and V; are normal depth and velocity for the rough culvert
Cp=1.9
As =wetted frontal area of a roughness row
=B(h) for bottom roughness.
p =1000 kg/m3
V,, =average wall velocity acting on the roughness elements
Vavg/3=(vn +V;)/6
N=required number of rows of roughness elements.

Note: Steps 8 through 9 check the height of the culvert for capacity.

J Step 8. Determine (n, /n) from the upper set of curves of Figure 7-C-8
3. Compute "n,."

step

3 Step 9. Check adequacy of culvert height and compute flo
error:

. Compute h using R; from step 5.

pssary by trial and

h:(h/R| )RI ’
b. Try y; =D-h Compute
C =S,Y2 In,
c. Compute A; and R;.
A =By
Ri:Ai /2 (B+yi )
d. Compute "Q" from

Q=[(L/n,)S$

J Step 10. U e last value of D as the height of the culvert for the roughened section.

3 Step 11. Spe@lly dimensions:

Use h from step 9a
Compute L=10h
Use one upstream element twice the height of the others; h; =2h

Design Example

Given:
1.219 m x 1.219 m box culvert, 61.0 meters long
n=.013, 6% slope



Q(DESIGN) 2.830 m3/s

Allowable outlet velocity=4.572 m/s
Vo=V, =6.797 m/s

Yo=Yn =0.341 m

Solution:
& 1 Use L/h=10.

& 2. select h/R; =0.10; use bottom roughness only.

&3 L, =B=1219m

P=2(B+D)=4.876 m
L, /P=.25
&4 (n, /n)=2.25 from the lower set of curves of Figure 7-C-8,
N, =2.25x.013=0.029.
& 5. Flow depth is:
. h = 0.10(1.219 x 1.219)/2(1.219 +1.219)=0.030
b. Tryy; =1.219 - 0.030=1.189 m, C=8.45 m
c. A =1.219(1.219)=1.486 m2
54)= 6.

R, =1.486/(1.219+2.378)=0.413 k4

d. Q=[(1/n,)S,Y2] A; Ri?/3 =[8.45](1.48
e. try smaller y;

3/s >2.830 m3/s

Trial
Yi Ai Q
1.189 6.959
0.762 0.929 0.33 3.816
085 2.848
4.572 m/s OK.

&g (n; /n)=2.5 from the upper curves Figure 7-C-8.
n, =2.5x0.013=0.033

& 9. a h=0.305(3)=0.030 m
b. Try y; =1.219-(0.03)=1.189, C=7.42

c. A;=1.219(1.189)=1.449
R; =1.449/(1.219+2.378)=0.403

d. Q=[7.42](1.449)(0.403)2/3 =5.866 m3/s
e. Q>Q(DESIGN); therefore the culvert size is adequate.



& 10.D=1.219 m

&1 h=0.03, use 31.75 mm angles
L=10h=0.30 m; use 0.30 m (1 foot)
h; =2h; use 63.5 mm angles
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(’. Chapter 7 : HEC 14

Forced Hydraulic Jump Basins
Part Il

Go to Chapter 8

7-D USBR Type Il Basin

The Type Il basin was developed by the United States Bureau of Recld@ation (7D1). The design
is based on model studies and evaluation of existing basins.

The chute blocks tend to lift part of the incoming jet from the fi g a large number of
gyump to sweep off the
apron. Test data and evaluation of existing structures indic [ ute block height, width,
and spacing equal to the depth of incoming flo‘(yl

The effect of the chute slope was also investigate
of the incoming jet is fairly uniform, th
For steep chutes or short flat chutes, t
will be experienced with long flat chutes
substantially exceeding those on th results in an asymmetrical jump with strong side
eddies. The same effect will result ivergent angles too large for the water to follow.
See Chapter 5 for details on thgad&8i rging transition sections.

USBR™As long as the velocity distribution
on jump performance is insignificant.
rib8®on can be considered uniform. Difficulty
| resistance results in center velocities

The design information fort asin | idered valid for rectangular sections only. If
trapezoidal or oth oposed, a model study is recommended to determine design
parameters.

It is also recommen
should always be des

7-D-2 includes a desig

gin of safety for tailwater be included in the design. The basin
ed with a tailwater 10 percent greater than the conjugate depth. Figure

urve which incorporates the factor of safety.

Design Recommendation

The basin may be utilized for Froude numbers of 4.0 to 14.

The required tailwater depth is as indicated on Figure 7-D-2.

The height of the chute blocks (h,) is equal to the depth of the incoming flow, y;,
Figure 7-D-1. The width (W,) and spacing (W) of the chute blocks also equals y;. A




space y,/2 is preferred along each wall.

The height (h,) of the dentated sill is 0.2(y,) and the maximum width (W3) and
spacing (Wy) is 0.15(y,). The downstream slope of the sill is 2H:1V. For narrow
basins, the width and spacing may be reduced but should remain proportional.

The chute blocks and end sill do not need to be staggered relative to each other.

The USBR tests indicated that the slope of the incoming chute has no perceptible

effect on stilling basin action. Their test slopes varied from 0.6H:1V to 2H:1V. If the
chute slope is 2H:1V or greater, a reasonable radius curve should be incorporated
into the chute design, see Figure 4-B-5.

The length of the basin (Lg) may be obtained from Figure 7-D-3.

These design recommendations will result in a conservative still flows up

to 46.45 m3/s per meter of basin width.

Design Procedure

J Step 1. Determine basin width (WB),‘ev z1 Mlength (Lp), total length (L),
incoming depth (y;), incoming Froude numid@g (Fri jump height (y,) by using the
design procedure in Section 4-B, Superggdtica ansion Into Hydraulic Jump Basins.
For step 5E, use C =1.1 or Figu d or step 5F, use Figure 7-D-3 to
find L.

J Step 2. The chute block
the incoming depth.

ight (h h (W), and spacing (W) are all equal to

J Step 3. The dentated sill height, (h,)=0.2y,, The block width (W3) = the spacing
width (W,) which is equal to 0.15 times the jump depth.

h2 :O.Zyz
W3 OW, 00.15y,

The number of blocks (Ng) plus spaces approximately equals Wg /W3. Round this to



the next lowest odd whole number and adjust W5 =W, to fit Wg.

Example Problem

Given: Same Conditions as example problem in Section 4.6.3, Supercritical
Expansion.

3048 mm x 1829 mm (10' x 6') RCB,
Q =11.809 m3/s, S,=6.5%
Elevation outlet = 30.480 m (100 ft)
V,=8.473 m/s, y,=.457 m

Downstream channel is a 3.048 m bottom trapezoidal chann
side slopes and n=0.03.

ith 1V:2H

Find: Dimensions for a USBR Type Il basin

Solution:

& 1. Determine basin elevation using design proce@ur line Section 4-B,

Supercritical Expansion Into Hydraulic Jump Basins.
Steps from Section 4.B:

1. V,=8.473 m/s, y,=0.457 m, Fr,=4

=2.603 m

7 W3 = C1Y (0457 ’l+8(-4)2 il

4. y, >TW, 2.603 > 9 drop the basin.

) =2y

T =S5 =0.5

K no flare
48)[29(30.480-25.756+0.457-y,)+8.4372]1/2
Q=3.048y, [19.62(5.181-y,)+71.183]1/2

y; =0.299 m OK
V, =11.809/0.299(3.048)=12.958 m/s

D. Fr=12.958/ QI{D.EQQ]I =7.57

E For Cq=11 y3 = 1.’1(D.299)[J’l+8(?5?}|2 —1]f2 = 3360 m



F. From Figure 7-D-3 Lg /y, =4.3, Lg =14.448 m
Lt =(z5-21 )/St =(30.480-25.756)/0.5=9.448 m
73=[30.480-(14.448+9.448-25.756/0.5)0.065]/1.13
23 =28.563 m

G. Yo +22 =29.116 m
z3 +TW=29.147 m OK

6. Lt =9.448 m, Lg =14.478 m
Ls =(23 -2, )/Ss =(28.563-25.756)/0.5=5.612 m
L=9.448+14.478+5.612=29.493 m

7. Fro =4 from Figure 4-B-5 y,/r=0.1

r=0.457/0.1=4.570 m
Basin width, Wg =3.048 m

Basin elevation, z; = 25.756 m
Basin length, Lg =14.478 m
Total length, L=29.538 m
Incoming depth, y; [10.305 m (1 ft‘
Incoming Froude number, Fr, =7.6
Jump height, y,[18.353 m (11 ft.)

J 2. Chute Blocks:
hy = W; =W, =y; =0.305 m
N =3.048/2(0.305)=5-0O
W, =W, =3.048/(2 x 5)a0.
Sidewall spacing = 2m

olen
5m

Ng =Wp /W5 X8048/0.503 [16, Use 5

which makes cks and 2 spaces each 0.610 m
(2 ft).



EXAMPLE PROBLEM SKETCH {WIl-G}

Note: See the USBR and SAF design comparison at the

Figure 7-D-1. USBR Type |l Basin
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This basin, which o
discharges up to 18.
15.2 to 18.3 meters p
17.

e U.S. Bureau of Reclamation (7D1), is intended for
bic meters per second per meter of basin width and velocities up to
econd. It operates effectively for Froude numbers ranging from 4.5 to

The design employs chute blocks, baffle blocks, and an end sill, Figure 7-E-1.

The basin action is very stable with a steep jump front and less wave action downstream than
with either the USBR Type Il or the free hydraulic jump. The position, height, and spacing of the
baffle blocks as recommended below should be adhered to carefully. If the baffle blocks are too
far upstream, wave action will result; if too far downstream, a longer basin will be required; if too
high, waves can be produced; and, if too low, jump sweep out or rough water may result.

The baffle piers may be as shown in Figure 7-E-1 or cubes; both shapes are effective. The




corners should not be rounded as this reduces energy dissipation.

Tailwater depth equal to full conjugate depth is recommended, Figure 7-D-2. This provides a 15
to 18 percent factor of safety.

Design Recommendations

Length of basin can be obtained from Figure 7-D-3.

Tailwater depth equal to full conjugate depth is essential.

The height, width, and spacing of chute blocks should equal the d@@&pth of flow entering

width and spacing may be reduced, for narrow structuresg# ] fire reduced
a like amount. A half space should be left adjacent to th

The distance from the downstream face of the chut pstream face of
the baffle pier should be 0.8(y,).

The height and shape of the solid end sill is@@iven

If the chute slope is 2H:1V or gr ' r curve at the intersection with the
basin floor. See Figure 4-B-5 to '

If these recommendations are short; compact basin with good dissipation
action will result. If they can e follg closely, a model study is recommended.

Design Procedure

ydth (Wp), elevation (z,), length (Lg), total length (L),
incoming dept g Froude number (Fr4), jump height (y»)

by using the de procedure in Section 4-B, Supercritical Expansion Into Hydraulic
Jump Basins. For@ep 5E, use C;1=1.0 or Figure 7-D-2 to find y,. For step 5F, use
Figure 7-D-3 to find Lg.

J Step 2. The chute block height (h;), width (W;), and spacing (W5) are all equal to
the incoming depth

Wl DWZ Dhl =Y 1

The number of blocks (N¢) is equal to



Nc =Wg /2y, rounded to a whole number.

Adjusted
Wl :W2 :WB /ZNC
Space at wall = W, /2.

J Step 3. The baffle block height (h3) is found by using Figure 7-E-2 to find hj /y;
knowing Fr;. The width (W3) and spacing (W,) equal:

W3 =W4 =.75h3

to a whole
th from

The number of blocks (Ng ) is equal to Ng =Wpg /1.5h3 roun
number. Adjusted W3 =W, =Wpg /2Ng, Space at wall = W3 /
chute block=0.8y..

) Step 4. The end sill height (h,) is found by using Fi
knowing Fr;.

ine h4 /yl,

Example Problem ‘

Given:

Same Conditions as Section 4-
6.5%.Elevation outlet invert z,= 3
channel is a 3.1 m bottom trap

Find:

1 m RCB, Q=11.809 m3/s, S,=
73'm/s, yo=0.457 m. Downstream
ith 2H:1V side slopes and n=.03.

Dimensions for a USB pe

d1 Determ tion using design procedure outlined in Section 4-B
Supercritical EX@@#fSion Into Hydraulic Jump Basins

Solution:



Steps from Section 4-B:
1. V,=8.437 m/s, y,=.457 m, Fr,=4

2. downstream channel TW=y,, =.579 m, V,, =4.846 m/s

3 y, = cm[wﬁ + BFr? —1]f2 B 1.D(D.45?)[J1 +B(4)? - 1]f2 = 2,367 m

4. Since y,>TW, 2.367>.58 drop the basin.

5. Use z; =26.670 m
. Wg=3.048m, St =5S5=.5
b. Wg - OK no flare
c. Q=3.048y, [29(30.480-26.670+.457-y, )+8.4732 |1/
Q=3.048y [19.620(4.267-y, )+71.792]1/2

y1 =0.317m
V1 =11.809/0.317(3.048)=12.223 m/s

Fr, 512.223/,/y{0317) - 6.93¢,

7. Fro =4 frorg@Eigure 4-B-5 y,/r=0.1
r =0.457/0.19A.570 m

Basin width, Wg =3.048 m
Basin elevation, z; = 26.670 m
Basin length, Lg =7.960 m

Total length, L=20.530 m
Incoming depth, y; =0.317 m

Jump height, y, =2.948 m
Incoming Froude number, Fr; =6.9



& 2. Chute Blocks:
h; =W, =W, =y, =0.317 m say 0.305 m (1 ft.)
Nc =Wpg /2y, =3.048/2(0.305)=5-OK whole number
Space at wall=W, /2=0.305/2=.152 m (0.5 ft)

& 3. Baffle Blocks:
From Figure 7-E-2, hz /y, =1.75 for Frq =6.9

hs =1.75(0.305)=0.555 m
W3 =W, =.75h3 =.75(.555)=0.418 m

Ng =Wg /1.5h5 =3.048/(1.5(0.555)=3.7 = 4 blocks
adjusted W5 =W, =Wg /2Ng =3.048/2(4)=0.381 m
Space at wall = W3 /2=0.418/2=0.209 m

Length from chute block = 0.8y, =0.8(2.948)=2.358 m

& 4. End Sill:
From Figure 7-E-2, h, ly, =1.4 for Fr; =6.9
hy =1.4(0.317)=.443 m

26 670 26 670
7620 —»te— 7960l B,y DATUM
=t

——— 20,630

i

Note: See the USBR and SAF design comparison in Table 5-4.
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Figure 7-E-2. Height of Ba

f%\m (Basin Ill) (reference 7D1)

The Type IV U.S. Bureau of &&cla in (7D1) is intended for use in the Froude number
range of 2.5 to 4.5. In this lo ude n er range, the jump is not fully developed and
downstream wavege ay b roblem as discussed in Chapter 4. For the intermittent flow

encountered at mo lve¥ts, this is not judged to be a severe limitation.
The basin employs ¢ pblocks and an end sill, Figure 7-F-1.

7-F USBR Type IV Basin

Design Recommeéndations

The maximum width of the chute blocks is equal to the depth of incoming flow, y; .
From a hydraulic standpoint, it is better to construct the blocks narrower than y;,
preferably 0.75(y;). The block width to spacing should be maintained at 1:2.5 with a
fractional space at each wall. The top of the blocks is placed 2(y;) above the basin
floor and sloped 5 degrees downstream

It is recommended that a tailwater depth 10 percent greater than the conjugate depth



be used for design. The hydraulic jump is very sensitive to tailwater depth at these
low Froude numbers. The jump performance is increased and wave action reduced
with the higher tailwater, 1.1y,, Figure 7-D-2.

The basin length can be obtained from the dashed portion of the free jump curve of
Figure 7-D-3

The end sill used with the type Il basin is also recommended for this basin, Figure
7-E-2.

The Type IV basin is for use in rectangular channels only. See Chapter 4 for details
on the design of transition sections.

Design Procedure

J Step 1. Determine
« basin width (Wpg)

» elevation (z,)

« length (Lg)

« total length (L)

« incoming depth (yq)

« incoming Froude number
« jump height (y,)

by using the design procedu , Supercritical Expansion Into Hydraulic
Jump Basins. For step SEUSB.C; =1.8Jor Figure 7-D-2 to find y,. For step 5F: use
Figure 7-D-3 to find L

J Step 2. loc

jght (hy) =2y,
spacing (W5)=2.5 W,

The numbeR@f blocks (N¢) is equal to
Nc =Wpg /3.5W; rounded to a whole number.

AdeSted Wl :WB /35NC
W, =2.5W;

Side Wall Spacing = 1.25W,

J Step 3. The end sill height (h,) is determined by using Figure 7-E-2 to find h,/y,




knowing Fr;.

Example Problem

Given:

Same Conditions as Section 4-B, 3048 mm x 1829 mm RCB, Q=11.809 m3/s S =
6.5%. Elevation outlet invert z,=30.48 m; V,=8.473 m/s, y,=0.5 m. Downstream
channel is a 3.05 m bottom trapezoidal channel with 2H:1V side slopes.

Find:
Dimensions for a USBR Type IV basin.

Solution:

&1 This basin, which is essentially a free hydraulic ju in Section
4-B, Supercritical Expansion into Hydraulic Jump Basin \gn is summarized
below. Even though the incoming Fr; is outside the thisi@asin , the design
procedure is the same. The problem is used so that SBR basins can be
compared (see design summary in Sectt
Steps from Section 4-B:

1. V,=8.473 m/s, y,=0.457 maFr,=

2. TW=y,, =0.579 m, V,, =4.8

C. y1 =0.302 m, V4 =12.832 m/s

d. Fr; =7.46 which exceeds the 2.5 to 4.5 design range
e. Y, =3.036 m

f. LB =19.202 m, LT =9.144 AL Z9'F 28.323 m



g. Yo +Zz =28.944 m
Z5 +TW=28.902 m OK

6. Lt =9.144 m, Lg =19.202 m, Lg =4.330 m, L=33.176 m

7. r=4572 m

Basin Width, Wg =3.048 m

Basin elevation, z; = 25.908 m
Basin length, Lg =19.202 m

Total length, L=33.176 m
Incoming depth, y; [0.305 m
Incoming Froude number, Fry [I7.5
Jump height, y, [13.048 m

& 2. Chute Blocks:
h, =2y, =2(0.305)=0.610 m
W,00.75y, = 0.229 m (0.75 ft)
W,[02.5W; =0.572 m ‘
Nc =Wg /3.5 W, =3.048/3.5(0.229)=3.
Adjusted W; =Wg /3.5N¢ 3
W, =2.5W, =2.5(0.218)=0.5
Side wall spacing = 1.25

908 l
=
ko —T_‘_ .5.144 ‘L_.‘g_anz g | LA TLM
-

-— —33.176




Note: See USBR and SAF design comparison in Table 5-4.
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re 7-F-1. USBR Type IV Basin

7-G SAF Stilling fgmsin

The St. Anthony Falls or SAF stilling basin is a generalized design that uses a hydraulic jump to
dissipate energy. The design is based on model studies conducted by the Soil Conservation
Service at the St. Anthony Falls Hydraulic Laboratory of the University of Minnesota (7G1).

The design provides special appurtenances, chute blocks, baffle or floor blocks and an end sill,
which allow the basin to be shorter than free hydraulic jump basins. It is recommended for use at
small structures such as spillways, outlet works, and canals where Fr= 1.7 to 17. Fr is the
Froude number at the dissipater entrance. The reduction in basin length achieved through the



use of appurtenances is about 80 percent of the free hydraulic jump length.

At the design flow, the SAF stilling basin provides an economical method of dissipating energy
and preventing dangerous stream bed erosion.

Design Recommendation

The width Wg of the stilling basin is equal to the culvert width W,. For circular
conduits, Wy is the larger of D, or

W;g =1.7 D(Q/g0-5D 2.5) 761

The basin can be flared to fit an existing channel as indicated on
sidewall flare dimension z should not be smaller than 2, i.e., 2:1,

The length Lg of the stilling basin for Froude numbers between f
proportional to the theoretical sequent depth y; found fro

equation
2
R + X
Y=y (af1+ 8FrF =112 T
and

Lg =4.5Y; /Fr0.76 7-G-3
The height of the chute block is d spacing are approximately
0.75y4
Floor or baffle blocks should ith respect to the chute blocks and
should be placed downs distaf@e Lg /3. They should occupy between 40 and
55 percent of the stilli idths and spacing of the floor blocks for

to the side w

Height of the e
corresponding t

is 0.07y; , where y; is the theoretical sequence depth

The depth of tailwater y, above the stilling basin floor is:

Fr=1.7 t0 5.5, y, =(1.1-Fry2 /120)y; 7-G-4
Fr=5.5to 11, y, =0.83y; 7-G-5
Fr=11to 17, y, =(1.0-Fr;2 /800)y; 7-G-6

Wingwalls should be equal in height and length to the stilling basin sidewalls. The top
of the wingwall should have a 1H:1V slope. Flaring wingwalls are preferred to
perpendicular or parallel wingwalls. The best overall conditions are obtained if the
triangular wingwalls are located at an angle of 45° to the outlet centerline.



The stilling basin sidewalls may be parallel (rectangular stilling basin) or diverge as an
extension of the transition sidewalls (flared stilling basin). The height of the side wall
above the maximum tailwater depth to be expected during the life of the structure is
given by y; /3.

A cut-off wall of adequate depth should be used at the end of the stilling basin to
prevent undermining. The depth of the cut-off wall must be greater than the maximum
depth of anticipated erosion at the end of the stilling basin.

Design Procedure

J Step 1. Choose basin configuration and flare dimension, z.

incoming depth (y;), incoming Froude number (Frq), ju j using the
design procedure in Section 4-B, Supercritical Expansi aulic Jump Basins.

& step 3. Chute Block:
height, hy =y,

width, ( W;)=spacing, (W)

Number, NcJWg /2W; roun

Adjusted W, =W, =Wpg

N¢ includes the 1/2 bl

Y

to a number

ate

J Step 4. Baffle Blo
height, h.g&
Width,
Basin

Number

4)=-79Yy1
OCkS, WBZ :WB +2LB 13z

ocks, Ng OWg, /2W5 rounded to a whole number
Adjusted =W, =Wpg,/2Ng

Check total WOck width to insure that at least 40 to 55 percent of Wg,
Is occupied by blocks.

Distance from chute blocks to baffle blocks = Lg /3
& step 5. End Sill height, hy =.07y,

J Step 6. Side wall height =y, +y; /3




Example Problem

Given:

Same conditions as Section 4-B. 3.048 X 1.829 m (10' x 6') RCB, Q=11.809 m3/s, S
=6.5%. Elevation of outlet invert z,=30.480 m (100 ft). V,=8.473 m/s, y,=0.457 m.
Downstream channel is a 3.048 m bottom trapezoidal channel with 2H:1V side
slopes.

Find:
Dimensions for a SAF basin

Solution:

& 1 Use rectangular basin with no flare.

& 2. Determine basin elevation using design procedur y Supercritical

Expansion Into Hydraulic Jump Basins.
Steps from Section 4-B:
1. V,=8.473 m/s, y,=0.457 m,Fr, 4
2. Downstream channel TW=y, =0.579

3. From Equation 7-G-2 and
yj =Y1 [(1+8Frq2)1/2
Yo =(1.1-Fry2 /120
4. Since y, >TW, 2.288>
5. Use z; =27.889 m

16)1/2 -1]/2=2.367 m
.367=2.288 m

d. Fr, =11.165/[9.81(0.347)]4/2 =6.05

= ['p'“ o ok oy ’l]f 2= D.Sd?[\f’l + 8(6.05)° - 1] {3 =2.800

Equation 7-G-5, y, =0.85y; =0.85(2.800)=2.380 m

6. Equation 7-G-3, Lg =4.5y; /Fr0-76
=4.5(2.800)/3.93=3.206 m




L1 =(z,-21 )/St =(30.480-27.889)/0.5=5.182 m
25=[30.480-(3.231+5.182-27.889/0.5)0.065]/1.13=29.698m

7. Y5 +25 =30.269
TW+z3 =30.277 OK

6. LT =5.182 m, Lg =3.231 m
Ls =(z3 -2, )/S¢ =(29.698 - 27.889)/0.5=3.618 m
L=5.182 + 3.231 +3.618 = 12.031 m (39.5 ft)

7. Fry=4 from Figure 4-B-5, y,/r=0.1
r=0.457/0.1=4.57 m

Basin Width,Wg =3.048 m
Basin Elevation, z; =27.889 m
Basin Length, Lg [3.353 m

Total Length, L [112.192 m
Incoming depth, y; =.347 m

Incoming Fr; =6.05
Theoretical jump height, y; =2.800 m‘
Jump height, y, =2.380 m

J 3. Chute Blocks:
h, 00.366 m (1.2 ft)
W, 00.75y;1 =0.274 m=W,
Nc =Wpg /2W4 =3.048/2(0
Adjusted W, =Wpg /2Ng,=
and a half block at each@vall.

6 blocks.
.254 m. This gives 5 full blocks, 6 spaces,

Basin Width, Wz, =Wg +2Lpg /32=3.048+0=3.048 m

Ng =Wpg, /2WR&3.048/(2 x 0.274)=5.6 m, use 6 blocks.
Adjust W3 =W, =3.048/(2 x 6)=0.254 m

Total block width = 6(0.254)=1.524 m

Check percent 1.524/3.048 = 0.50, 0.40<0.50 < 0.55 OK.

This gives 6 blocks, 5 spaces, and a half space at each wall
Distance from chute block = Lg/3=3.353/3=1.118 m.

& 5. End Sill
hs =0.07y; =0.07(2.800)=0.196 m



& 6. sSide Wall:
Height=y, +y; /3=2.380 + 2.800/3=3.313 m

27888 27.8B9
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Figure 7-G-1. SAF Stilling Basin (from reference 7G1)

Comparison of Baffle Block Basins:

The three USBR Basins, Types Il, lll, IV, and the St. Anthony Falls Basin
(SAF) were all designed using the same flow conditions:




Box Culvert 3.048 x 1.829
Discharge, Q=11.8 m3 /s
Velocity, V,-8.5 m/s

Depth, y,=0.457 meters
Slope, S,-6.5%
Froude Number, Fr0:4 0

Type* Basin
Req d Elevation
Meters m**

USBR
0.299 14.5 29.5 25.8
III 0.317 6.9 2.9 8.0 20.5 26.7
v 0.305 7.5 3.0 19.2 33.2 25.9
SAF 0.347 6.0 2.4 34 12.2 27.9
* All Basins with constant cross section have same width, are 3.05 meters, a ar.
**The culvert outlet invert has a reference elevation of 30.5 meters.

7D1. U.S. Bureau of Reclamation
Design of Small Dams

2nd Ed 1973, pp393-439

U.S. Government Printing Office

7G1. Blaisdell, Fred W.,
The SAF Stilling Basin ,
U.S. Government Printing Office, 1959.

Go to Chapter 8 Q\
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Contra Costa Energy Dissipators

Go to Chapter 9

8-A Contra Costa Energy Dissipator

Introduction

The Contra Costa energy dissipator (8A1) was developed at the University of n conjunction with Contra

Costa County, California. The dissipator was developed to meet the following
1. to reestablish natural channel flow conditions downstream from the
to have self-cleaning and minimum maintenance prope‘ies,

to drain by gravity when not in operation,
to be easily and economically constructed, and

to be applicable for a wide range of culvert si
conditions.

o s~ w N

Field experience with this dissipator has been very limi uld not be extended beyond the range of the model tests.

f any cross section where the depth of flow at the outlet is less
velOcity effluents. The dissipator design is such that the flow leaving
out tailwater. When tailwater is present, the performance will

The dissipator is best suited to small and medi
than the culvert height. It is applicable for medi
the structure will be at minimum energy w
improve. A sketch of the dissipator arra

Design Discussion

The initial step is to determine Ivalent"depth of flow (y,) at the culvert outfall:

For box culverts:
Ye = Yp OrYy brink.

For oval, elliptical, circular, or other shapes: convert the areas of flow at the culvert outfall to an equivalent rectangular cross
section with a width equal to twice the depth of flow y, = (A/2)1/2, In so doing, the design information is applicable to oval,

elliptical, and circular culverts.



The Froude number is computed by using y, rather than the actual depth of flow at the culvert outfall, £ = 4/ 'fnge . By

entering Figure 8-A-2 with Fr2, and an assumed value of L, /h,, a trial height of the second baffle, h, can be determined. h,
equation of the lines in Figure 8-A-2 has been changed slightly from that presented in the original paper to compensate for
replacing the depth of flow in a circular pipe (y,) by the equivalent rectangular flow depth, y.. The original equation:

L, /(h, Fr2) =1.2(h, ly,)1-83

has been revised to
L, /(hy Fr2) =1.35(h, /y,)183

The remaining two equations, used for determining other dimensions of the dissipator, rée
and plotted on Figure 8-A-3 and Figure 8-A-4.

L3 /L2 :375(h2 /L2 )0'68

anged; these are given below

Yo /h2 :13(L2 /h2 )0'36

The three equations may be used for proportioning the dissip&or b
convenient and practical to use for design purposes. The value
3.5 is recommended for best performance wherever econQgaai
unity. After determining values of h, and L, from Fi [ ion L3 can be obtained by entering Figure 8-A-3 with L,
and the assumed value of L,/h,. Should the dimensio
site, a second value of L,/h, is assumed and the

-2, Figure 8-A-3, and Figure 8-A-4 are more
m 2.5 to 7.0 in the experiments and a value of

From Figure 8-A-2, the height h; of the first ba ht of the second baffle h, , and the position of the first baffle is
half way between the culvert outlet and th L,/2. Side slopes of the trapezoidal basin for all experimental runs

essentially level. The height
approximate maximum wat

vary from 0.06y, to 0.10y,. After obtaining satisfactory basin dimensions, the
ithout tailwater, can be obtained from Figure 8-A-4.

Design Procedure

The dissipator design should onl
2.5<L, /hy, <7.0

applied within the design limitations:

D<W<3D
Yo <D/2

side slopes of 1H:1V



The following steps outline the procedure for the design of the Contra Costa energy dissipator:

J Step 1. Analyze flow conditions that are expected to occur at the outfall of culvert for the design discharge. If the depth of flow
at the outlet is one half culvert diameter or less, the Contra Costa dissipator is applicable.

J Step 2. Compute y,:
Ye =Y, ; for rectangular
Ye =(A/2)1/2; for other shapes.

J Step 3. Compute the parameter Fr2 =V, 2/gy,

J Step 4. The width of the basin floor is selected to conform to the natural ch
set at a maximum of three times the culvert width.

efined channel, the width is

) Step 5. Assume a value of L,/h, between 2.5 and 7 and with the aid
L3: Give due consideration to the optimum value of L,/h, =3.5 as well as to

particular situation. Repeat the procedure, if necessary, unti IS S
The first baffle height (h;) is 0.5h,.

d Figure 8-A-3, determine h,, L, and
Ing and economic requirements of the
ined which optimizes the design requirements.

J Step 6. The approximate maximum water surf
Figure 8-A-4.

ter can be obtained for the final arrangement from

J Step 7. Riprap may be necessary downstre
recommendations.Freeboard and a cutoff wall

or the low tailwater cases. See Chapter 2 for design
nsidered to prevent overtopping and undermining of the basin.

Example Problem

Given:
Diameter of culvert 1.219 m
Q=84
Yo = 0.701
V,=12.192
A =0.696 m
Find:

A Contra Costa energy dissipator dimensions.

Solution:



If the above proportioning proves compatible
above dimensions are final; if not, a differ

computation is acceptable, the various

& 1.y,=0.701 m=D/2, OK.
& 2.y, =(0.696/2)1/2 =0.590 m.
D 3. Fr2 =v,2/g(y,)=12.1922 /9.81x0.590=25.7

& 4. W=2D=2.438 m

ds By assuming L,/h,=3.5 and entering Figure 8-A-2 with Fr2 =25.7, a value of 3.50 &¥0hb for h, ly.. Therefore,
h, = 3.50(0.590) = 2.065 m and
h; = 0.5(2.065) = 1.032 m

L, = 3.5(2.065) = 7.228 m

be eters. If the maximum rise in water
-4. Strictly speaking, the value of y, from
e problem at hand, these values are

Entering Figure 8-A-3 with L, = 7.2 meters and L,/h,=3.5, L3 is foun
surface, without tailwater, is desired, this can be obtairﬁ fro

this chart applies for a bottom width W/D = 2 and 1H:1V st
essentially correct.

ds. Entering Figure 8-A-4 withh, =2.1 mand L, .2 meters. If the height of end sill is based on this value,
hs = 0.09(y, )=0.09(4.2)=0.4 m

at the site and the dissipator is economically satisfactory, the
is selected and the design procedure repeated. Assuming the first

Second Baffle End Sill

Hor. Distance 2.4 7.3 108.49
Height - 2.1 3.2
Length (baffle) 2.4 -




Fi 8-A-1. Contra Costa Energy Dissipator
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8-B Hook Type Energy Dissipator

The Hook or Aero-type energy dissipator was developed at the University of California in cooperation with the California Division of
Highways and the Bureau of Public Roads (8B1). The dissipator was developed primarily for large arch culverts with low tailwater but can be
used with box or circular conduits without difficulty. The applicable range of Froude numbers, is from 1.8 to 3.0. Two hydraulic model studies
were made in developing the design. The first used a basin with wingwalls warped from vertical at the culvert outlet to side slopes of 1.5H:1V
at the end sill, and a tapered basin floor as shown in Figure 8-B-1. In the second study, the warged basin was replaced with a trapezoidal
channel of constant cross section such as shown in Figure 8-B-5.

Warped Wingwalls Type Basin

The higher the velocity ratio, V,/Vg, the more effective the basin is in dissipating g iting the flow downstream. A

flare angle a of 5.5 degrees per side (tana = 0.10) is the optimum value for Fr
does not improve basin performance.

The design is a routine operation except for determining the width of the h
dimension to insure that the width is sufficient for effective opgration, but n

at flow passage between the hooks is

inadequate. Although a value of W, /W, of 0.16 is recommer®ed ' hould be checked to see that the spacing
between hooks is 1.5 to 2.5 times the hook width. The effective of th ator falls off rapidly with increasing Froude
number regardless of hook width, for flare angle exceeding de . Theretore, the flare angle should be limited to 5.5

degrees per side, if possible.

Desigh Recommendations - Warped Win

The tangent of the flare angle should eq ! .5Y%egrees = 0.10) for the highest velocity reduction. At larger
flare angles, the velocity ratio remai ps off rapidly.

The best range of L, /Lg for the A- is 0. .80.

The best range of L, /Lg 0.83 to 0.89.

The best width of opening @&he end sill ratio, Wg /W, is 0.33.

The best height of end sill is roximately two-thirds the flow depth at the culvert outlet, h,/y,=0.67, y.=(A/2)1/2,

Test results did not indicate a specific optimum with regards to the height of the side sill. A value of hg /hg of 0.94 may
be used.

For wide hooks the velocity reduction will be a maximum, but the apparent maximum flow rate (i.e., the flow rate just
before excessive over-topping of the wingwalls) will be reduced. In addition, as the hooks become wider, the spacing



between them and the walls decreases and may not be sufficient for the passage of debris. For these reasons a
thickness ratio, W, /ye = 0.16, the minimum value tested, is recommended. The design should be adjusted to obtain

the proper spacing.

The basin length cannot be assigned a fixed value since it depends on site conditions. However, the shorter basin
lengths give higher velocity reduction over most of the range of Froude numbers tested.

The recommended hook dimensions are shown in Figure 8-B-2.

The height of wingwalls (hg) should be at least twice the flow depth at the culvert exit 8
used in the study to determine the apparent maximum flow rate. This apparent ma
used to determine the velocity ratios and Froude numbers. Therefore, the prototyy
additional freeboard.

(Ye). This was the height

rate was the condition
d be provided with

Depending on final velocity and soil conditions, some scour can be expeg
should, where necessary, provide riprap protection in this area. Chapter

ST the basin. The designer
esign guidance for riprap.

Where large debris is expected, armor plating the upstream face of S Wi eel is recommended.

) 4

Design Procedure - Warped Wingwall Type

See Figure 8-B-1

) Step 1. Compute the culvert outlet conditio
a. Velocity, V,
b. Depth, ye
. Froud ber , =
c. Froude number , £y = b

d. Check 1.8<Fr<3.0, if not
another type of digsi

a. Velocity, V,
b. Depth, y,
C. Ratio V, /V,

J Step 3. Select the tangent of the flare angle, a. The angle a =Arc tan
(0.10) is recommended and determine Lg. Assume a value for Wg

and compute Lg from:

Lg = (Wg - Wy)/(2tana)



Where the downstream channel is defined, Wg should be approximately
equal to the channel width.

J Step 4. Compute.

a. L4 using 0.75<L, /Lg <0.80 distance to first hooks

b. W, from width at first hooks W, =2L; (tana)+W, and

W, using 0.66<W, /W, <0.70 distance between first hooks.
C. L, using 0.83<L,/Lg<0.89=distance to second hook

d. Wg =0.33W¢g =width of slot in end sill

e. hy =0.67y, =height of end sill

f. hg =0.94hg where hg is equal to twice the incoming flow
depth yg, hg =2 (Ye) minimum

g. W, =0.16W,, =thickness or width of hooks

h. h6 :2ye
i W3 :(WZ -W4)/2 ‘
J Step 5. Compute other hook dimension: Figure 8-B-2.

a.hy =y /1.4

b. h2 :1'3hl

C. h3 =Ye

d. B =135°

e. r:O.4h1

J Step 6. Assess scour potentia nst b on soil condition

and outlet velocity. Find V,/Vg froNg@igure 8- nd compare with
VoV, from step 2c for. 3 ' Chapter 2.

d, the upstream face of the
hooks should be armorec

Sample Design for a Basin\gth Warped Wingwalls

Given:

A long concrete arch culvert which is 3.658 meters wide and 3.658 meters from the floor to the crown of the
semicircular arch.

S, = 0.020



n=0.012
Q =76.410 m3/s
Ye = 1.829 meter

V, = 11.430 m/s

The normal stream channel is trapezoidal with:

bottom width of 6.096 meters side slopes of 1.5H:1V
Sy = 0.020

n=0.030

V,=5.273 m/s

Yn = 1.676 meters.
Find:

Hook energy dissipator dimensions.

Solution:

& 1. Calculate the Froude number at the culvert exit @ .
Fro = Vo /(9 X Ye )12 = 11.430/(9.81 x 1.829)12 = 2.7
1.8<2.70<3-OK

&2 Vv, =5273m/sy,=1.676m

Vo IV, =11.430/5.273 = 2.17

& 3. For best energy dissipation, thesflaR@angle offilhe bottom of the transition section should be tan a = 0.10 per
side. In expanding at this rate fro ulve Ngi .658 meters to a channel width of 6.096 meters, the basin must
be 12.802 meters long or about 3. of the culvert (see Figure 8-B-4).

1.829 m.

es the

d Following the ord mmendations, the position, size, and spacing of the hooks can be

determined:
. For distance to the t¥

L1/LB =0.75, or Ll =0
W, = 2L, (tan a)+W, =

5(12.802) = 9.602 m
(9.602)(0.1)+3.658 =5.578 m

b. The spacing between the A hooks is:
W, /W, = 0.66, or W, = 0.66(5.578) = 3.681 m

c. The distance to the B hook is



L, /Lg = 0.84, or L, = 0.84(12.802) = 10.754 m
d. The width of opening in the end sill is

W5 /W = 0.33, or Ws = 0.33(6.096)=2.012 m
e. The best height of end sill is

hy lye = 0.67, or hy = 0.67(1.829) = 1.225 m

f. The same height of end sill is carried up the sloping sides to:

hs/hg=0.94 or hg=0.94[2(y,)]=3.438m

g. For width of hooks, according to the recommendation,
W,4/Wpg = 0.16 or W,4=0.16(3.658)=0.585 m

h. W3 = (W, -W,)/2 = 1.548 m
9. hg =2y, = 2(1.829) = 3.658 m 'S

) 5. The hook dimensions are proportioned according to ketch

. hi=ye/1.4=1.306m
b. hy = 1.28(h;) = 1.673 m
c. hg =y, =1.829m 0

d. r=0.4(hy) =0.524 m

e. =135

The dissipator design
hook width which is sat

on Fi 3-B-4, dimensioned in meters. The spacing between hooks is twice the

From Figure 8-B-3, with

[11.430/1.9=6.016 m/s. T
protection may be desirable

er of 2.70 and L=3.5 W, V,, /Vg will be less than 1.9 making Vg
Is somewhat higher than the normal velocity in the downstream channel indicating riprap

Straight Trapezoidal Type Basins

A second set of tests was made with the hooks and end sill placed in a uniform trapezoidal channel as shown on Figure 8-B-5.

The width and shape of the cross section in this case closely resembles the natural channel before installation of the culvert. It
was found that some of the former values assigned to parameters needed to be changed for the trapezoidal basin of uniform



width. For example, the hooks and sill are upstream closer to the outfall of the culvert. The author (7B1) presents several charts
depicting the effect of various variables on the performance of the dissipator. These show that for a given discharge condition
widening the basin actually produces some reduction in the velocity downstream, and flattening the side slopes improves the
performance for values of the Froude number up to 3.0.

Design Recommendations

The following dimensions are recommended for the trapezoidal hook dissipator (se€ re 8-B-5 or Figure 8-B-6 for

identification of symbols):

LB =3.0 WO W5 /WG =0.33
Ll =1.25 WO h4 /yl =0.67
L, =2.1W, hg /hg =0.70
W, =0.65W,

Where:

hg = 3.33 y, (for 1.5H:1V side slopes)
hg = 2.69 y, (for 2H:1V side slopes)
W, = Width of rectangular culvert (for circular and irrggular
shaped culverts W, = 2y, where y, = (A/2)1/2
Wg = Bottom width of trapezoidal chan
as 2 without affecting performance. See
W, = 0.16W

W3 /W, = should be unity or greater

The height of hook (Figure 8-B-6) ha rom the warped wingwall basin so that h, = y,.

Il basin which concerns riprapping the downstream channel and
e straight trapezoidal design.

The design recommendations for
armoring the hook faceg, also appl

Design Procedure for gpidal Type Basins



See Figure 8-B-5

J Step 1. Compute the culvert outlet condition,
a. Width W, = width of rectangular culvert, for circular
or other shapes, W,=2y, and y.=(A/2)1/2
b. Velocity, V,
c. Depth, y,

d. Froude number, Fr

e. Check 1.8<Fr<3.0
If outside this range select a different basin.

J Step 2 . Compute the flow conditions in the downstream
channel.

a. Velocity, V, ‘
b . Depth, y,
c . Ratio V4 IV,

J Step 3. Select side slope:
1.5H:1V or 2H:1V and compute Lg an

Wy /W, can be as large as 2

LB :3.0W0

J Step 4. Compute:
. L1=1.25W, ; len

b. W5,=0.65W, ; widt
c. L,=2.085W, ; lengthN@second hook

d. W5=0.33Wg ; where the bottom width of trapezoidal channel
W=slot width at dissipator end

e. h4=0.67y, ; height of end sill

f. h5=0.70h6
where:



hg =3.33 y, for 1.5H:1V side slopes

and
hg =2.69y, for 2H:1V side slopes

g. W,4=0.16W, ; thickness of hooks

h. Check W3 /W, 2>1

where:
W3 =(Wp5 -W,y)/2

J Step 5. Compute other hook dimension.
see Figure 8-B-6.
a. hy=ye
b. h;=0.78y,
C. h3:1.4h1
d. B=13%°

e. r=0.4h; &

J Step 6. Assess downstream scour potential. Determian ure 8-B-7 and compare with V,/V, from
step 2c. See Chapter 2 for riprap recommend@iion
J Step 7. When large debris is expected, cwtream face of hooks.
Sample Design - Straight Trapezoidal e
Values which remain the same a e pr mple are:
. : /s

J Stepsl and 2 Ye=1.829 m

W, = 3.658 m
W, = 6.096 m
Yo = 1.676 m

pe energy dissipator in a uniform trapezoidal channel with bottom width of 6.096
meters and 1.5H:1V side slo for the same inflow conditions as given in the former example.

Lg = 3.0W, = 3.0(3.658) = 10.974 m

J Step 4. The other dimensions recommended for this dissipator are:



. L;=125W,=4572m
. W, =0.65W,=2377m
L,=21W,=7.682m

. Ws /Wg = 0.33, Ws =0.33(3.658)=1.207 m
. hy /ye = 0.67, hy = 0.67(1.829) = 1.225 m

. hg=3.33y,=6.091m
hs /hg = 0.70, hg = 0.70(6.091) = 4.264 m

g W, = 0.16W, = 0.16(3.658) = 0.585 m

h. W3 = (W, -W, )/2 = (2.377 - 0.585)/2 = 0.896 m,
W, /W, = 0.896/0.585 = 1.5 OK

-~ 0 Q O T

J Step 5. Compute other hook dimensions.
a. hy =y =1.829 m
b. hy =0.78(ye) =1.427 m
c. h3=1.4(h;)=1.998 m
d. p=1350
e. r=0.4(h4)=0.571 m

A sketch of this energy dissipator with dimensi
W3/W, = 1.0 is permissible for this basin since the
for the warped wingwall type of dissipator

ers1s shown in Figure 8-B-8. The spacing of the hooks
stance between the A and B hooks is greater than

Wg/W,=6.096/3.658=1.67, V4/Vg [2.0 making Vi [111.430/2 =

From FEigure 8-B-7, with a Froude nuigbe@®f 2.70 a
al ca@nhnel velocity, V,, indicating minimum riprap protection may be

5.715 m/s. This is slightly higher t e
necessary.

The dimensions of the\@ ins, eac signed for the same inflow and outflow conditions, are presented in table
below.

Dimensions in Meters

Warped Wingwall Straight Trapezoidal

1.8
3.7
11.0
4.6




10.8
3.7
1.2
2.0
6.1

7.7
2.4
1.2
1.2
6.1
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Figure 8-B-1. Warped Wingwall Type Basin
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4. Sample Design - Warped Wingwall Basin



Dissipator in a Straight Trapezoidal Basin

Figure 8-B-5. I—{@



Figure 8-B4»T al Sh of Hook Straight Trapezoidal Basin
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8-C Impact-Type Energy Dissipator

The impact-type energy dissipator developed by the Bureau of Reclamation (8C1) is contained in a relatively small box-like structure, which
requires no tailwater for successful performance. Although the emphasis in this discussion is placed on its use at culvert outlets, the
structure may be used in open channels as well.

Development of Basin

The shape of the basin has evolved from extensive tests, but these were limited in rang gical size of field structures

required. With the many combinations of discharge, velocity, and depth possible for the

device, Figure 8-C-1. Energy dissipation is initiated by flow striking the vertical paffle and eing deflected upstream by
the horizontal portion of the baffle and by the floor, creating horizontal eddijes.

The notches shown in the baffle, Figure 8-C-1, are provided to aid in clea g yftiter prolonged nonuse of the structure. If
the basin is full of sediment, the notches provide concentrategjets cleaning. The basin is designed to carry the full

discharge over the top of the baffle if the space beneath the baff pletely clogged. Although this performance is not
good, it is acceptable for short periods of time.

Design Discussion

The design information is presented as a simple
information contained in reference 21, plus the
Works, City of Los Angeles. It represents the r
with respect to the Froude number. The L

, Figure 8-C-2. This curve incorporates the original

nal experimentation performed by the Department of Public
efering the dissipator to the width of dissipator required, plotted
icate that limited extrapolation of this curve is permissible.

In calculating the energy and the Froud
irregular-shaped conduit mu compute

Ye = (A/2)l/2

Ivalent depth of flow entering the dissipator from a pipe or
the basis of:

In other words, the cross secti rea IfMthe pipe is converted into an equivalent rectangular cross section in which the width
is twice the depth of flow. The c it preceding the dissipator can be open, closed, or of any cross section. The design method
is enhanced by ignoring the size shape of conduit entirely, except for the determination of the depth of flow entering the
dissipator.

To take a simple case for illustration: suppose the conduit leading to the dissipator is circular and flowing half full, the water area
will be d2/8. The representative depth of flow used in computing the energy entering, H,, and the Froude number, Fr , will be:



Ye = (AI2)12 or (D2 /16)1/2

The energy H, = yo + V2 /2g and the Froude
number Fr =V, /(gy,. )12

The Los Angeles experiments simulated discharges up to 11.3 m3/s and velocities as high as 15.2 m/s, and some structures

already built have been designed to exceed these values. Thus, the only limitations are egtrance velocity and size of structure.
Velocities up to 15.2 m/s can be used without subjecting the structure to damage from caV@tion forces. If needed, two or more
basins may be constructed side by side.

e to those in a natural
ents made in the approach

p, the impact basin shows a

The effectiveness of the basin is best illustrated by comparing the energy losses within §
hydraulic jump, Figure 8-C-3. The energy loss was computed based on depth and velod
pipe and also in the downstream channel with no tailwater. Compared with the n hy%
greater capacity for dissipating energy.

Although tailwater is not necessary for successful operation, a moderate dgpt at ill improve the performance. For best
performance set the basin so that maximum tailwater does not exceed h3

The basin should be constructed horizontal for all entrance c‘duit
four conduit widths long should be provided immediately upstreaof t tor. Although the basin will operate fairly
effectively with entrance pipes on slopes up to 150, experience haSg@hown th is more efficient when the recommended
horizontal section of pipe is used. In every case, thaprop ifi e entrance invert, as shown on the drawing, should be
maintained.

greater than 15°. A horizontal section of at least

When a hydraulic jump is expected to form in the down
one-sixth the pipe diameter should be installed

he pipe and the entrance is submerged, a vent about
t location upstream from the jump.

For erosion reduction and better basin operatigil use the@lterNative end sill and 45° wingwall design as shown in Figure 8-C-1.

For protection against undermining, a c wall added at the end of the basin. Its depth will depend on the type of soll
present.

Riprap should be placed do
see Chapter 2 .

The sill should be set as low as
should be at the same elevation
of low flow.

for a length of at least four conduit widths. For riprap size recommendations

le to prevent degradation downstream For best performance, the downstream channel
the top of the sill. A slot should be placed in the end sill to provide for drainage during periods

To provide structural support and ald in priming the device, a short support should be placed under the center of the baffle wall.

Use of the basin is limited to installations where the velocity at the entrance to the stilling basin does not exceed 15.2 meters per
second and discharge is less than 11.3 m3/s. This dissipator is not recommended where debris or ice buildup may cause
substantial clogging.




Design Procedure

J Step 1. From the maximum discharge and velocity, compute the flow area at the end of the approach pipe. Compute y, for a
rectangular section of equivalent area twice as wide as the depth of flow, y.=(A/2)1/2.

J Step 2. Compute the Froude number Fr and the energy at the end of the pipe H,. Enter the curve on Figure 8-C-2, and
determine the required width of basin W.

J Step 3. With- W known, obtain the remaining dimensions of the dissipator structure fr,

Example Problem

Given:

D=1.219m
S,=0.15
Q =8.496 m3/s

Find:

USBR Impact Basin dimensions for use at the outl
n=0.015
Vo =12.192 m/s

Yo =0.701 m

Solution:

Since Q is less than 11.3 m3/s and V, | an m/

be tried at this site.

e dissipator may

J 1. Compute ye.
Ye = (A/2)12
A=Q/V,=8.496/12.192=0.
Ye =(0.697/2)1/2 =0.590 me

& Compute Fr and H, and find W.
Fr=V, /(gye)1/2 =12.192/(9.81x0.590)1/2 =5.07
Ho =Ye +Vo?2 /29=0.590+(12.192)2 /19.620=8.166 m

From Figure 8-C-2.
Ho, /W=1.68



W=8.166 /1.68=4.861 m

& 3. From Table 8-C-1 select remaining dimensions.

Design a second baffle wall dissipator at the end of a long rectangular concrete channel 1.219 meters wide using the same depth
of flow = 0.701meters,S, = 0.15 and n=0.015 as in the previous example and compare results.

The discharge for the rectangular channel flowing at a depth of 0.701 meters will be 10. 3/s. The computations and

comparison with the first example are tabulated below.

Channel Circular Rectangular
Depth of flow Yo m 0.701 0.701
Area of flow A m?2 0.697 0.855
Discharge Q m3/s  8.496 10.6
Velocity Vo m/s  12.192 12.
Flow depth (rect. section) Ye m 0.590 0.
Velocity Head Vo2l(2g) m 7.576 .8
Ho = Ye + Vo?/29 m §166 62
Fr = Vo/(9Ye )0 7 :

From Figure 8-C-2 Ho/W -5 1.

Width of basin W 5.524
H,/H, (100)-Low Tail-water 65%

, the r@Maining dimensions of the two dissipators can be read
m (0.5 ft), while the other dimensions are read to the nearest 25

Entering Table 8-C-1 with W = 4.877 meters and W _=5.

directly in meters. The basin width is taken to t
mm (1 inch). This degree of accuracy is suffici
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1.22 |0.94 (1.65 |0.46 |0.20 |0.71 (0.94 |0.51 |0.10 |0.33 |[0.15 |0.15 |0.15 |0.15 (0.08
152 |1.17 (2.03 (0.58 |0.25 |0.99 (1.17 |0.64 |0.13 |0.43 [0.15 |0.15 |0.15 |0.15 (0.08
1.83 (1.40 |2.44 (0.69 |0.30 |1.04 (1.40 |0.76 |(0.15 |0.51 |0.15 |0.15 |0.15 [0.15 |0.08
2.13 |1.65 |2.87 (0.79 |0.36 (1.22 |1.65 (0.89 |0.15 |0.58 (0.15 |0.15 (0.15 |0.15 |0.08
244 11.88 |3.25 (091 (0.41 |1.40 |1.88 (1.02 |0.18 |0.66 |0.18 (0.18 |0.15 |0.15 |0.08
274 |2.11 |3.66 (1.04 (0.46 |157 |2.10 (1.14 |0.20 |0.76 |0.20 (0.18 |0.18 |0.18 |0.08
3.05 |2.34 |4.09 [1.14 |0.50 |1.75 |2.34 [1.27 |0.23 |0.84 |0.23 (0.20 |0.20 |0.20 |0.08

3.35 (2,57 |4.45 [1.27 |0.56 |1.93 [2.57 |1.40 0.10
3.66 (2.79 |4.88 [1.37 |0.61 |2.08 [2.79 |1.52 0.10
3.96 (3.05 |5.28 [1.50 |0.66 |2.26 [3.05 |1.65 0.10
4.27 (3.28 |5.67 |1.60 [0.71 |2.44 |3.28 |[1.78 0.13
457 (351 |6.10 [1.70 [0.76 |2.59 |3.51 [1.91 0.13
4.88 (3.73 |6.50 |1.83 [0.81 |2.77 |3.73 [2.03 0.15
5.18 (3.96 |6.86 [1.93 |0.86 |2.95 [3.96 |2.16 0.15
549 (419 |7.29 [2.03 |0.91 |3.12 [4.19 |2.29 0.18
5.79 |4.45 |7.72 [2.16 |0.97 |3.30 [4.45 |2.41 0.18
6.10 |4.67 |8.10 [2.29 |1.02 |3.48 |[4.67 |2.54 0.20

8-D USFS Metal Impact Energy Dissipator

The metal impact energy dissipator was developed by the Bureau of la he U. S. Forest Service (8D2). The Forest Service

required a dissipator:
1. to use with either helical or corrugated-metal pipe, 36 es) or 1 m in diameter,
2. for pipe slopes up to 66 2/3 percent,
3. with self cleaning characteristics,

4. with individual parts readily handled manuall asse d " place, and

5. with any parts subject to wear easily rep

The dissipator developed for an 45Q-mm (18 in
regardless of tailwater elevation.

ipe will operate with up to 3 meters of specific energy head, and perform satisfactorily

Study Results

The design is somewhat unique i
conditions and dimensions are mo

at it provides a "basic" dissipator which is suitable for a 450-mm pipe. The basic design
jed to obtain designs for other pipe sizes up to 900-mm

The dissipator is independent of the incoming pipe, i.e., neither attached to nor supported by the pipe, Figure 8-D-2. This leaves

an open area between the pipe and the dissipator back plate. To prevent backflow and scour behind the dissipator, a 102-mm
wide splash guard is incorporated into the design.

For pipe slopes greater than 40 percent, the addition of two fillets, (Detail X, Figure 8-D-2) is necessary for satisfactory operation.
The performance of the dissipator is the same with either helical or annular corrugated-metal pipes. With no tailwater, the flow



leaving the dissipator will pass through critical depth at the exit lip. Without high tailwater, some additional channel protection will
be needed to protect against scour. Chapter 2 contains riprap recommendations.

Figure 8-D-1 provides a family of dimension factor curves for the design of dissipators for an 450-mm corrugated-metal pipe. The
dimensions of the 450-mm dissipator are determined by applying the interpolated dimension factor, or the next higher factor, to
all dimensions shown in Figure 8-D-2, and to the L; and h; values for the location of the outfall end of the corrugated-metal pipe

shown in Figure 8-D-3.

For other size pipes, the dimension factor obtained from Figure 8-D-1 is multiplied by the r
C is D/ISTET where, D = nominal corrugated-metal pipe size in millimeters.

"C" to determine the scale factor.

Parameter Multiplier
Linear Measurements C
Energy Head H, =V2 /2g +y C
Discharge, Q C5/2
Pipe Slope, S, 1

Figure 8-D-1, Figure 8-D-2, and Figure 8-D-3 are applicable for energy dis
pipes. Revised curves, using the multiplier above, should be&ite

sed with 450 cm corrugated-metal
ed-metal pipes not larger than 900 mm.

In addition to its other uses, the portability of this dissipator mak:
construction.

a temporary erosion control device during

Design Procedure

The size and slope of the incoming pipe and th
energy dissipator dimensions for all conditions

e necessary input values. The design procedure for determining

basic 450-mm dissipator, Fi

dimensions for 450-mm pip

J Step 2. Other sizes of CM

. Compute C and C 52 from
where:

D is a nominal diameter of the CMP in millimeters.

b. Compute Q450 from Q459 =Qp/C 52

where:



Qp is the discharge for the given diameter pipe
Q450 is the discharge needed to enter Figure 8-D-1.

c. Enter Figure 8-D-1 with Q457 and for the given slope determine

the Dimension Factor, DF. Slope is independent of the dimension
factor and does not require adjustment.

4. Compute the Scale Factor, SF, from SF=(DF)(C).

5. Apply SF to all dimensions of Figure 8-D-2 to determine dimensions of required
dissipator.

These dimensions, L, and h,, can be measured from the ou‘l of ulveRg@to locate the required position of the discharge lip
(see installation sketch, Figure 8-D-4).

The elevation of the dissipator lip and the L, h, distances jgafsi -3 are critical. The lip should be placed at the elevation of
natural ground and care taken to insure that the di level and the baffle wall vertical.

The distance L, , Figure 8-D-4, represents the extensi i to the dissipator. It can be calculated by:

L, = Splash guard dimension 1.25
cos(Pipe Angle)

Riprap should be placed downstream fr eli ro against under-cutting. See Chapter 2 for design recommendations.

Designh Example No. 1

The necessary input is:

450-mm cmp
30% slope
Q=0.142 m3/s

From Figure 8-D-1 with Q and S, the dimension factor is 0.56. Apply this to the dimension of Figure 8-D-2.
Compute L, and h4, Figure 8-D-3. The distance from the baffle to the backplate is:
0.858(0.56)=480 mm



The splash guard dimension is:
102(.56)=57 mm
The L, distance is determined by placing the pipe inside the dissipator:
L, = (480 - (57 x 1.25)) = 409 mm
Convert this and enter Figure 8-D-3.
409/0.56=730 mm

This gives an initial h; distance of 610 mm, which is converted to 610(0.56) = 342 mm,

The remaining dimensions are obtained from Figure 8-D-2 and the final design is

Design Example No. 2

To apply the design to a 900-mm pipe with 0.990 m3/s requiﬁgaltering Figge 8- Figure 8-D-2 using the "C" multipliers:

& 1. Start with step 2 for other CMP.

& 2. a. C=D/450=900/450=2
C5/2 =5.66
b. Q=0.990 m3/s = Design Discharge for 9004 o]
Q50 =0.990/5.66=0.175 m3/s
r 175

c. Entering Figure 8-D-2 with this dis S) gives a dimension factor (DF)=0.62.

d. SF=DF(C)=.62(2)=1.24.

e. The dimension in Fid e 8-D-3 are multiplied by 1.24 to obtain dimensions for the 900-mm pipe.

3 L, and h; can be deter
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Chapter 9 : HEC 14
A

Drop Structures

Go to Chapter 10

Drop structures are commonly used for flow control and energy dissipation. Changing the channel
slope from steep to mild, by placing drop structures at intervals along the channel reach, changes a
continuous steep slope into a series of gentle slopes and vertical drops. Instead of slowing down and
transfering high erosion producing velocities into low non-erosive velocities, drop structures control
the slope of the channel in such a way that the high, erosive velocities nevgr develop. The kinetic
energy or velocity gained by the water as it drops over the crest of each s ure is dissipated by a
specially designed apron or stilling basin.

bcritical flow in
@% on drop
el against erosion

The drop structures discussed here require aerated napes and are, in gefilieral, fo
the upstream as well as downstream channel. The effect of upstream supg@kcritical
structure design is discussed in a later section. The stilling basin g

the floor, redirection of the flow, and turbulence. The stilling sipate the excess
energy can vary from a simple concrete apron to an apron tions such as baffle

addition of these appurtenances. ‘

Flow Geometry Considerati

The flow geometry at straight drop structurcS@kigure 99, can be described by the drop number,

defined:
Ng = g2 /ghy3

Where:

g is the disc h of the crest overfall,

g is the accelags
hy is the heigh

The functions aré

L; /hy =4.30 Ng0-2
y; /hg =1.00 N40-22
Y5 [y = 0.54 N40-425
y3 /hy = 1.66 N40-27

Where :

L4, the drop length, is the distance from the drop wall to
the position of the depth y,; y, is the pool depth under
the nappe; y- is the depth of flow at the toe of the nappe



or the beginning of the hydraulic jump; and y; is the
tailwater depth sequent to y,. See Figure 9-1.

The free-falling nappe reverses its curvature and turns smoothly into supercritical flow on the apron at
the distance L, from the drop wall. The mean velocity at the distance L is parallel to the apron; the

depth y, is the smallest depth in the downstream channel, and the pressure is nearly hydrostatic. The

depth of supercritical flow in the downstream direction increases due to channel resistance, and at
some point will reach a depth sufficient for the formation of a hydraulic jump.

For a given drop height, h,, and discharge, g, the sequent depth, y;, in the downstream channel and
the drop length, L,, may be computed. The length of jump L;, is discussed in Chapter 6. By comparing
the channel tailwater depth, TW, with the computed, y3, the flow type (T s than y3, TW =y3, or
TW greater than y3) can be determined. The flow type determines the desigi¥@kthe stilling basin for
the drop structure.

wif the tailwater
: ¥, the hydraulic
n, and the distance L; is

If the tailwater depth,TW, is less than y3, the hydraulic jump will recede d&
depth is greater than yj3, the hydraulic jump will be submerged. If
jump begins at depth y, (Figure 9-1), no supercritical flow exists
a minimum.

When the tailwater depth, TW, is less than yj, it

Qnec ssary
1. an apron at the bed level and an end sill or es.
2. an apron below the downstream bed level, an end sill:

The choice of design type and the desi ' ' end, for a given unit discharge (q), on

The apron may be designed to exte

f the hydraulic jump. However, including an end sill
allows the use of a shorter and mor i

lling basin.

The geometry of the undistur
drop stilling basin. If the over
important that a tragiSihie

of end contractions!
pronounced that the
the center of the outl

Transitions).

taken into consideration in the design of a straight

s less than the width of the approach channel, it is
designed by shaping the approach channel to reduce the effect
traction at the ends of the spillway notch may be so

ond the stilling-basin and the concentration of high velocities at



AERATED

Figure 9-1. Flow Geometry of a Straight Drop Spj

Grate Design

A grate or series of rails forming a "grizzly" may be used in cgnj i@ drop structures, Figure
9-2. The incoming flow is divided into a number of jets as it the grate. These fall
almost vertically to the downstream channel res%ng in goo Ipator action.

bris rides over the grate and falls
the grate.

This type of design is also utilized as a debris ejectgawh

into a holding area for later removal and the water p s thro

The Bureau of Reclamation has publis om dations for grates (reference 6- 1) for
use where the incoming flow is subcritical®

3 1. Select a slot width. Prov @€ aTull s idth at each wall.

J 2. Compute:

a. the beam lengthNg@&from,

Cis an exp ental coefficient equal to 0.245,
W, is the wid§pof the slots in meters, and
N is the number of slots or spaces between beams.

b. the beam width =1.5W. The designer can adjust
the quantity "WN" until an acceptable beam length (L)

is obtained.

J 3. Tilt the grate about 3° downstream to be self-cleaning.




High Approach Velocity

Examination of the beam length equation in the previous section, indicates the relative effect of higher
approach velocities on the design of drop structures.
Assuming the slot width, W . approaches the channel width making N equal to 1, then

Le OQ/(y, )2

As the approach velocity increases, for a constant Q. the approach depth decreases and the length L
increases inversely with the square root of the depth. Therefore, for high velocity flow, above critical
velocity, the length of drop structure required, to contain the jet, may very rapidly exceed practical

\\

~,
Widih Slots Equals 2;3\
Width of Beams 3
., 111 y ‘ gt

. f

Figure 9-2. Energy Dissipator with Grate




9-A Straight Drop Structure

A general design for a stilling basin at the toe of a drop structure was developed by the Agricultural
Research Service, St. Anthony Falls Hydraulic Laboratory, University of Minnesota (9A1). The basin
consists of a horizontal apron with blocks and sills to dissipate energy. Tailwater also influences the
amount of energy dissipated. The stilling basin length computed for the minimum tailwater level
required for good performance may be inadequate at high tailwater levels. Dangerous scour of the
downstream channel may occur if the nappe is supported sufficiently by high tailwater so that it lands
beyond the end of the stilling basin. A method for computing the stilling basin length for all tailwater
levels is presented.

The design is applicable to relative heights of fall ranging from 1.0(h, /y;) 1& 15(h, /y.) and to crest
lengths greater than 1.5y.. Here h, is the vertical distance between the creS@and the stilling basin
floor, and y. is the critical depth of flow at the crest. The straight drop stru S8\ cffective if the drop
does not exceed 4.6 meters and if there is sufficient tailwater.

asin. These
eight of end sill, the
P-A@ illustrates a straight drop

V
4@ channel.

There are several elements which must be considered in the desigge8
include the length of basin, the position and size of floor blocks,
position of the wingwalls, and the approach channel geometry.

structure which provides adequate protection from scour in

4

Design Procedure

3 Step 1.Calculate the specific di ac

2
H =y, +Y0° 9-A-1
29
J Step 2. Calculate criticgl d@th.
=2

Ye 3H 9-A-2
3 Step 3. Ca m height for tailwater surface above the floor of the
basin.

y3=2.15 9-A-3

J Step 4. Calcula® the vertical distance of tailwater below the crest. This will generally
be a negative value since the crest is used as a reference point.

hp = - (h- yo) 9-A-4

J Step 5. Determine the location of the stilling basin floor relative to the crest.

ho=hy-vy3 9-A-5

J Step 6. Determine the minimum length of the stilling basin, Lg. using:



Lg=L;+Ly+Lg=L;+255Y, 9-A-6

where:

L, is the distance from the headwall to the point where the surface of the
upper nappe strikes the stilling basin floor. This is given by:
Ly = (L + Lg)/2 9-A-7

where:

L, -(-0124 + [3.195-2 368, Ty, )y.

Lo =[-0211+ 0228, fye)® =(hg {y ey (0185 + DA, /. )]

Ly =(~0.124 + 3195-4 368N,7 y, Jy.

or L, can be found graphically from Figure 9-A-2.

r nape strikes
igure 9-A-1.

L, is the distance from the point at which the sur@ce
the stilling basin floor to the upstream face of the
This distance can be determined by:’

e up

L, =0.8y, 9-A-8

L3 is the distance between fac the floor blocks and the end

of the stilling basin. This dista termined from:

L3> 1.75y, 9-A-9
J Step 7. Proportion the locks a@@ifollows:

. heightis 0.8 y,,
b. width a iIng sh be 0.4 y, with a variation of £0.15 y. permitted,

c. blocks sh e square in plan, and
d. blocks shoul@@ccupy between 50 percent and 60 percent of the stilling basin width.

J Step 8. Calculate the end sill height, (0.4 y,).

J Step 9. Longitudinal sills, if used, should pass through,not between, the floor blocks.
These sills are for structural purposes and are neither beneficial nor harmful hydraulically.

J Step 10. Calculate the sidewall height above the tailwater level, (0.85 y,).

J Step 11. Wingwalls should be located at an angle of 45° with the outlet centerline and



have a top slope of 1 to 1.

J Step 12. Modify the approach channel as follows:

. crest of spillway should be at same elevation as approach channel,

b. bottom width should be equal to the spillway notch length, W, at the headwall, and

protect with riprap or paving for a distance upstream from the headwall equal to
three times the critical depth, y.. See Chapter 2 for recommendations on riprap

design.

J Step 13. No special provision of aeration of the space beneath
the approach channel geometry is as recommended in 12.

Design Example

Given:

Q =7.075 m3/s
S, = 0.002 m/m, and the downstream chal‘el

with a 3.048 meter bottom
n=0.03
Normal depth of flow, y, = 1.024

Normal velocity, V, = 1.128 m/s.
Vertical drop, h =1.829 m

Find:
Straight drop structure di

Solution:

& 2.y = (23) (189 m) = 0.726 m
$ 3.y,=2.15(0.726 m) = 1.561 m
& 4. h,=-(1.829 - 1.024) = -0.805 m

&5 h,=-0.805-1.561 = -2.366 m

The floor of the stilling basin is, therefore, 0.537 m
below the grade line of the downstream channel.

nappe is required if




& 6.h, Iy, = - 2.366/0.726 = -3.26
hy Iy, = -0.805/.726 = -1.11

From Figure 9-A-2
Li/y.=3.95
L, =2.868 m
L, =0.8 y, =(0.8)(0.726) = 0.581 m

Ly 2 1.75y. = 1.75(0.726) = 1.271 m or 1.28 m (4.20 ft)
Lg=2.868 + 0.581 + 1.28 = 4.73 m

d 7 Proportion floor blocks
. Height = 0.8 y. = 0.8(0.726) = 0.581 m

b. Width = 0.4 y. = 0.4(0.726) = 0.290 m
Spacing = 0.4 y. = 0.4(0.726) = 0.290 m

& 3. Calculate end sill height = 0.4 y, = 0.4(0.726) = 0.2

& 9. Use longitudinal sills passing throug“he floor bl

& 10. calculate sidewall height above tailw =
0.85y. =0.85(0.726) = 0.617 m

& 11 Locate wingwalls at 45° ang nterline.

with ri
of th

& 12, Protect approach cha
2.2 m (3 X 0.726) upgstr

r paving for
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9-B Box Inlet

The box inlet drop str may be described as a rectangular box open at the top and downstream

end (Figure 9-B-1). Wak is directed to the crest of the box inlet by earth dikes and a headwalls. Flow
enters over the upstrean@@nd and two sides. The long crest of the box inlet permits large flows to
pass at relatively low heals. The width of the structure need be no greater than the downstream
channel. It is applicable for drops from 0.6 meters to 3.7 meters.

The outlet structure can be adjusted to fit a wide variety of field conditions. It is possible to lengthen
the straight section and cover it to form a highway culvert. The sidewalls of the stilling basin section
can be flared if desired, thus permitting use with narrow channels or wide flood plains. Flaring the
sidewalls also makes it possible to adjust the outlet depth to that in the natural channel.

The design information is based on an extensive experimental program performed by the Soil
Conservation Service, St. Anthony Falls Hydraulic Laboratory, Minneapolis, (9B1).



Two different sections are effective in controlling the flow: the crest of the box inlet and the opening in
the headwall. The flow at which the control changes from one point to the other is dependent upon a
number of factors, the principal factors being the box-inlet depth and its length.

Design Discussion

The design of the box inlet drop structure involves determining which section (crest or
headwall opening) controls at the design flow.

The initial step is to choose a drop height, h,, which will reduce the channel slope to a
mild slope. Assume crest control and calculate the head, y,, at the crest of the box inlet

drop structure for the design discharge. The general equation relati ischarge to head
for a rectangular weir is:

Q=1.89L, y,,372

Solving for head

Yo =[Q/1.89 L J?3 9-B-1

where:

L. = length of box inlet crest = W, +%
W, = width of box inlet
L, = length of box inlet

-B-1 solved to obtain a head

The discharge coefficient (1.8 ' -B-1 must be multiplied by:

. The correction for h

d. The correc for dike proximity to the box inlet crest given in Table 9-B-1--these
values have @low precision.

It is not necessary to make these corrections until after it is determined which section
controls the design flow. The design assumes that the approach channel is level with the
crest of the inlet.

The precision of the design curves is within +7 percent when there is no dike effect and
+15 percent when dikes are used.

Next, assume control at the headwall opening and calculate the head, y,, to determine if

this head is greater than that obtained for the box-inlet crest. The general equation
relating discharge and head for a rectangular weir is:



Q=C, W, (29)1/2 (y, +Cy )3/2

Solving for head
Yo = Q3/[C; W, (29)42 123 - Cyy 9-B-2

The discharge coefficient, C,, is obtained from Figure 9-B-7.

The head correction Cy, is given in Eigure 9-B-6. If h,/W, is between 1/4 and1, C may be
more readily determined from Figure 9-B-7.

The precision of the design curves for headwall control is probably within +10 percent.

When the box inlet drop structure operates under submerged condit , reference should
be made to the reports entitled "Hydraulic Design of the Box Inlet DropSaillway" (3) to
determine the submerged design. However, this is not a desirable “ dition.

The outlet for a box inlet drop structure should be designed as follo

Critical depth in the straight section is:

ye =[Q/W,)2 g)]1/3 9-B-3
Critical depth at the exit of the stilling basin is:

Ye3 =l(Q/W3)? /g]13 9-B-4
The minimum length of the straight section is:

L2 =Yc (2/('.1 /W2 )+1) 9-B-5

for values of L, /W, equal to or gr

The sidewalls of the stilling b
section walls) to 1 transv

The minimum length of
9-B-6a

or
L3 :Z(W3 o 9-B-6b

which ever is largef@-However, Equation 9-B-6a is valid for L, /W, values equal to or
greater than 0.25, only.

When the stilling basin is less than 11.5y.3 wide at the exit, the minimum tailwater depth
over the basin floor is:

Y3 :1.6y03 9-B-7

When the stilling basin is more than 11.5 y.3 wide at the exit, the minimum tailwater depth
over the basin floor is

Y3 :yc3+0.052W3 9-B-8



However, a stilling basin as wide as 11.5y.3 may make inefficient use of the outlet.

The height of the end sill is
h, =y /6 9-B-9

Longitudinal sills will improve the flow distribution in the outlet.
Considerations for their use are:

. When the stilling basin sidewalls are parallel, the longitudinal sills may be omitted.

b. The center pair of longitudinal sills should start at the exit of the box inlet and extend
through the straight section and stilling basin to the end sill.

c. When W3y is less than 2.5W,, only two sills are needed. Theseg@ills should be
located at a distance Wsg, each side of the centerline.

d. When W3 exceeds 2.5W, two additional sills are required. Th@8 ould be
located parallel to the outlet centerline and midway between t and the
sidewalls at the exit of the stilling basin.

e. The height of the longitudinal sills should be the sa ot the end sill.

The minimum height of the sidewalls above the water gurf
of the stilling basin should be:

hs =y3 /3 & 9-B-10
The sidewalls should extend above the tailwat rface er all conditions.
The wingwalls should be triangul ve top slope of 45° with the
horizontal. Top slopes as flat as 30
The wingwalls should flare in p e of 60° with the outlet centerline. Flare

angles as small as 45° are pe
are not recommended.

9-B-1. Correction for Dike Effect, Cg
(Control at Box-Inlet Crest)

2.0 76 83 88 92 94 96 97

Design Procedure
3 Step 1. Select h,,.

J Step 2. Select L4, W5, and L.



J Step 3. Calculate y,, for the crest, Equation 9-B-1.

J Step 4. Calculate h, / W5, and determine coefficient of discharge, C,; Figure 9-B-5.

J Step 5. Calculate L, / h, and determine relative head correction, Cy; Figure 9-B-6.

J Step 6. Calculate y,, for the headwall opening; Equation 9-B-2.

J Step 7. Compare the values of y, obtained from steps 3 and 6. The larger value
controls. If crest controls, adjust y, from step 3:

a. Calculate y, / W, and determine correction for head, Cy;

b. Calculate L, / W, and determine correction for box inlet sh
9-B-3

c. Calculate W, / L. and determine correction for ap
Figure 9-B-4.

nel width, Cp;

d. Calculate W, / W, and determine@rre ion for Wke effect, Cg; Table 9-B-1.

e. Determine adjusted y, for crest from ectio d in steps a through e.

3 Step 8. Calculate y;

J Step 9. Calculate y.3; EqQu

J Step 11 ation 9-B-6a or Equation 9-B-6b
& step12.C
If W5 <11.5 se Equation 9-B-7

If W3 >11.5y Quse Equation 9-B-8

J Step 13. Calculate h,. Equation 9-B-9

J Step 14. Determine number of longitudinal sills,
If W3 <2.5W,, use two sills.

If W3 >2.5W,, use four sills.

J Step 15. Calculate hs. Equation 9-B-10




Example Problem

Given:

Q=7.075m3/s
TW=0.853 meters
S, =0.002 m/m, and the downstream channel has 2H:1V side slopes with a 6.096 meter bottom.

Find:

A box inlet drop structure dimensions.
Solution:

& 1. select hy =1.219 meters (4 ft)

& 2 . Select L. =3.658 meters (12 ft)
L1 =1.219 meters
W, =1.219 meters

d3 Compute y,, for crest control.

Yo =[Q/ (1.89 L()]2/3 =(7.075 / 1.89 x 3.658)2/3 = 1816

& 4. Calculate h, /W, =1.219/1.219=1.0

sy ﬁg =1.905 from Fi
C2 =0.43

& 7. The head for the headwall controls, 1.505>1.016, so steps 7a through 7e
are omitted.

D 8.y, =[(Q/W,)2 /g]¥/3 =[(7.075/1.219)2 /9.81]/3
=1.509 m

¥ 9 y3=[(QMW3 )2/g]V3



where W3 =6.096 meters = downstream channel bottom width
Ye3 =[(7.075/6.096)2 /9.81]1/3 = 0.516 m

& 10. calculate L,.
L, =y (0.2/(L1 /W5 )+1) =1.509(0.2/(1.219/1.219)+1)

=1.811m

& 11. calculate L.
L3 :LC /(2'.1 /Wz) or,
L3 =z(W3 -W5)/2 which ever is larger
z=2.0
Since L1/W5,=1.219/1.219=1 the first equation is vay

L5 =3.658/(2(1.219 /1.219))=1.829 m
L =2.0(6.096 -1.219)/2=4.877 m

use L3 =4.877 meters (16 ft)

& 12, 11.5(y¢5)=11.5(0.516)=5.934< W,
SO Y3 =Y¢e3 +OO52W3 ’
Y3 =0.516+.052(6.096)=0.833 m \

& 13. h, =y /6=0.833/6=0.139 m

& 14. Longitudinal sills.
2.5W, =2.5(1.219)=3.04

W3 >3.048 so use 4 gi



-1. @Px-Inlet Drop Structure



Yo'¥a

II.-H{. o1 02 0d 04 0% 08 0F OF 00 10 49 12 LT 14 1%

043
i E A e 104
L
042 | : } } 05
i Jlll‘r u“
ol | / a5d
| 1]
fi
L ! i
J,'" e
I o
4] _f Qpd
T 1 s
Qs
L]
- oar
¥
g ¥ o8 9
o gy | M S (% o | ass 2
oM |—]_ o E
— rE =
o |— o E
e
=1+
apl_ i ﬁ

Figure 9-B-2. Discharge Co orrection for Head, with Control at Box-Inlet Crest

1.10

1.05
Cs 1.00 P
0.95
i 05 10 15 20 25 e Ry



Figure 9-B-3. Correction for Box-Inlet Shape, with Control at Box-Inlet Crest (ﬁ >3]

Lc

1.1

1.0

FCA

0.& T

0.7

=
o

0.5

0.4

0.3

2

CORRECTION FOR APPROACH — CHANNEL WIDTH
1

0.1

=
(]
e]

10

Approach Channel Width, with Control at Box-Inlet Crest

Figure 9-B-4. ‘V



o)
& 0.50
C 48
§ A6

44 L
= .42 A ]
E 0.40 /
27 a8
E .36 ———
3] 34 148
m 4 L
L 00 01 0.2 0.3 0.4 05 0.6 0.7 0.8 0.8 1.0
a hg

W,

Figure 9-B-5. Coefficient of Discharge, with Control

0.0
+0.1 l\
+0.2

+0.3 "‘

+0.4 ""‘
+0.5

T, "\
+0.6
+0.7

+0.8
+0.9

4 5 6 7 8 9 10 11 12 13 14 15 16 17

A b

ho

Figure 9-B-6. Relati\@® Head Correction for h,/W, >1/4, with Control at Headwall Opening



0.0

> “u;“'"r 2
+0.1 AN L o —— e ——— —t— e ——
[ _‘rr — T
+0.2 L"F 1-'.4 o ..:drdd#
: ? ?‘F ‘?Hﬂf" 114
+0.3 #:‘!‘é-/t,..- *""-1'..-"‘ -
% 2
+0_4 - L £ &
o Vg 12
“H 405 "' v
W
+0.6
+0.7
+0.8 "
Hhd \
R N T 16 17
Figure 9-B-7. Relative Head [ ith®ontrol at Headwall Opening

9-1. Rand, Walter,
Flow Geometry At Straight Drop Spillways

Paper 791, Proceedings, ASCE, Volume @& pp. 1-1 mber 1955.

9A1. Donnelly, Charles A., and BlI@&del d W,
Straight Drop Spillway Stilling Ba
University of MinnesotgeSt. Anthon

s Hydraulic Laboratory, Technical Paper 15,
Series B. November 1€8

9B1. Blaisdell, Fred
The Box Inlet Drop Spill
Transactions, ASCE, Vol.

9-2, Chow, Ven Te,
Open-Channel Hydraulics,
McGraw-Hill Book Company, Inc., New York, 1959.

Go to Chapter 10




) ) Chapter 10 : HEC 14
(./ Stilling Wells

Go to Chapter 11

Stilling wells dissipate kinetic energy by forcing the flow to travel vertically upward to re
of stilling wells are of interest to the highway engineer--the Manifold Stilling Basin and t

the downstream channel. Two types
s of Engineers Stilling Well.

10-A Manifold Stilling Basin

The manifold stilling basin (see Figure 10-A-1) is unique since it dissipates t etic energy in a vertical upward
' in Figure 10-A-1, it employs jets

vays: first, the jet entrains a part of the

Issuing upward into an overlying tail water. Energy dissipation is accompli
surrounding fluid and distributes the excess energy through tity of fluid. Much of this kinetic energy is converted
into heat from the resulting shear, either directly or indirectly, by e C relatively fine-grained turbulence; second, the
remaining kinetic energy creates a boil (a rise in the water surfac sho Figure 10-A-2) and is rapidly reduced and
dispersed as the boil spreads radially.

Advantages and Disadvantages

There are advantages and disadvantages @l using t ifold as an energy dissipator in highway work.

Some of the advantages are:

1. it needs a fairly deep tailwater to function efficiently,

2. it may be subject to clogging if debris is a problem and would require a debris control structure upstream of its
entrance, and

3. it could become a rather long structure for large discharges.



An ideal site for a manifold dissipator is the relocation of hydroelectric or irrigation canals, where a drop in elevation is
involved, discharge is controlled and debris is minimal. Another potential site is at outlet conduits where highway
embankments are constructed as earth-fill dams.

Design Recommendations

The successful manifold design is based on two requirements. The manifold mus
discharge per meter of length are approximately the same at all points. The design
and dimensions to meet economic and construction requirements.

such that the velocity and
t be practical both in shape

The following design considerations are recommended to meet these criteria:

1. Uniform distribution of the velocity is assumed at the entrance of thg
When circular conduits are used, a transition from circular to recta
recommended. This provides a reasonably uniform velocity digtritjgh

S rectangular in shape.
g to three diameters in length, is

2. The length of the basin (Lg) may vary to fit particﬁr locgtions,
approach culvert area (A), must be less than or e

I s A0

3. The bars at the top of the manifold shoul ros® section. The space between the bars (L,) can
vary but L,/L, should be 0.5, 1.0, 1.5, or 2.0. ots (N) = (Lg )/(L, +L).

t the Tatio of Lg, to the square root of

10-A-1

4. The jet velocity (V4) can be found fraf Table

able 10-A-1.
Fo ges of y/L4 from 5to 20

1.38
1. 1.24
15 1.19
2.0 1.14

5. The effective jet width (L3@ts calculated by dividing the discharge per slot (Q1) = Q/N by V4 to obtain the jet
area Ay; then dividing A; by the basin width (Wg).
Lz = Q/(NV; Wpg) 10-A-2

6. Waves caused by the boil of the vertical jet may result in some erosion of the channel banks and bed. The
degree of erosion will be dependent on the Wave height (hyy), which is a function of the boil height (hg), and



may be determined by the use of Figure 10-A-3. This figure is a plot of hy, /(V,2/2g) against y/L5 in terms of L,
/L. After determining the wave height, and considering the erodibility of the banks and bed, the designer may
choose the type of protection needed for each installation.

7. The boil height may also be computed if one desires. Figure 10-A-4 gives the boil height (hg) in the same
manner that Figure 10-A-3 gives the wave height.

Summary

1. The entrance cross section is either square or rectangular with the width of thé
the incoming conduit.

(Wg) equal to the width of

2. The length of the manifold may vary, but must conform to Equati

3. Choose (L,) and (L) and calculate N and L2/L1.L2/L’sh r0.5, 1.0, 1.5, or 2.0.

4. Calculate V, using Table 10-A-1.

5. Use Equation 10-A-2 to find L.

6. With the aid of Figure 10-A-3 find h,. The erosioWprotection required will depend on site conditions.

7. Figure 10-A-4 is used to find hg .

Example Problem

The following example pr m the paper by Fiala and Albertson (10A1).

Given:

Q =8.490 m3/s
D of pipe = 1829 mm
tail-water depth (y) = 2.438 m.

Find:

Design a manifold stilling basin for the outlet of the pipe so that the wave height run-up on the 2H:1V side slope of the
channel downstream does not exceed 0.457 m.



Solution:

&1 10 help provide the assumed uniform velocity distribution at the manifold entrance, use a transition of length 2D
(2 x 1.829 = 3.658 m) from the circular pipe to the square entrance of the 1.829 x 1.829 entrance dimension of the
manifold.

"2. Assume an l—EI -'II\III'E ratio of 4. Then I—EI - 4.2 345 = 4“ BEQ]I -7 31B

& 3. Also assume, for ease of construction that L, =L, =305 mm which makes 98 of slots (N)=Lg /(L, +L4
)=7.316/0.610= 12 and L, /L4 ratio = 1.0, a ratio of one is satisfactory.

& 4. 1n order to be conservative in estimating the velocity at the manif
Vo V,=Q/A=8.490 / [1(1.829)2 /4]=3.231 m/s. The y/L, ratio = 2.4
range of 5 to 20 and from Table 10-A-1 with a L, /L, ratio of 1.0 the
=1.24V, =1.24(3.231)=4.006 m/s.

, use the pipe area to determine
s lies within the experimental

J 5. The effective jet width (L3)=Q/(NV,;Wg) or L3 =8

J 6. Obtain wave height (hy,) from Figure 10-A 1.0 and y/L5 =2.438/0.096=25.4, hyy /V12 /(29)=0.42
hyy =0.42(4.006)2 /19.62 =0.344 m. Which is e 0.457 m. set up as a design condition.

& 7. if the boil height (hg) is desired, ' -4. For y/L3 of 25.4 and Ly/L; =1.0, hg/V42 /(2g) = 0.3; hg =
0.3(4.006)2 /19.62 =0.245 m.

Design Summary

Lg=7.3m L;=L,=.3m N =12
V,=3.2 m/s =43 y=2.4m
L3=0.1m =0 hg =0.25m




Prototype Installations

In the discussion and closure of the paper by Fiala and Albertson (10A1), three prototype manifold stilling basins
were described. Each of these installations performed very satisfactorily and are described briefly as follows:

Site No. 1 - Located at end of pipe drop from reservoir to a canal. Longitudinal axis perpendicular to canal
flow. Q = 6.37 cubic meters per second, vertical drop 11 m. When manifold [s not in operation it becomes
completely filled with canal carried sediment. This sediment is not a proble/@ince it is carried away
rapidly when flow starts through the manifold. Site No. 2 - Located at end of p drop in a canal.

ITIXL JET VELOCITY
LOCITY AT ENTRANCE

Fig 0-A-1. Manifold Stilling Basin Sketch
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SCE,

10-B Corps of Engineers

The design of this type of stilling well energy dissipator is based on model tests conducted by the Corps of Engineers. (10B1 and
10B2).

The dissipator has application where debris is not a serious problem. It will operate with moderate to high concentrations of sand
and silt but is not recommended for areas where quantities of large floating or rolling debris is expected unless suitable
debris-control structures are utilized. Its greatest potential, as far as highways are concerned, is at the outfalls of storm drains,



median, and pipe down drains where little debris is expected. It may also be useful as a temporary erosion control device during
construction.

Design Recommendations

e determined, Figure 10-B-1 is
ory performance can be

g and five times that of the

The design is straightforward. Once the size and discharge of the incoming pipe
used to select the stilling well diameter (Dyy). The model tests indicated that satisf8

maintained for Q/D>2 ratios as large as 5.5, with stilling well diameters of one, twg
incoming conduits. These ratios were used to define the curves shown in Figure0

The tests also indicated that there is an optimum depth of stilling well belo 2'Incoming pipe. This
depth is determined by entering Figure 10-B-2 with the slope of the inco g the stilling well diameter

(Dyy ) previously obtained from Figure 10-B-1.

The height of the stilling well above the invert is fixed at twice the d coming pipe (2D). This dimension

results in satisfactory operation and is practical from a gst standpoi , If increased, greater efficiency will
result.
Tailwater also increases the efficiency of the stilling well. ver poSSible, it should be located in a sump or

depressed area.

It is recommended that riprap or other types of ¢ jon be provided around the stilling well outlet and for a

distance of at least 3Dy, downstream.

afety. However, the screen or grate should have a clear
ell area and be capable of passing small floating debris such

The outlet may also be covered with a scr
opening area of at least 75 percent of
as cans and bottles.

Design Procedures

J Step 1 Select approach lameter (D) and discharge (Q).

J Step 2. Obtain well diamet§@D,,) from Figure 10-B-1.

J Step 3. Calculate the culvert slope = (Vertical/horizontal distance). The depth of the well below the culvert invert
(hq) is determined from Figure 10-B-2.

J Step 4. The depth of the well above the culvert invert (h,) is equal to 2(D) as a minimum but may be greater if the



site permits.

J Step 5. The total height of the well (hy) = h; +h,.

Example Problem

Given:

600 mm CMP down drain on a 2H:1V slope carrying a Q = 0.424 m3/s
Find:

Stilling well dimensions.

Solution:
& 1. D=0.610 m., Q=0.424 m3/s
& 2. From Figure 10-B-1. Dy, =1.5 D=0.915 m. \ 4 A
& 3. Slope=1/2=0.5, hy/Dyy =0.42 from Figure 10-B-2. \
h; =0.42(0.915)=0.384 m., use h; = 0.39
& 4. h, =2(D)=2(0.610)=1.220 m.

& 5. hy = h; +h, =0.396+1.220=1.616 m
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10B1.. Impact Type Energy Dissipators F
U.S. Army Corps of Engineers,
Technical Report No. 2-620 March 1963,
WES, Vicksburg, Mississippi.

Storm-Drainage Outfalls Stilling Well Design,

10B2. Grace, J. L., Pickering, G. A.

Evaluation of Three Energy Dissipators For Storm Drain Outlets,
U.S. Army WES, HRB 1971, Washington, D.C.






Chapter 11 : HEC 14
A

Riprap Basins

Go to Chapter 12

The design procedure for riprap energy dissipators is based on data obtained during 8
outfalls" (11-1 and 11-2) sponsored by the Wyoming Highway Department and cond
purpose of the experimental program was to establish relationships between flow pf@
basins at culvert outfalls.

udy "Flood Protection at Culvert
gt Colorado State University. The
and the dimensions of riprapped

Tests were conducted with 152mm, 305-mm, 457-mm, and 914-mm pipes,
610-mm model box culverts with discharges ranging from 0.003 to 2.8 m3/
size (dsp) ranging from 6mm to 177mm and gradation coefficients ran

were considered, 0 and 3.75%. In all, 459 model basins were studied.

m, 152 by 457-mm, and 152 by
lar and rounded rock with an average

The following conclusions were drawn from an analysis of tNe gx

The depth (hg), length (L), and width (W) of the scour hole we the characteristic size of riprap (dsg), discharge
(Q), brink depth (y,), and tailwater depth (TW).

When the ratio of tailwater depth to brink dept s less than 0.75 and the ratio of scour depth to size of riprap (hg
ldsp) was greater than 2.0, the scour hol efficiently as an energy dissipator. The concentrated flow at the

The mound of material which fd ) downstream of the scour hole contributed to the dissipation of energy and
reduced the size of the scour ho : mound from a stable scoured basin was removed and the basin was again
subjected to design flow, the scolj@ole enlarged somewhat.

For high tailwater basins (TW/y, gr&@er than 0.75) the high velocity core of water emerging from the culvert retained its

jetlike character as it passed through the basin, and diffused in a manner very similar to that of a concentrated jet diffusing in
a large body of water. As a result, the scour hole was much shallower and generally longer. Consequently, riprap may be
required for the channel downstream of the rock-lined basin.

General details of the basin recommended in this report are shown on Figure 11-1. Principal features of the basin are:



1. The basin is preshaped and lined with riprap.

2. The surface of the riprapped floor of the energy dissipating pool is constructed at an elevation hg below the culvert
invert. hg is the approximate depth of scour that would occur in a thick pad of riprap, constructed at the outfall of the
culvert, if subjected to the design discharge. The ratio of hg to ds of the material should be greater than 2 and less
than 4.

3. The length of the energy dissipating pool is 10(hg) or 3W, which ever is large all length of the basin is 15(hg)

or 4W,, which ever is larger.

Design Procedure

J Step 1. Estimate the flow properties at the brink of the ’Ive tabN&h the brink invert elevation such that TW/y, =
0.75 for design discharge.

ntal slope) utilize Figure 3-9 or Figure 3-10 to obtain
itily,. D is the height of a box culvert. If the culvert is on
anning equation for appropriate slope, section, and

J Step 2. For subcritical flow conditions (culvert
Yo /D, then obtain V, by dividing Q by the wetted ar
a steep slope, V,, will be the normal velocity obtai
discharge.

J Step 3. From site inspection and from rie in the area, determine whether or not channel protection is
required at the culvert outlet.

ute the Froude number for brink conditions (y. =(A/2)1/2). Select dgq 1y,
; the most satisfactory results will be obtained if 0.25<d5 /ye <0.45). Obtain hg
gee that 2<hg /d5g <4. Recycle computations if hg /dsg falls out of this range.

J Step 4. If channel protectid
appropriated for locally availablé
lye from Figure 11-2 , and check

J Step 5. Size basin as shown in ure 11-1 .

J Step 6. Design procedures where allowable dissipator exit velocity is specified:
. Determine the average normal flow depth in the natural channel for the design discharge.
b. Extended the length of the energy basin (if necessary) so that the width of the energy basin at section A-A, Figure 11-1



, times the average normal flow depth in the natural channel is approximately equal to the design discharge divided by
the specified exit velocity.

J Step 7. In the exit region of the basin, the walls and apron of the basin should be warped (or transitioned) so that the
cross section of the basin at the exit conforms to the cross section of the natural channel. Abrupt transition of surfaces
should be avoided to minimize separation zones and resultant eddies.

design procedure is suggested,;

Design a conventional basin for low tailwater conditions in accordance with the mst
velocity at a series of downstream cross sections using the information sho

and size riprap using Figure 2-C-1 and the stream velocities obtained abo

details for riprap should be in accordance with specifications in HEC Ng 11
specifications.

construction techniques, and design
ilar highway department

Design Example No. 1

Given:

2438 mm by 1829 mm box culvert, Q=22.640
depth y, =1.219 m, tailwater depth TW=0.

C, su itical flow in culvert, normal flow depth = brink

Find:
Riprap basin dimensions for these diti

Solution:



&1 Yo =Ye for rectangular section, y, =1.219 m
& V, =Q/A=22.640/(2.438 x 1.219)=7.618 m/s

& 3. Fr=V, /[(9.81)(y, )]V =7.618/[(9.81)(1.219)]V/2 =2.20

& 4. TWly, =0.853/1.219=0.7, TWly, <0.75 O.K.

3 5.Try dsg /ye =0.45, dgg =(0.45) (1.219)=0.548 m
From Figure 11-2 hg /y, =1.6
hg =(1.219)(1.6)=1.950 m
hg /dgg =1.950/0.548 =3.6 m  2<hg /dgy <4 O.K.

& 6. L =(10)(1.950)=19.5 m @
Lg min=(3)(W,)=(3)(2.438)=7.314 m, use L5 =19.5 m
Lg =15(1.950)=29.3 m
Lg min=(4)(W,)=(4)(2.438)=9.752, use Lg =

Other basin dimensions designed in accordapnce hown in Figure 11-1.

Design Example No. 2

Given:

2438 mm by 1829 mm b
depth y, =1.219 m, Tailwai

discharge.
Find:

0 m3/sec, supercritical flow in culvert, normal flow depth = brink
.280 m, downstream channel can tolerate 2.134 m/s for design

Riprap basin dimensions for these conditions:
Solution:

Note: Highwater depth, TW/y, =1.05 > 0.75



&1 Design riprap basin (Design Example 1) use steps1-7 dgp =0.549 m (1.8 ft), hg =1.951 m (6.4 ft), Lg

=19.507 m, Lg =29.261 m (96 ft)

ds Design riprap for downstream channel. Utilize Figure 11-3 for estimating average velocity along the

channel. Compute equivalent circular diameter D, for brink area from:
A= 1t Do2 14=(y, )(W,)=(1.219)(2.438)=2.972 m?

D, =[2.972(4)/ ]2/
D, =1.945 m

V, =7.618 m/sec (Design Example 1)
ViV,
(Compute)(Figure 2-C-1)m/sec.(Figure 2-C-1)

L/Dq

10
15
20
21

L

m

19.450
29.175
38.900
40.845

0.59
0.36
0.30
0.28

Vi

4.495
2.742
2.285
2.133

Design Example No. 3

Given:

1829 mm diameter cmp,

depth in pipe for Q=3.820
subcritical, tailwater depth (

Find:

C.

Is 1.372 m normal velocity is 1.798 m/s, flow is
is 0.610 m.

Rock size dgg

ygderation, the channel can be lined with the same
least 41.148 meters (135 ft) downstream from the culvert
stalled in accordance with details shown in Hec No. 11.

, Sp =0.004, Manning's n=0.024 normal

Riprap basin dimensions for these conditions:

Solution:
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& 1. Determine Yo and V.

1.81 Q/D25 = 1.81 (3.823)/1.8292.5 =1.53
TW/D=0.610/1.829 =0.33

From Figure 3-10, y, /D=0.45

Yo =(0.45)(1.829)=0.823 m
TWl/y, 0.610/0.823=0.74 TWI/y,<0.75 O.K.
Brink Area (A) for y, /D=0.45is

A=(0.343)(1.829)2=1.147 m?2
(0.343 is from Table 3-2)

V, =Q/A=3.823/1.147=3.333 m/sec.

& 2.y, =(A2)V2 =(1.147/2)212 =0.757 m ®

& 3. Fr=V, /[(9.81)(y,)]V/2 =3.333/[(9.81)(0.757)]/2
7192

& 4. Try dgply, =0.25, dsg =(0.25)(0.757)=0.1
From Figure 10-A-2, hg /y, =0.75,
check: hg/dsy =0.568/0.189=3, 2<

(5
/d50 <

57)=0.568 m

& 5. L, =(10)(hy)=(10)(0.568)=5.

d50 =0.189 m use d50 203 m (8 In)

Other basin dimensions are designed in accordance with details shown on Figure 11-1.

The design procedure recommended in this chapter is a compromise between the design procedure utilizing the
CSU experimentally derived functional relationships and traditional design methods for riprapped basins. It is
recognized that there is some chance of limited degradation of the floor of the dissipator pool for rare event



discharges. With the protection afforded by the 2(dsg) thickness of riprap by the heavy layer of riprap adjacent to

the roadway prism, and the apron riprap in the downstream portion of the basin, the damage should be
superficial.

Concerning the use of filter material, several factors should be considered. Bank material adjacent to a culvert is
not subjected to flow for long continuous periods. Also, the streambed material may be sufficiently well graded
and not require a filter. If some siltation of the basin accompanied by plant gr is anticipated, it may be that a
filter will not be required. If required, a filter cloth or filter material designed in a dance with instructions in
reference 53 should be specified.

Discussion

CSU Design Procedure ‘

Design criteria were developed for three types of ro
basin", the "hybrid basin," and the "st
establish empirical relationships betwee

lprapped basins, the "standard non-scouring
" (11-2). Experimental data were used to
diffiensionless parameters:

. Froude number at the culver
. relative grain size of riprap
. relative tailwater depth,

OO WN PP
==
ok
Q
=
<
(9
Q.
D
©
—
o,
o
—
(%)
(®)
o

. relative le

An excellent correl
grain size of riprap.

hydraulic engineers a
familiar dgg (the media

procedures presented in

chieved by utilizing a weighted particle size (d,,,) for scaling the
eighted particle size, d,,, is an unfamiliar parameter to most

Is also difficult to obtain for quarry-run rock. For these reasons, the more
ize of rock by weight) is used to characterize rock size in the design

IS manual.

The design procedure suggested by the CSU study is also very sensitive to tailwater depth and is
somewhat cumbersome to use. The method requires a conversion of Froude numbers when a culvert
operates with a free surface (the usual case) and requires a conversion of Froude numbers from
circular pipe flow to rectangular pipe flow (or vice versa) if the designer wishes to use the complete



range of design data for both pipe and box culvert basins. Because of these complexities, a simplified
design procedure was developed. The information and design procedures from the CSU studies
suggested the design parameters and the CSU data (11-1) were utilized for developing design
relationships.

Design Procedure Development

J Step 1. All CSU scour data for circular and rectangular pipes, angul ed material,
sloping and horizontal pipes for plain outfall conditions were useddemse

In all, data from 347 runs were used for this development. ' data for 152-mm, 305-mm,
457-mm, and 914-mm pipes and 152 by 305- m, and 152 by 914-mm model box
culverts. Two pipe slopes were considered, 0 and & 7570 rges ranged from 0.003 to 2.83 m/s
for basins constructed with angular and rounded ro n rock size (dsg ) ranging from 6.1

mm to 177 mm. Only data from runs wsh gr icients ranging from 1.05 to 2.66 were used.

The gradation coefficient o is defined as
0 = 1/2 (dg4 /dsg +dsq /d16)

mixture is predominantly one size or a range of sizes.
ame size. Where rock sizes extend over a large range,
fficient o of riprap will be satisfactory for design purposes
Is similar to curves for rock A(24) or B(16) shown in figure 8 of

and is a means of describing w
When o is near one, all mateg
o takes on larger values. Th
if the gradation c
HEC No. 11 (11-3)\

J Step 2. Based up
dimensionless parameks were selected:

. dsg /Y --the relative size of riprap defined as the ratio of the median size by weight of the rock
mixture to the equivalent depth of water at the brink of the culvert. The equivalent depth y, is

defiled as the brink depth for box culverts, and (A/2)/2 for non-rectangular sections, where A is
the wetted area at the brink of the culvert. y, computed in this manner is the height of a

rectangle twice as wide as it is high with an area equal to the wetted area of the

n examination of CSU plots and data, the following significant
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non-rectangular section.

2. hglye --the relative depth of scour. hg is the depth from the invert of the culvert at the brink to the
lowest point in the scour hole (Figure 11-1).

3. Fr =V, /[(9)(Ye )]¥2 --the Froude number at the brink of the culver is the average velocity of

flow at the brink of the culvert (discharge Q divided by wetted area, AY@and g is the acceleration
of gravity. This definition of the Froude number eliminates the inte

steps of converting
non-full pipe flow to full-pipe flow and Froude numbers for circula@®ipe floW@io Froude numbers
for rectangular pipe flow (or vice versa) as is required by the CS ocedure’

4. TWly, --the relative depth of tailwater. TW is the depth o r geferenced to the culvert
invert.
J Step 3. The dimensionless parameters cite@boﬂnputed for each set of data and were
segregated into the following categories:
0.10 <dsqglye <0.2
0.21 < deg /ye < 0.3 Q

0.31< d50 /ye <04
041 < d50 /ye <0.5

J Step 4. For eaclh subset o a (as an example, all data for the condition that 0.21<dsg/y. <0.30)

the data were furt the following categories:

0.51 <ds5q/ly. < 0.6

0.61 < dgglye <0.7
. model pipe ¢ jameter equal to or less than 0.3 meter, basin constructed with
rounded mater

b. model pipe culver@ith a diameter equal to or less than 0.3 meter, basin constructed with

angular material,

c. model pipe culvert with a diameter greater than 0.3 meter, basin constructed with rounded
material,



d. model pipe culvert with a diameter greater than 0.3 meter, basin constructed with angular
material, and

e. model box culverts with a height of 0.15 m, basin constructed with rounded material (the only
material tested for box culverts).

J Step 5. A symbol associated with the magnitude of the relative tailwa¥
0.2) was assigned to each data point for each of the categories designategy

0.51 for a particular run, the symbol associated with 0.41<TW/y, <0.6
point).

depth (in increments of
d above (i.e., if TWly =

J Step 6. A series of plots of relative depth of scour hg /y ve
were constructed with the relative size of riprap dsq /ye as '

the various categories described in steps 4 and 5 above co
supplemental plots were also constructed to heglde |

number Vo/[(g)(ye)]Y/2
By symbol and color code

The parameters selected grouped the data in a s
Scour depth did not appear to be a function of angu r rounded riprap. Data from pipe runs could
effect that could be detected were

del flow depths were on the order of 0.15

rap was approximately 13 mm in size.

Because of the difficulty in obtainin [ urements in models of this size and also because
of the possibility of scale effects wi le models these data points were not given quite as
much consideration when desi@# c s wep® developed. However, these data were used to
establish the approximate sl

Micant variable. For conditions where all other variables were
ef@associated with low tailwater depths. Maximum length of scour

Relative tailwater
similar, maximum

iAS a Sl

rising. Thus, low tailwater will always exist at least up to the point when and if equilibrium conditions
occur. Also, because of seasonal changes in vegetation, changes in downstream channel cross
section as a result of flood events or human activity, and the general difficulty in obtaining channel
properties in poorly defined ephemeral streams, the computed tailwater depth will be at best an
estimate. For these reasons it was decided to base design criteria on the assumption that the worst
possible tailwater conditions exist, i.e., low tailwater conditions.



On the basis of the above assumptions, envelope curves were constructed for each plot of hg/y,
versus V/[(g)ye]Y/2 with dsgly, as the third variable.

On each plot, the curve was drawn to the left of approximately 98% of the data points and thus the
predicted scour based on the use of a curve will be as deep or deeper than was actually measured in
the model basin for the worst possible tailwater condition. These envelogg curves were then
transposed to one plot (Figure 11-2) and are the basic design curves for S8@ermining hg as a function

of exit velocity, equivalent brink depth, and dx,.
\ pinimum
goes g basin, and a

Additional information necessary to design a basin includes geometric @
thickness of riprap, approximate shape of gradation curve of ripragmssi
determination of whether or not a filter blanket is required.

Length of Basin

Frequency tables for both box culvert data and pipe &v r f @lative length of scour hole
(Ls/hg<6,6<Lg/hg<7,7<Lg /hg<8. . .25<L¢/h4<30), with rel tai epth TW/y, in increments of 0.03 meters
as a third variable were constructed utilizing xperimental runs. For box culvert runs L¢/hg was
less than 10 for 78% of the data and L¢/hg w foOR@8% of the data. For pipe culverts, L¢/hg was less

than 10 for 91% of the data and, Ls/hg was less data.
For all cases the data considered were r Ive tailwater depths of less than 0.75. Large values of
relative length of scour Lg /hg were alway@associ ith high tailwater conditions. The curves to be used to

s the length of energy dissipating pool, in the design

ur depths which in turn were always associated with minimum

a conservative prediction ratio for obtaining a design estimate of

s /hs >10 and relative overall length of basin is Lg /hg >15. From a

Ls should be at least 3W, and Lg should be at least 4W,. W,, is the
dimension Lg is the out-to-out length of the riprap basin measured from the culvert

procedure) are based on maximu
tailwater depths. Based '
relative length of presha

practical viewpoint, the le
width of the culvert outlet.
brink to the end of the basin.

Other Basin Details

The 2(dgg) or 1.50(dyax), Where dp,ax IS the maximum size of rock in the riprap mixture, thickness of riprap for the
floor and sides of basin are based on experience with conventional riprap design. Thickening of the riprap layer



to3(dgg) or 2(dpay) 0N the foreslope of the roadway culvert outlet is warranted because of the severity of attack in
the area and the necessity for preventing significant undermining and consequent collapse of the culvert.

A 3:1 flare angle is recommended for the basins walls. This angle will provide a sufficiently wide energy
dissipating pool for good basin operation.

The mixture of stone used for riprap should meet the specifications (material, ggadation, etc.) described in HEC

No. 11.
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Figure 11-1. Details of Riprapped Culvert Energy Basin
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Chapter 12 : HEC 14
A

Design Selection

Go to Appendix A

nted in the preceding chapters to a

The energy dissipator selection process is best illustrated by applying the material p
onceptual model. This model

series of design problems. A general design procedure outline is shown in Figure 1
can be summarized by the following design steps.

Design Procedure

&1 Input Data
a. Culvert--Types of control, Q. S,, Yo, Vo, L, TW, Frp

V at of apron, Chapter 4

b. Standard Outlet--y and V at culvert brink, Chapter 3 y
c. Channel--Q, S. geometry, z, y,,, Vy,, soil t

d. Allowable scour estimate--hg, W, Lg bas

& 2. Natural Scour Computation--hg, Wg, Lo apter 5 if these values exceed allowable values in step 1D,
protection is required.

J 3. Velocity Modification i

a. For small velocity adju g o culvert resistance, Section 7-C.

For minimum velocity, V., d@8lgn for tumbling flow, Section 7-B.

3 4. Enerqy Dissipator Design

a. The dissipator types fall into two general groups based on Fr, see Table 12-1:

1. Fr < 3, most designs are in this group

2. Fr > 3, tumbling flow, increased resistance, USBR Ill, SAF and USBR VI



Within the two dissipator groups, the designs to be considered can be determined by testing the
limitations of debris, TW, and other special considerations against site conditions.

b. Design each of the selected types using the appropriate design chapter.

& 5. Selection Criteria--Dissipator selection should be governed by comparing the efficiency, cost, natural channel
compatibility, and anticipated scour for all the alternatives.

Example Problem No. 1

J 1. Input Data:
a . Culvert: 3048 mm x 1829 mm (10' x 6') RCB
Q =11.801 m3/s, S, = 6.5%

Yn = 0.457 m, V,, = 8.473 m/s, inlet control,

L=91.440m, TW =0.579 m, Fr

b . Standard Outlet: 45° wingwall--abrup
0.457 mand V, =V, =8.473 m

ce culvert is in supercritical flow y, =y, =

c . Channel: Q = 11.801 m3/sec,,
Yy =0.579 m, V,, = 4.

6.5% @apezoidal, 2H:1V

m/s, ravel bed debris (no boulders, little floating)

d. Allowable Sco r hole

be no deeper than
the vicinity.

uld be contained within channel W¢ = Lg = 3.048 m and should
able estimate can be obtained by observing scour holes in

J 2. Scour Estimate: Tabl

Ye =0.835m
hg =2.530 m
W = 15.850 m

Lg = 21.640 m



Vg = 737 m3

Scour appears to be a problem and consideration should be given to reducing the V, = 8.473 m/s to
the 4.846 m/s in the channel.

s Velocity Modification in Culvert:

a . Increase resistance: Section 7-C

For h = 0.122 m, n, = .053 for velocity check
n, = .076 for Q check

The velocity at the outlet is 3.536 m/s. The elements are 1.006 @ art for 9 rows or

29.779 m of the culvert barrel is needed for elements.

b. Tumbling Flow: Section 7-B
Five elements 0.579 m in height spaced 4.572* ired to reduce the velocity to V.
=3.353 m/s and y. =1.158 m. In order to accompli isre n, the last 30.480 meters of culvert
must be increased in height to 2.042
& Energy Dissipator Design:
Since Fr>3 try USBR I, SAF, and@ USBR Il and SAF which were designed in Section
belo

7-E and Section 7-G are summari
USBR Type llI:
Lg =7.924 m, tot inclu ransitions=20.422 m, Elevation=26.670, V, =4.877 m/s
SAF:
Lg = 3.353 m, total le including transitions=12.192 m, elevation=27.889 m, V, = 4.877 m/s.
USBR Type VI (Impact

W=3.353 m, h; = 2.560 m, L=4.450 m Exit Velocity= 3.353 m/s

J 5. Selection Criteria:

Comparing the above designs cost is the deciding factor in choosing the USBR Type VI or impact dissipator.



This Structure will fit the channel, meets the velocity criteria, and produces 60% energy loss.

Example Problem No. 2

J 1. Input Data:
a. Culvert

Inlet Control
B =1.524 m
D=1524m
Elevation of outlet invert = 30.480 m

Qpesign = 5.660 m3/s

S, =0.03

Yo =0.655 m

Vo, =5.791 m/s ‘

L =64.922 m \

TW = Essentially zero
Fro=2.28

b . Standard Outlet: A 90° headwall i
flow conditions in the culvert:

Yo = 0.655 m

Vo, =5.791 m/s

c. Channel: The d@t
it leaves the culve

. The Culvert outlet flow conditions are the normal

el is undefined. The water will spread and decrease in depth as
essentially zero. The channel is a graded sand.

Allowable outlet velo should be about 3 m/s.

& 2. scour Computation: Chapter 4

Convert to equivalent depth

Ye = 0.707 m
he = 1.707 m



W = 9.449 m
Le = 14.935m
VS =62 m3

Since 1.707 meters is greater than the 0.914 meters allowable, an energy dissipator will be

necessary.
@ lvert.

The discharge check indicates that the culvert%i h increased to 1.829 meters. The
length of roughness field and increased culvert di ter re ed is 22.860 meters (75 ft).

d3 Velocity Modification:

a . Try increased roughness, Section 7-C, with elements on bottom an
For:

h =0.079 meters
n, = 0.03 for velocity check

n, = 0.05 for Q check

This represents 25 rows spaced at O.

b . Tumbling flow; Section 7-B

Five elements. 0.549 meters in heigft space 86 meters (18 ft) apart are required to reduce the
velocity to 3.322m/s. The last 32. meter@oOf the culvert must be increased in height to 1.981 m.

d .4 Energy Dissipator Designs:
Since Fr<3tryt Qi ary basin, the USBR type VI, the Hook type and a Riprap basin.

W, = width of ba .144 meters
Lg = length of basig 8.534 meters
N, = number of rougfess rows = 4

N = number of elements = 17
U, = divergence 1.9:1

W, = width of elements = 0.914 meters
h = height of elements = 0.229 meters



Vg = velocity at basin outlet 2.896 m/s
yg = depth at basis outlet = 0.213 m

USBR type IV, Section 7-C:
W = width = 3.658 m
L = length =4.877 m
h1 = height = 2.804 meters
Exit velocity = 2.478 m/s

Hook Type Basin:
Assuming the downstream velocity, V,, equals the allowable, 3.048

i, %

The dimensions for a straight trapezoidal basin are:
Lg = length = 4.572 meters

WG :ZWO

Side Slope = 2:1 ‘
L, = length to first hook = 1.905 meters

L, = length to second hooks = 3.179 meters
h3 = height of hook =0.716 meters

V, =3.048 m/s

From Figure 8-B-7, V,/Vg =2.0; Vg 3 96 m/s OK

Riprap Basin:
dsg = diameter of rock = O.
hg = depth of pool (scour
Length of pool Om
Length of apro
Length of basin
Thickness of ripr

Remainder of basi

rs
820

approach 3 dsg = 1.198 m
d50 =0.799 m

ds Selecting Criteria

Right-of-way(ROW), debris, and dissipator cost are all constraints at this site. ROW is expensive making the
longer dissipators more costly. Debris will effect the operation of the impact basin and may be a problem with
the CSU roughness elements and tumbling flow designs. In the final analysis, the riprap basin was selected



based on cost and anticipated maintenance.

Table 12-1. Dissipator Limitations

Dissipator Type Froude Number ALLOWABLE DEBRIS Tailwater TW Special Considerations
Ff Sllt/Sand Floatlng

| Free Hydraulic Jump |
CSU Rigid Boundary <3 M L M - 4<S, <25
Tumbling Flow >1 M L L ECK OUTLET CONTROL HW
Increased Resistance -- M L L
USBR Type 41014 M L M
USBR Type llI 4.5to0 17 M L M
USBR Type IV 25t04.5 M L M
SAF 1.7 to 17 M L M
Contra Costa <3 H M M
Hook 1.8t03 H M M
USBR Type VI -- M L L Q<11m3/s V<15 m/s
Forest Service -- M L. ESIRABLE D<900-mm
Drop Structure <1 H L M EQUIRED Drop< 4.57 m.
Manifold -- M N ESIRABLE Note:
Corps Stilling Well -- M DESIRABLE N=none
L=Low M=moderate
Riprap <3 H H -- H=heavy

Go to Appendix A




Computation Forms

Appendix A : HEC 14
A

Go to Table of Contents

List of Forms Found In This Appendix

&l Form 1. Culvert, Channel, Scour, and Other Site Data.
&l Form 2. CSU Rigid Boundary Basin

& Form 3. Tumbling Flow, Rectangular Section

&l Form 4. Tumbling Flow, Circular Section

& Form 5. USBR Type |l Basin

&l Form 6. Increased Resistance, Box Culverts

& Form 7. Roughness Elements, Circular Culverts

& Form 8. USBR Type lll

& Form 9. USBR Type IV

[ Form 10. SAF Stilling Basin P
& Form 11. Contra Costa

& Form 12. Hook Type Energy Dissipator
& Form 13. Hanging Baffle Type Ene
& Form 14. USES Baffle Wall Dissipato
& Form 15. Straight Drop Structur
&l Form 16. Box Inlet Drop Struct
& Form 17. Stilling Well, M
& Form 18. Stilling Well, Co
& Form 19. Ripra! '

R VI
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Go to Form 2 Go to Appendix A

Culver, Channed, Scor, and Other Sile Data.

f-d-ﬂln'-ghal Ground Line

0.4
hEi 0.5
EM g
) 1.0
R L Yy 'n's'n'rln't &I'a i 12
EI:EJI.I.'.:'I'I ¢ 01 2 0% 04 05 4O 5 ; a3 1. I1}?E=Em2]'
Designer Ls
Date L=m

DIMENSIOMLESS CENTER-LINE PROFILE

pe |Skze |"n" |Length | Slope |Discharge |Depth |Velocity | Flow r | End Treatment
51; !I'f.-,, vﬂ- Areg Entrance Exit
1o
Culvert
Type Slde “n" Bottom Slope Discharge Velocity Fi Fr Type of Material
Slope Width Q A
Channel
[Equivalent Scour
Depth Depth Width Length
Ye hg Ws Ls
Scour
mputatiang
Valogity [——femr—T—ut = Gther Restrictions
Allowabe
Conditions
Qther Site
Constraints
Go to For Go to Appendix A




Go to Form 3 Go to Appendix A

CSU Rigid Baundary Basin

Gubwart Cratlet 1'5 Spdash Shietd PLa
rﬂ-t.ﬂl'ﬂ:l’.
f
=3 b ]
b Sngtgpatidhg

Whana y, = critcal dopth

Trial

Design | Wg/W, Vi i Lih

(1

[Z)

5}

()

(5}

Trial

Design cant, h L Wg | Wy u i (3}

1]

12)

{4

4]

15]

Freeboard Yo hs
Splash
- e [1} From Values in this table
{2} From equation 31 or 32
{3) 2<Wyihe<l
Go to For Go to Appendix A




Goto Form 4 Go to Appendix A

Tumbling Flow--Rectangular Section

v v i

1

q= Ye Ve
Imitial
Conditions
1] L't L
Dissipator
Design
hq ha ha.
Splash
Shield

ol
H
[==N ]
| =
=
[ E—=2—1
L

* For design using intial large eleme
+ V. equals outlet velocity for dis

e desi

r

r g;—“:’h—bﬂ—ﬂ“" : < N

Go to For

Go to Appendix A




Goto Form 5 Go to Appendix A

Tumibding Flow - Girgular Seclion

520dg) 1 | g2iiigt=

Initial
Conditions
h
Dissipator
Conditions
Go to For Go to Appendix A




Go to Form 6 Go to Appendix A
Increased Resistance-Box Culverts - - __ Critical Dopth
3 __“_'_,/‘_“‘h-—-—‘_,-«——_
[+ ¥
t Ya lL i |._|l _:?E-
£ = |y { b
Lih hiR j Lr Ly/P Se¥2 | Ry fu
10
Velocity Ne. of
Cheek | MM my it
Capacity
Check L £
h {2 =
2] Sheald. 1. From Equation 7-C-10
2. From Capacity Check
Fimal 2. Fram “elocity Check
Design 4. Newr Diameter -- if neces=zary
5. Use 1.49 rather than 1 if in English units
Go to For Go to Appendix A




Goto Form 7 Go to Appendix A

Roughness Elements--Ciruclar Culrorts

1 o AFFRODMIMATELY FULL FLOW

AL L e .‘H‘*':#H
i & 4)
T L
el j gy
I
& ffull) W Phull] Qhesign] W (dnsigmk
iri} En: G [T
Imitial
conditions
L Lo WD ; A np t “'u'l:jrut"lﬂtl W (Courthet)
Ia L
Go to For Go to Appendix A




Go to Form 8 Go to Appendix A

USBR TYPE Il

Chute Blocks ,,

If yo = Ty, Depress Basin

R

Z1=Z3 ¥ b .

Yo ¥ 2
2y 2

Lag +
31y

Tw

LLF

M3

(1) 23+ Tw> ¥+ Z2

Go to Appendix A




Goto Form 9

Go to Appendix A

USER Type lI

Bpace at
walls

ngth from
te Clocks

(1) Zg+ Ty> ¥t 2o

BaFrLE PEERS

Srape 221
O

=T

END S T







Go to Form 10

Go to Appendix A

If yoa > Ty, Depress Basin

USBR TYPE IV

E1= 2.2 ¥4

Vyq

FI"-|

e

h 1

Zy +

{13}

Ty

[Wall Spaces]

by

(1) £3+ Tyy= Yo+ £4

Go to For

Go to Appendix A




Goto Form 11

Go to Appendix A

SAF STILLING BASIN

e
E ":-Ej ¥ Et =
i 2 A T— P-
i g RECTANGULAR BASIN W=
‘j li _E 'i_E" | HALF-PLAN -‘_\_..,_,__h\ EasiFn:anﬂe
e 1 (4151  [BIEQUATION MUMBER M
SuattilEt ¢ P e o s Rect
_—
* FLARED BASIN e T
]KL HALF-PLAN 5 : iy
] z % Ty
oL zin.@“ )
E 46 prefeaned
i I1 i %
R P . =
L
* z
LZq4= L2 ¥y "I.I"1 Fr-l Yﬂ Lg FEH'I' 2 :3‘_;‘.&!{
h W, Ne Wy K 4 We2 Ng
Dist. Of Balfle Blocks hy ¥ £
e ettt 1, WgeBasin Width Upstream
AL T Z. r Blocks ot 364 v
TA L L sostwes Hﬂnﬁ']rglﬁ_ﬂhﬂ Widith < .55 W3
Y i 4, n Blocks at J4yy _ﬁ_:

ECTEFPNLIL

5 Wgp=Wg+iLgilz
B Wga=Wg+ 2g'Z

Go to Appendix A




Go to Form 12 Go to Appendix A

CONTRA COSTA

¥elDi1)

1H

(1} ¥o/D gheuld be approx, O.%

{23 L<W ¢ 1D

Go to For Go to Appendix A




Go to Form 13

Go to Appendix A

P
5

Hook Type Encrgy Dissipator

Siapn 1% Jﬂu-pn A Binpo il ?ﬁfli
riant) )
: - I3 |
Ly
Warped Wingwail Type Basin
Type VoV n Wy Lg
Warped
A
Stralght
hg
Warped
Straight
Go to For Go to Appendix A




Go to Form 14

Go to Appendix A

Hanging Baffle Type Energy Dissipator

LISER VI

~— 200 mm

4 DU (min)

]

e Section Bedding
Stilling Basin Desi

Hu Hu w w h1

ha W Wo t: @

™

Go to Appendix A




Go to Form 15 Go to Appendix A

USER Baffle Wall Dissipator

l__ '1E|:| ] ROTE ALL DIMENSIONS IN MILLIMETERE E_ : ; Maobe a] d.mang..:-'m, in mm

dl
|
|

B

) e | T o e
B etail
i
r

=
L@uanl 1 nanzlﬁ_lf :
= et )

Back | o T
li Plate | 4. 2 8.

L

g
III__.II'
L
o

b |

(not neaded fo
Z slopes less than

!_
i
=g
v

L™
-
aueufhaﬂ'lam

lars.

Elevation A-#

filers.inot na&d

race of batfle co

2 slopes less th

g?

tor
Y

[]
s |

.I.-‘ 7.4
25.4 11
60—

Section Through Batfie
i -

i [

160 “ma ’l

E

58 with pipe §F =

Detail X
Baffle Comear Fillar DF =110
n 40%

One each side) use with

Eslupas- greater %an 40% rain
ﬁlﬂ"-‘ 52
Size " 5

L-l I'l.l

450 mmrm 1.0 1.0

Other

Go to Form Go to Appendix A




Go to Form 16 Go to Appendix A

Straight Drop Siructure
:%"“
; YO | T AT I T i
T Floor Blocks—+C1
Lengitudinal Sidl
L . {Optional) |, S i i
. _wn 4 B
e
o
]
el PR Lo <
| e - |_H a Se—— .
Section At Center Line

Matural New HmLﬁ.ﬂﬁa_m[ ¥
So So Upstream [Downstrea c
Initial
data
L1 3 L3 -8 Enﬂ_ S Siaewall
" L Height Height |
Dissipator
Dimensiong

(1) Block should cccupy 50 to 60 percent of basin width.

Go to Appendix A




Go to Form 17

Go to Appendix A

Box Inlet Drop Structure

Tour of
607z & 2457
l--'m e o s e =
“mﬂ e = ! _L--“--'""--q P ot
Yo PR ' R :
\ an % by
hg 1 - »
J‘_ i 2 [ h
Mormal Depth
5!:1 w:’ wd Upstroam Downsiream
s hoWz |CaVig Ca Lythg Controlling
YolWa Gy LyW2 Ca Wy .I'Lc‘ .ﬁ.dlu5l}n.azd Crest
Y g MNo. Sills

Go to Appendix A




Goto Form 18 Go to Appendix A

Stilling Well--Manifold

e i e e e e b gy oy P i e

L
V4 =Initial velocity
Vp=Veloclty at entrance

yrlq (1)

"lrri F"l"n Vi Lz '!,I'.I'L3

(1) § < yiLg< 20

Go to For Go to Appendix A




Go to Form 19 Go to Appendix A

Stilling Well- Corp of Engineers

Go to For Go to Appendix A
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Riprap Basins

: AP
Dissip ator Fool ; 2
10 Dgor 3 W min 32! imin,

Culwert Brlrlh. M m @é’ﬁﬁp.uﬁa _ Nate B r.l-:.l;e B

l q-.—l_,_n.q:uw.f-::—“ <

N e

Fidey OF 20700 Tdgg o sp o gt Thiskened &1 skping

Tap &f Matuial
% Chanmel

"] - toe opkianal conatnuck
e 1.2 A b7 i d{-:'flnﬂm.im ch anl:ml
degradation & antivipated.
™ ¥e (1) TWiye | dsoly, dgg hgfye (2) hg ldgg
Low TW
TWiy 450.76
v
v
Allowabie | =Pe (3} . Vavenv; L
in i apecified, exlend basin as fequred
ol croas-pectanal ares al aecton -8 auch
T:UE!;?T?H ‘ ;H'n::mss seclion anea al sec, A-A), “specified oyl
HOTE B:
‘Warg barin to conform {o nateral steeam channel. Top
af tipdap if floor of bagin 2hould be 5t fhe 2ame slevation
of kel tham natyral dhannal Bothom at 3acA-A,
Larger of
Length of Pool =10 h or JW Mye = 0.75 for low TW design
Length of Apron = 4h or ) 2= haldgr 4

Thickness of Approach =3d or j De=[-¢.ﬂ|.|'rr1'”2
Thickness of Remainder = 2d

of Basin

Go to Appendix A




Table 3-3

Chapter 3

Table 3-2. Uniform Flow in Circular Sections Flowing Partly Full (3-3)

d = depth of flow, m
D = diameter of pipe, m
A = area of flow, m?2
R= hydraulic radius, m

Q =discharge in m3/s by Manning's
formula

n = Manning's coefficient

S =slope of the channel

bottom and of the water surface

1.490n 1.490n 1.490n 1.490n
D2 d8/3 31/2 d8/3 51/2 Dz d8/3 31/2 d8/3 51/2

0.00007 1.442
0.02 | 0.0037 | 0.0132 | 0.00031 0.415
0.03 | 0.0069 | 0.0197 | 0.00074 1.388
0.04 | 0.0105 | 0.0262 | 0.00138 1.362
0.05 | 0.0147 | 0.0325 | 0.00222 1.336
0.06 | 0.0192 | 0.0389 | 0.00328 1.311
0.07 | 0.0294 | 0.0451 | 0.00455 1.286
0.08 | 0.0350 | 0.0513 | 0.00604 1.262
0.09 | 0.0378 | 0.0575 | 0.00775 1.238
0.10 | 0.0409 | 0.0635 | 0.00967 1.215
0.11 | 0.0470 | 0.0695 | 0.01181 0 . 1.192
0.12 | 0.0534 | 0.0755 | 0.01417 0.2821 0.327 1.170
0.13 | 0.0600 | 0.0813 | 0.01674 0.2842 0.335 1.148
0.14 | 0.0668 | 0.0871 | 0.01952 0.2862 0.343 1.126
0.15 | 0.0739 | 0.0929 | 0.0225 0.29882 0.350 1.105
0.16 | 0.0811 | 0.0985 | 0.0257 0.2900 0.358 1.084
0.17 | 0.0885 | 0.1042 | 0.0291 0.2917 0.366 1.064
0.18 | 0.0961 | 0.1097 | 0.0327 . 0.2933 0.373 1.044
0.19 | 0.0139 | 0.1152 | 0.0365 3706 69 | 0.5780 | 0.2948 0.380 1.024
0.20 | 0.1118 2.96 0.70 | 0.5872 | 0.2962 0.388 1.004
0.21 | 0.1199 0.71 | 0.5964 | 0.2975 0.395 0.985
0.22 | 0.1281 : 0.72 | 0.6054 | 0.2987 0.402 0.965
0.23 | 0.1365 2.71 0.73 | 0.6143 | 0.2998 0.409 0.947
0.24 | 0.1449 2.63 0.74 | 0.6231 | 0.3008 0.416 0.928
0.25 | 0.1535 2.56 0.75 | 0.6319 | 0.3042 0.422 0.910
0.26 | 0.1623 . 2.49 0.76 | 0.6405 | 0.3043 0.429 0.891
0.27 | 0.1711 0.0739 2.42 0.77 | 0.6489 | 0.3043 0.435 0.873
0.28 | 0.1800 . 0.0793 2.36 0.78 | 0.6573 | 0.3041 0.441 0.856
0.29 | 0.1890 | 0.1662 ¥ 0.0849 2.30 0.79 | 0.6655 | 0.3039 0.447 0.838
d A R 1.490n 1.490n I d A R 1.490n 1.490n

D D2 D d8i3 sli2 | (8/3 gl/2 D D2 D d8/3 s1/2 d8/3 s1/2




0.30
0.31
0.32
0.33
0.34

0.35
0.36
0.37
0.38
0.39

0.40
0.41
0.42
0.43
0.44

0.45
0.46
0.47
0.48
0.49

0.50

0.1982
0.2074
0.2167
0.2260
0.2355

0.2450
0.2546
0.2642
0.2739
0.2836

0.2934
0.3032
0.3130
0.3229
0.3328

0.3428
0.3527
0.3627
0.3727
0.3827

0.3927

0.1709
0.1756
0.1802
0.1847
0.1891

0.1935
0.1978
0.2020
0.2062
0.2102

0.2142

0.0907
0.0966
0.1027
0.1089
0.1153

0.1218
0.1284
0.1351
0.1420
0.1490

0.1561

2.25
2.20
2.14
2.09
2.05

2.00
1.958
1.915
1.875
1.835

1.797

0.80
0.81
0.82
0.83
0.84

0.85
0.86
0.87
0.88
0.89

0.90

0.6736
0.6815
0.6893
0.6969
0.7043

0.7115
0.7186
0.7254
0.7320
0.7384

0.7445

0.821
0.804
0.787
0.770
0.753

0.736
0.720
0.703
0.687
0.670

0.654
0.637
0.621
0.604
0.588

0.571
0.553
0.535
0.517
0.496

0.463




Chapter 3

Table 3-3. Values of BD3/2, D3/2, and D5/2
VALUES OF BD 3/2

1.219x 1.219 1.641 2.134x2.134 6.652 3.048 x 3.048 16.218
1.524 x 1.219 2.051 2.438x2.134 7.599 3.658 x 3.048 19.464
1.829 x 1.219 2.462 2.743x2.134 8.550 4.267 x 3.048 22.705
2.134x 1.219 2.872 3.048x 2.134 9.501 4.877 x 3.048 25.950
2438 x 1.219 3.282 3.658 x 2.134 11.402

4.267 X 2.134 13.300 3.658 x 3.658 25.591
1.524 x 1.524 2.867 4 29.852
1.829 x 1.524 3.440 2.438 x 2.438 9.281 34.119
2134 x 1.524 4.014 2.743 x 2.438 10.443 38.380
2.438x 1.524 4.586 3.048 x 2.438 11.604
2.743x 1.524 5.160 3.658 x 2.438 13.926 37.609
3.048 x 1.524 5.733 4.267 x 2.438 16.244 42.986

48.354

1.829 x 1.829 4.525 2.743x 2.743 12.461
2.134x 1.829 5.280 3.048 x 2.743 13.84
2.438 x 1.829 6.032 3.658 x 2.743 16461
2.743 x 1.829 6.786 4.267 x 2.743 19835
3.048 x 1.829 7.540
3.658 x 1.829 9.050 ‘

VALUES © D3/«

1219 1.346 . ‘ $.807 3.658 6.996
1.524 1.881 0.7 4.543 3.962 7.886
1.829 2.474 38 5.321 4.267 8.814

2134 3.117 8.35 6.140 4572 9.776

V/  UksOF D52

A}

0.305 0.05% 9524 2.867 2.743 12.461
0.457 0.141 1.676 3.636 2.956 15.023
0.610 1.829 4.524 3.048 16.219
0.762 1.981 5.523 3.200 18.318
0.914 2134 6.652 3.353 20.586
1.067 2.286 7.901 3.505 23.000
1.219 2.438 9.281 3.658 25.592
1.372 2.591 10.806 3.810 28.334




Table 3-2 Chapter 3

Table 3-1. Uniform Flow in Trapezoidal Channels by Manning's Formula (3-3)

Values of 1.49 Qn
bﬂfﬂls‘lﬂ

z=11a)z=112]z=13/4

.00213 |.00215 |.00216 |.00217 |.00218 |.00219 .00220 .00220 .00221 |.00223

.00414 |.00419 |.00423 |.00426 |.00429 |.00429 .00433 .00434 .00437 |.00443

.00661 |.00670 |.00679 |.00685 |.00690 |.00690 .00700 .00707 |.00722
.05 ].00947 |.00964 |.00980 |.00991 |.0100 |.0101 .0102 .0103 |.0106
.06 .0127 |.0130 |.0132 |.0134 |.0136 [.0137 .0138 .0145
.07 .0162 |.0166 |.0170 |.0173 |.0176 [.0177 .0180 .0190
.08 .0200 |.0206 |.0211 |.0215 |.0219 [.0222 .0240
.09 .0240 |.0249 |.0256 |.0262 |.0267 [.0271 .0296
10 .0283 |.0294 |.0305 [.0311 |.0318 |.0324 ) .0358
A1 .0329 1.0342 |.0354 |.0364 |.0373 [.0380 .0400 |.0424
A2 .0376 |.0393 |.0408 |.0420 |.0431 |.0441 .0466 |.0497
A3 .0425 |.0446 |.0464 |.0480 |.0493 |[.0505 .0537 |.0575
14 0476 |.0501 |.0524 [.0542 .0559‘ : .0312 |.0659
A5 .0528 |.0559 |.0585 |.0608 0677 0692 |.0749
.16 .0582 |.0619 |.0650 |. .0759 0776 |.0845
A7 .0638 |.0680 |.0717 |.074 0823 .0845 .0867 |.0947
A8  |.0695 |.0744 |.0786 .0910 .0936 .0961. |.105
19 .0753 |.0809 |.0857 .100 .103 .106 A17
.20 .0813 |.0875 |.0932 .106 110 113 116 129
21 .0873 |.0944 |.101 115 120 123 127 142
22 .0935 |.101 .109 125 130 134 139 155
.23 .0997 |.109 135 141 146 151 169
24 .106 146 152 157 163 .184
25 113 .150 157 163 170 176 199
.26 119 .160 .168 175 182 .189 215
27 126 A71 .180 .188 195 .203 232
.28 133 182 192 201 .209 217 .249
.29 139 193 204 214 223 232 .267
.30 146 . . .205 217 227 .238 248 .286
31 153 172 .189 204 217 230 242 .253 .264 .306
.32 .160 .180 199 215 .230 243 .256 .269 281 327
.33 167 189 .209 227 243 257 271 .285 .298 .348
34 174 .198 219 .238 .256 272 287 301 315 .369
.35 181 207 .230 251 270 287 .303 .318 334 .392
.36 190 216 241 .263 .283 .302 319 .336 .353 416
.37 .196 225 251 275 297 317 .336 .354 372 440
.38 .203 234 .263 .289 311 333 .354 373 .392 465
.39 210 244 274 301 .326 .349 371 .392 412 491
dbl | z=0 | z=1/4 | z=1/2 | z=3/4 | z=1 | z=1-1/4 | z=1-1/2 | z=1-3/4 | z=2 z=3




40 |.218 .254 .286 314 341 .366 .389 412 433 .518
41 225 .263 297 .328 357 .383 408 432 455 .545
A2 233 279 310 342 373 401 427 453 478 574
43 |.241 .282 321 .356 .389 418 447 474 501 .604
44 1.249 292 334 371 405 437 467 496 524 .634
45 |.256 .303 .346 .385 442 455 487 .519 .548 .665
46 |.263 313 .359 401 439 475 .509 541 547 .696
A7 271 .323 371 A17 A57 494 .530 .565 .600 729
48  |.279 .333 .384 432 A75 514 .552 .589 .626 .763
49  |.287 .345 .398 448 492 534 575 .614 .652 797
S50 |.295 .356 411 463 512 .556 .599 .639 .679 .833
.52 310 .906
.54 |.327 .984
.56  |.343 1.07
.58  |.359 1.15
.60 |.375 1.24
.62 391 1.33
.64 |.408 1.43
.66 424 1.53
.68  |.441 1.64
.70 |.457 1.75
M2 474 1.87
74 1.491 1.98
.76 |.508 2.11
78 |.525 2.24
.80 |.542 2.37
.82 .559 2.51
.84 |.576 2.65
.86  |.593 2.80
.88 |.610 2.95
90 |.627 3.11
.92 .645 3.27
94  |.662 3.43
.96 |.680 3.61
98  |.697 3.79
d/bl |z=0 z=3




1.00
1.05
1.10
1.15
1.20

1.25
1.30
1.35
1.40
1.45

1.50
1.55
1.60
1.65
1.70

1.75
1.80
1.85
1.90
1.95

2.00
2.10
2.20
2.30
2.40

2.50
2.60
2.70
2.80
2.90

3.00
3.20
3.40
3.60
3.80

4.00
4.50
5.00

714
759
.802
.846
.891

.936
.980
1.02
1.07
1.11

1.16
1.20
1.25
1.30
1.34

1.39
1.43
1.48
1.52
1.57

1.61
1.71
1.79
1.89
1.98

2.07
2.16
2.26
2.35
2.44

2.53
2.72
2.90
3.09
3.28

3.46
3.92
4.39

1.93
2.13
2.34
2.56
2.79

3.04
3.30
3.57
3.85
4.15

4.46
4.78
5.12
5.47
5.83

6.21
6.60
7.01
7.43
7.87

8.32
9.27
10.3
11.3

17.9

19.8
21.7
23.8
25.9
28.2

30.6
25.8
41.5
47.8
54.6

61.9
82.9
108

3.97
4.45
4.96
5.52
6.11

6.73
7.39
8.10
8.83
9.62

10.4
11.3
12.2
13.2
14.2

15.2
16.3
17.4
18.7
19.9

21.1
23.9
26.8
30.0
33.4

37.0
40.8
44.8
49.1
53.7

58.4
68.9
80.2
92.8
107

122
164
216

1 for d /b less than 0.04, Use of the assumption R = d is more convenient and more accurate than
interpolation in the table.
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Preface

The purpose of this circular is to provide design information for analyzing dissipation problems
at culvert outlets and in open channels. The first five chapters of the circular provide general
information to support the remaining design chapters. Design Chapte Chapter 7, Chapter 8,
Chapter 9, Chapter 10, and Chapter 11 cover the general types of dissip@iiers: Hydraulic Jump,
forced hydraulic jump, impact, drop structure, stilling well, and riprap N concept
presented in Chapter 1 is illustrated in Chapter 12, Design Selection pter, the
different dissipater types are compared using design problems

Much of the information presented has been taken from the e @nd adapted, where
necessary, to fit highway needs. Recent research resultggha en iggorporated, wherever
possible, and a field survey was conducted to determine @ate nt practice and
experience. ’
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Multiply By To Obtain

inches 2.54 centimeters

feet 0.3048 meters

feet per second 0.3048 meters per second
cubic feet per second 0.028317 cubic meters per second
pounds 0.453592 kilograms
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LIST OF SYMBOLS

Note: For specific definitions refer to each chapter.

L T8 ST ST (SR TS ST T (306 S gl o

0 O0O© UTO S zZz3 @

Py
(0]

—»» o

i
=

Cross-sectional area of flow

Acceleration

Width of rectangular culvert barrel

Proportionality constant; subscript for critical conditions
Diameter or height of culvert barrel
Energy

Froude number

Darcy-Welisbach resistance coefficien
Force

Acceleration of gravity
Energy head
Vertical dimension
Head loss (total)

Friction hea&)

Distance, length, itudi imension

Discharge per unit width
Hydraulic radius

Reynolds number

Radius; cylindrical coordinate
Slope

Slope of energy grade line
Slope of the bed

Slope of the water surface

Top width of water surface
Tailwater Depth
Time variable; thickness dimension




Mean velocity

Volume

Velocity at a point
Transverse dimension; width
Weight

Depth of flow

Equivalent depth = (A/2)2
Hydraulic depth: arealtop width (A/T)
Normal depth of flow
Critical depth of flow

Side slope; stream bed elevation
Water surface elevation

Kinetic energy coefficient; in
Velocity (momentum) coeffi
Specific weight

Small incr t

Angle: inclei(rg : Gl central
Dynamic viscosl
Kinglic vj

ront angle

(T'94 dugs/cu. ft. for water)
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