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CULVERT VELOCITY REDUCTION

BY

INTERNAL ENERGY DISSIPATORS

The designer is often concerned with
possible scour or erosion at the outlet
of a drainage culvert constructed on a
steep siope. Such ercsion can cause seri-
ous maintenance, sifting and polfution
problems. The high wvelocity asscciated
with flow on steep slopes is the criticaf
parameter in the erosion process,

Reduction of the velocity of such flows
is generally accomplished by the forma-
tion of a hydraulic jump. A hydraulic
jump converts shallow, high velocity flow
to deeper, low velocity flow while losing
considerable energy in the resulting tur-

bufence. Most outlet protection devices
are essentially stifling basins, designed so
the hydraulic jump is formed in the basin.

This article describes dissipators intend-
ed to form the hydraulic jump within
the cuivert, thus efiminating costly outlet
structures. These dissipators are cirular
rings spaced along the pipe at the down-
stream end. The rings cause a series of
hydraulic jumps to form in the barrel of
the pipe, resuiting in a near optimum
dissipation of energy and virtually mini-
mum possible total energy at the outlet.

GENERAL

revious research conducted at

Virginia Polytechnic Institute on
the use of roughness elements in
open channels established that ex-
cess energy in storm water flow-
ing down steep drainage channels
could be dissipated by construct-
ing roughness elements within the

channel. Since culverts operating
under inlet control simulate open
channel flow, application of this
type of internal energy dissipation
to culverts could possibly result in
more efficient utilization of the
culvert barrel and reduced outlet
velocities.

In August, 1969, the American
Concrete Pipe Association con-
tracted with Virginia Polytechnic
Institute and State University (VPI)
to investigate and determine the
feasihility and applicable design
procedures for using roughness
elements as energy dissipators of
free-surface flow in circular con-
crete pipe culverts. Results of the
research are published in Highway
Research Record Number 373
Roughness FElements as Energy
Dissipators of Free-Surface Flow
in Circular Pipes. Because of the
criteria of assuring free surface
flow, full capacity of the conduit
was not realized and necessitated
an increase in pipe size within the
length of culvert in which the
roughness elements are placed.
Based on the laboratory.and field
observations during this initial re-
search, subsequent tests were con-
ducted for full flow conditions oc-
curring near the outlet end at
maximum design discharge. By
eliminating the criteria of free sur-
face flow and allowing the culvert
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FIGURE 1. TUMBLING FLOW IN PIPE CULVERT.



FIGURE 2. ROUGHNESS
ELEMENT IN PIPE.

to approach full flow, it was found
velocity reduction could be ef-
fected without an increase in pipe
size. The results of this later re-
search and design procedures for
both the full flow condition and
the free surface flow condition
are presented in the following
paragraphs.

FREE SURFACE FLOW TESTS

The performance characteristics
of dissipator rings were investi-
gated initially in laboratory mod-
els and later with a full scale 18-
inch reinforced concrete pipe pro-
totype. Different numbers of rings
of various cross-sectional dimen-
sions and spacings were tested in
the 6-inch diameter clear plastic
model pipe which could be ad-
justed to any slope from zero to

30 percent. An early conclusion
was that only five rings were
necessary to achieve consistent
results. The full scale prototype
was tested at flatter slopes than
the laboratory model because test
facilities with unlimited quantities
of water were not available within
a reasonable distance of VPI.
Since the objectives of the re-
search were to dissipate energy
and reduce high velocities asso-
ciated with culverts on what are
considered steep slopes, the cul-
verts were operating under inlet
control. Accordingly, the flow
characteristics were observed io
be one of critical flow at the en-
trance of the pipe with the flow
accelerating down the length of
the pipe until the first ring, or
roughness element, was reached.
At that point, a hydraulic jump
was formed, with extreme turbu-
lence. The flow then encountered
another roughness element while
still in an agitated condition from
the first and this pattern of action
was repeated until a cyclic con-
dition was reached, where the
flow conditions over the rough-
ness elements were uniform. Gen-
erally, this cyclic action was at-
tained after the second or third
element. The agitated flow, char-
acterized by a greater depth over

FIGURE 3. TUMBLING FLOW IN 6-INCH PLASTIC PIPE.

the element than before it, a fall
into a valley between the ele-
ments, and a form resembling a
hydraulic jump shortly before the
next element, is called tumbling
flow. Thus one cycle is completed
and the flow tumbles into the next
cycle until the outlet is reached.
This tumbling flow can only be
established and maintained under
less than full flow conditions. Fig-
ure 3 shows how tumbling flow
with a free flow surface at less
than maximum design discharge
appeared in the 6-inch clear plas-
tic pipe.

FULL FLOW TESTS

During the previous VPl re-
search on open channel flow, it
was observed that if one large dis-
sipator element was placed up-
stream it created a large hydraulic
jump which was maintained by
the smaller downstream elements.
In applying this observation to
pipe flow at maximum design dis-
charges, it was theorized that the
hydraulic jump at the large up-
stream ring would cause the pipe
to flow full with the smaller down-
stream rings maintaining the full
flow condition.

Several tests of various ring con-
figurations quickly indicated the
soundness of this approach. Sub-
sequently extended tests for the
full flow condition were made in
the laboratory model with a ring
configuration consisting of three
small rings at the exit preceded
by one large ring at double spac-
ing as illustrated in Figure 4. The
three small rings were spaced at
spacing-diameter ratio (L/D) of
1.5 with a ring height-diameter
ratio (K/D) of 0.0625, The large
ring, at double spacing, had a
height ratio K/D of 0.146.

Model tests were run for this
configuration at three slopes of
4.3, 9.3 and 15.2 percent. In order
to compare these mode! tests with
the full scale prototype tests un-
der free surface flow, the range
of test flows was equivalent to 10
to 15 cubic feet per second in an



FIGURE 4. FULL FLOW IN PIPE CULVERT.

18-inch diameter pipe. In all of
these larger flows (larger than in-
dicated by tumbling flow criteria),
the pipe flowed full at the outlet
with the initial hydraulic jump
varying in position above the
feading ring depending upon the
slope and flow rate. In some cases
there were slugs of air moving
unsteadily down the pipe, enter-
ing at a vortex in the headwater
and moving through regions of
full flow in entrained bubbles. In
such cases, the quantity and
movement of air through the pipe
would indicate pressures only
slightly above atmospheric and in-
let control still governed. Table |
details the test data and results
and Table II lists the computa-
tions relating the test results to the
expected performance of an 18-
inch diameter prototype pipe. The
prototype discharge Qp was de-
termined by using a Froude rela-
tionship for similitude, Qr = L: /2.
In all cases except where tumbling
flow is noted, the model pipe was
flowing full at the downstream
end. Therefore, prototype velocity
Qr was determined by dividing
prototype discharge by prototype
area, where the prototype area is
the area of the pipe at the outlet
minus the decrement in area re-
sulting from the last ring.

TABLE I. TEST RESULTS OF 6-INCH PLASTIC PIPE. .
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8 43 ' |0.85% - -15.00 134 Rl R
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‘TABLE II. CALCULATED PERFORMANCE

OF 18-INCH CONCRETE PIPE.
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