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SUMMARY

This report is concerned with the hydraulic performance of vertical drains for
ditch bottoms covered with gratings for entrance protection. These inlets act much like
common culverts in that the performance may be controlled or limited by various
geometrical factors, drainline dimensions and tailwater stage. Several flow regimes may
exist, including weir flow, outlet controlled flow and inlet controlled flow. Under inlet
flow conditions, the flow limitation is due primarily to contraction effects, while for
outlet control losses along the path act to reduce the flow rate. The presence of a vortex
over the inlet may exert substantial influence on hydraulic performance, not only as a
flow limitation but also as a mechanism for trash accumulation.

The purpose of this study is to determine whether the addition of a grating causes
substantial alteration in the performance of the drain. The grating serves several
purposes including safety and exclusion of trash from the downstream components of the
drain structure. Unfortunately, since the grate is the same size as the entrance and
located at a point of high velocity, trash accumulation problems are worsened.

Experiments were conducted as follows:

1. The discharge coefficient for inlet control both with and without gratings was
measured. Three different grating designs (reticuline, crossbar, slotted) were
tested and compared to an entrance with no grate. Since the presence of residual
circulation in the pond may influence the formation and strength of the drain
vortex, conditions of both suppressed circulation and stimulated circulation were
examined.

2. A brief examination of the influence of trash accumulation as well as
surrounding roughness elements was made under conditions of inlet control.

3. The loss coefficient for the grating was deduced by comparison of the
discharge with and without gratings under conditions of outlet control. The
grating was observed to have a strong influence on air aspiration, leading to poor
performance under some conditions.

The results of this investigation show that the reticuline grate performs well.
Coefficients of discharge and loss factors for grates tested are summarized as design
data.



INTRODUCTION

Inlet structures are employed to convey water from an open reservoir. Usually
the structure comprises the entrance treatment and a drainline connection to the
downstream receiving water. Flow at the entrance is complex, being in part influenced
by the free surface condition and in part by the development of pressure flow
downstream. Inlets are frequently found in conjunction with storage reservoirs, detention
ponds, hydroelectric power plants and pumped storage.

The focus of this study is the performance of drains installed in ditch bottoms for
roadway applications (for example, State of Florida, Roadway and Traffic Design
Standards, Index 232, without slot) and operating under sump conditions. These drains
consist of a horizontal flush inlet set over a vertical drop box. The purpose of this
investigation is to provide comparative performance data for gratings used to cover the
entrances to these inlets. Failure to properly design drainage structures can increase the
risk of flooding property that is upstream of the structure. In many cases it may be
difficult to predict reliably what conditions may exist at either the entrance or the exit of
the structure. Thus, it is important to understand what the minimum performance is
likely to be. Of particular interest is the reticuline grating, originally designed as "bicycle
safe" and often used in streets and other circumstances where bicycle traffic is probable.
Reticuline grates are constructed from a series of parallel bars set on edge. The spaces
between the bars are filled with another bar, bent periodically at angles to form a zigzag
pattern, serving as reinforcement and also to make the opening small for safety. The
grate is banded at the outside to form a unit. The net result is a grate with large open
area but also segmented into a number of small openings.

Figure 1 shows an example of a reticuline grate and a slotted grating for
comparison. The reticuline grate is installed in a ditch bottom to cover a flush inlet.
While in the past, several studies focused on gutter flow conditions [1,2], less attention
has been given to performance under sump conditions with possible high heads.
Entrances formed by drop boxes used as detention control structures are also sometimes
covered by grates to provide protection and emergency overflow, however this inlet type
is not flush, but stands up from the pond bottom to form a reentrant entrance. While
performance may be similar, this configuration was not investigated here.

Possible factors influencing the hydraulic performance of the inlet with grating
include:

1. The hydraulic regime of operation of the structure
2. The geometry of the grating
3. The presence of a vortex

4. The accumulation of debris at the grating



This report comprises an examination of each of these factors and an experimental
investigation of the alteration of performance induced by several grate types.

HYDRAULIC PERFORMANCE OF INLET STRUCTURES

In contrast to the physically large intake structures that can serve as suction lines
for pumps or turbines, the horizontal grated inlet of interest here is a small, gravity
driven structure that may be compared to a conventional culvert. In 1958, Blaisdell [3]
reported an extended study of inlets associated with closed conduit spillways. This study
was followed by an extended investigation of inlets in 1970 by Humphreys, et. al. [4].
The overall performance of the intake structure is often represented on a head-discharge
diagram as shown schematically in Figure 2. Performance may be viewed as the locus of
all possible operating states for the complete structure. Usually, the head represented in
this diagram is the submergence head, defined from the entrance elevation.

An extensive review of the literature was conducted to provide background
information for this study. Similar, related applications include drains in parking lots
and outfalls from detention ponds. Although hydropower installations are not of interest
here, there is a considerable body of literature concerning these installations which have
equal relevance to gravity drains. Consequently, the discussion below includes numerous
references in this area.

For purposes of this discussion, it will be assumed that sump conditions (no
organized flow) exist in the upstream ponding. As in the case of culvert performance,
several different flow regimes may be observed at the inlet, each governed by different
control or flow limitation. At the lowest head, the flow regime is weir flow with only
partial coverage of the entrance. Depending on geometrical factors at the inlet, this flow
may resemble a free overfall, or if a grate is present the flow pattern may be more
complicated. In this regime, a small increase in head results in a large change in flow
capacity. As the head rises, however, the entrance floods and the flow begins a
transition to a different operating regime. In some cases the structure fills with water
completely (ie. primes) and full flow develops. Control results from the tailwater or
conditions in the barrel draining the box. Because the box itself constitutes a short
nozzle, a regime of operation with the box flooded (but not the barrel) could result.
While possible, this mode is not likely in applications of interest here since drop box
heights are not great [S].  Alternatively, the control point may remain at the inlet
entrance, in which case the flow is a true orifice flow. The differences between full flow
and orifice flow are illustrated in Figure 3.

It is important to recognized that the flow can be governed by different elevations,
depending on the circumstances of control. For inlet control the appropriate head is the
submergence measured from the inlet, assuming that the receiving box is at atmospheric
pressure. If the box does not communicate with the atmosphere, it is possible that the
pressure in the box may be different than atmospheric resulting in a different flow rate.
When priming occurs, the lower elevation controlling the flow is farther downstream,
possibly at the entrance to the drainline or at the tailwater. Thus, even though the
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performance map is usually presented in terms of the submergence head, once the drain
primes, the flow rate is governed by elevational differences other than the submergence.

Fundamental distinctions separate a true orifice flow from other types of inlet
flow. For an ideal orifice consisting of an aperture in a thin plate and exhausting freely
at atmospheric pressure, the submergence head drives the flow and the liquid is
accelerated to pass through the orifice. For much of the distance traversed to the
orifice, the flow velocity is relatively small. Losses, which are proportional to the kinetic
energy are small also. However, as the body of the flow leaves the plate, a distinct
contraction develops due to flow separation. Assuming that the ambient pressure is
constant for discharge and that no flow obstruction is present, only the upstream
conditions and the contracted area of the flow affect the efflux.

In contrast to orifice flows, other types of intake flows include short nozzle
extensions or situations where the entrance is directly connected to a pipe downstream of
the inlet at the reservoir. In typical installations of interest in this investigation, the
opening is located over a drop box serving as a transition to the drainline. The drop box
may be viewed as a nozzle extension. In this circumstance, the driving elevational
difference is determined by the elevation at the end of the pipe or if the discharge is to a
reservoir, the tailwater elevation. The flow may be substantially influenced by conditions
downstream including frictional effects. In this case, the inlet structure may be viewed as
a transition from a free surface flow to a pressure flow. Additional hydraulic losses may
be incurred by the installation of a grate at the entrance.

Depending on geometry and other factors, circulation often develops and
strengthens above the inlet to become a vortex, dominating the flow, both for inlet and
outlet control situations. Only distributed vorticity from boundaries or discrete vortices
shed by nearby objects form stable vortices over the inlet. Figure 4 shows the stages of
vortex development. The weakest condition is the development of surface swirl, which
progressively grows to a surface dimple. Trash and floating debris are sucked into the
inlet with further strengthening. The strongest condition is the development of an air
entraining vortex over the inlet.

Drain vortices have been extensively studied. Fundamental analytical [6-10] and
experimental studies [11-15] have been conducted to clarify the formation and structure
of vortices. At least two review discussions have been presented [16,17]. Of particular
interest here are several studies of the formation of vortices over inlets [18-27]. The
design of inlets and the problems associated with vortex formation have been recently
reviewed and summarized [28]. Numerous model studies have been conducted to
investigate specific installations [29-32] and several methods for suppressing vortices have
been proposed and tested [33-36).



Several issues emerge as important to this investigation:

Critical submergence

The height of the water above the inlet plays an important role in determining the
surface flow characteristics. Both in the case of orifice flow and also when the structure
primes, vortices can develop at the inlet. Usually, air core vortexes persist until the head
is substantially above the inlet. This critical submergence is of the order of several
hydraulic diameters, but may also be influenced by the presence of solid boundaries [32].
Conversely, a minimum depth is required before the weir regime ceases and the inlet is
flooded with water. Between these states, a region of vortex flow is likely, with both
transient and steady vortices appearing. Most inlets of interest here may operate in this
range. Evidence of vortex formation can be seen almost as soon as the inlet is fully
covered, and even at higher heads the inlet is not submerged to a depth sufficient to
totally eliminate the vortex.- Thus, air and trash entrainment are characteristic of typical
installations.

At question here is the effect that the presence of a vortex may exert on the
hydraulic performance of the system. If a vortex forms over an inlet, reduction in flow
rate can be expected. In the case of orifice flow, discharge is decreased because the air
core reduces the effective area of the inlet and also because the kinetic energy of the
swirling component of the flow can increase flow losses. In fact, flow reduction due to
vortex formation has been used to advantage in dropshafts and several other devices
designed to regulate inflow quantities to some intakes [37-46). If the inlet is operating
under conditions of full flow, the swirling motion induced in the drain line may add
substantial hydraulic losses to the system as well as altering the inlet flow development.
As discussed below, interaction of the vortex with any grating added to the inlet may be
anticipated.

Unsteady discharge may also result from vortex development. Air entrainment at
the inlet may dramatically affect the overall performance of the system by binding or
partially blocking the flow [47,48]. Such action can cause the system to develop long
term oscillatory behavior as air is taken into the system, builds up to retard the flow and
then is disgorged to continue the cycle. Even transient eddies that do not develop into
permanent air cores can rapidly strengthen as they are pulled into the system and cause
temporary reduction in flow [33].

Vortex suppression

Because of the many deleterious effects of vortices at inlets, considerable effort
has been expended towards developing effective suppression. Redesign of the inlet to
include floating rafts, covers, and hoods has been advocated as well as vertical walls or
vanes, positioned either across the entrance or at the side [5]. Depending on
circumstances, all of these methods are useful, however the fact that air entrainment is
no longer apparent does not mean that the vortex has been suppressed. Trash may still
be entrained.



rates and screens

Examination of the literature [21,33,36,47] indicates that grates can have both
negative and positive influence on the hydraulic performance of the entrance assembly.
Aside from additional losses added to the flow path [29,32,51], the net effect depends on
three factors:

1. Opening ratio
2. Antiseparation effects
3. Trash accumulation

In patterns such as the reticuline design, the grating converts the entrance into
multiple small openings in close proximity to one another. Thus the total discharge is
the sum of many small but possibly interacting passages. For gratings with relatively
large area fractions, the principal effect may be to reduce separation and straighten the
flow. Under some conditions performance may be enhanced.

A common thread in many investigations is the observation that trash racks or
screens may serve to suppress or mitigate vortex development by interfering with the
circulation [21,26,29]. A screen or grate does not need to cover the entrance but may
be located so that tangential flow is reduced. If flow passes through the openings, the
thickness must be relatively large to obtain flow straightening. In at least one case [32],
a vortex suppressor was installed as a trash rack. A dual purpose application is not of
particular interest here, however.

Debris accumulation

Although a highly variable factor, the effect of trash must be considered. The
accumulation of debris may be limited to an area blockage effect or may influence the
flow development. All types of inlet structures are plagued by blockage caused by the
accumulation of trash and debris [22,26,31,50]. In an attempt to alleviate the obstruction
of the conduit downstream of the inlet, screens and grates are added to the structure,
however the screen itself can be blocked and ultimately develop as the controlling point
in the flow path. The effect of accumulation on a grate or screen is twofold; the area of
the flow is reduced and also additional contributions to hydraulic losses are introduced.

Under almost all conditions, trash and debris are entrained by the local
acceleration of the fluid approaching an inlet [49). As submergence increases and a
vortex develops, buoyant debris is entrained and to some extent concentrated in the
swirling flow surrounding the inlet. Depending on the strength of the vortex, some of
this material is sucked down to the inlet face. Because the trash is only modestly
different from the water in density compared to air, this action occurs even before an air
core develops (Figure 4).

In contrast, since the bottom flow field of a vortex remains radial, trash that sinks
to the bottom moves directly to the inlet. There is some evidence that the presence of a



large raft of floating trash centered in a vortex may actually act as a suppressor [33].
Likewise bottom roughness may restrict the motion of trash along the bottom.

Proximity

For completeness, the interaction between two inlets sited close together was
considered. There are relatively few literature references to this problem, but it has
been examined in relation to multiple power plant intakes [29]. It is to be expected that
the flows will influence each other to some extent [33], and especially two vortices can
interact, travel together [23], or merge to become one.

EXPERIMENTAL INVESTIGATION

As stated previously, the principal objective in this study is not to document the
overall performance of a particular structure, but rather to obtain information concerning
the influence of gratings on the performance of inlets. In order to better understand the
reticuline grate (shown in State of Florida, Roadway and Traffic Design Standards, Index
232), which is of most interest here, measurements of two other grates were obtained for
comparative study. One of these grates was the cast grate, slotted with a relatively small
open area (also shown in Index 232). The second was a grating consisting of straight
bars joined by round cross bars (Index 219).

Two types of experimental measurements, corresponding to inlet and outlet flow
regimes, were undertaken during this investigation. First, the discharge coefficients for
grated inlets were examined under orifice conditions, with no pressure gradient across
the orifice. This situation is typical of an inlet placed on top of a drop box that is at
atmospheric pressure, perhaps because the outlet pipe is not flowing full or because the
box is vented to the atmosphere. Under these conditions, changes in pressure in the box
that could affect the flow rate are avoided. Second, a separate experiment was
conducted to measure the hydraulic losses for full flow conditions. These two
experiments are explained in more detail below.

The experimental facility used in this investigation was originally developed for an
investigation of culvert endsection performance. The facility comprises two large
fiberglass tanks (6x6x12 feet) connected by a 10 inch PVC drain line. One tank acts as a
sump and the other as a supply reservoir. Models for testing are set in the supply tank.
Water is circulated by means of a 4 inch variable speed pump, another 4 inch pump and
a 6 inch pump. The tanks are baffled to prevent air recirculation. Flow is measured by
‘calibrated electronic paddlewheel flow meters in each supply line. Calibration of these
flowmeters has been developed by using thin plate weirs. Head is measured by a
piezometer connected at the far end of the supply tank. Height in the supply tank was
measured by means of a standpipe and height gauge with a minimum resolution of .003
feet. A similar measurement was used when the elevation of the water level in the sump
was required.



Because of the limited size of the facility, it was necessary to test the model
gratings and inlets on a one-quarter scale. This technique is commonplace for inlet
testing and is especially well developed for hydroelectric and other powerplant intakes,
although small models are generally used. Here the scale ratio of the inlet model is
closer to full size and quite comparable with other gravity inlet studies [3]. In addition
to many of the references listed above, the scaling of vortices at inlets has been discussed
in References [50,52-60]. Many investigators have found that the behavior of the vortex
in scale models may be less intense that in the prototype, especially where large ratios
are used [28]. Similarly, weir flow across gratings may not scale well [61].

As stated previously, reticuline grates were the primary focus of this study. A 1:4
model of the reticuline grate was constructed from .05 inch brass sheet stock. The
dimensions of the bar stock used in the prototype were closely matched but since all
components of the model were of the same thickness slight dimensional discrepancies
were tolerated. The reticuline model was assembled according to standard dimensions.
For comparative studies, a model slotted grate was machined from aluminum in the
same scale. Finally, for further comparison, a cross bar model grating was constructed
on the same scale as the reticuline and slotted grates. In this case the overall dimensions
were not matched but the grate spacing and dimensions were held to the same scale,
since the typical proportions do not match the other two grate types. Thus comparisons
were limited to the pattern of the grate. The following scale relations apply to all
models:

DIMENSION RATIO SCALE RELATION
length L=L 1:4

area A =12 1:16

velocity V, =L 1> 122

discharge Q,=L>"? 1:32

Surface roughness was not scaled. The prototype surface was assumed to be
metal and the box assumed to be finished concrete. The grate models were metal and
the wood portions of the inlet were resin coated and painted.

The appropriate nondimensional parameters are:

the Weber number:

N
"
~
|

the Reynolds number:

=
&
1



the Froude number:

Fr = ___I.,_
Vgd
and the Kolf number:
Ko = —P-
vd

In these parameters p is density, o is surface tension, u is viscosity and I" is
circulation. V and d are a characteristic velocity and linear dimension, respectively.
Using a characteristic velocity of 5 feet/second and a linear dimension of 1 foot gives a
Reynolds number of 10°, a Weber number of 30 and a Froude number of 0.6.

The conclusion of several studies [24,28,53] is that surface tension effects are
minimal, especially for the conditions encountered in the experiments reported here. It
is possible to define a Reynolds Number based on either the radial velocity towards the
inlet or a tangential velocity. Like surface tension, viscosity is not likely to be an
important parameter here due to the limited range of variation and the large Reynolds
number [62].

Two Froude numbers can be also defined, one based on submergence and
another based on the diameter of the inlet. A common practice is to report the
performance of a specific structure in terms of a modified Froude number based on a
characteristic orifice dimension [3]:

Fre —92 )

There is no guarantee however, that Froude modeling will correctly predict every
feature of the prototype from model studies. Finally, the circulation was not modeled or
measured in this experiment rather several circulation conditions were tested in the
manner of Reference [4].

MEASUREMENT OF THE DISCHARGE COEFFICIENT FOR INLET CONTROL

To examine inlet discharge, a drain box (1.67 feet wide, 2.58 feet deep, 2.5 feet
long) was constructed with a horizontal plate (4x4 feet) mounted on top. A rectangular
opening with a lip corresponding to typical box specifications was cut in the center of the
plate so that a flush, horizontal configuration was simulated. To ensure that the box was
at atmospheric pressure, a horizontal 1-1/2 inch clear PVC pipe was installed in the side
of the box below the plate. This pipe was led to the back of the tank to a riser open to
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the atmosphere. While experimental measurements were being made the horizontal
portion of this pipe was monitored for the presence of water which would indicate that
the box might not be at atmospheric pressure. Because the grate was located relatively
high in the tank, the available head was limited to about 1 foot (corresponding to 4 feet

in the prototype).

All testing reported here was conducted under conditions of minimal approach
flow, nominally sump conditions. This does not mean however that the water was
quiescent. Usually during a run, residual swirling motion and some currents were
observed in the head tank (in fact merely turning on a different pump caused some
fluctuations, including vortex reversal). This circumstance is not unlike that found in the
field. While runoff may be ponding above the inlet, it is not expected to be completely
motionless and some circulation may develop. It is not realistic to hope that the
designer can predict the circulation transported to the inlet in a specific installation.

This initial circulation is due to geometrical elements such as walls and protruding
elements and will eventually become the standing vortex as water is drawn into the inlet.
Consequently, it was decided to examine three cases, a) "free" approach, b) suppressed
circulation, and c) deliberate introduction of circulation. Each of these circumstances is
shown in Figure 6. No modifications were made to the facility in order to investigate a
free approach. Two methods were used to suppress the residual circulation present in
the head tank. In one case, an array of radial guide vanes were place around the inlet
and surrounded by a porous media in order to quiet the flow approaching the inlet. For
comparison, some measurements were also made by using a vertical wall located close to
the inlet for suppression of the inlet vortex (see for example Index 235, State of Florida
Roadway and Traffic Design Standards). To stimulate a stronger vortex over the inlet, a
sharp edged obstruction was placed in the path of the flow approaching the inlet. A
strong vortex is shed from this edge and captured by the inlet [4].

The measurement of flow rate as a function of submergence head can be used to
compute a discharge coefficient according to

Q = CpA, 2gh (6)

The area A, is the actual open area of the aperture, a dimension that requires some
interpretation. While the nominal grate opening is .44 square feet, there is a small lip to
support the grate, reducing the area to .32 square feet. In the case of the slotted grate,
the lip does not overlap the open area of the grate but does when the reticuline grate is
installed. For all grates, only a fraction of the area is actually open, as shown in Table 1,
which also shows the actual area used to compute the discharge coefficient.
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The hydraulic diameter of the opening is defined in terms of the nominal area
A, and the perimeter P of the opening.
4A

D, = 2mn ™

Introducing the hydraulic diameter into Equation 6 yields

1
Q _ RAnam h 2
Fam C, D2 (D_u) (8)
D;1\2g
where
R = GRATED AREA x AREA FACTOR 9)
NOMINAL AREA

The discharge coefficient is plotted as a function of the ratio of submergence head
to hydraulic diameter (D, =0.656 feet) in Figures 7-11. Typically, this relationship
consists of a steep rise in discharge coefficient corresponding to weir performance, a
transition zone, then a relatively constant branch representing orifice performance. The
vortex developed almost as soon as the entrance was flooded and was always present for
greater submergence. When the radial suppressor was used, the vortex could be quite
weak or transient. For completely free discharge, the direction of the vortex and the
discharge coefficient were sensitive to pump start up, indicating that stray circulation may
cause deviations in performance. All other configurations appeared to suppress this
effect.

A straight line has been added to the region of relatively flat performance to
provide an estimate of the discharge coefficient suitable for general design purposes. It
is emphasized that this line does not represent a computed fit to the data and that it
encompasses all circulation conditions tested, except the vortex intensifier. The results
are summarized in Table 1.

Another experiment was conducted to compare the performance of the crossbar
grating to that of the reticuline grating. Because the geometrical characteristics are
comparable (Table 1), the purpose of this experiment was to eliminate the effect of the
complex configuration of the reticuline grate. Tests were conducted only under free
approach conditions. As shown in Figure 10, comparable performance was obtained,
which indicates that the high performance level observed is likely to be due to the
similar open configuration, many small openings separated by vertical bars.

Several supplemental experiments were conducted. Figure 11 illustrates the effect
of trash. In this case the "trash" consisted of a metal plate laid diagonally across the
opening to obscure one-half of the effective area. In one case, during an experiment
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with a radial suppressor in place, it was observed that even a small amount of trash
could stimulate the vortex to strengthen. An experiment to examine the effect of bottom
roughness was conducted using a sheet of air duct filter material on the horizontal
surface. No significant effects were noted and this experiment was not pursued. It is
noted however, that Anwar [35] has observed that bottom roughness can reduce radial
flow toward the entrance. Thus some control of submerged trash may be possible
through the use of bottom roughness elements.

MEASUREMENT OF THE LOSS COEFFICIENT AT FULL FLOW

The purpose of the second type of experiments was to determine entrance losses
for the grate when the inlet is completely flooded, with the box and drainline primed.
Measurement of loss coefficient under full flow conditions was conducted by constructing
a mounting for the grate using a 10 inch PVC elbow with a small box covered by a
horizontal plate added to the top of the elbow to simulate a flush entrance. Since the
only parameter of interest was the loss coefficient of the grate, no effort was made to
model the drop box but rather only to ensure the full flow condition. All experiments
were conducted as free flow towards the inlet, and no vortex suppressors were employed.
Measurements of head and discharge were made as before, with the outlet pipe flowing
full and submerged.

Often, turbulent losses for hydraulic components are correlated with the velocity
head (square of the flow rate). Thus

h, = k2 (10)
2g

For design purposes, the loss factor K, is assumed to be approximately constant with
flow. The loss factor may not actually be constant with submergence depth or velocity,
because a vortex may be present and altered by the grate. Summing losses from the
head tank to the sump and applying Bernoulli’s equation

h=hopy = Z‘.:hb' (11)

The effect of placing a grating over the inlet is to add another loss term. Assuming that
all other losses remain the same at the same flow with or without the grate, the loss due
to the grate can be calculated by comparing the elevational difference measured at the
same flow with and without the grate.

Unlike orifice flows, when full flow (outlet control) is established for the intake, it
is possible to vary the submergence depth and flow rate independently. During a test, a
constant head was maintained in the reservoir and the flow rate was varied by changing
the sump elevation. A comparative series of experiments were conducted by first
measuring the discharge as a function of head differential when no grate was installed
and then performing the same experiment with a grate present. In this manner, the inlet
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loss factor due to the grating can be determined by subtracting the sum of losses without
the grate from the total losses with the grate present.

When no grate was present, a relatively stable vortex was observed and while a
straight line correlation was not obtained, a loss coefficient could be estimated (Figure
12). When the grating was inserted in the inlet, however, similar results were obtained
only for very low flow rates (Figure 13). Instead of the expected behavior, an early
transition from one type of operation to another was observed. In order to maintain a
constant submergence depth as the flow rate increased, a substantial change in driving
head was required. Before this transition occurred the trend of the data was as
expected.

The observation that a flow transition did not readily occur when the inlet was
open led to the conclusion that the vortex interacts with the grate to promote air
binding. This condition is common in many low pressure lines and often plagues culvert

_ installations. One possibility is that the tip of the air core penetrates the grate and

breaks up into many smaller air bubbles. These bubbles are easily dragged into the line
to accumulate, since the breakup occurs near the point of highest velocity (Figure 14). A
large air bubble forms and is stabilized by drag forces, causing increased losses.

As a solution to the problem, it was found that venting the portion of the
drainline immediately downstream of the elbow supporting the intake relieved the
problem (as shown in Figure 13). Venting produced little effect on performance when
the inlet was open, although the data were more uniform (Figure 12). Sudden
transitions were still observed with venting but the flow rate at which these occurred was
much higher. Presumably, when vents were opened, air blockages, either in the drainline
or the box beneath the grate, did not occur until higher flow velocities were developed.
Some conditions produced large scale oscillations in the supply and sump tank and were
excluded as not representative of the steady state full flow regime.

Experiments conducted with a vented line permitted the computation of the loss
coefficient for the grating as discussed above. Three different submergence heads were
examined. Figures 15-18 show the correlation of the elevational head difference with the
kinetic energy. The appropriate flow velocity was calculated using the entire face area of
the grate. Three different data sets are combined on these graphs, corresponding to
submergence depths of 0.25, 0.5 and 1 foot depths. Some transitions to other modes of
operation are evident, especially at a submergence depth of 0.25 foot. Results for 0.5
and 1.0 foot submergence were very similar. To obtain a measure of the loss factor
associated with the addition of a grate, the data sets for 0.5 and 1.0 feet were combined
and a linear regression was performed to give the total loss for the open inlet, the slotted
grate and the reticuline grate configurations. The differences in the slopes with and
without grate were then obtained by subtraction to give the grating loss factor. The
results of these experiments are summarized in Table 1. The value of the total loss
coefficient obtained when no grate is in place represents losses for the entire flow path
and not just the inlet. This value has no significance for design purposes since it
depends on the specific facility configuration. Also, it should be noted that these
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diagrams are not general performance maps like Figure 2, but rather specialized
diagrams constructed to illustrate the phenomenon described above.

As a further examination of the role of the air core vortex in performance, three
points representing orifice performance were added to Figures 15-17. These points were
derived from the three submergence heads used as differential heads and using the
discharge coefficient to compute the discharge and hence the kinetic energy. It can be
seen that for the 0.25 foot submergence head the points lie very close to the transition
away from full flow operation. Similar tendencies may be detected for the 0.5 foot
submergence head, although the result is not definitive. It appears that for lower
submergence, sufficient air is aspirated into the box immediately below the grate to force
an orifice mode of operation.

A more limited experiment was conducted with the crossbar grating material.
Here submergence head was held at 0.5 feet and the results compared to the results and
correlation for the same tests performed with the reticuline grate. As in the orifice
experiments, the purpose of the experiment was to eliminate the effect of the reticuline
configuration. Very comparable performance was observed, as seen in Figure 18.

CONCLUSIONS AND RECOMMENDATIONS

The hydraulic performance of the reticuline grate has been tested and compared
to open inlets and other gratings under conditions of orifice and full flow. The
performance of the grating is good, exceeding that of the slotted grate and comparable
with crossbar grates of similar proportions. The results of this investigation are
summarized in Table 1.

To properly compare the performance under orifice conditions, it is necessary to
account for the difference in actual area. Comparing the product of the discharge
coefficient and the area ratio (Equation 7) to the same product for an open inlet as a
performance index (Table 1), indicates that the reticuline grate performs better than the
slotted grate and approaches the open inlet.

Although it appears that the orifice discharge coefficient may be slightly enhanced
by the addition of the grate, this effect will only partially offset the decrease in discharge
as trash accurnulates. The increase noted is probably due to a combination of vortex
suppression and flow straightening that reduces separation effects. Since the discharge
coefficient is only slightly reduced when an intensifier is applied, it is concluded that the
values obtained may be used with reasonable confidence for design under sump
conditions. Values for the discharge coefficient reported in Table 1 should be used with
caution if substantial circulation exists in the pond or if significant approach velocity is
present, since reduced performance may result.

The loss factors for full flow through the slotted grate and through the reticuline

grate have been measured and may be utilized with the kinetic energy as calculated from
the full face area of the grate. It is believed that these values will scale satisfactorily.
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More importantly, it is concluded that the reticuline grate has a substantially lower loss
coefficient than the slotted grate. It is noted however that full flow may not be sustained
over all operating conditions. Prediction of transition to other modes is difficult, if not
impossible to predict or scale. Design based on minimum performance must therefore
be recommended.

With regard to the observation of loss coefficient for full flow conditions, it was
observed that air entrainment from the vortex can become a problem when a grate is
added to the inlet. Buildup of air in the drain pipe eventually leads to air binding,
accompanied by a large head loss. All the gratings tested seemed to cause this problem.
It appears that the reason for this difference is that the grate promotes breakup of the
air core of the vortex when the flow velocity is sufficient to carry small bubbles into the
pipe. Since drain lines are not usually vented, it is important for the designer to
anticipate the possibility that air binding may occur in the drain as a consequence of
adding a grate, resulting in a substantially reduced capacity. Therefore, if a grating is
present, the best performance under full flow conditions will be obtained with a vented
drainline. Again, the prediction of the onset of air binding is design specific and not
expected to scale.
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NO RETICULINE SLOTTED STRAIGHT
GRATE GRATE GRATE BAR
axbh .58 x.75 58 x.75 58x.75 58x.75
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SCALE 1/4 1/4 1/4 1/4
NOM. AREA 44 44 44 44
(sq ft)
OPEN AREA 1 .80 48 .80
FACTOR
GRATED 321 321 438 321
AREA
(sq ft)
ACTUAL 321 256 210 256
AREA
(sq ft)
AREA RATIO 733 584 479 584
R
DISCHARGE 82-.75 91 - .89 67-.72 90 (est)
(Cp)
INDEX .58 525 33 53 (est)
(C, XR)
TOTAL LOSS 1.61 2.07 485 _
FACTOR
GRATING _ 46 3.24 46 (est)
LOSS FACTOR
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Figure 3: Comparison between orifice flow (shown above) and fully
developed flow (shown below) through the inlet.

23



_—

A) SURFACE DIMPLE

-
%/ B) VORTEX PULLING

FLOATING TRASH
L
] \ -
@
C) CRITICAL STAGE
FOR AIR ENTRAINMENT
n O
D) AIR BUBBLE
ENTRAINMENT
) -
e
o
O
O

Figure 4: Vortex development above an Inlet. As the vortex grows

stronger, floating debrls Is sucked down, followed by a developing
air core.

24



SUMmP

HEAD TANK n
ORIFICE
! sTATIC

__j—%é_— - HEAD

o hamume
;’/”%

BAFFLE

BAFFLE

RTRITRI KA R

4" LINE

4" LINE

]
¢
]
1
1
1
]
]
]
T
'

vFLOW SIGNAL
FLOW SIGNAL '

PUMP 6" LINE

'
'
1
'
‘

' FLOW SIGNAL

Figure 5: Experimental facility.

25



VORTEX

A) UNMODIFIED INLET

B) VORTEX STIMULATOR

e

C) RADIAL VANE
SUPPRESSOR

[ 1

D) ANTI-VORTEX WALL

Figure 6: Various experimental modifications to inlet flow.

26



DISCHARGE COEFFICIENT

DISCHARGE COEFFICIENT

1.0
- [a]
2 o °
o3
- + s o
3 o
- OU A [a]
a
- a
o +
Qs OPEN
0.5 o O FREE
0 M A RADIAL SUPPRESSOR
8 + VERTICAL PLATE SUPPRESSOR
. o INTENSIFIER
B o
A
B +
l'rnAnsmon ORIFICE FLOW
WEIR
0.0 1 1 1 1 1 1 1 1 1 1 1 i 1 L 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0
SUBMERGENCE HEAD h/D,
Figure 7: Orifice discharge coefficient as a function of
nondimensional head above the inlet with no grate in place. Solid
line approximates discharge coefficient for all data sets except
intensified circulation.
1.0 "
- i R T S
a ° ° °
B @
B QDQD =]
o +
B ksl
o A+
RETICULINE GRATING
0.5 < O FREE
o, & RADIAL SUPPRESSOR
B o + VERTICAL PLATE SUPPRESSOR
DQ, © INTENSIFIER
I TRANSITION . ORIFICE FLOW
WEIR
0.0 t i 1 1 ! ! { ! ! 1 i i | | ! t | 1 1
0.0 0.5 1.0 1.5 2.0

SUBMERGENCE HEAD h/D
Figure 8: Orifice discharge coefficlent as a function of
nondimensional head above the inlet with the reticuline grate in
place. Solid line approximates discharge coefficient for all data
sets except intensified circulation.

27



DISCHARGE COEFFICIENT

DISCHARGE COEFFICIENT

1.0

i A
= A A A +
A b +(’D_/_E‘D/f
Op mp Dd'D o ou & [ °
n 5,
4 SLOTTED GRATE
0.5 DAA O FREE
a A RADIAL SUPPRESSOR
B A° + VERTICAL PLATE SUPPRESSOR
+ © INTENSIFIER
i TRANSITION i ORIFICE FLOW
WEIR
o.o 1 l 1 1 1 i 1 1 L [l 1 [ 1 1 1 i i i 1
0.0 0.5 1.0 1.5 2.0
SUBMERGENCE HEAD h/D
Figure 9: Orifice discharge coefficient as a function of
nondimensional head above the inlet with the slotted grate in
place. Solid line approximates discharge coefficient for all data
sets except intensified circulation.
1.0
a
- 'UDD.DDDCLD 0o @
- -l. ] n
i .DDDD a
Lgs]
n w0
a
0.5 .c\
%
" o O RETICULINE GRATE
- m CROSSBAR GRATE
0.0 1 ] 1 i 1 i 1 1 1 1 i l 1 [l 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0

SUBMERGENCE HEAD h/D,

Figure 10: Comparison of orifice discharge coefficient for the

reticuline grate and crossbar grating.

28



DISCHARGE COEFFICIENT

ELEVATIONAL HEAD DIFFERENCE (FT)

1.0

0.5 a

=] o o oo 0 DD o

RETICULINE GRATE

O UNOBSTRUCTED
vV 50% TRASH COVER

1 | ] ] L l 1 ] i i

0.0 —
0.0

0.5 1.0 1.5
SUBMERGENCE HEAD h/Du

2.0

Figure 11: The effect of 50% trash cover on the reticuline grate.

1.5

i o
1.0 - UNVENTED

i a + VENTED

" +
0.5 .

| o g

=]
i Lt
a8 . . . .
0.0
0.0 0.2 0.4 0.6

KINETIC ENERGY (FT)

Figure 12: Comparison between vented and unvented drainlines
during full flow experiments with no grate present (submergence

head is 0.5 feet).

29



t I~ A
(usl 1.5 | UNVENTED
°
z 0
o -
w
L — o
L (3
0 B °
2 1.0 &
W) .
X L
-
< —
=z TRANSITION
5 -
05
<L | :
5 L
a
w I~ A A VENTED
= A
0 0 é ] 1 1 |l 1l
0.0 0.2 0.4 0.6

KINETIC ENERGY (FT)

Figure 13: Comparison between vented and unvented drainlines
during full flow experiments with reticuline grate (submergence
head is 0.5 feet). Note the early jump to a high head operating
regime when the line is unvented.

AIR CORE
VORTEX

AIR BUBBLE

FLOW

Figure 14: lllustrating the mechanism resulting in air binding in
drainline. Vortex penetrates the grating, breaking the air core
into small bubbles that accumulate in the drainline.

30



1.5

1.0 °

0.5

ELEVATIONAL HEAD DIFFERENCE (FT)
|

-— CORRELATION
© ORIFICE DATA

L

0.0 0.2 0.4 0.6
KINETIC ENERGY (FT)

Figure 15: Correlation between elevational head difference and
kinetic energy when no grate Is in place. Solid line indicates
regression for combined data sets at submergence heads of 0.5 and
1.0 feet.

0.0

~~
o B +
E-, -
w -
o 1.5
Z -
1w
m -
[TT] o
o N
- n
(&)
o 1.0 °
< L
i (4
X -
-
= B
pd -
o RETICULINE GRATE
i~ 0.5 ° Oh=.26FT
<>t B +h=.50FT
w L u oh=1.0FT
o i @ + —— CORRELATION
oz © ORIFICE DATA
0.0 i 1 1 1 1
0.0 0.2 0.4 0.6

KINETIC ENERGY (FT)

Figure 16: Correlation between elevational head difference and
kinetic energy when the reticuline grate Is in place. Solid line
indicates regression for combined data sets at submergence heads of
0.5 and 1.0 feet.

31



ELEVATIONAL HEAD DIFFERENCE (FT)

ELEVATIONAL HEAD DIFFERENCE (FT)

1.5+

1.0

SLOTTED GRATE
O h= 25FT
+ h=50FT
O h=10FT

—— CORRELATION
© ORIFICE DATA

0.5+

0.0 0.0 0.2 0.4 0.6

KINETIC ENERGY (FT)

Figure 17: Correlation between elevational head difference and
kinetic energy when the slotted grate Is in place. Solid line

indicates regression for combined data sets at submergence heads of
0.5 and 1.0 feet.

b
N
1

iy
(=]
T

o
n
T

—— 0 RETICULINE GRATE
© CROSSBAR GRATE

1

0.0 : .
0.0 0.2 0.4 0.6

KINETIC ENERGY (FT)

Figure 18: Comparison of full flow performance at 0.5 feet
submergence between the reticuline grate and crossbar grating
material.
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