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holes, the FHWA’s Office of Bridge Technology initiated this study to validate Roger Kilgore’s
proposed method for computing access hole energy losses. This report will be of interest to
hydraulic engineers involved in storm drain design and to researchers involved in developing
improved storm drain design guidelines. It is being published as a Web document only.
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1. INTRODUCTION

BACKGROUND

Storm drains generally collect storm runoff from streets, parking lots, and other structures and
convey this water to a desired outfall. Access holes (or manholes), which allow staff to inspect,
maintain, or repair a segment of the drainage, are usually spaced about 92 to 183 meters (m) (300
to 600 feet (ft)) apart along a given pipe and at every junction between multiple pipes. An access
hole, which has at least one inlet pipe and one outlet pipe intersecting it, is usually constructed
from a vertically oriented concrete pipe or box that is large enough for a person to enter by
removing the cast iron lid and using a ladder (see figure 1). In addition to allowing access, access
hole junctions also allow pipes to easily change one or more variables: direction, slope, diameter,
and elevation.

® Ty i’ id .’,;.: - g
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Figure 1. Photo. Typical access hole.

Estimating the energy loss associated with these access hole junctions is a critical step in
designing a drainage network that can handle the incoming flow from various storm events (see
figure 2). Between 1986 and 1992, Chang et al. conducted a lab study of energy losses through
junction access holes, using relatively large-scale (one-quarter scale) physical models." A



preliminary method for determining such losses, based on early results from that study, was
published in the Federal Highway Administration’s (FHWA) Urban Drainage Design Manual
(Hydraulic Engineering Circular No. 22 (HEC 22)). ® A revised method, based on the final
results, was coded in the highway drainage (HYDRAIN) software system.®

Total Energy Loss = inflow Loss + Outflow Loss

30 PV 0 visiaisin il $0mabrisb i geishs (A
Figure 2. Diagram. Cross-section definition sketch of an access hole.

Practitioners questioned both of these methods when they encountered situations beyond the
range of the experimental parameters tested in the lab study. They found that these methods have
limitations when applied to junctions with plunging inflow and to junctions with outflow pipes
that carry supercritical flow. These methods are also relatively complex and require iterative
solutions. A criticism of both the HEC 22 and HYDRAIN approaches is that they use the same
loss coefficient for different flow conditions.

These issues ultimately motivated the FHWA to reanalyze the old lab data. Roger Kilgore of
Kilgore Consulting and Management, who was the principal investigator in this effort, developed
a new method that classifies access holes and their hydraulic conditions in a manner similar to
the way that culverts are classified as “inlet controlled” or “full flow.” The primary hypothesis of
this method is that the energy loss coefficient should be a function of the basic flow conditions in
an access hole. The result is a new method, which is somewhat simpler than the existing methods
and might improve handling of plunging flow and supercritical flow situations.

Kilgore initially tested his new method using the 1986—1992 lab data by separating the data into
two groups. The first group consisted of “base runs” with the simplest configurations (one inflow
and one outflow pipe with the same base elevations) to establish first approximations of the
energy loss across an access hole. The second group included the more complex lab
configurations entailing benching, angled inflows, and plunging inflows. Kilgore used the second
group of experiments to derive adjustments to the first approximations. All of the theory behind
these approximations will be given in the theory section later in this report. Kilgore’s analysis of
the old lab data, however, was concurrently supplemented with additional lab experiments



conducted by the FHWA Hydraulics Laboratory. This report summarizes the additional
experiments and the data collected and used to evaluate the new junction loss methodology.

PROBLEM

The previous research was limited to relatively flat storm drain systems. The results were
presented as empirical equations that were not readily understood from intuitive reasoning, and
the methods in HEC-22 and in the HYDRAIN computer program were not consistent. > For
these reasons, the research in this report has two main objectives. The first is to evaluate the
proposed junction loss method by conducting new tests that are very similar to the previous
study. The new tests, however, include a wider range of parameters, such as greater plunge-
height ratios and steeper pipe slopes. The second and more challenging objective is to
characterize the energy level in an access hole with various inflow and outflow pipe
configurations using local measurements of velocity and pressure head. Characterizing the
energy level in an access hole is highly problematic because the flow is so chaotic, and a certain
degree of trial and error is required to interpret the laboratory data in a way that practitioners will
find useful.

This new laboratory data was shared with Kilgore, who subsequently modified part of his
methodology to accommodate the new results. The FHWA and Kilgore agreed on the following
experiments to evaluate his proposed procedure.

1. Fifteen base runs with discharge intensity (D;) varying from 0.2 and 1.3, and average access
hole depth between 4 and 12 centimeters (cm) (1.8 to 4.7 inches) (i.e. full flow). One level
inflow pipe should be oriented at 180°, and the outflow pipe should be level with a /D, ratio
of 4.

2. Eighteen runs with an outflow pipe slope that induces supercritical flow. In one case, the
inflow pipe should be oriented at 180°. In the second case, the inflow pipe should be oriented
at 90°. In the third case, two inflow pipes should be oriented on a level floor with Q;; at 180°
and Oy at 90° with equal flow rates in each inflow pipe. The outflow discharge (Q,) should
be varied so that there are three submerged and three unsubmerged cases with a discharge
intensity (Dj) never exceeding 1.98 (e.g., D;equal to 0.36, 0.54, 0.72, 1.08, 1.44, 1.8).

3. Eighteen runs with plunging inflow. One level inflow pipe should be oriented 180°, one
plunging inflow pipe (Qx) should be oriented 90°, and the outflow pipe (Q,) should be level
with a b/D, ratio of 4. The following characteristics should also be included:

a. All runs should have the same outflow (Q,) with D; equal to 0.72.

b. The plunging inlet elevation, z, should be varied: 3D,,, 5D,,, and 10D,

c. The fraction of flow coming from the plunging inlet should be varied so that O/Q,
equals 0.25, 0.5, and 0.75.

d. Since D, is constant, the tailwater should be controlled so that £, equals 1.5D, and
3.0D,.



Dy is calculated by equation 1.
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2. THEORY
Kilgore’s proposed method for calculating the energy loss across an access hole has three
fundamental steps.”

1. Determine an initial access hole energy level, E,;, based on “inlet controlled” flow conditions
(i.e., weir and orifice) or “full flow” conditions.

2. Adjust the initial access hole energy level for benching, inflow angle(s), and plunging flows
to compute the final calculated energy level, E,,.

3. Calculate the exit loss from each inflow pipe and estimate the energy gradeline, E;, which
will then be used to continue calculations upstream.

These three steps are illustrated in figure 3.

E,i = MAX(E,y.E i Eu)

Figure 3. Diagram. Flow chart for the proposed junction loss method.



INITIAL ACCESS HOLE ENERGY LEVEL

The initial energy level in the access hole structure, £, is calculated as the maximum of three
possible conditions; these determine the hydraulic regime within the structure. The three
conditions considered for the outlet pipe are full flow, submerged inlet control, and unsubmerged
inlet control. A fourth condition, partially full outlet control, could occur but was not pursued
because it was not considered to be a practical limiting condition in storm drain design.

The full flow condition is considered when the outlet pipe is flowing full. This is a common
occurrence when a storm drain system is surcharged and may also occur if flow in the pipe is
limited by pipe capacity. The submerged inlet control condition occurs if flow is limited by the
opening in the access hole structure to the outlet pipe rather than by the pipe capacity, and the
resulting water depth in the access hole is sufficiently high that flow through the opening can be
analyzed by orifice flow equations. The unsubmerged inlet control condition is also limited by
the opening, but the resulting water level in the access hole is lower and weir flow equations can
be used. The initial estimate of energy level is taken as the maximum of the three potential
values (equation 2).

E,=max(E, ,.E. ...E, ..) )
In this equation:
E.z is estimated access hole energy level for full flow.
Egics is estimated access hole energy level for submerged inlet control.
Egicu is estimated access hole energy level for unsubmerged inlet control.

The full flow computation uses velocity head, but full flow only applies when the outlet pipe is
flowing full. The two inlet control estimates depend only on discharge and pipe diameter. This is
important because velocity is not a reliable parameter for the following reasons:

e In cases where supercritical flow occurs in the outlet pipe, flow in the outlet pipe (and the
corresponding velocity head) are defined by the upstream condition at the access hole rather
than the velocity head determining upstream conditions.

¢ In the laboratory setting, velocity is not directly measured. It is calculated from depth and the
continuity relationship. Small errors in depth measurement can result in large variations in
velocity head.

e Velocities produced in laboratory experiments are the result of localized hydraulic
conditions, which are not necessarily representative of the velocities calculated based on
equilibrium pipe hydraulics in storm drain computations.



Full Flow

In the full flow condition, discharge into the access hole is limited by surcharges in the
downstream storm drain system such that the outflow pipe is flowing full. Using a culvert
analogy, this is one of the potential cases of outlet control. In this case, the initial structure
energy level is estimated by the equation 3.

I
E,p =Y, +—=+>—+AE, 3)

The entrance loss assuming outlet control, AE,,, is calculated by equation 4.

A =K\ ] @
28
In these equations:
g is acceleration due to gravity (meters per second squared (m/s”)).
I is the specific weight of water (Newtons per cubic meters (N/m")).
Vo is outlet flow depth (m).
P,y is outlet pressure head (m).
v, 2g is outlet velocity head (m).
K, is the entrance loss coefficient, which is 0.2 and dimensionless.

Equations 3 and 4 are used only when the outlet flow depth (y,) plus the outlet pressure head
(Po/y) 1s greater than D, where D, is the outlet pipe diameter; otherwise £, 5 is 0.0. The outlet
pipe invert elevation (z,) is the datum for this analysis, and is set to zero. Equation 3 estimates
energy level directly without considering the water surface within the access hole. Defining a
one-dimensional velocity head in a location where highly turbulent multidirectional flow may
exist presents a challenge. Marsalek noted that the energy loss coefficient is unaffected by
changes in the relative access hole diameter as long as the ratio of b over D, ranges from 2 to
6.%) Sangster’s study showed that the energy loss coefficient is primarily affected when the ratio
is less than 3. The reanalyzed lab data, however, does not appear to support the need for a
contraction factor such as the ratio of b over D,,.

Submerged Inlet Control
The inlet control calculations employ the dimensionless ratio adapted from the analysis of

culverts that is referred to here as the discharge intensity (D;). It is described by the ratio of
discharge to pipe dimensions, where A is the area (equation 5).

A
D, =[ .f(j J (5)
A\ gD,



The original submerged inlet control equation (equation 6) uses the analogy of inflow via a
submerged orifice. Equation 6, however, should be limited to discharge intensities less than or
equal to 1.6 because the reanalyzed data set did not include observations above this threshold.

I/ (-J '\I'
E,.=12 =— | D, (6)
\AygD, )

Kilgore selected a coefficient equal to 1.2.) However, early lab experiments show that this
coefficient should be about 1.0, instead of 1.2. Equation 7 is the revised equation.

2

i)

'IFI-:ITHI- = l[b = f)i.l (7)
A.jgD, )

Unsubmerged Inlet Control

The unsubmerged inlet control equation (equation 8) uses the analogy of inflow via a weir.

I3

~ 4 ic

=1.6

)
—| D, ®)

\ /gD, )

The coefficients for equations 4, 6, 7, and 8 were empirically derived to achieve a best fit with
the reanalyzed laboratory data. These coefficients are lower than comparable values for culverts
as reported in Norman, et al.” Since conditions in an access hole differ from conditions at the
inlet to a culvert, one would not expect an exact correspondence. What is apparent from the lab
data, however, is that the change in access hole energy level is analogous to culverts.

ADJUSTMENTS FOR BENCHING, ANGLED INFLOW, AND PLUNGING INFLOW

The initial structure energy level calculated in the previous section is used as a basis for
estimating additional losses for discharges entering the structure at angles other then 180°,
benching configurations, and discharges entering the structure at elevations above the water
depth in the access hole. Flows entering a structure from an inlet above the water surface in the
access hole can be treated as plunging flows. The effects of these conditions may be estimated
and applied to the initial access hole energy level using the principle of superposition. This
additive approach avoids a problem experienced in other methods where unreasonable values of
energy losses are obtained when a single multiplicative coefficient takes on an extreme value.
The revised access hole energy level, £,, equals the initial estimate modified by each of the three
factors covered in this section, as shown in equation 9.

E =E, +(AE; +AE,+AEL)=E  +AE 9)

a



In this equation:

AEg is additional energy loss for benching (floor configuration).
AEy is additional energy loss for angled inflows other than 180°.
AEy is additional energy loss for plunging flows.

AE is additional energy loss for AEg, AEy, and AE}.

As described earlier, E, represents the level of the energy grade line (EGL) in the access hole.
However, if E, is calculated to be less than E, (the outlet energy level), then £, should be set
equal to E,. Designers may also wish to know the water level in the access hole. A conservative
approach would be to use E, as y, for design purposes. Traditional approaches to energy losses
typically attempt to estimate all losses based on a single velocity head and for reasons described
earlier the approach proposed in this paper is moving away from this strategy. The alternative
proposed here is to estimate these additional energy losses as a function of the total energy losses
computed between the access hole and the outlet pipe. The formulation in equation 10 expresses
the additional losses, AE, as directly proportional to the energy loss estimated in the first step
between the access hole and the outlet pipe.

re O UL L
\E=C|E,—|y, + + _}ﬁJ (10)

In this equation, C is the energy loss coefficient—Cjp, Cy, or Ci—for benching, angled inflow,
and plunging inflow, respectively. The term between the parentheses and beginning with y, is the
total energy, E,, calculated for the upstream end of the outlet pipe.

Note that the final £, value cannot be less than E,, and that the bracketed terms in equation 10
must be nonnegative. Another difficulty with equation 10 concerns the outlet velocity head.
When the entrance condition to the outlet pipe limits flow into the pipe (inlet control) or the
outlet pipe is flowing in a supercritical flow condition, the outlet velocity head may not be
representative of the energy losses occurring within the access hole for reasons described earlier.
The derivation of C for each adjustment is addressed in the following subsections.

Benching

The reanalyzed lab data suggests that the correction factors reported by Chang et al. and HEC 22
for benching, after adapting them to the form of equation used in this methodology, needed some
adjustment."? Table 1 summarizes the suggested values for Cs. A negative value indicates water
depth will be reduced rather than increased.



Table 1. Values for the Coefficient Cg.

Floor Bench Bench
Configuration Submerged* Unsubmerged*
Flat (level) -0.05 -0.05
Depressed 0.0 0.0
Half Benched -0.05 -0.85
Full Benched' -0.25 -0.93
Improved' -0.60 -0.98

* Submerged is E,i/D, greater than 2.5, and
unsubmerged is £,1/D, less than 1.0. Linear
interpolation between the two values is used for
intermediate values.

" No evaluation or adjustments to these floor
configurations have been made because these
configurations were not included in the FHWA testing.

Angled Inflow

The effect of skewed inflows entering the structure is addressed with momentum vectors. To
maintain simplicity in the method, the contributions (6;) from all of the nonplunging inflows are
resolved into a single flow-weighted angle, 6,, (equation 11).

3 >.0,8,
)

et =

(1)

The angles in the previous equation are measured from the outlet pipe (e.g., 180° is a straight
pipe), and the summation only includes nonplunging flows as indicated by the subscript ;. If all
flows are plunging, 6,, is set to 180°. It does not matter whether the angle is defined in a
clockwise or counterclockwise orientation as long as it is defined consistently. For example, if
two pipes are entering the structure orthogonal to the outflow pipe, one must be designated as
90° and the other as 270° for the momentum vectors. The angled inflow coefficient is then
calculated using equation 12.

|

LY

i
O, =45 cos—
2

&,
o)

Note that the angled inflow coefficient approaches zero as 6,, approaches 180° and the relative
inflow approaches zero.

Plunging Inflow
Plunging inflow is defined as inflow (pipe or inlet) where the invert of the pipe, z;, is greater than
the estimated structure water depth, y,; (taken as E,; as an approximation). Several approaches

were attempted to describe a parameter that captures the presumed effect of plunging height on
energy losses in the access hole based on defining a plunge height. A balance between simplicity
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and effectiveness was achieved by defining relative plunge height, H;, for each plunging pipe,
denoted by the subscript &k (equation 13).

i, = “”” (13)
Equation 13 was incorporated into a relationship for Cy (equation 14).
- (No.H))
oy f—'T ‘ (14)

Note that as the proportion of plunging flows approaches zero, Cy also approaches zero.
Equations 13 and 14 are limited to conditions where z; is less than 10D, If z; is greater than
10D, z; should be set to 10D,.

INFLOW PIPE EXIT LOSSES

The final step is to calculate the EGL in each inflow pipe. Two cases must be considered. The
first case is for nonplunging inflow pipes—that is, those pipes with a hydraulic connection to the
water in the access hole. Inflow pipes operating under this condition are identified when E, is
greater than z;. In these cases, the energy at the inlet, £}, is backcalculated from the access hole
energy level and the exit loss, AE; (equation 15).

E =E,+AE (15)

Since the criticality of the inflow does not influence the exit loss, the exit loss can be calculated
in the traditional manner using the inflow pipe velocity head (equation 16).

I':
=[] »
2g,

In this equation, the exit loss coefficient, K, equals 0.4 and is dimensionless.

As was found in examining the entrance losses, the ratio of » over D, was not a significant
predictor of exit energy losses. The second case for an inflow pipe is a plunging condition. For
pipes that are plunging, E; is the EGL calculated from the inflow pipe hydraulics and will be
approximately critical energy if the inlet pipe is on a subcritical slope.

The resulting energy level is used to continue computations upstream to the next access hole
except when the inlet pipe is on a steep (supercritical) slope and is not submerged for its full
length, in which case the hydraulics are controlled at the upstream end of the pipe.

Thus, the three-step procedure of estimating—first, entrance losses, then additional losses, and

finally exit losses—is repeated at each access hole.
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3. EXPERIMENTAL SETUP

The original 1986—1992 FHWA lab study, Chang et al., used a large-scale model of an access
hole with a diameter of 0.6 m (2.0 ft), which is almost prototype scale for some applications (see
figure 4)." The original study included 755 test runs. In the current study, a much smaller
scale—a scaling ratio of 1 to 4—makes the experimental setup easier to operate. The new
experimental equipment (see figure 5) involves higher precision instrumentation to investigate a
wider range of parameters and a particle image velocimetry (PIV) technique to visualize and
measure the flow patterns. The smaller scale also reduces the cost associated with the special
tracer particles that are used in the PIV technique.

™

Figure 4. Photo. Access hole prototype in the 1986-1992 study with the
lab technician to show relative size.
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Figure 5. Photo. The scaled model of an access hole equipped with standpipe instruments.

The new test apparatus for junction energy loss includes three water tanks: a headbox, a main
tank, and a tailbox. The purpose of the headbox tank is to control the pressure head for the
experiments and to allow injection of seeding particles for the PIV technique. The junction loss
model is mounted inside the main tank, where it is surrounded by still water to minimize
distortions for the stereoscopic PIV recordings. The main tank also supports a carriage system
for an ultrasonic sensor that measures the flow depth in the access hole junction. This setup is
capable of maintaining a constant flow depth in the access hole during the test run, and the water
in the standpipes measures the hydraulic grade line (HGL) in the inflow and outflow pipes. The
tailbox tank is designed to control the tail water.

The measurements of the total loss through the access hole did not require measuring the energy
inside the access hole. Two techniques were developed to measure the flow depth. One method
used laser sensors to measure the distance down to a floating disk in each standpipe. Another
method, recently developed at the FHWA Hydraulics Laboratory, uses contact image sensors
(CIS) mounted on the sides of the standpipes to measure the water column in the stand pipes (see
figures 5 and 6). The biggest advantage of the CIS system is that it measures the water columns
in all of the standpipes simultaneously, which increases the precision of the loss coefficient
calculation.

14



Figure 6. Photo. CIS sensors attached to standpipes.

Three flow meters provide discharge readings, which are used to compute velocity head. CIS
sensors mounted at four locations in the access hole measure an average water surface elevation.
All of the model pipes are fabricated from Plexiglas™. The access hole is 15 cm (6 inches) in
diameter, and the inflow and outflow pipes are 3.8 cm (1.5 inches) in diameter, which yields a
relative access hole diameter (i.e., b/D,) equal to 4. The outflow pipe in the miniculvert
experiments was 5.1 centimeters (2 inches) in diameter.

For reasons discussed in the results section, stereoscopic PIV techniques and 3—D numerical
models were used to characterize the velocity profile at different locations (vertical slices) along
the outflow pipe from the access hole (see figure 7) and from the miniculvert (see figure 8)
setups. The PIV technique is an optical flow diagnostic based on the interaction of light
refraction and scattering in non-homogeneous media. The fluid motion is made visible by
tracking the locations of small tracer particles between two snapshots in time. The velocity flow
field is inferred by plotting the particle displacements versus time. Thus, the PIV technique
makes it possible to measure instantaneous velocity flow fields.
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Figure 7. Diagram. Stereoscopic PIV arrangement and the access hole setup.

4

Figure 8. Diagram. Eleven stereoscopic PIV measurements along the
miniculvert outflow pipe.
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The stereoscopic PIV camera system consists of a pair of digital cameras that focus on two
different angles of the vertically projected “light sheet” (see figures 9 and 10). The light sheet is
generated with a laser fitted with an optical lens that spreads the beam into a plane of light. A
special geometry is necessary to reconstruct the 3—D field from the two projected, planar
displacement fields. This setup requires precise measurements of the distance between the two
camera lenses, and the distances between each camera and the light sheet. The laser system and
cameras are mounted on a movable carriage frame that keeps the distance constant between
cameras and light sheet. It should also be noted that the CIS measurements and PIV
measurements could not be measured at the same time, which resulted in running many of the
experiments twice.

Figure 9. Photo. Access hole setup with PIV light sheet in outflow pipe.
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Figure 10. Photo. Closeup of the tracer particles in the outflow pipe
from the access hole.
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4. RESULTS

SCALING EFFECTS

The first set of tests was designed to verify the effect of scale on the access hole (junction) loss
experiments. A subset of the base runs (one inflow and one outflow pipe) was used to analyze
scaling issues. The dimensions of the apparatus for the base runs were scaled down by a scaling
ratio factor of 1 to 4, and total energy loss across the access hole was measured. Figure 11 shows
that scaling had little effect on relative energy loss; that is, a change in dimensions was matched
by a proportionate change in energy loss.

25
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Total Enery Loss (mm) in new model scale

Figure 11. Graph. Effects of scaling.
VALIDATION OF K; AND K,

The next set of tests was designed to validate the loss coefficients for the inflow pipe (an exit
loss) and the outflow pipe (an entrance loss). The first idea for calculating these losses involved
measuring the kinetic energy distribution across the access hole. This idea, however, did not
work well because the flow in the access hole was too turbulent and chaotic to characterize. The
final idea was to measure the outflow energy loss and then infer the inflow energy loss using two
basic steps.

The first step was to design a miniculvert apparatus with scaled conditions similar to the access

hole apparatus. The miniculvert apparatus was used to isolate the entrance loss for the outlet pipe
by measuring the velocity along the outflow pipe (using PIV) and the HGL (using standpipes and
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CIS) along the outflow pipe and in the headbox of the miniculvert apparatus. The EGL was
calculated by summing the measured HGL and the velocity head. The difference in the EGLs
projected to the headwall yielded the energy loss in the outflow pipe (a contraction entrance
loss). The main idea of the first step was then to determine if there is a direct correlation between
the measured energy loss and the area of maximum contraction in the outflow pipe, often
referred to as the vena contracta, as suggested by Morris.®) Conceptually, the vena contracta is a
reduced flow area that conveys most of the through-flow downstream of a contraction. In reality,
though, with experimental measurements, the area and the location of the vena contracta is not
readily apparent, and the area is highly subjective. The location was determined by taking
velocity measurements at several sections, as illustrated in figure 8, to determine where the
maximum local velocities occur. Researchers tried several techniques for defining the contracted
area and ultimately selected a repeatable technique that measures the area containing a
prescribed percentage of the maximum velocities in each cross section.

Figure 12 is an example of a shaded contour plot of the velocity profile at a location along the
outflow pipe. The lightest shade of gray in this figure represents all of the velocities that are less
than 86.6 percent of the highest velocity in the profile. The three contours near the center, in
order from light to dark, represent the velocities greater than 86.6, 90.0, and 92.5 percent of the
maximum velocity in the cross section, respectively. Appendix A has an example of the velocity
profile at each location along the outflow pipe.
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Figure 12. Image. Selected contours of velocity magnitude in the outflow pipe.

Now consider the following definitions.

A, is the cross-sectional area of the outlet pipe (m?).

Ay is the cross-sectional area associated with a contour of velocity (m?).

K is the subscript denoting a contour of velocity where V is greater than 86.6,
90, or 92.5 percent.

AE,, is the energy loss in the outflow pipe (a contraction entrance loss (m)).

D, is the diameter of the outlet pipe (m).

The relative area, Ay over 4,, enclosed by these three contours was then correlated with the ratio
of the outflow energy loss, AE,., over the diameter of the pipe, D, (equation 17).

E, _ 4
D _'f[_-lu] (17

il

Table 2 shows the distance along the outflow pipe from the culvert (see figure 8) where A, was
used in the calibration, which again was selected based on where the integrated velocity was the
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largest (i.e., the point closest to the maximum contraction in the pipe). Appendix B shows the
contours of maximum velocity that were measured at these locations in each miniculvert run.

Table 2. Distance along the culvert outflow pipe where Ay was measured.

Miniculvert Experiment
Ax Measured QA =42cm/s Q/A;=57cm/s  Q/A,=69 cm/s

Ags.s 0 mm 5 mm 0 mm
Aop 0 mm 5 mm 0 mm
Aors 0 mm 5 mm 0 mm

Figures 13 to 15 show that there is a strong correlation between the contraction energy loss and
the contracted-area ratio regardless of which velocity contour was selected for the contracted
area. The regression equations shown in figures 13 to 15 can be used to estimate the entrance
energy loss for the outlet pipes in the access hole experiments (i.e., using measurements of these
areas of maximum velocity).
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Figure 13. Graph. Correlation of AE,; and Agg 6.
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Figure 15. Graph. Correlation of AE,; and Ag;s.

The second step in validating the inflow and outflow pipe loss coefficients used the access hole
setup to run experiments with scaled conditions similar to four of the original junction loss
experiments—Ilabeled JCT114 through JCT117 in Appendix B of the report by Chang et al.V
When these experiments were rerun using the scaled model, the HGL was measured using
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standpipes and CIS, and velocity profiles were measured using PIV. The total energy loss across
the access hole was measured by summing the measured HGL and the velocity head. Table 3
shows the total energy loss across the access hole in each experiment.

Table 3. Total energy loss across the access hole.

QA =43 cm/s Q/A, =57 cm/s Q/A,=64 cm/s Q/A, =75 cm/s
4.1 mm 9.3 mm 14.2 mm 16.3 mm

Similarly, table 4 shows the distance along the outflow pipe (from the access hole) where the
maximum contraction and A; were measured. Appendix C shows contours of maximum velocity
that were measured at these locations in each access hole run.

Table 4. Distance along the access hole outflow pipe where Ay was measured.

Access Hole Experiment
Ax Measured Q/A;=43 cm/s Q/A,=57cm/s Q/A,=64 cm/s Q/A, =75 cm/s

Asss 5 mm 0 mm 0 mm 0 mm
Aog 5 mm 0 mm 0 mm 0 mm
Aogrs 5 mm 0 mm 0 mm 0 mm

The energy loss in the outflow pipe (an entrance loss) was then computed using the measured
area of maximum velocity and the relationships from figures 13 to 15. Figure 16 shows that the
relationship between the computed outflow energy loss and the velocity head is fairly strong.
Recalling equation 4, the slope of the line in this figure shows that the outflow (entrance) loss
coefficient, K,, is approximately 0.16, which is remarkably close to Kilgore’s estimate of 0.2.
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Figure 16. Graph. Outflow (entrance) loss versus velocity head.
The inflow (exit) loss (AE;) was then calculated from the total energy loss (AEy.;) and the
outflow (entrance) loss (AE,.) (equation 18).

\F (18)

total ~ o

AE, = AE
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Figure 17 shows that the relationship between the computed inflow energy loss and the inflow
velocity head is strong. Recalling equation 16, the slope of the line in this figure shows that the
inflow (exit) loss coefficient, K;, is approximately 0.43, which is very close to Kilgore’s estimate

of 0.4.
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Figure 17. Graph. Inflow (exit) loss versus velocity head.
BASE RUNS

Next in the current lab study, 15 runs in the access hole setup were conducted to test the total
energy loss predicted by the new junction loss method. These experiments all had a level outflow
pipe, and an inflow pipe oriented at 180°. Table 5 shows the discharge intensities and access hole
depths that were maintained in each run. The measured total energy loss across the access hole
was then plotted versus the discharge intensity and compared to the total energy predicted by the
new junction loss method using K; equal to 0.43 and K, equal to 0.16. Figure 18 shows that the
new method matches the new lab data very well.
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Total Energy Loss (m)

Table 5. Parameters for the 15 base runs.

Run D, Average Access Hole Depth (cm)
1 0.71 4
2 0.94 4.45
3 1.05 7.02
4 1.22 10.02
5 1.22 11.05
6 1.03 6.4
7 0.23 7.46
8 0.44 7.51
9 0.44 11.08
10 0.66 5.6
11 0.66 11.01
12 0.89 9.61
13 0.67 7.45
14 0.67 11.2
15 1.09 7.7
0.025
I Computed from -
- ©® Computed Kiloore'
002 + gore's proposed
I M Measured methodology
0.015 T
0.01 +
0.005 +
i Measured
O 1 1 1 1 = 1 1 1 1 = 1 1 1 1 = 1 1 1 1 II 1 1 1 = 1 1 1 = 1 1 1 1 = 1 1 1 1
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Figure 18. Graph. Validation of total energy loss calculations.
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SUPERCRITICAL OUTFLOW AND ANGLED INFLOW

One of the major limitations of the existing FHWA methodologies is a failure to apply to some
steep terrain conditions. The proposed new procedure addresses the problem with steep outflow
pipes by defaulting to inlet control equations 7 and 8 to compute the base flow depth in the
access hole. Eighteen runs were conducted with supercritical flow in the outflow pipe as part of
this lab study to test the applicability of the proposed procedure for steep pipes. These
experiments also included three different inflow pipe configurations (i.e., angled inflow).
Supercritical flow was assured by using a 3 percent slope for the outflow pipe. Recall also that K;
equals 0.43, and K, equals 0.16. One surprising result of these tests was an almost constant depth
in the center of the access hole for a fairly wide range of discharge intensities. Figures 19 to 21
generally show that the new junction loss methodology does a good job of estimating the EGL
elevations in the inflow pipes for supercritical flow situations. The only exception, which
Kilgore anticipated, appears to be when one inflow pipe is oriented at 180° with high discharge
intensity into a supercritical outflow pipe. Kilgore anticipated that water shooting directly across
an access hole in a jet into a supercritical outflow pipe may not expand and contract again in the
way that this method predicts.
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Figure 19. Graph. Validation of EGL with a 180° inflow pipe and supercritical outflow.
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Figure 20. Graph. Validation of EGL with a 90° inflow pipe and supercritical outflow.
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Figure 21. Graph. Validation of EGL with two inflow pipes and supercritical outflow.

PLUNGING INFLOW

The last runs 18 runs tested the method’s prediction of energy loss with plunging inflow
conditions. The drop in elevation for the inlet, with respect to the base of the outlet pipe, in these
runs varied between 3 to 10 times the outflow pipe diameter, and two different access hole
depths were maintained (i.e., 1.5D, versus 3.0D,). Recall also that K; equals 0.43, and K, equals
0.16. Figure 22 shows that the new junction loss method predicts the EGL in the inflow pipe
very well. This figure shows that the measured grade line is about 7 percent greater than what the
existing junction loss method predicts.
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Figure 22. Graph. Validation of the total energy loss with plunging inflow.

Figures 23 and 24 show that the new junction loss method predicts the EGL in the nonplunging
inflow pipe remarkably well over a variety of plunging inflow rates, plunging inlet elevations,
and access hole water depths.
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Figure 23. Graph. EGL in the inflow pipe versus plunging inflow rate for E, = 1.5D.,.
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S. CONCLUSIONS

One concern when conducting small-scale experiments is the scaling issue. Comparing the old
base run data to the smaller scale base runs confirmed that small-scale models can be used with
reasonable confidence to evaluate and develop the proposed junction loss method. Small-scale
tests are much more efficient and reduce many of the physical and geometrical constraints. This
is the primary reason why the experiments were able to determine that K; equals 0.43, K, equals
0.16, and the coefficient in equation 6 should be equal to 1.0 (i.e., equation 7). These values are
remarkably close to Kilgore’s values of 0.4 for K; and 0.2 for K,. The difference in values
produces only minor differences in energy loss for pipe velocities less than 3.05 m/s (10 ft/s). It
should also be noted that Kilgore’s coefficients slightly overestimate the energy level in the
access hole, which makes his coefficients slightly more conservative than the lab-determined
values.

This new and revised methodology addresses the problem of supercritical flows in outflow pipes.
The use of inlet controlled culvert equations to estimate the initial depth in the access hole for
these situations appears to work very well. Kilgore proposed a relatively simple equation to
compute additional energy loss for plunging flows that accounts for the proportion of the flow
that is plunging and the drop height. The experiments show that the new junction loss method is
applicable for plunge-height ratios (i.e., plunge height divided by outlet pipe diameter) up to 10.

Characterizing the kinetic energy in the access hole remains the most rational procedure for
estimating energy losses in access holes and distributing those losses among several inflow
pipes. The two approaches involving PIV and 3—D numerical modeling to analyze the energy
level in the access hole, however, proved too difficult due to the extremely chaotic flow inside
the access hole. This was the primary reason that the research focused on the more organized
flow in the contracted area of the outflow pipe. The area of maximum velocity near the
contraction zone was successfully used as an indirect measure of the energy loss in the outflow
pipe (an entrance loss), which was then used to backcalculate the energy loss in the inflow pipe.
This procedure showed that the entrance and exit losses predicted by the new junction loss
method are remarkably accurate.
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APPENDIX A. VELOCITY PROFILES AT S MM INCREMENTS

The following images show examples of the velocity profile in the outflow pipe from one of the
miniculvert experiments. Blue indicates low velocity, while the spectrum toward red reflects
increasing magnitudes of local velocity.

Figure 25. Image. Example velocity profile at the outlet.

Figure 26. Image. Example velocity profile 5 mm (0.19 inch) from the outlet.



Figure 27. Image. Example velocity profile 10 mm (0.39 inch) from the outlet.

Figure 28. Image. Example velocity profile 15 mm (0.59 inch) from the outlet.

36



Figure 29. Image. Example velocity profile 20 mm (0.79 inch) from the outlet.

Figure 30. Image. Example velocity profile 25 mm (0.98 inch) from the outlet.
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Figure 31. Image. Example velocity profile 30 mm (1.18 inches) from the outlet.

Figure 32. Image. Example velocity profile 35 mm (1.38 inches) from the outlet.



Figure 33. Image. Example velocity profile 40 mm (1.57 inches) from the outlet.

Figure 34. Image. Example velocity profile 45 mm (1.77 inches) from the outlet.



Figure 35. Image. Example velocity profile S0 mm (1.97 inches) from the outlet.
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APPENDIX B. VELOCITY PROFILES USED IN THE MINICULVERT RUNS

The following images show the velocity profile in the outflow pipe from the miniculvert
experiments. These were used to validate K,,. Blue indicates low velocity, while the spectrum
toward red reflects increasing magnitudes of local velocity.

Figure 36. Image. Velocity profile at the outlet for Q/A, =42 cm/s (16 inches/s).

Figure 37. Image. Area where V is greater than 0.867V . at the outlet for
Q/A, =42 cm/s (16 inches/s).
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Figure 38. Image. Area where V is greater than 0.90V ;. at the outlet for
Q/A, =42 cm/s (16 inches/s).

Figure 39. Image. Area where V is greater than 0.925V . at the outlet for
(16 inches/s)Q/A, = 42 cm/s (16 inches/s).
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Figure 40. Image. Velocity profile Smm (0.19 inch) from the
outlet for Q/A, =57 cm/s (22 inches/s).

Figure 41. Image. Area where V is greater than 0.867V ,,x Smm (0.19 inch)
from the outlet for Q/A, =57 cm/s (22 inches/s).
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Figure 42. Image. Area where V is greater than 0.90V . Smm (0.19 inch)
from the outlet for Q/A, =57 cm/s (22 inches/s).

Figure 43. Image. Area where V is greater than 0.925V ,,x Smm (0.19 inch)
from the outlet for Q/A, = 57 cm/s (22 inches/s).
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Figure 44. Image. Velocity profile at the outlet for Q/A, = 69 cm/s (27 inches/s).

Figure 45. Image. Area where V is greater than 0.867V . at the outlet for
Q/A, =69 cm/s (27 inches/s).
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Figure 46. Image. Area where V is greater than 0.90V . at the outlet for
Q/A, =69 cm/s (27 inches/s).

Figure 47. Image. Area where V is greater than 0.925V ,,, at the outlet for
Q/A, =69 cm/s (27 inches/s).
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APPENDIX C. VELOCITY PROFILES USED IN THE ACCESS HOLE RUNS

The following images show the velocity profile in the outflow pipe from the access hole
experiments. These were used to validate K. Blue indicates low velocity, while the spectrum
toward red reflects increasing magnitudes of local velocity.

Figure 48. Image. Velocity profile 5 mm (0.19 inch) from the outlet for
Q/A, =43 cm/s (17 inches/s).

Figure 49. Image. Area where V is greater than 0.867V ,x 5 mm (0.19 inch) from the
outlet for Q/A, =43 cm/s (17 inches/s).
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Figure 50. Image. Area where V is greater than 0.90V ;5 S mm (0.19 inch) from the
outlet for Q/A, = 43 cm/s (17 inches/s).

Figure 51. Image. Area where V is greater than 0.925V ,,« 5 mm (0.19 inch) from the
outlet for Q/A, = 43 cm/s (17 inches/s).
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Figure 52. Image. Velocity profile at the outlet for Q/A, =57 cm/s (22 inches/s).

Figure 53. Image. Area where V is greater than 0.867V . at the outlet for
Q/A, =57 em/s (22 inches/s).
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Figure 54. Image. Area where V is greater than 0.90V ;. at the outlet for
Q/A, =57 em/s (22 inches/s).

Figure 55. Image. Area where V is greater than 0.925V ,,, at the outlet for
Q/A, =57 em/s (22 inches/s).
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Figure 56. Image. Velocity profile at the outlet for Q/A, = 64 cm/s (25 inches/s).

Figure 57. Image. Area where V is greater than 0.867V . at the outlet for
Q/A, = 64 cm/s (25 inches/s).
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Figure 58. Image. Area where V is greater than 0.90V . at the outlet for
Q/A, = 64 cm/s (25 inches/s).

Figure 59. Image. Area where V is greater than 0.925V ,,, at the outlet for
Q/A, = 64 cm/s (25 inches/s).
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Figure 60. Image. Velocity profile at the outlet for Q/A, =75 cm/s (30 inches/s).

Figure 61. Image. Area where V is greater than 0.867V ,,,x at the outlet for
Q/A, =75 cm/s (30 inches/s).
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Figure 62. Image. Area where V is greater than 0.90V . at the outlet for
Q/A, =75 em/s (30 inches/s).

Figure 63. Image. Area where V is greater than 0.925V . at the outlet for
Q/A, =75 cm/s (30 inches/s).
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