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FOREWORD

This report documents a Turner Fairbank Highway Research Center hydraulic laboratory study
that was done for the Federal Emergency Management Agency (FEMA) to develop a
performance curve for a prototype of two large culverts in series. This report will be of interest
to drainage engineers in several states where culverts in series are used. This report is being
distributed as a web document only.
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APPROXIMATE CONVERSIONS TO SI UNITS
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When You Know Multiply By To Find
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Symbol
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0.305 meters
1.61 kilometers
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ft2
yd®
ac
mi?

square inches 645.2
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square miles 2.59

square millimeters
square meters
square meters
hectares

square kilometers

VOLUME

29.57 milliliters
3.785 liters

fts cubic feet 0.028 cubic meters
yd® cubic yards 0.765 cubic meters

NOTE: Volumes greater than 1000 | shall be shown in m3.

MASS

28.35
0.454
0.907

fioz fluid ounces
gal gallons

ounces
pounds
short tons (2000 Ib)

grams
kilograms
megagrams

(or "metric ton")

TEMPERATURE (exact)

Fahrenheit
temperature

5(F-32)/9
or (F-32)/1.8

ILLUMINATION

foot-candles 10.76 lux
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poundforce per 6.89
square inch

Celcius
temperature

newtons
kilopascals
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fluid ounces
gallons
cubic feet
cubic yards

MASS

grams 0.035
kilograms 2.202
megagrams 1.103
(or "metric ton")

TEMPERATURE (exact)

1.8C +32
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candela/m? 0.2919 foot-Lamberts

FORCE and PRESSURE or STRESS
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0.145

newtons
kilopascals

poundforce

square inch

poundforce per

oz
Ib

short tons (2000 Ib) T
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INTRODUCTION

A special culvert installation in Dale City, Virginia, was the subject of a Federal Emergency
Management Agency (FEMA) study that impacted several homeowners upstream of the culvert.
The culvert required special consideration because it has two size barrels connected in series
with the inverts aligned. The upstream 25-ft (7.6-m) length of 10.5-ft (3200-mm) diameter
concrete pipe is connected in series to a 163-ft (49.7-m)length of 9.5-ft (2896-mm) diameter
concrete pipe. Figure 1 shows a view looking downstream through this culvert.

The culvert was designed by the Virginia Department of Transportation (VDOT) for the Dale
Boulevard crossing of Neabsco Creek tributary A. Figure 2 depicts the location of this tributary
in Prince William County.
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Figure 2. Location of Neabsco Creek, Prince William County, Virginia.

The culvert could be considered a low-cost improved inlet design, but there are no guidelines for
evaluating the hydraulics of culverts connected in series either in the FHWA’s Hydraulic Design
Series No. 5 (HDS-5), “Hydraulic Design of Culverts,” or in the Corps of Engineers HEC-RAS
computer program. An issue in the FEMA study was whether the 9.5-ft (2896-mm) barrel or the
10.5-ft (3200-mm) barrel controlled the headwater depth upstream of the culvert. Moreover, the
inlet to the 10.5-ft (3200-mm) barrel is a commonly used 45-degree flared-end section that is not
specifically covered by HDS-5 or HEC-RAS.

Consultants to FEMA recommended a model study of the culvert at the Federal Highway
Administration (FHWA) Hydraulic Laboratory located at the Turner Fairbank Highway
Research Center (TFHRC). The immediate objective of the model study was to resolve the
floodplain boundary issue for the Dale City site. The long-range research objectives were to
evaluate the effectiveness of culverts in series as an improved inlet concept, to develop a design
strategy for culvert barrels connected in series and to determine design coefficients for a
commonly used pre-cast flared-end section for circular pipe.

FLOW CONDITIONS AT THE SITE

FEMA'’s consultants provided data from the FEMA study for the Neabsco Creek Flood
Insurance Study (FIS) at the Dale Boulevard culvert. These data are listed in table 1.



Table 1. Modeled conditions.

eSS wica s Dibewbenans e
(yrs) (ft) (ft)

500 X 6.86 222.96

939 5 X

1000 X 7.88 223.98

1279 50 X

1418 100 X

1500 X 8.72 224.92

1750 X 9.24 22534

1861 500 X

2000 X 9.56 225.66

1 ft=0.305m, 1 ft'/s = 0.028 m’/s

Culvert invert elevations provided by FEMA’s consultants are listed in table 2.

Table 2. Dale City culvert invert elevation.

Culvert Invert Elev. Length
Location
(ft) (ft)
Downstream end of 9.5-ft barrel 216.1 163
Junction of two barrels 218.55
Upstream end of 10.5-ft barrel 218.93 25
1ft=0.305m

The average slope of the culvert invert is 1.5 percent which is steep enough to expect that the
culvert could be in inlet control where changes to the entrance might significantly influence the

headwater elevations.

Preliminary HEC-2 runs for the base 100-yr flood indicated that the water surface elevations
upstream of the culvert might vary between 235.96 ft (71.921 m) and 239.94 ft (73.134 m)
depending on what assumptions were made for the culvert headwater control conditions. That
4-ft difference in water-surface elevations upstream of the culvert was enough to determine
whether or not several homes were in or out of the floodplain. The water-surface elevation for
the base flood, the base flood elevation (BFE), that would result in a determination that those
homes are out of the floodplain was around 237.6 ft (72.328 m).

MODEL STUDY

The model study was initiated as an agreement among the FHWA hydraulics laboratory,
FEMA'’s project manager, and their consultants.



The culvert test facility was already in place included an 8-ft by 8-ft (2.43-m by 2.43-m) head
box, a 4-ft- (1.219-m)-wide by 10-ft- (3.480-m)-long tail box with a manually adjustable tailgate
to control tailwater depths and a 5.0-ft*/s (0.14-m’/s) pump to provide various flows through the
test facility. Different entrance sections can be installed in the head box and various culvert
models can be installed between the head box and the tail box. Figure 3 shows the culvert test
facility set up to model the Dale Boulevard culvert.

Figure 3. Test facility set up for Dale Boulevard culvert.

Figure 4 is a detailed view showing the culvert inlet, which is comparable to the view of the
actual culvert inlet in figure 1.



Figure 4. Inlet of test facility set up for Dale Boulevard culvert.

Pressure ports were installed in the head box along the inverts of the culvert models and in the
tail box. Pressure lines were connected to a single differential pressure transducer through a
valving manifold. Each pressure port was monitored by the same transducer to avoid electronic
sensor drift problems. The differential pressure readings were related to a static standpipe so that
the relative hydraulic grade line (HGL) elevations could be plotted directly from the pressure
port readings; atmospheric pressure or other variations led to slightly different datums from day
to day. Velocities used to determine the corresponding energy grade line (EGL) elevations were
calculated by dividing the pump discharge by the flow area based on the pressure port readings.
No direct velocity measurements were made inside the culvert models. Entrance losses and
contraction losses for the system were calculated from the EGL information.

One series of tests modeled the culvert configuration as it existed and simulated the discharges
and the corresponding tailwater depths for this site to resolve the floodplain boundary issue for
FEMA. This test series was labeled “dbvarTW” to indicate that the tailwater (TW) varied with
the discharge according to the information that was supplied by Dewberry Davis and Assoc.
Benchmark tests, which modeled full-length single diameter 9.5-ft (2895-mm) and 10.5-ft
(3200-mm) culvert barrels, were conducted to demonstrate where and by how much the enlarged
end segment affected the headwater elevations. Comparing the Dale Boulevard configuration to
these benchmark configurations run with the same discharges and tailwater conditions was an



effective way to illustrate whether the Dale Boulevard culvert was controlled by the short
entrance pipe segment or the long, smaller-diameter segment. Other tests were run for different
tailwater conditions for the research objective of deriving design coefficients and loss
coefficients for general applications.

Table 3 summarizes the experimental conditions and the objectives of laboratory testing for this

study.

Table 3. Experimental test matrix.

Test Series

TW conditions

Objective

Dale Boulevard,
10.5S/9.5L

10.5-ft benchmark
9.5-ft benchmark
10.5-ft benchmark

9.5-ft benchmark

10.5-ft benchmark
9.5-ft benchmark

As specified for each discharge

As specified for each discharge
As specified for each discharge

Low

Low

High to submerge entrance

High to submerge entrance

Contraction benchmark, Varied

10.5L/9.5L

Resolve headwater elevations for the FEMA study

Compare with Dale Boulevard series
Compare with Dale Boulevard series

Derive inlet control regression coefficients, K2, M2,
¢, and Y for the 45-degree flared entrance section for
the concrete pipe

Derive inlet control coefficients for the 45-degree
flared entrance section for the concrete pipe

Derive outlet control entrance loss coefficient, Ke
Derive outlet control entrance loss coefficient, Ke

Isolate the contraction loss for the junction of two
pipes in series

1 £t=0.305m

The laboratory readings for the results presented in this report are in data files located in the
Turner Fairbank Hydraulic Laboratory.

MODEL SCALE

A 1:12 Froude model scale was selected to optimize the pumping capacity for the test facility.
The 1:12 scale happens to be convenient because the hydraulic roughness of concrete pipe scales
approximately to the hydraulic roughness of acrylic tubing at this scale. The 1:12 scale is
convenient because the length dimensions , including the HGL and EGL elevations, map directly
from inches in the model to feet in the prototype.

The following Froude Number scaling ratios were used:

L 1
L, =2 =(— (selected
r (LP (¢ )
Di
Diay =2n (L
Diap 12


https://10.5L/9.5L
https://10.5S/9.5L

Vg oAV oL
=y, 2 L@f 53

1
Or :g_’z _(VRLRZ :(LR 2 ZSE

where:

Lg = Length Ratio
Diayp = Diameter Ratio
V'r = Velocity Ratio
Or = Flow Ratio

L,, = Model Length
Dia,, = Model Diameter
V. = Model Velocity
On = Model Flow

Lp = Prototype Length

Diap = Prototype Diameter

Vp= Prototype Velocity
QOp = Prototype Flow

Figures 5 and 6 depict diagrams of the scaled model set up for the Dale Boulevard and the
contraction benchmark set-ups respectively.
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Figure 5. Diagram of scaled model set up for the Dale Boulevard culvert.
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Figure 6. Diagram of scaled model set up for the contraction benchmark tests.

Figure 7 details the modeled inlet dimensions.
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Figure 7. Modeled inlet dimensions for the Dale Boulevard culvert.

MODEL RUNS

Five distinct discharges and corresponding tailwaters were used to run the Dale Boulevard
culvert model to determine what water-surface profiles would result upstream. The discharge
was varied to encompass the flows up to the 500-yr return period for the culvert system. Table 4
lists the discharges and corresponding tailwaters for the variable-discharge runs.

Table 4. Model and prototype discharges and tailwaters.

Prototype Discharge Model Discharge Prototype Tailwater Model Tailwater
(ft'/s) (ft'/s) (ft) (in)
500 1.00 6.86 6.86
1000 2.00 7.88 7.88
1500 3.01 8.72 8.72
1750 3.51 9.24 9.24
2000 4.01 9.56 9.56

1 ft=0.305m, 1 ft'/s = 0.028 m’/s

In order to better examine the energy losses through the transition between the two culverts in
series, a contraction benchmark culvert was also analyzed. This set-up allowed a more detailed
analysis to be performed on the flow through the culvert contraction. The set-up effectively



shifted the contraction downstream so that the flow had a longer distance over which to stabilize.
Both inlet control and outlet control conditions were tested for this set-up.

LABORATORY AND HEC-2 ANALYSIS

The Dale Boulevard culvert model was analyzed using pressure ports to measure hydraulic grade
line (HGL). The measurements resulted in a slightly variable datum from day-to-day. The
variable datum was adjusted to scale the datum to the invert at the culvert entrance. This was
done by regressing datum to length and determining the intercept value at the model culvert
entrance. This intercept value was used to adjust the readings. This placed all the laboratory
results on the same absolute datum.

The energy grade line (EGL) elevations were computed for each port by adding the velocity
head, 7*/2g, to the HGL. The same pressure ports that measured the HGL also measured the
invert elevations. For partially full flow, the difference between the HGL elevation and the
invert elevation was the flow depth at that locations. The flow area was computed from the flow
depth and the velocity was then computed as O/4. If the difference between the HGL and the
invert was greater than the diameter, then the barrel was full and the flow area was simply the
full area of the barrel.

The tailwater conditions were set using step backwater HEC-2 results of Neabsco Creek below
the prototype which were provided by FEMA’s consultants. These conditions were imposed
upon the laboratory experiments.

Figure 8 shows the EGL and HGL for the experiments with the imposed tailwater conditions.
The results of these runs led to the performance curve for the compound culvert.
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Figure 8. EGL and HGL for experiments with imposed tailwater conditions.



Headwater elevations from the laboratory experiments, listed in the second column of table 5 are
based on the tailwater conditions given in table 4. It is important to note that the head box used
for these experiments was approximately 10 times the culvert diameter and the approach flow
velocity was negligible. Had the laboratory experiments actually modeled, the approach velocity
would have provided part of the energy to move water through the culvert and the water surface
elevations measured upstream of the culvert would have been slightly lower. Most culvert
experiments are done this way, and the regressions for losses are based on energy losses not
changes in water surface elevations. That means the headwater elevation in experimental culvert
hydraulics really refers to the energy grade line (EGL) and not the hydraulic grade line (HGL) as
is typically assumed. HEC-2 results were used to estimate the velocity head that would have
been measured if the approach channel had been modeled to determine water surface elevations
(HGL elevations) upstream of the culvert entrance. Results are shown in table 5 and plotted in
figure 9.

Table 5. Water surface elevations upstream of the culvert entrance.

Headwater Estimated
Elevation from Velocity Head for Est W.S.
Laboratory Velocity Head Laboratory Elevation for
Flow Experiments From HEC-2 Experiments approach Channel
(ft3/s) (ft)* Data (ft) (ft) Source (ft)y**
500 226.79 0.072 Extrapolated 226.72
939 0.130
1000 231.16 0.134 Interpolated 231.03
1279 0.130
1418 0.140
1500 237.33 0.141 Interpolated 237.19
1750 238.80 0.166 Interpolated 238.63
1861 0.180
2000 242.80 0.196 Extrapolated 242.60
* EGL; ** HGL 1 ft=0.305m, 1 ft'/s =0.028 m’/s
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Figure 9. Culvert performance curve.

The last step of the specific analysis is to use the figure 9-corrected performance curve in place
of the original rating curve used in the HEC-2 FIS model, and run the HEC-2 computer model
again. This leads to the headwaters listed in table 6.

Table 6. Results of laboratory calibration for HEC-2.

Return Period (yr) Flow (ft*/s) Water Surface Elevation (ft)
10 939 230.02
50 1279 234.14
100 1418 235.92
500 1861 239.94

1 ft=0.305m, 1 ft'/s = 0.028 m’/s

The cross section 6138 just upstream of the culvert and profile of the 1 percent annual chance
(100-yr) results are shown in figures 10 and 11. The 100-yr return period has a water surface
elevation of 235.92 ft (71.908m) at cross section 6138 based on the laboratory results and
adjusting the water surface elevations to account for the velocity head being implicitly included
in the headwater computation. The houses in question for this study were located between
SECNOs 6138 and 7113 and the lowest adjacent grade (LAG) elevation was determined to be
237.5 1t (72.420 m). The FEMA letter of map revision (LOMR) indicated 100-yr return period
water surface elevations of 236.01 ft (72.936 m) and 236.46 ft (72.073 m) at cross sections 6138
and 7113, respectively. The FEMA LOMR water surface elevations are based on the laboratory
results but do not include the adjustment to account for the velocity head being implicitly
included in the headwater computation. The velocity head adjustment lowers the expected water

12



surface elevations, is fairly minor in this case and is not normally used in studies of this type
even though it is theoretically appropriate (in the opinion of the authors). Either way, the LAG
elevation is above the 1 percent chance water surface elevations between cross sections 6138 and
7113 and the housed of interest should not be inundated by the 1 percent chance flood.
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240 : / \ /
=235 N\ f
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= I
220 | \ %
5230 I \
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| /\UKX
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1 ft=0.305m
Figure 10. Cross section 6138 view of 1 percent annual chance results (100-yr).
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EVALUATION OF CULVERTS IN SERIES AS A DESIGN ALTERNITIVE

There were three alternatives for sizing the culvert at this site. The first was a straight 9.5-ft
(2896-mm) culvert, which was modeled as the 9.5 benchmark test series. The second was a
10.5-ft (3200-mm) culvert, which was modeled as the 10.5 benchmark test series. The third was
the 10.5/9.5-ft (3200/2896-mm) barrels in series, which was the one actually constructed and was
modeled as “10.5/9.5 db.”

The questions are “How much is gained by using the enlarged upstream section in series with a
smaller culvert?” and “How would one analyze expected performance?” Figures 12 through 16
superimpose the hydraulic grade lines for each model at each discharge and illustrate the
respective advantages. Actually, the advantage of the 10.5/9.5 culvert series over the straight
9.5-ft (2896-mm) culvert is quite limited but the greatest advantage happens to occur right at the
base flood condition.

The relative hydraulic grade lines that would occur at 500 ft*/s (14 m?/s) for all three models are
shown in figure 12. All three operated at unsubmerged inlet control at this discharge and there is
very little difference in the headwater equation for a 10.5-ft (3200-mm) culvert and a 9.5-ft
(2896-mm) culvert for this condition.

At 1000 ft'/s (28 m’/s), shown in figure 13, the 9.5-ft (2896-mm) and the 10.5-ft (3200-mm)
culverts operated at submerged inlet control but the losses at the contraction were sufficient to
cause the enlarged end section of the series model to flow almost full and it started to show a
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slight headwater decrease from the 9.5-ft (2896-mm) culvert. However, at 1500 ft'/s (42 m’/s),
which happens to be close to the base flood with a 100-year return interval, figure 14 shows that
there is significant headwater decrease. This occurs because the 9.5-ft (2896-mm) culvert model
is still at submerged inlet control, but the 10.5-ft (3200-mm) model flowed full and was in outlet
control. The headwater reduction at this discharge was approximately 1.7 ft, (0.518-mm) which
could be significant for this site.

At 1750 ft*/s (49 m’/s), the 9.5-ft culvert also is in outlet control and the series culverts showed
no headwater decrease as illustrated in figure 15. In fact, all three models had almost the same
headwater at this discharge because the 10.5-ft (3200-mm) culvert was still in submerged inlet
control. At 2000 ft*/s (56 m’/s) all assumptions generate outlet control and there is essentially no
advantage between the series model and the model of the 9.5-ft (2896-mm) culvert as illustrated
in figure 16. Apparently the contraction loss at the intersection of the two barrels nearly matches
the difference between the friction loss in the enlarged section and the friction loss in an equal
length of the smaller diameter culvert.

Figures 15 and 16 for the model of the 10.5-ft (3200-mm) culvert illustrate the difference
between inlet control and outlet control. This particular configuration carries 15 percent more
flow at almost no increase in headwater as it went from inlet control to outlet control.

Thus it would appear that whether by accident or by design, the 10.5/9.5 (3200/2896) design
happens to reduce headwater elevations at the base flood condition. Since FEMA studies do
focus on the base flood condition, the 10.5/9.5 (3200/2896) culverts in series design is a success
for reducing headwaters at the base flood condition.
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ANALYZING CULVERTS IN SERIES

How can one analyze this type of an installation without a model study? There is no easy answer
because each installation could be very unique, but if the situation is similar to the one modeled
where the ratio of diameters D,/D; was approximately 0.9, some of the observation from this
study could certainly be a guide. For most discharges assume the smaller diameter controls and
compute headwater for a full length smaller diameter culvert. The one place that it will differ is
where the critical flow depth of the smaller barrel is near the crown (say 80 to 90 percent of the
culvert diameter). Then the enlarged section is likely to go into outlet control and the headwater

can be computed as
V2 n’L, V7P :
Hy =(k,| A |H 2 =k, («Vl—+(H) (1)
w ([@)W}zg( l2g ( c)2

Where:
Hy = Headwater depth, ft.
L, = Length of larger-diameter barrel, ft.
D; = Diameter of larger-diameter barrel, ft.
k. = Entrance loss coefficient.
k... = Contraction loss coefficient.
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V; = Velocity in the upstream barrel, ft/s.
g = Acceleration of gravity, 32.2 ft/s* (9.81 m/s?).
n =

Manning’s roughness coefficient.
2

H.; = Specific head at critical flow for the downstream barrel (., + 2"’2 ), ft.
g

Ve2 = Critical flow depth for the downstream barrel, ft.

V.o = Critical flow velocity for the downstream barrel, ft/s.

Ky = Units factor for system of units; 29 for English units, 19.6 for SI units.

The contraction loss coefficient 4, is needed to use the above expression. This coefficient can
be derived from experimental results and it can be specific for a limited range of depths at the
entrance of the smaller culvert. Tests with the contraction moved to the center of the total length
were designed to isolate the contraction loss to derive this coefficient.

DERIVATION OF DESIGN COEFFICIENTS

Flow through culverts is categorized as either inlet control or outlet control. Inlet control occurs
when the culvert is on a steep slope and flow through the barrel is free surface and at
supercritical velocities. Under these conditions downstream disturbances to the water surface
cannot be propagated upstream and the control section must be upstream or at the inlet of the
culvert. Then the only thing that affects the headwater is the energy required to get the flow
through the entrance to the culvert. Outlet control occurs anytime the culvert is flowing full or
the culvert is on a mild slope with subcritical velocities. Then the headwater is governed by the
tailwater plus the entrance loss, the exit loss and hydraulic losses through the barrel. Culverts
tend to operate more efficiently in outlet control and the headwater can actually drop a little
when inlet control switches to outlet control by adding enough tail water to make the barrel flow
full. This observation was evidenced in figures 15 and 16 where the headwater depth hardly
changed at all for the 10.5-in culvert when the discharge was increased by approximately

15 percent. That culvert was operating under inlet control at the lower discharge but the barrel
filled and it switched to outlet control at the higher discharge. Designers usually check for both
conditions and use the one that requires the higher headwater.

Inlet Control Results

The flow can either be termed unsubmerged inlet control or submerged inlet control. The inlet is
usually unsubmerged when the discharge divided by the product of the culvert area and the
square root of the depth is less than 3.5 (0/AD"° < 3.5). The basic equation fit for an
unsubmerged inlet is a weir equation where the headwater is related to discharge raised to an
exponent with an expected value around 0.67. The inlet is usually submerged when the discharge
divided by the product of the culvert area and the square root of the depth is greater than 4.0
(0/AD" > 4.0). The basic equation fit for a submerged inlet is an orifice equation where the
headwater is related to discharge raised to an exponent with an expected value of 2.The area
between the ratios 3.5 and 4.0 is a transition zone where the inlet may be unsubmerged or
submerged depending on the efficiency of the entrance but neither of the basic equation fits are
quite applicable. Formulas (1) and (2) show the two equations that can be used to evaluate
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unsubmerged flow through a culvert. Formula (3) shows the submerged flow equation. All
formulas were taken from the FHWA’s Hydraulic Design Series No. 5 (HDS-5).

Unsubmerged Flow

H, H, (o 1"
Form (1 I =—< K —0.5S 2
(1) = (l[(ADo.s]( { @
Hy e [(2 1"
Form (2 — =K —0.5S 3
2) 5 (2[@05]{ { 3)
Submerged Flow
Hy (2 ]
=(c +Y —(0.5S 4
5 ([(ADO_S]( (¥ )
where:
Hy = Headwater measured from the inlet invert to the EGL, ft.
D = Interior height of culvert barrel, ft.
2
H, = Specific head at critical depth ( y, +/; —), ft.
g
0 Discharge, ft’/s.
A = Full cross sectional area of culvert barrel, i
S = Culvert barrel slope, ft/ft.
K;, M;, K5, My, ¢, Y = Culvert design constants.
Ky = Slope correction coefficient.
-0.5 HDS-5-suggested value for inlets other than mitered.
+0.7 HDS-5-suggested value for mitered inlets.

HDS-5 lists design coefficients for a wide range of inlets, but none of them exactly match the
inlet for the Dale Blvd site. Computer implementations of HDS-5, like the culvert algorithm in
HECRAS, do not allow the user to input design coefficients even if the specific experimental
values are available. The only way to use those algorithms is to find an inlet that has almost the
same coefficients even if the inlet descriptions do not fit.

Several HDS-5 inlets were compared to the experimental results to find the closes fit. HDS-5
Chart 1, Scale 1 is for a square-edge circular inlet with a headwall. HDS-5 Chart 3, Scale A is
for a circular pipe with 45-degree bevel with no wingwalls. The fairly common 30-degree
wingwall end section with a 2:1 miter slope such as the one used at the Dale Boulevard site is not
listed in HDS-5 for a circular pipe. HDS-5 does list a 30-degree wingwall end section for a
rectangular culvert as Chart 8, Scale 1, but it does not indicate whether the walls are mitered to
the embankment slope. Nevertheless, that is the closest match that was available. It is also
thought that the enlarged end section for the Dale Boulevard installation might perform
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somewhat like a tapered inlet listed as Chart 55 in HSD-5. Design coefficients for those charts
are listed in table 7 and will be compared with the experimental results for the Dale Boulevard
installation.

Table 7. Culvert design coefficients.

Inlet Control

Outlet
Culvert Unsubmerged Submerged Control
Chart Shape Scale  Description K1 Ml K2 M2 c Y k,
1 Circular 1 Square-edge  0.0098 2.0 0.0398 0.67 0.5
w/headwall
3 Circular A 45-degree 0.0018 2.5 0.300 0.74 0.2
beveled ring
8 Rectangular 1 30-degree 0.015  0.705 0.0385 0.81 n/a
wingwall
55 Circular 1 Smooth 0.534 0.555 0.0196  0.89
tapered inlet
throat

All of the culverts were analyzed under inlet control flow conditions. A wide range of
discharges were routed through each culvert and the corresponding headwaters were recorded for
each flow. Each culvert was analyzed using both the unsubmerged and submerged inlet control
equations. Design constants were calculated using simple linear regression analysis techniques.
The calculated design constants K>, M>, ¢, and Y are listed in table 8. For unsubmerged flow,
both Form 1 and Form 2 equations were examined. Calculating critical flow specific head, H,, is
tedious and for that reason, Form 1 of the unsubmerged flow equation was not used for the
analysis of the Dale Boulevard data. For submerged flow, the regression was done assuming that
the slope correction would be —0.5S, but the suggested slope correction in HDS-5 is +0.7S for a
mitered inlet. The Dale Boulevard inlet section is mitered to the embankment slope and the
+0.7S slope correction is appropriate. Since a linear regression was done to determine the
coefficients for the submerged flow data, the intercept, Y, can be adjusted for the appropriate
slope correction by subtracting the 0.5S constant that was added to the headwater data before the
regression and subtracting another 0.7 for the slope correction that will be applied for a mitered
inlet. The net effect is to reduce the regressed values of Y by 1.2§5 or 1.2 X 0.015 = 0.018. The
last two columns of table 8 contain the regressed values and the adjusted values of the ¥
intercept. The adjusted values should be used for a mitered inlet and the corresponding slope
correction term in equation (4) should be +0.7S.

Figure 17 compares the average Dale Boulevard result from table 8 with the HDS-5 inlets listed
in table 7. Figure 17 is based on applying the design coefficients listed in the tables to a circular
9.5-ft diameter barrel. Form 1 of the unsubmerged flow equation was used to generate data for
the HDS-5 Charts 3 and 8 inlets. All of the inlets have almost the same curve for unsubmerged
flow, but they deviate considerably for submerged flow. The Dale Boulevard enlarged-diameter
entrance section is less efficient than a Chart 55 inlet and is between the Chart 3 and 8 inlets.
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Table 8. Summary of culvert design constants.

Unsubmerged
Form 2 Submerged
N . Y
Regressed for -0.55 Adjusted for +0.7S
K> M) c slope correction slope correction
Inletlbm 10.5” 0.491 0.584 0.030 0.70 0.68
Inlet4bm 10.5” 0.500 0.583 0.030 0.72 0.70
InletSbm 10.5” 0.518 0.569 0.030 0.72 0.70
Inlet13bm 9.5” 0.502  0.571 0.030 0.69 0.67
Average 9.57 & 10.5” 0503 0.577 0.030 0.71 0.69
The above coefficients apply to the mitered 30-degree wingwall entrance section illustrated in figure 7.
Inlet7db Dale Blvd 0.474 0.570 0.039 0.61 0.59
Inletl 1db Dale Blvd 0.518 0.569 0.030 0.72* 0.70*
Inlet30db Dale Blvd 0.453 0.675
Inlet31db Dale Blvd 0.484 0.643 0.040 0.63 0.61
Average Dale Blvd 0.470 0.623 0.040 0.62 0.60

The above Dale Blvd coefficients consider the mitered 30-degree wingwall entrance and the enlarged section as the
inlet to the smaller diameter downstream barrel. The diameter of the downstream barrel was used in equations (3) and
(4) to derive these coefficients. These coefficients implicitly account for control being at either the entrance or the

contraction.

* Suspected outlyer; not included in average
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Figure 17. Performance curves for Dale Boulevard inlet control versus HDS-5.

Outlet Control Results

As noted previously, all of the hydraulic losses, including the entrance loss, the friction loss in
the barrel, the exit loss and other minor losses including a contraction loss if applicable affect the
headwater for a culvert operating in outlet control. Outlet control experiments were used to
compute the entrance loss coefficients, the contraction loss coefficients, and the Manning’s n
value for the pipes. We did not analyze exit losses in this study but it was considered for further
research had we proceeded with a second phase study.

The slope of the culvert was steep in these experiments but we established outlet control for
lower discharges by increasing the tailwater to force full flow. When the culvert barrel was
flowing full, it was in outlet control. Equation (5) below is the basic energy balance equation for
culverts operating in outlet control. Figure 18 illustrates the losses involved in the energy balance
for a straight culvert without different barrel diameters in series.
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2
HW =(TW +% +Y H, S L (5)

where:
HW = Headwater measured from the inlet invert to the EGL, ft.
™w = Tailwater flow depth measured above the outlet invert.
V, = Downstream velocity
ZHL = HL e +HLf+ HL exit T HL contr
L = Length of culvert.
S = Culvert barrel slope, ft/ft.
H; ., = Entrance loss
Hpy = Friction loss
Hj it = Exit loss
H; conr = Contraction loss (for the compound culverts in series)

It is important to note that HW in the above expression and in the basic definition sketch from
HDS-5 (figure I1I-8, HDS-5, p. 36) is measured from the culvert invert to the EGL, not the HGL,
in the headwater pool. For this study, the velocity in the head box was assumed to be negligible.

During the experiments, the hydraulic head was measured at each port, and the velocity head
(V*/2g) was then added to determine total energy head for points along the EGL. The loss
coefficients and Manning’s “n” were determined by analyzing various segments of the EGL. It
was not necessary to solve the entire energy balance equation at once.

Figure 18. EGL analysis through a culvert system.

Outlet Control Entrance Loss Coefficient

The entrance loss, Hy ., was determined by projecting a best fit line through the energy points for
the pressure ports in the culvert barrel to the headwall and subtracting the projected value from
the EGL in the head box (the headwater) as illustrated in figure 19 for one run in the series
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out3bm. The entrance loss was actually computed in a spreadsheet but the technique is illustrated
in figure 19. The entrance loss coefficient, K,,;, for outlet control was then determined from
equation (6) below. The entrance loss coefficients for several discharges in a run series were
then averaged in the spreadsheet to yield one value listed in table 9 below.

2
HLe :(Kem‘ L2L } (6)
g

where:

K. = Entrance loss coefficient.

H,. = Entrance losses, ft.

g = Qravitational constant, /s,

V = Velocity in the culvert barrel, ft/s.
Run Outlet3 - 2 for run series out3bm; Q=0.0424 m’/s (1.5 ft'/s)
1100
/— Average headwater elevation in head box projected to the
1090 i i
_ Best Fit line through EGL points
—_ / Hie=6.3 mm along Culvert barrel
E 1080 3
£ . 4
\
d ‘\“&-
= 1070 1+ ——
] EGL in barrel projected to the headwall
1060
1050 —
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Distance (mm)
1 mm = 0.039 in, 1 ft’/s = 0.028 m’/s
Figure 19. Typical EGL analysis used to determine head losses.

Table 9 shows outlet control entrance loss coefficients derived from the laboratory benchmark
culvert runs. The average value 0.12 is less than the typical value of 0.2 for circular pipes found

in HDS-5 and tabulated previously in table 7.
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Friction Loss Coefficient

€C_.9

HDS-5 expressed friction loss in terms of Manning’s hydraulic roughness coefficient “n
Manning’s equation is not dimensionless and is normally written as:

K
V:(_URh2/3SF1/2 (7)
n
where:

V = Velocity, ft/s.
R, = Hydraulic Radius = D/4 for a circular section flowing full, ft.
Sk = Friction slope, ft/ft.
n = Manning’s roughness coefficient.
Ky = Coefficient for system of units; 1.49 for English units, 1.0 for SI units.

Manning’s equation can be rearranged to solve for the friction slope. The head loss due to
friction is the friction slope multiplied by the length of barrel at that friction slope to yield the
following expression that is in HDS-5.

VZ 2 2 K 2
HLF :(SFL: > & 4/3 _( gn 4/3 [Pﬂ] UL’/Z [P%) (8)

Ky,"R,

where:

Kui = 2g/Ky*=2(32.2)/(1.49)* =29 for English units.
2(9.81)/1.0 = 19.62 for SI units.

Manning’s “n” was determined for the culvert models by fitting a linear regression EGL through
the total energy points along the culvert barrel. The slope of the EGL is the friction slope and
Manning’s “n” can be determined from either form of Manning’s equation.

The experimental values of Manning’s “n” for the acrylic tubes used to model the culvert barrels
are given in table 9.

26



Table 9. Entrance loss coefficients for outlet control.

Run Series Description K, Manning’s “n”
out3bm 10.5” 0.24* 0.0095
out35bm 10.5” 0.10 0.0097
out36bm 10.5” 0.12 0.0100
outl4bm 9.5” 0.13 0.0100
outl6bm 9.5 0.12 0.0100
outl9bm 9.5 0.13 0.0100
Average 0.12 0.0099

The 0.0099 value for Manning’s “n” can be scaled to prototype by examining Manning’s
equation as follows:

K 2/3
% i(Rh )m (SF )m R /3 PR
Im " :_Ptﬂ OR...I'm _ Lr =L,"° (9)
V K R V
P Ul (Rh2/3 )P(SF )P (”m hP np R
np
where:
Lr = length scaling ratio, 1:12 for this study.
Then,
np = 12"1,=12"°0.0099 = 0.0149

which is in the mid range of values given for concrete pipe with good joints and rough walls.
That means the headwater elevations measured in this model study could be used directly
without adjustment for pipe roughness.

Contraction Loss Coefficient

The contraction loss coefficient was determined using methods similar to the ones described
above for the entrance loss coefficient except that EGLs for the upstream pipe and the
downstream pipe were projected to the joint of the two pipes. It was difficult to establish a good
representative EGL for the short section of upstream pipe for the Dale Boulevard model.
Therefore, to calculate the K, coefficients, the contraction benchmark culvert set up with equal
lengths of pipe on each side of the joint, as illustrated in figure 6, was used.

The contraction benchmark culvert consisted of a 98-in- (2489-mm)-long, 10.5-in- (267-mm)-
diameter culvert in series with a 98-in (2489-mm)-long, 9.5-in (241-mm)-diameter culvert.
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Pressure ports were positioned along the length of both barrels. With this set up, was possible to
project EGLs for both pipes onto a common plane at the joint of pipes to determine head loss,
Hicons, attributed to the contraction as illustrated in figure 19 for one of the discharges for run
serious out-cont23. The contraction loss coefficient, K., was then computed from equation

(10),

V 2
HL cont :(I<cant 4 (10)
2g
where:
V; = velocity in the upstream culvert, ft/s.
out-cont 23-4; Q=3.0 ft'/s (0.0848 m’/s)
1360
y=-0.0086x + 1353.7 ‘—O—Upstream —=#— Downstream

1350

1340 \ Aﬁl
- |-
S 1330 * i Hi cont=10.4 mm
: 1320 I‘
(@] y=-0.0167x+1363.5
= 1310 :

1300 i

| ve
1290 I
Distance to contraction joint =2489 mm
1280 ; ‘ ‘ — ‘ ‘ ‘

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Distance (mm)

1 mm = 0.039 in, 1 ft’/s = 0.028 m’/s
Figure 20. Typical results of benchmark contraction experiments.
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Figure 21. Typical contraction loss with EGL axis amplified.

Table 10 lists experimentally derived contraction coefficients. The coefficients are to be applied
to the upstream velocity head to calculate the contraction loss and are limited to full flow
conditions, at least for the upstream culvert, and to the specific condition of the upstream culvert
being approximately 10 percent larger in diameter than the downstream culvert and the inverts
being aligned.

Table 10. Contraction loss coefficients for the culverts in series.

Run Series Description Keont
Range of Values Average
out_cont23 10.57/9.5” 0.04-0.13 0.09
out_cont24 10.57/9.5” 0.05-0.09 0.07
out_cont34 10.57/9.5” 0.04-0.08 0.06
Overall Average 0.073

A check of Handbook values for series culverts aligned along their centerlines (recall that the
Dale City culverts have matching inverts at their juncture) shows that the Table 10 values are in
agreement with tabulated contraction and expansion loss coefficients. Data obtained from “Loss
Coefficients for Enlargements and Contractions Based on Velocity in Small Pipe” from “Flow of
Fluids Through Valves, Fittings and Pipe,” (Appendix A, Reference 4) were converted to
velocity in the large pipe by continuity. Figure 22 depicts these coefficients for expansions and
contractions in the range of pipe ratios 0.8 to 1.0 within which expansions and contractions have
equivalent losses. Also shown on figure 22 are the measured loss coefficient (.065 is the average
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of the Table 10 measurements) and the Dale City pipe ratio (0.905). The handbook prediction
for the Dale City case would be on the order of 0.05. The larger measured value may be
attributable to the handbook and Dale City situations being slightly different — the handbook case
has aligned centerlines and the Dale City case has matching inverts.

—K - - = -Measured K — - - Dale City Pipe Ratio
0.30 |

0.25 i /

0.20 ;

0.15 I /
|

0.10 J// _______________
0.05
—1

0.00 .

1 0.95 0.9 0.85 0.8
Pipe Diameter Ratio

Loss Coeficient
(Applies to large pipe velocity’

Figure 22. Handbook contraction/expansion coefficients

It is important to note that the contraction/expansion coefficients are only strictly applicable for
full pipe flow. However one might stretch the applicability for the transition where the upstream
pipe is full but the downstream is still in inlet control.

Thus it would appear that for full-flow culverts in series (culvert diameter ratios between 0.8 and
1.0) one could calculate friction losses, contraction/expansion losses (K., = 0.065 or as defined
by figure 22), and entrance losses (K, = 0.12) to estimate upstream headwater using equation (1).

Exit Loss

The exit loss can be expressed as a function of the change in velocity at the outlet of the culvert
barrel written as:

Hy .. :(K EXIT [ﬁi _(Vi]( (11)

e 28]
where:
Vo = Velocity at the outlet of the culvert barrel, ft/s.
Vrw = Channel tail water velocity downstream of the culvert barrel, ft/s.
Keyr = Exitloss coefficient.
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We did not examine exit losses in this study although a second phase was proposed to look at
exit losses under different tail water conditions. Designers typically use Kgx;r = 1.0 and neglect
the downstream velocity head, but those assumptions would have resulted in an overestimate of
several feet for the highest discharges at the Dale Boulevard site.

The exit loss coefficient is a function of type of end section and the tail water depth. When the
tail water was near the crown of the culvert at the outlet, we observed that the jet of water created
its own tapered exit section of active flow. The energy did not actually drop suddenly at the exit
because the flow did not suddenly redistribute evenly in the downstream channel. If the energy
of the active flow been measured downstream of the culvert, the computed exit loss probably
would have been relatively low.

CONCLUSIONS AND RECOMMENDATIONS

1. The 1-percent annual chance elevation of 235.92 ft (71.908m) at cross section 6138 from this
study and the 1-percent annual chance elevations of 236.01 ft (71.936 m) at cross section
6138 and 236.45 ft (72.070 m) at cross section 7113 from the FEMA letter of map revision
(LOMR) analysis are all below the lowest adjacent grade (LAG) elevation of 237.6 ft (72.420
m) for the houses located between these two cross sections. These houses should not be
inundated by the 1-percent annual flood chance.

2. The slight differences in the water surface elevations determined in this study and those cited
in the FEMA LOMR are due to the velocity head deduction that was taken in this study. The
losses in culvert hydraulics are energy losses rather than hydraulic grade losses. In the
opinion of the authors, the headwater computation for a culvert implicitly includes the
velocity head for the approach channel flow; therefore, that velocity head was deducted from
the headwater to establish the water surface elevation upstream of the culvert. That
adjustment is typically not made in studies of this type and the effect was small (0.08 ft
(0.024 m) at cross section 6138).

3. The laboratory work removed the uncertainty of not knowing which culvert diameter or
appropriate inlet coefficients to use in the analysis.

4. The precise means of modeling the Dale Boulevard culvert is to utilize the performance
curve depicted in figure 9 in the HEC-2 context. In the flow range of the 100-yr flood, it
appeared that when the 10.5-ft (3200-mm) section was flowing full and the 9.5-ft (2806-mm)
section was unsubmerged, the inlet acted as an improved inlet.

5. The following coefficients are appropriate to use when analyzing the Dale Boulevard culverts
with the HDS-5 design equations. The Form 2 equation was used for this analysis for the
unsubmerged flow data. The inlet control coefficients account for the effects of the enlarged
end section and are based on the velocity head for the smaller-diameter pipe. The slope
correction term to be used for the submerged flow equation should be +0.07S since the inlet
is mitered to the embankment slope, where S is the culvert slope in ft/ft (m/m). The outlet
control coefficients are based on the velocity head for the upstream pipe.
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6.

10.

11.

Inlet Control Outlet Control

K> M c Y Keps Keont

0.47 0.623 0.040 0.60 0.14 0.073

The following design coefficients are for a mitered 45-degree wingwall inlet to a round
concrete pipe as shown in figure 23 without the enlarged section. These coefficients are very
close to the coefficients for the Dale Boulevard installation because the enlarged end section
did not influence the headwater significantly for most of the discharges included in the
experiments. The slope correction term for submerged flow for this inlet should also be
+0.78.

Inlet Control Outlet Control
K> M) c Y Kent
0.503 0.577 0.030 0.71 0.14

Figure 23. Mitered 30-degree wingwall configuration.

The contraction coefficient for a slightly larger round pipe butting into a slightly smaller
round pipe (within 10 percent of each other) is K., = 0.073 applied to the incoming velocity
head.

To generalize coefficients, additional testing would be needed. Runs with different pipe
diameters, varying barrel lengths, and different barrel slopes could be examined.

As the flow passes from the head box into the short 10.5-in (267-mm) section of pipe, the
flow is very difficult to analyze. Additional studies could focus on the vena contracta and
how it relates to the energy losses through the contraction.

It would be useful to enhance both HY-8 and HEC-RAS so that user-defined coefficients can
be used for unusual culvert configurations. Such user defined coefficients can be derived in
scale model hydraulic experiments.

Additional research is recommended to examine exit loss assumptions especially as they
apply to culverts that function as relief openings on a flood plain.
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APPENDIX B - SUMMARY DATA

Table 11. Inlet control data.

Refer to table 8 1 ft=0.305m, | ft'//s=0.028 m’/s
Q HW

(ft3/s) (ft) Q/(ADO.5) Inlet Condition

“inlet1bm”
0.000 0.000 0.000 unsubmerged
0.283 0.297 0.502 unsubmerged
0.494 0.388 0.879 unsubmerged
0.766 0.498 1.362 unsubmerged
1.010 0.606 1.796 unsubmerged
1.300 0.692 2.310 unsubmerged
1.448 0.747 2.574 unsubmerged
1.752 0.838 3.114 unsubmerged
1.960 0.909 3.484
2.260 1.030 4.018
2.518 1.122 4.476 submerged
2.751 1.230 4.891 submerged
2.949 1.327 5.242 submerged
3.242 1.474 5.764 submerged
3.464 1.596 6.159 submerged
3.747 1.540 6.661 submerged
3.973 1.713 7.063 submerged

“inlet4dbm”
0.000 0.000 0.000 unsubmerged
0.247 0.278 0.439 unsubmerged
0.505 0.405 0.898 unsubmerged
0.745 0.511 1.325 unsubmerged
1.014 0.602 1.802 unsubmerged
1.250 0.683 2.223 unsubmerged
1.515 0.778 2.693 unsubmerged
1.752 0.853 3.114 unsubmerged
1.999 0.952 3.554

34



Refer to table 8 1 ft=0.305m, 1 ft'/s = 0.028 m’/s

Q HW

(ft3/s) (ft) Q/(ADO0.5) Inlet Condition

2.250 1.038 3.999

2.465 1.125 4.382

2.740 1.244 4.872 submerged

2.966 1.361 5.274 submerged

3.249 1.504 5.776 submerged

3.454 1.602 6.140 submerged
“inlet5bm

0.000 0.000 0.000 unsubmerged

0.251 0.292 0.439 unsubmerged

0.505 0.423 0.898 unsubmerged

0.756 0.529 1.325 unsubmerged

1.017 0.625 1.802 unsubmerged

1.257 0.705 2.223 unsubmerged

1.504 0.790 2.693 unsubmerged

1.748 0.866 3.114 unsubmerged

1.995 0.959 3.554

2.260 1.045 3.999

2.472 1.123 4.382

2.747 1.241 4.872 submerged

2.977 1.355 5.274 submerged

3.242 1.486 5.776 submerged

3.450 1.597 6.140 submerged
“inlet13bm”

0.000 0.000 0.000 unsubmerged

0.519 0.443 1.185 unsubmerged

0.759 0.540 1.734 unsubmerged

0.996 0.631 2.274 unsubmerged

1.275 0.727 2911 unsubmerged

1.490 0.812 3.403

1.755 0.927 4.007

1.995 1.039 4.556

2.253 1.165 5.144 submerged
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Refer to table 8 1 ft=0.305m, 1 ft'/s = 0.028 m’/s

Q HW
(ft3/s) (ft) Q/(ADO0.5) Inlet Condition
2.500 1.315 5.709 submerged
2.744 1.482 6.265 submerged
3.245 1.339 7.410 submerged
3.500 1.415 7.991 submerged
3.754 1.586 8.571 submerged
4.005 1.773 9.144 submerged
4.234 1.937 9.668 submerged
3.998 1.779 9.128 submerged
3.757 1.595 8.579 submerged
3.496 1.434 7.983 submerged
3.242 1.334 7.402 submerged
3.041 1.190 6.942 submerged
2.747 1.053 6.273 submerged
2.493 0.982 5.693 submerged
2.253 0.941 5.144 submerged
2.002 0.904 4.572 submerged
1.741 0.917 3.975 submerged
1.511 0.821 3.451 submerged
1.261 0.730 2.879 unsubmerged
1.003 0.632 2.290 unsubmerged
0.752 0.531 1.717 unsubmerged
0.501 0.420 1.145 unsubmerged
“inlet7db”
0.000 0.000 0.000 unsubmerged
0.247 0.265 0.564 unsubmerged
0.491 0.376 1.121 unsubmerged
0.780 0.493 1.782 unsubmerged
1.010 0.572 2.306 unsubmerged
1.236 0.647 2.822 unsubmerged
1.533 0.754 3.499 unsubmerged
1.762 0.852 4.024
2.006 0.963 4.580
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Refer to table 8 1 ft=0.305m, 1 ft'/s = 0.028 m’/s

Q HW
(ft3/s) (ft) Q/(ADO0.5) Inlet Condition
2.250 1.066 5.136 submerged
2.514 1.209 5.741 submerged
2.726 1.336 6.225 submerged
2.991 1.494 6.830 submerged
3.242 1.656 7.402 submerged
3.471 1.810 7.926 submerged
“inlet11db”
0.000 0.000 0.000 unsubmerged
0.498 0.385 0.885 unsubmerged
0.752 0.490 1.337 unsubmerged
1.003 0.579 1.783 unsubmerged
1.254 0.667 2.229 unsubmerged
1.501 0.767 2.668 unsubmerged
1.759 0.867 3.127 unsubmerged
2.009 0.984 3.572 unsubmerged
2.250 0.964 3.999
2.490 1.005 4.426
2.751 1.048 4.891 submerged
2.988 1.116 5.311 submerged
3.252 1.329 5.782 submerged
3.503 1.420 6.228 submerged
3.754 1.584 6.674 submerged
4.008 1.752 7.126 submerged
4.248 1.949 7.553 submerged
“inlet30db”
0.000 0.000 0.000 unsubmerged
0.343 0.291 0.609 unsubmerged
0.516 0.371 0.917 unsubmerged
0.657 0.432 1.168 unsubmerged
0.844 0.503 1.501 unsubmerged
1.109 0.638 1.971 unsubmerged
1.353 0.721 2.405 unsubmerged
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Refer to table 8

1 ft=0.305m, 1 ft'/s = 0.028 m’/s

Q HW
(ft3/s) (ft) Q/(ADO0.5) Inlet Condition
1.607 0.813 2.857 unsubmerged
1.755 0.877 3.120
1.854 0.924 3.296 submerged
“inlet31db”
0.000 0.000 0.000 unsubmerged
0.317 0.317 0.766 unsubmerged
0.397 0.397 1.153 unsubmerged
0.458 0.458 1.492 unsubmerged
0.530 0.530 1.911 unsubmerged
0.591 0.591 2.314 unsubmerged
0.684 0.684 2.677 unsubmerged
0.728 0.728 3.080 unsubmerged
0.782 0.782 3.411 unsubmerged
0.864 0.864 3.862
0.933 0.933 4217
1.001 1.001 4.572 submerged
1.063 1.063 4.927 submerged
1.134 1.134 5.273 submerged
1.240 1.240 5.749 submerged
1.332 1.332 6.080 submerged
1.425 1.425 6.443 submerged
1.538 1.538 6.854 submerged
1.643 1.643 7.192 submerged
1.757 1.757 7.563 submerged
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Table 12. Outlet control data for entrance loss coefficient.

Series OUT3bm; Diameter = 10.5 in (266.7 mm); A=0.05586 m”

Run 1 2 3 4 5 6 7

(0] (m3/s) .0284 .0424 .0563 .0707 .0846 .0991 1132
n 0.010 0.0084 0.0103 0.0091 0.0090 0.0097 0.0099
H; . (mm) 1.53 7.22 12.92 21.50 28.24 33.30 45.70

K. 0.12 0.25 0.25 0.26 0.24 0.21 0.22
Horizontal Distance EGL EGL EGL EGL EGL EGL EGL
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
0.0 1043.6 1082.7 1122.9 1179.6 1245.0 1308.9 1388.3
0.0 1043.8 1085.4 11247 1179.0 1243.7 1316.9 1394.0
0.0 1044.5 1085.1 1123.5 1180.3 1242.1 1317.4 1398.4
0.0 1044 .4 1085.4 1123.7 1180.5 1242.8 1314.9 1403.7
152.4 1042.9 1080.2 1110.9 1164.0 1218.7 1281.1 1351.5
457.2 1041.5 1076.8 1106.8 1152.2 1207.9 1270.9 1333.3
762.0 1041.4 1075.7 1108.7 11524 1208.4 1272.8 1332.1
1066.8 1041.7 1076.3 1106.8 1153.8 1207.7 1267.6 1331.7
1371.6 1041.1 1075.3 1105.9 1153.2 1209.4 1267.7 1341.1
1676.4 1041.5 1075.8 1104.3 1149.5 1203.8 1264.6 1326.5
1981.2 1040.3 1073.7 1102.3 1152.2 1201.2 1262.8 1323.5
2286.0 1040.5 1073.2 1101.0 11433 1194.7 1252.4 1311.6
2590.8 1041.0 1074.1 1098.9 1143.5 1196.0 1249.2 1307.0
2895.6 1039.0 1073.1 1096.0 1142.5 1197.3 1249.9 1305.5
3200.4 1039.4 1072.7 1099.5 11434 1195.0 1244.9 1305.1
3505.2 1039.6 1073.4 1098.9 1147.2 11914 1249.4 1309.3
3810.0 1039.3 1070.8 1096.8 1139.9 11934 12404 1289.4
4114.8 1038.0 1070.8 1093.8 1133.7 1181.9 1232.8 1283.2
4419.6 1038.1 1069.4 1091.3 1136.4 1180.9 1231.9 1280.7

Note: Data at horizontal distances 152.4, 457.2, and 4419.6 mm omitted from regression for “n” and H ..
lin=254mm, | m*=10.76 f*, 1 m’/s = 35.31 ft'/s

39




Table 12. Outlet control data for entrance loss coefficient (continued).

Series OUT35bm; Diameter = 10.5 in (266.7 mm); A=0.05586 m’

Run 1 2 3 4 5 6
0 (ms/s) 0.0424 0.0570 0.0710 0.841 0.0990 0.1122
n 0.0095 0.0099 0.0096 0.0104 0.0095 0.0096
H; ., 3.15 5.90 10.86 11.11 15.00 16.09
K., 0.11 0.11 0.13 0.10 0.09 0.08
Horizontal Distance EGL EGL EGL EGL EGL EGL
(mm) (mm) (mm) (mm) (mm) (mm) (mm)
0.0 1175.1 1226.5 1278.0 1334.2 1407.0 1473.3
0.0 1177.1 1221.7 1277.6 1334.2 1405.6 1478.2
0.0 1175.2 1222.8 1276.5 1334.9 1407.3 1484.0
0.0 1175.8 1223.9 1277.2 1339.5 1408.2 1485.2
152.4 1173.8 1223.7 1278.8 1348.3 1396.5 1507.8
457.2 1172.9 1214.2 1265.2 1321.9 1387.0 1467.2
762.0 1169.7 1215.8 1262.2 1317.7 1381.2 1456.0
1066.8 11711 1213.8 1261.6 1315.5 1381.9 1450.6
1371.6 1171.2 1213.6 1259.7 1313.2 1379.4 1446.5
1676.4 1169.7 1211.4 1257.9 1307.5 1374.1 1442 .4
1981.2 1168.5 1209.1 1252.0 1304.4 1366.9 1431.6
2286.0 1169.3 1209.0 1253.4 1304.4 1368.2 1427.3
2590.8 1167.2 1207.4 1253.1 1302.4 1368.0 1425.3
2895.6 1166.8 1206.0 1249.2 1298.4 1363.3 1421.8
3200.4 1167.1 1206.3 1249.3 1295.5 1362.4 1421.3
3505.2 1166.1 1205.8 1248.7 1295.6 1361.4 1419.5
3810.0 1163.3 1199.6 1241.7 1285.5 1343.5 1408.6
4114.8 1165.9 1205.7 1246.3 1288.7 1347.3 1409.4
4419.6 1164.7 1203.1 1243.9 1294.5 1347.9 1406.7

Note: Data at Horizontal distances 152.4, 457.2, and 4419.6 mm omitted from regression for “n” and H; .
1in=254mm, 1 m*=10.76 ft’, | m’/s = 35.31 ft'/s
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Table 12. Outlet control data for entrance loss coefficient (continued).

Series OUT36bm; Diameter = 10.5 in (266.7 mm); A=0.05586 m’

Run 1 2 3 4 5 6
(0] (m3/s) 0.0423 0.0569 0.0711 0.844 0.0982 0.1131
n 0.0113 0.0110 0.0095 0.0099 0.0105 0.0093
H; . 4.78 4.18 11.54 13.89 12.73 27.49
K. 0.16 0.08 0.14 0.12 0.08 0.13
Horizontal Distance EGL EGL EGL EGL EGL EGL
(mm) (mm) (mm) (mm) (mm) (mm) (mm)
0.0 1126.7 1165.1 1216.8 1274.9 1338.4 1416.9
0.0 1125.0 1166.6 1217.3 1274.1 1339.1 1423.3
0.0 1123.9 1165.3 1218.4 1273.6 13394 1419.9
0.0 1125.4 1165.7 1218.4 1275.0 1342.3 1418.9
152.4 1122.8 1163.5 1213.3 1269.5 1336.6 1412.3
457.2 1120.7 1159.6 1205.1 1256.3 1318.3 1387.5
762.0 1118.6 1157.1 1201.7 1255.5 1314.3 1383.9
1066.8 1117.6 1155.3 1200.9 1250.8 1316.2 1380.3
1371.6 1117.0 1155.1 1199.5 1248.3 1316.1 1379.6
1676.4 1116.0 1154.5 1199.0 1244.9 1310.5 1366.7
1981.2 1114.0 1151.9 1192.7 1239.8 1290.4 1359.6
2286.0 1114.2 1152.6 1194.1 1244 .4 1294.5 1356.5
2590.8 1113.2 1149.6 1191.8 12394 1298.0 1362.5
2895.6 1112.7 1148.3 1189.5 1240.8 1289.3 1353.5
3200.4 1111.4 1147.6 1191.4 1239.2 1289.4 1348.5
3505.2 1111.6 1146.0 1188.7 1238.3 1286.0 1344.6
3810.0 1108.5 1139.0 1179.2 1217.6 1270.6 1344.6
4114.8 1110.3 1143.3 1188.1 1226.5 1280.4 1340.2
4419.6 1107.8 1141.2 1184.4 1223.5 1273.0 1342.9

Note: Data at horizontal distances 152.4, 457.2, and 4419.6 mm omitted from regression for “n” and H .

lin=25.4mm, 1 m*>=10.76 ft*, 1 m*/s =35.31 ft'’/s
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Table 12. Outlet control data for entrance loss coefficient (continued).

Series OUT14bm; Diameter = 9.5 in (241.3 mm); A=0.0457 m’

Run 1 2 3 4 5 6 7

(0] (m3/s) .0284 .0427 .0570 .0707 .0853 .0990 1123
n 0111 .0104 .0106 .0101 .0100 .0097 .0096

H, ., 3.93 6.54 8.62 14.88 21.13 21.58 26.86

Ko 0.21 0.15 0.11 0.12 0.12 0.09 0.09
Horizontal Distance EGL EGL EGL EGL EGL EGL EGL
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
0.0 1143.7 1202.4 1282.4 1373.3 1466.5 1568.6
0.0 1088.5 1145.2 1205.4 1282.9 13759 1473.1 1575.8
0.0 1089.1 11443 1206.9 1284.2 1371.0 1466.1 15753
0.0 1088.7 1144.5 1205.0 1285.5 1374.8 1466.3 1573.7
152.4 1085.5 1139.1 1196.7 1271.8 1355.5 1449.9 1552.4
304.8 1085.2 1136.8 1191.6 1265.9 13533 1444 8 1543.6
609.6 1083.6 1134.6 1185.6 1258.6 1337.0 1427.0 1525.9
914.4 1083.8 1135.7 1189.6 1262.5 1346 .4 1438.9 1534.1
1219.2 1082.0 11314 1187.5 1256.1 1335.7 1418.4 1512.2
1524.0 1081.5 1131.4 1185.6 1249.8 1327.1 1412.8 1506.5
1828.8 1080.7 1130.2 11834 1250.3 1315.9 1409.9 1499 .4
2133.6 1080.9 1129.5 1184.3 1246.8 13233 1408.7 1495.5
2438.4 1080.0 1129.2 1183.7 1246 .4 13199 1403.3 1496 .4
27432 1080.0 1128.8 1181.7 1246.6 1322.5 1410.1 1496.2
3048.0 1079.0 1126.2 1173.8 1238.5 1312.8 1392.6 1478.7
3352.8 1078.8 11245 1168.3 1231.5 1300.7 1377.3 1462.1
3657.6 1078.2 11242 1170.1 12344 1306.1 1386.3 1468.5
3962.4 1076.7 1120.2 11614 1221.7 1282.4 1357.2 1438.0
4267.2 1076.2 1120.6 1165.4 1224.8 1288.8 1366.2 1447.0
4572.0 1076.3 1119.9 1167.9 1223.6 1288.1 1365.7 1445.7

Note: Data at Hor dist 152.4, &4572.0 mm omitted from regression for “n” and H ..

lin=25.4mm, 1 m*>=10.76 ft*, 1 m*/s =35.31 ft’/s
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Table 12. Outlet control data for entrance loss coefficient (continued).

Series OUT16bm; Diameter = 9.5 in (241.3 mm); A=0.0457 m’

Run 1 2 3 4

(0] (m3/s) .0283 .0571 .0850 1132
n 0111 .0104 .0106 .0101
H,, 3.93 6.54 8.62 14.88
Ko 0.21 0.15 0.11 0.12
Horizontal Distance EGL EGL EGL EGL
(mm) (mm) (mm) (mm) (mm)
0.0 1204.7 1365.5 1584.4
0.0 1084.2 1206.2 1369.8 1588.3
0.0 1085.0 1207.2 1372.0 1587.3
0.0 1084.9 1205.8 13714 1586.0
152.4 1083.0 1197.1 1351.8 1560.2
304.8 1081.8 1194.2 1350.8 1553.7
609.6 1081.2 1187.1 1336.2 1531.2
914.4 1080.6 1186.7 1341.3 1544.0
1219.2 1079.5 1185.6 1332.2 1518.5
1524.0 1079.5 1183.4 1326.6 1504.4
1828.8 1078.8 1184.6 1329.2 1508.3
2133.6 1077.7 1182.3 1319.7 1503.5
2438.4 1078.2 1181.4 1319.9 1500.4
2743.2 1077.8 1181.5 1320.0 1505.6
3048.0 1077.1 1177.1 1307.3 1486.9
3352.8 1076.5 1172.4 1299.6 1466.6
3657.6 1076.6 1173.9 1304.0 1474.5
3962.4 1074.5 1166.4 1278.8 1440.8
4267.2 1073.9 1167.2 1280.2 1451.5
4572.0 1074.3 1165.9 1280.1 1450.3

Note: Data at horizontal distances 152.4 and 4572.0 mm omitted from regression for “n” and H, ..
1in=254mm, 1 m*=10.76 ft’, | m’/s = 35.31 ft'/s
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Table 12. Outlet control data for entrance loss coefficient (continued).

Series OUT14bm; Diameter = 9.5 in (241.3 mm); A=0.0457 m’

Run 1 2 3 4 5
(0] (m3/s) .0420 .0569 .0707 .0848 .0989
n 0118 .0107 .0102 .0100 .0092
H;, 0.57 6.98 11.52 27.75 44.04
K. 0.01 0.09 0.09 0.16 0.18
Horizontal Distance EGL EGL EGL EGL EGL
(mm) (mm) (mm) (mm) (mm) (mm)
0.0 1169.7 1222.1 0.0 1363.6 1464.1
0.0 1168.6 1223.1 0.0 1371.5 1469.4
0.0 1169.1 1223.5 0.0 1372.2 1470.5
0.0 1168.3 1220.8 0.0 1364.5 1469.0
152.4 1169.3 1216.6 152.4 1344 .8 1445.7
304.8 1167.3 1212.6 304.8 1342.9 1436.2
609.6 1164.6 1208.3 609.6 1325.4 1411.4
914.4 1164.4 1209.6 914.4 1329.8 1417.9
1219.2 1162.1 1204.9 1219.2 1316.8 1393.0
1524.0 1160.3 1202.3 1524.0 1312.5 1389.9
1828.8 1159.4 1202.9 1828.8 1316.4 1399.1
2133.6 1157.0 1199.4 2133.6 1310.8 1386.2
2438.4 1156.9 1199.3 2438.4 1312.2 1388.5
27432 1155.5 1199.7 27432 1313.1 1390.7
3048.0 1154.1 1196.1 3048.0 1303.1 1379.4
3352.8 1152.0 1186.1 3352.8 1287.8 1361.5
3657.6 1151.4 1190.0 3657.6 1286.4 1371.7
3962.4 1146.4 1182.3 3962.4 1268.3 1343.7
4267.2 1146.9 1182.2 4267.2 1278.6 1353.3
4572.0 11449 1182.3 4572.0 1276.0 1349.7

Note: Data at horizontal distances 152.4 and 4572.0 mm omitted from regression for “n” and H; ..
1in=25.4mm, | m*=10.76 ft’, | m’/s = 35.31 ft’/s
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Table 13. Summary Data for Full Pipe Contraction Losses

Series OUT_CONT23; Upstream barrel diameter = 10.5 in (266.7 mm); Downstream barrel diameter = 9.5 in (241.3 mm)

Run 1 2 3 4 5 6
0 (ms/s) 0.0424 0.0570 0.0704 0.0848 0.0991 0.1132
2
us. barrel V7/2g 29.4 53.1 81.0 117.5 160.4 209.3
(mm)
H; cont 0.46 2.27 -0.40 10.36 18.71 13.81
K cont 0.02 0.04 -- 0.13 0.12 0.07
. . EGL EGL EGL EGL EGL EGL EGL EGL EGL EGL EGL EGL
Horizontal Distance
(mm) u.s. d.s. u.s. d.s. u.s. d.s. u.s. d.s. u.s. d.s. u.s. d.s.
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
152.4 1171.5 1226.4 1291.4 1364.3 1456.5 1574.5
457.2 1168.9 1221.5 1282.3 1348.9 1442.5 1546.3
762.0 1168.2 1220.8 1281.4 1346.7 1444 .8 1549.8
1066.8 1167.1 1218.2 1275.7 1344.0 1434.0 1537.1
1371.6 1167.1 1217.4 1276.6 1343.9 1436.7 1538.8
1676.4 1165.5 1214.4 1274.8 1341.3 1440.8 1530.6
1981.2 1163.4 1212.8 1268.2 1333.0 1426.0 1514.9
2133.6 1163.6 1216.2 1268.7 1342.2 1429.2 1529.8
2286.0 1160.9 1212.1 1264.6 1328.7 1413.7 1510.6
2438.4
27432 1159.5 1206.2 1259.1 1313.6 1392.4 1487.2
3048.0 1159.8 1206.6 1260.5 1317.4 1387.9 1487.2
3352.8 1158.5 1205.5 1256.6 1309.3 1395.6 1493.7
3657.6 1156.5 1201.5 1247.8 1303.0 1378.5 1458.0
3962.4 1153.6 1195.1 1239.6 1291.2 1361.9 1441.6
4267.2 11534 1198.5 1244.6 1294.8 1366.8 1464.5

Note: Data at horizontal distance 152.4 mm omitted from regression for H; conr.

lin=254mm, 1 m*>=10.76 f*, 1 m*/s =35.31 f’/s
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Table 13. Summary Data for Full Pipe Contraction Losses (continued).

Series OUT_CONT24; Upstream barrel diameter = 10.5 in (266.7 mm); Downstream barrel diameter = 9.5 in (241.3 mm)

Run 1 2 3 4 5
0 (ms/s) 0.0564 0.0707 0.0850 0.0990 0.1128
2
u.s. barrel V5/2g 52.0 81.6 118.0 160.1 207.8
(mm)
H; conr 2.75 6.76 -2.10 6.32 19.07
Kconr 0.05 0.08 -- 0.05 0.09
. . EGL EGL EGL EGL EGL EGL EGL EGL EGL EGL
Horizontal Distance
(mm) u.s. d.s. u.s. d.s u.s. d.s u.s. d.s u.s. d.s
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
152.4 1200.3 1259.1 13354 1422.6 1523.1
457.2 1183.9 1252.2 1324.8 1405.7 1500.3
762.0 1181.3 1248.7 1320.8 1409.4 1500.2
1066.8 1176.1 1245.3 1314.3 13994 1486.7
1371.6 1175.8 1247.0 1317.4 1402.4 1491.9
1676.4 1175.2 1243.5 1311.1 1398.3 1487.8
1981.2 1172.8 1239.0 1305.5 1381.1 1476.9
2133.6 1174.1 1242.3 1307.3 1392.6 1487.7
2286.0 1167.9 1233.7 1299.0 1372.8 1469.4
2438.4
27432 1162.8 1223.8 1294.7 1360.6 1444.2
3048.0 1162.9 12242 1295.7 1362.9 1451.3
3352.8 11614 12232 1290.2 1365.2 14428
3657.6 1158.5 1215.3 1283.5 1357.2 1426.1
3962.4 1152.0 1209.3 1268.1 1335.1 1415.1
4267.2 1154.9 1209.8 1276.1 1338.9 1425.8

Note: Data at horizontal distance 152.4 mm omitted from regression for H; conr.
1in=254mm, I m*=10.76 ft*, 1 m*/s =35.31 ft'/s
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Table 13. Summary Data for Full Pipe Contraction Losses (continued).

Series OUT_CONT34; Upstream barrel diameter = 10.5 in (266.7 mm); Downstream barrel diameter = 9.5 in (241.3 mm)

Run 1 2 3 4 5 6
O (m’/s) 0.0190 0.0281 0.0373 0.0471 0.0560 0.0658
2
u.s. barrel V7/2g 5.897 12.89 22.72 36.24 51.22 70.72
(mm)
H; conr -0.1 1.0 0.3 1.6 33 4.0
K conr -- 0.07 0.01 0.04 0.06 0.06
. . EGL EGL EGL EGL EGL EGL EGL EGL EGL EGL EGL EGL
Horizontal Distance
(mm) u.s. d.s. u.s. d.s. u.s. d.s. u.s. d.s. u.s. d.s. u.s. d.s.
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
152.4 1061.1 1078.7 1118.8 1154.0 1192.5 1238.4
457.2 1060.2 1079.0 1118.1 1152.1 1189.6 1232.7
762.0 1061.3 1079.1 1117.1 1152.7 1187.4 1232.9
1066.8 1060.8 1078.4 1116.2 1152.0 1186.5 1229.8
1371.6 1060.7 1079.0 1116.7 1150.2 1186.7 1227.4
1676.4 1060.6 1077.7 11154 1150.1 1184.2 1224.5
2006.6 1059.3 1077.1 1114.9 1147.3 1180.4 1222.9
2159.0 1059.8 1077.2 1115.5 1148.0 1183.0 1223.7
2311.4 1058.6 1075.5 1114.1 1146.7 1179.8 1219.9
2463.8 1059.6 1076.1 1110.3 1142.9 1178.2 1217.6
2616.2 1080.2 1092.2 1104.0 11154
2768.6 1080.3 1092.7 1102.4 1112.9
3098.8 -1050.7 1057.5 1079.6 1091.7 1103.1 1113.4
3403.6 -1051.0 1057.0 1078.9 1091.2 1100.1 1112.9
3708.4 -1051.0 1057.7 1077.9 1089.9 1100.5 1111.1
4013.2 -1050.3 1057.3 1076.5 1088.4 1098.8 1108.5
4318.0 -1049.5 1057.5 1076.3 1087.6 1097.9 1106.7

Note: Data at horizontal distance 152.4 mm omitted from regression for HL coyr.
1in=254mm, 1 m2 =10.76 ft2, 1 m3/s=35.31 ft3/s
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Table 13. Summary Data for Full Pipe Contraction Losses (continued).

Series OUT_CONT34 (cont’d); Upstream barrel diameter = 10.5 in (266.7 mm); Downstream barrel diameter = 9.5 in (241.3 mm)

Run 7 8 9 10 11
0 (ms/s) 0.0756 0.0837 0.0944 0.1032 0.1132
2
u.s. barrel V7/2g 93.36 114.43 145.56 173.96 209.31
(mm)
Hi cont 6.2 4.6 9.3 13.6 13.0
Kconr 0.07 0.04 0.06 0.08 0.06
. . EGL EGL EGL EGL EGL EGL EGL EGL EGL EGL
Horizontal Distance
(mm) u.s. d.s. u.s. d.s. u.s. d.s. u.s. d.s. u.s. d.s.
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
1524 1288.4 1336.9 1407.7 1453.7 1527.1
457.2 1283.2 1328.5 1395.8 1443.7 1508.1
762.0 12794 1325.8 1387.3 1441.3 1498.8
1066.8 1285.6 1322.9 1389.0 1439.7 1492.6
1371.6 1282.2 1317.6 1387.2 1431.8 1493.1
1676.4 1276.6 1317.5 1378.3 1425.8 1488.2
2006.6 1267.3 1311.4 1373.2 1416.8 1473.3
2159.0 1272.3 1315.7 1380.7 1421.5 1485.0
23114 1263.5 1305.5 1362.9 1411.2 1468.5
2463.8 1262.1 1302.9 1362.8 1408.6 1467.2
2616.2 1126.8 1139.5 1151.9 1153.2 1157.6
2768.6 1124.0 1138.3 1148.6 1149.9 1155.0
3098.8 1127.6 1137.6 1144.1 11433 1156.0
3403.6 1124.4 1134.0 1149.3 1150.7 1166.4
3708.4 1121.5 11358 1140.0 1143.3 1145.6
4013.2 1117.9 1129.6 1137.2 1139.5 1137.9
4318.0 1117.4 1126.2 1135.8 1137.7 1145.1

Note: Data at horizontal distance 152.4 mm omitted from regression for H; conr.
1in=254mm, 1 m2=10.76 ft2, 1 m3/s = 35.31 {t3/s
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