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Executive Summary

The existing S-13A Structure is located in the C-11 Canal (South New River Canal)
approximately five miles west from the S-13 Structure (pump and spillway). It is a
four-barrel, corrugated metal pipe culvert, 6-foot diameter with upstream sluice gates (in
their western side). The structure was originally designed to maintain optimum stages in the
western reach of the C-11 Canal and to provide supply (dry season) releases to the eastern
reach of the C-11 Canal with a design capacity of 120 cubic feet per second (cfs) under
submerged conditions with a head difference of 0.50 fi.

A different flood control operation was initiated in July 2003, when S-13A began
releasing flows from the western C-11 Basin to be discharged to tide through the S-13
structure. Those flood releases would have previously been released to WCA-3A though the
S-9 Pump Station. In light of these operational changes and because the four original gates
were extremely deteriorated, a replacement structure with a preferred gated concrete box
culvert was proposed. This structure will be located approximately 260 feet upstream (to the
west) from the gates of the existing S-13A.

This publication contains the detailed hydraulic design of the new S-13A Structure,
which is a double-box, concrete culvert with sluice gates mounted in the upstream (western
side) end. The appropriate flow discharge for the new flood control operation was selected
based on existing wet season records since 2003 and considering the fact that the existing
four barrels will remain in place after removal of their damaged gates. Also, the discharge
capacity of the S-13 Structure (1,080 cfs) was taken into consideration (combined capacity
for spillway and pump station, 540 cfs ecach). Appendix A includes the detailed flow
regulation of the new S-13A Structure for a range of flows (from 500 cfs for both boxes to
125 cfs for one box closed) under several headwater and tailwater stage conditions. The new
S-13 A Structure is currently under construction.
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Introduction

The existing S-13A Structure is located in the C-11 Canal (South New River Canal)
approximately five miles west from the S-13 Pump Station in Broward County (Figure 1).
The structure is at the canal crossing of S.W. 100" Avenue (Nob Hill Road) between S.W.
45" Street (Orange Drive) to the north and Griffin Road (State Road 818), to the south. It is
a four-barrel corrugated metal pipe (CMP) culvert with upstream sluice gates (on their
western side) which control the flow. Each 6-ft barrel is 200 ft long with invert elevation at
-4.1 ft National Geodetic Vertical Datum (NGVD). This structure was originally designed to
control optimum stages in the western reach of the C-11 Canal and provide supply (dry
season) releases to the eastern reach of the C-11 Canal (east of the structure). The design
discharge 1s 120 cubic feet per second (cfs) for submerged conditions with headwater stage
at 2.5 ft NGVD and tailwater at 2.0 ft NGVD.

As shown on Figure 1, the C-11 Impoundment is a proposed 1,490-acre, above-ground
reservoir capable of holding a water depth up to 4.3 ft. It is located within the City of
Weston and is one of the Broward County Water Preserve components identified in the
Comprehensive Everglades Restoration Plan (CERP), incorporated into Acceler8, and
recently transferred to the U.S. Army Corps of Engineers for design and construction. This
impoundment will receive stormwater from the western C-11 Basin which would otherwise
have been discharged into Water Conservation Area 3A (WCA-3A) by the S-9 Pump Station
to provide flood protection to the urban areas. The C-11 Impoundment will also assist in
providing groundwater recharge which will eventually improve urban water supply and
prevent salt water intrusion. If water is not available in the impoundment to meet the water
supply demands, the seepage divide structure, S-381 (Obermeyer-type gate), will be opened
to make the deliveries. Flood control releases to tide from the western C-11 Basin will also
be done through S-13A to recapture storage capacity in the C-11 Impoundment. Releases to
the eastern C-11 Basin will occur only after flood protection in this basin is not impacted.
This scenario will impose a substantial change to the original design of the S-13A Structure.

Beginning in July 2003, wet season flood control releases from the western C-11
Basin, which were originally pumped to WCA-3A by the S-9 Pump Station, were
discharged to tide by the S-13 Structure (Pump Station and Spillway). Although unnecessary
prior to July 2003, this flood control operation scheme now allows wet season flows through
the S-13 A Structure by means of its sluice gates. The sluice gates have shown a significant
deterioration lately, therefore a new structure was proposed upstream (a short distance to the
west) of the existing S-13A Structure. There is currently a preference at the District toward
the use of gated concrete box culverts, which will be more appropriate for the proposed
regulation during the wet seasons, as well as for the continuing water supply releases during
the dry seasons. The sluice gates of the existing S-13A Structure will be dismantled when
the new S-13A is built. The four CMP culverts could be eventually replaced by a bridge.

Recent Wet Season Operation of Existing S-13A Structure

S-13 A Structure’s flow records indicate that this structure began its wet season operation
releasing flows on a consistent basis from the western C-11 Basin in July 2003. These flows,




which were typically discharged to WCA-3A through the S-9 Pump Station, were thus
released to tide by the S-13 Structure. Figures 2A through 2C depict the flows and
headwater and tailwater stages for S-13A and also the flows being released to tide by the
3-13 Structure, all of them as mean daily values. S-13 Structure flows represent the
combined discharges for the Pump Station (Qgesign= 540 cfs) and for the Spillway (Qgesign™
540 cts). However, releases to tide are mostly done through the spillway and sporadically
using the pump (1.e., large flows associated with extreme events and/or high tide).
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Figure 1. Location of S-13A Structure in the C-11 (South New River) Canal

As shown in Figure 2B, the operation of the S-13A Structure during the wet season
began on July 2, 2003. This operation, which is characterized by larger flows at S-13
Structure than those at S-13A (Figures 2B and 2C), indicates flood control conditions
consistently during the 2004 through 2006 wet seasons. However, it is observed during the
2003 wet season that the flows through the S-13A and S-13 structures were not strictly
representative of flood control operation (i.e.. as the S-13A Structure remained open, its
flows were larger than those through S-13 Structure). This may be an indication of the
relatively dry conditions of 2003 in the C-11 Basin. There was almost a 25 percent rainfall
deficit for the five months of the 2003 wet season based on historic conditions (37.41 in),
which yielded a shortage of 9.32 in. The monthly rainfall range (deficit and surplus) was -77
percent and 29.7 percent in October and August, respectively.
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Figure 2A. Stage and flow records for S-13A and flow records for S-13 (mean
daily values) for the 2001 and 2002 wet seasons
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Table 1 shows statistical results based on mean daily stage records during the last six wet
seasons (2001 to 2006) for the S-13A Structure. Table 2 shows similar results based on

mean daily flows for both structures, S-13A and S-13.

Table 1. Stage data analysis for existing S-13A Structure

Upstream (west side) Downstream (east side)
Wet Season Value Headwater O Tailwater 0
(ft NGVD) CCurrence (ft NGVD) cCcurrence

Max. 3.75 211 Oct. 22

2001 Min. 1.51 0.25 Sep. 28
Mean 2.67 1.49 1.18"

Max. 3.89 2.19 Tune 24

2002 Min. 1.42 1.02 June 27
Mean 2.68 1.69 0.99"

Max. 3.68 1.93 Qct. 03

2003 Min. 1.63 0.73 Aug. 14
Mean 2.06 1.61 135"

Max. 3.77 1.94 Qct. 15

2004 Min. 1.35 0.26 Sep. 04
Mean 3.14 1.51 1.63"

Max. 3.72 2.50 Oct. 16

2005 Min. 1.20 0.39 Sep. 20
Mean 2.72 1.58 1.147

Max. 3.57 2.19 Sep. 17

2006 Min. 1.77 0.93 Aug. 29
Mean 2.91 1.83 1.08"

! average head difference obtained from mean headwater and tailwater stages

Table 2. Flow data analysis for S-13A and S-13 Structures

S-13A Structure 3-13 Structure (S+P)
Wet Season Value
Flow (cfs) Occurrence Flow (cfs) Occurrence

2001 Max. 0 ' No operation 517 Sep. 29

Mean 0 141

Max. 0 " No operation 567
2002 Mean 0 142

Max. 317 317
2003 Mean 126 163

Max. 234 576
20 Mean 36 166

Max. 201 480
2005 Mean 85 222

Max. 363 638
20as Mean 193 334

''$-13A Structure remained closed during the entire wet season

For a better understanding of the operation of the two structures during the wet season, it
would be more appropriate to analyze their flows considering only the days of operation of
the S-13 A Structure. The results are provided in Table 3.




Table 3. Flow characteristics of S-13A and S-13 Structures during the days
when S-13A was in operation

S-13A Structure S-13 Structure (S+P)
Wet Season Value
Flow (cfs) Occurrence Flow (cfs) Occurrence
Max. 317 July 15 260 Sep. 18
2003 Min. 102 Sep. 26 40 July 11
Mean 255 : 141 76
Max. 234 576 Qct. 06
2004 Min. 89 135 Qct. 15
Mean 196 311 28’
Max. 201 479 July 02
2005 Min. 32 80 Sep. 08
Mean 149 214 86!
Max. 363 638 Sep. 02
2006 Min. 2 39 June 22
Mean 230 375 128!

' number of days of S-13A operation out of the 153 daysin the wet season
? maxinmum flow does not coincide with that in Table 2 (S-13A didn’t operate)

S-13A mean flow during the five months of the 2003 wet season (June through October)
exceeded that released to tide from S-13 by nearly 81 percent (Table 3). This does not agree
with flood control operation, which predominantly occurs during wet seasons (S-13 flow
will tend to be larger than S-13A flow). As previously discussed, this occurred due to dry
conditions associated with a lower-than-normal rainfall during the 2003 wet season.

Design Operation of the Existing S-13A Structure

S-13 A was originally designed as a water supply structure to release dry season flows to
the ecastern C-11 Basin and to maintain optimum upstream water control stages at
approximately 2.2 ft NGVD. Control is achieved by electrically operated sluice gates
mounted on steel frames erected on the upstream end of each culvert (CMP). Design
description and characteristics of the hydraulic structure are provided in Table 4.

Table 4. Design characteristics and description
of existing S-13A Structure

Flow Discharge, Q (cfs) 120
Headwater Stage, Hw (ft NGVD) 2.5
Tailwater Stage, Tw (ft NGVD) 2.0
Discharge Type Submerged
Number of Barrels 4
Barrel Diameter, d (ft) 6.0
Barrel Length (ft), L (ft) 200
Invert Elevation (ft NGVD) -4.1
Service Bridge Elevation (ft NGVD) 9.25




The maximum flow (mean daily value) during the dry season was 400.66 cfs recorded
on January 14, 2000. The peak flow for that day was 408.89 cfs, which represents an
increase of 2.05 percent over the mean daily value. Figure 3 depicts mean daily flows and
headwater and tailwater mean daily stages for S-13A Structure during these extreme flow
releases for a period of four days. Flow records during dry season indicate that S-13A is able
to release larger flows than 120 cfs even though the gates were partially opened, as shown in
Figure 4. However, the head difference (head loss) was considerably greater than 0.50 ft
(design) as it can be observed in Figure 3.
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Figure 3. Mean daily flow and stages for S-13A Structure during the January 2000 event

The larger flow on January 14, 2000 than that on January 13 (in spite of a much larger
head difference as shown in Figure 3) was due to the operation of the four gates. As seen in
Figure 4, the gate opening was increased from one foot to 2-ft for the four barrels at 11:20
am on January 13, 2000, and remained the same during the following days.
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Figure 4. Operation of the four gates of S-13A Structure during the occurrence
of the dry season peak flow (408.9 ¢fs) on January 14, 2000

A discharge equation for the S-13A Structure as a function of its head loss
(Hw stage — Tw stage) was developed with its four gates fully open and the structure totally
submerged (full flow). The total head loss across the culvert was estimated as the sum of the
entrance (he), friction (hr) and exit losses (h,). Local head losses include entrance and exit
losses and they are calculated as follows

2

b= w2 1

; eng (1)
VZ

hy=K, x— ()

where K, and K, = entrance and exit loss coefficients, respectively and are provided in
Table 5, and v2/2g = velocity head (ft) with v = full flow velocity = (/4 (ft/sec) and
g = gravity acceleration = 32.2 ft/sec’.




Using the appropriate geometry values in Table 4 and Manning’s n included in Table 5,
friction head losses, hr (ft), were estimated from the Manning equation as follows,

2
Oxn
h, = x L 3

d {1.49><A><Rh2’3 )

where (0 = discharge (cfs), #» = Manning’s roughness coefficient (sec/ftm), A =area (ftz), Ry
= hydraulic radius = A/P,, (ft), L = barrel length (ft), 1.49 = conversion factor for English
units.

Table 5. Hydraulic parameters and coefficients
of existing S-13 A Structure

" Full Flow Area, A (ft) 28.27
! Full Flow Wetted Perimeter, P, (ft) 18.85

' Full Flow Hydraulic Radius, Ry, (ft) 1.50
n (sec/ft'"?) 0.024
K. (entrance loss coefficient) 0.5
K, (exit loss cocfficient) 1.0

! value for each barrel

For comparison purposes, the orifice equation was also used,

O =C, xAxf2gx AH (4

where C, = orifice coefficient and AH = head difference (ft). The term (AH) is equivalent to
the total head loss (entrance + friction + exit) when a culvert equation is used.

The orifice coefficient (C,) was computed using the following equation (Brater and
King: Handbook of Hydraulics, 4-35) for CMP,

()

Cill

-1/2
C = [l+0.16xd°'6 +M}

where d = barrel diameter (ft). C, for each barrel of existing S-13A Structure fully open is
0.504. The results are depicted in Figure 5. The orifice equation underestimates the
discharge by 6.45 percent compared to the culvert equation.

Figure 5 shows that the existing S-13A Structure is capable of discharging 346 cfs (323
cfs from orifice equation) under a head difference (total head loss) of 0.50 ft when the four
gates are removed.
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Figure S. Discharge function for existing S-13A Structure totally submerged

S-13A Structure stage records of the last six years were used to analyze their seasonal
variation. Results are shown in Table 6.

Table 6. Seasonal headwater and tailwater stages and mean head difference (Hw-Tw) at

existing S-13A Structure from November 2000 through October 2006

Dand ™ denote extreme stage values for dry season and wet season, respectively

Hw Stage (ft NGVD) Tw Stage (ft NGVD) Mean Head
From To Season | Year . : .
Max. Min. Mean | Max. Min. Mean Diff. (ft)

Nov. 00 May 01 Dry | 2001 4.05 2.03 3.62 2.07 1.53 1.76 1.86
June 01 Oct. 01 Wet | 2001 3.75 1.51 2.67 2.11 0.25% 1.49 1.18
Nov. 01 May 02 Dry 2002 4.04 1.21P 3.28 1.83 0.16" 1.62 1.66
June 02 Oct. 02 Wet | 2002 3.807 1.42 2.68 2.19 1.02 1.69 0.99
Nov. 02 May 03 Dry 2003 4.42P 1.79 3.21 2.427 0.55 1.64 1.57
June 03 Oct. 03 Wet 2003 3.68 1.63 2.96 1.93 0.73 1.61 1.35
Nov. 03 May 04 Dry 2004 4.10 1.85 3.30 2.12 1.00 1.51 1.79
June 04 Oct. 04 Wet 2004 3.77 1.35 3.14 1.94 0.26 1.51 1.63
Nov. 04 May 05 Dry 2005 3.84 2.30 3.51 1.95 1.23 1.52 1.98
June 05 Oct. 05 Wet 2005 3.72 1.207 2.72 2.50" 0.39 1.58 1.14
Nov. 05 May 06 Dry 2006 3.56 1.65 2.98 2.18 0.91 1.67 1.31
June 06 Oct. 06 Wet 2006 3.57 1.77 2.91 2.19 0.93 1.83 1.08

Average for Dry Season 3.31 1.62 1.69

Average for Wet Season 2.85 1.62 1.23

11



Table 6 shows relevant information about the seasonal stages and head difference (head
losses) across the existing S-13A Structure for the last six years based on mean daily values.
Headwater stages have a range of 3.21 and 2.69 ft for dry and wet seasons, respectively.
Tailwater stages have a range 2.26 and 2.25 ft for dry and wet seasons, respectively. These
ranges were estimated from the extreme stages in Table 6 in which the superscripts D and W
represent dry season and wet season, respectively. The average head differences across the
existing S-13A Structure were 1.69 ft for dry season and 1.23 ft for wet season. Results
show that the head difference across the existing S-13A Structure is larger during the dry
season than during the wet season.

Table 7 presents the maximum head differences and their occurrences for each of the six
seasons. The maximum head difference during a dry season, based on mean daily stages,
was 2.84 ft (January 23, 2003). The maximum head difference during a wet season was 2.54
ft (August 11, 2001), as shown in Table 7. However, as previously mentioned, the S-13A
Structure remained closed at that time (Figure 2A). As observed from Figure 5, for the
average head difference of 1.69 ft during the dry season (Table 6), the existing S-13A
Structure (fully open) can discharge approximately 636 cfs (595 cfs from the orifice
equation), and for the maximum head difference of 2.84 ft (Table 7) the discharge can be up
to 824 cfs (771 cfs from the orifice equation).

Table 7. Seasonal headwater and tailwater stages vielding maximum head differences
(Hw-Tw) at existing S-13A Structure and their occurrences

From To Season | Year | Hw (ft NGVD) | Tw (ft NGVD) | Max. Head Diff. (ft) Occurrence
Nov. 00 | May 01 Dry 2001 4.05 1.64 2.41 Jan. 09,2001
June 01 | Oct. 01 Wet 2001 2.90 0.36 2.54% Aug. 11,2001
Nov. 01 | May 02 Dry 2002 3.84 1.38 2.46 Dec. 12, 2001
June 02 | Oct. 02 Wet 2002 3.86 1.65 2.21 Oct. 24, 2002
Nov. 02 | May 03 Dry 2003 4.42 1.58 284" Jan. 23,2003
June 03 | Oct. 03 Wet 2003 3.54 1.26 2.28 Aug. 17,2003
Nov. 03 | May 04 Dry 2004 3.78 1.26 2.52 Dec. 07, 2003
June 04 | Oct. 04 Wet 2004 3.76 1.63 2.13 Aug. 29,2004
Nov. 04 | May 05 Dry 2005 3.78 1.28 2.50 Jan. 20,2005
June 05 | Oct. 05 Wet 2005 3.60 1.58 2.02 June 03, 2005
Nov. 05 | May 06 Dry 2006 3.56 1.65 1.91 Jan. 09, 2006
June 06 | Oct. 06 Wet 2006 3.34 1.55 1.79 Sep. 26, 2006

and * denote the maximum values for dry season and wet seasor, respectively

Design of the Replacement S-13A Structure

The replacement of the S-13A Structure will be a double-box, concrete culvert with the
control sluice gates mounted on the upstream end (west side of the structure). The new
structure will be located approximately 260 ft upstream (to the west) of the four gates of the
existing S-13A. Once the new structure is built, the four sluice gates will be dismantled.

With all previous considerations on historical operation, it was determined that the new
S-13A Structure would be designed for an average discharge of 500 cfs under a head
difference (total head loss) of approximately 0.50 fi. As shown in Table 6, the average head
difference during wet season was 1.23 ft (including the last four seasons during which flood

12



control releases occurred from the western C-11 Basin to the eastern C-11 Basin). During
the dry season, the average head difference was 1.69 ft. The lower wet season head
difference across the S-13A Structure is due to lower stages maintained in the western reach
of C-11 Canal in anticipation of flood control operations. On the contrary, stages in the
eastern reach of the C-11 Canal (i.e., S-13A tailwater stage) are maintained throughout the
year at approximately 1.6 ft NGVD as shown in Figures 2A through 2C and in Table 6. A
discharge of 500 cfs across the four barrels of the existing S-13A Structure requires a head
difference of one foot (Figure 5). The remaining four barrels of the existing S-13 A Structure
will produce roughly 2/3 of the total losses when the new, double-box culvert begins
operation during flood control. Even though the 1.5 ft head difference (0.50 fi for the new
structure plus one-foot for the existing structures without the gates) slightly exceeds the
average value of 1.23 ft (Table 6), the design conditions are reasonable due to the presence
of the S-13 Structure. This structure releases flows to tide by gravity and pumping (each
spillway and pump station have a design capacity of 540 cfs each). If in the future, the
existing S-13A Structure (four barrels) is replaced by a bridge, the discharge of the new,
double-box culvert structure could increase considerably by the reduction in losses (four
barrels compared with a bridge).

After several trials, a 10 by 5-ft, double-box culvert was sclected as a design cross
section of the new S-13A Structure. The detailed information for the new S-13A Structure
(designed based on flood control releases) is included in Table 8. The design hydraulic
parameters are shown in Table 9.

Table 8. Design characteristics and description
of the new S-13 A Structure

Flow Discharge (cfs) 500
Headwater Stage, Hw (ft NGVD) 2.75
Tailwater Stage, Tw (ft NGVD) 2.25
Discharge Tyvpe Submerged
Number of Boxes 2
Box Width, B (ft) 10.0
Box Height, H (ft) 5.0
Box Length, L (ft) 50.0
Invert Elevation (fi NGVD) -4.0

Table 9. Hydraulic parameters and coefficients
of the new S-13A Structure

"Full Flow Area, A (ft) 50.0

' Full Flow Wetted Perimeter, P,, (ft) 30.0
"Full Flow Hydraulic Radius, R, (ft) 1.67
n (sec/ft'"”) 0.012
K. (entrance loss coefficient) 0.28
K, (exit loss coefficient) 1.0

! value for each box

13



A discharge equation for the new S-13A Structure as a function of its head difference
(Hw — Tw) was developed assuming fully open gates and conditions of total submergence.
Head difference represents the total head loss across the culvert which was estimated as the
sum of the entrance, friction and exit losses. Local losses were calculated using Equations 1
and 2 with entrance and exit loss coefficients from Table 9 and a velocity head for a 10 by
5-ft box section. Using the appropriate geometry values from Table 8 and Manning’s n from
Table 9, friction losses were estimated from the Manning equation (Equation 3). Also the
orifice equation (4) was used for comparison purposes.

The orifice coefficient (C,;) was computed using the following equation (Brater and
King: Handbook of Hydraulics, 4-37) for concrete-box culverts with square-cornered
entrance,

-1/2
0.0045 x L
R 1.25

h

0, = [1+ 0.4xR™ + (6)

where R;, = box culvert hydraulic radius (ft) and . = box culvert length (ft). C, for each box
of the new S-13A Structure fully open is 0.794. Results from the two equations are shown in
Figure 6. The orifice equation underestimates the discharge by 6.50 percent compared to the
culvert equation. The new S-13 A Structure is schematically illustrated in Figure 7.

—=—Culvert f \
1.2 |

—l— Orifice

A
m )4

04

Head Losses (ft)

“

0.2

0.0

T T T 1
0 50 100 150 200 250 300 350 400 450 500 550 §00 650 700 750 800
Discharge (cfs)

Figure 6. Discharge function for the new S-13A Structure with two gates fully
open and totally submerged
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Figure 7. Schematic representation and dimensions of the new S-13 A Structure

Discharge Regulation for the Replacement S-13A Structure

Generally the flow discharges through the new structure during the dry season (water
supply operation) should be smaller than those during the wet season (flood control
operation). The proposed flood control operation will consist of releases to tide through the
S-13 Structure from the western C-11 Basin, which were previously pumped to WCA-3A by
S-9 Pump Station. Also, as previously mentioned, headwater stages tend to be higher during
the dry season than those during the wet season. Therefore, water supply releases should be
controlled by the gates operation depending on headwater and tailwater stages.

Using a Microsoft Excel® spreadsheet, a model has been developed to simulate several
scenarios for a reasonable range of stages and gate openings. The simulation results will be
use to evaluate the flow control capabilities of the new S-13A Structure. The model and the
complete description of the hydraulic computations are included in Appendix A.
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Appendix A

Hydraulic Model for Flow Regulation
through the S-13A Structure
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Introduction

This appendix includes the hydraulic model developed for flow control through the
sluice gates of the new S-13A double-box concrete culvert. Programmed in a Microsoft
Excel® spreadsheet, the model computes the three possible flow conditions (i.e., free,
drowned and full flow), as shown in Figure Al. The detailed model is presented in
Table Al and contains the simulation for a flow discharge (Q) of 500 cfs and Hw stage of
3.0 ft NGVD (Y, = 7.0 ft). Supporting information is presented in Tables Al through
A13 at the end of this appendix.

Hydraulic Model

The model determines the three possible flow conditions for a selected upstream flow
depth (YY), flow discharge (Q) and a range of downstream flow depths (Y3) as seen in
Figure Al. All the Y; selected have to be reasonable values expected during the normal
operation of the culvert. The model computes the required gate opening to pass the
selected flow discharge (Q) with the selected upstream flow depth (Y;) and downstream
flow depths (Y3) depending on the flow condition. Free flow occurs for relatively small
gate openings (GO) able to generate flow depths downstream of the gate (Y,) smaller
than the critical depth (y.). For such a flow regime, the specific energy at the headwater
matches that just downstream of the gate (E; = E;) as seen in Table Al, y. and specific

energy are computed as follows,
2
o=y (AD)
g

where g = unit flow discharge = Q/B (ftzfsec), B = box culvert width (ft) and g = gravity
acceleration (32.2 ft/sec?), and

2
E=7+ (A2)
2g

where ¥ = flow depth (ft) and v*/2g = velocity head (ft).
For free flow conditions, the flow just downstream of the gate is supercritical which
corresponds to a Froude Number (Fr) larger than one. Fr for a rectangular section can be

calculated from the following equation,

")

ngY

Free flow conditions will exist until the downstream flow depth (Y3) at the tailwater
of the culvert is less than the sequent depth (vo). When the downstream flow depth (Y3)

Fr=

(A3)




matches the sequent depth (vs), a hydraulic jump will occur just downstream of the gate.
Sequent depth, yg, is estimated from the following equation,

¥, = %[,/1 +8Fr° — 1] (A4)

where Y, = flow depth (ft) and Fr; = Froude Number (supercritical flow) both just
downstream of the gate and for free flow conditions.

Tw < Y3;: Free Flow

Headwater Tw = Y3 (=y;): Hydraulic Jump
Emamgmammns
Tw=Y»>v. You<B(5.0ft)and Y, (for free flow) < v, Tailwater
Drowned FloW I.I.I.I.I’ll.l.l.
Tw=Y;;and Y, = B (5.0 ft): Full Flow (totally submerged)
4+ |Range of
1.0ft NGVD it
for drowned
and full flows
7'y
ki o et
s Y33
Hydraulic Jump
B=5.01t) |Ys Sequent of
Y e
-4.0 it NGVD
Y=, *GO
w w8 S R o

Figure Al. Schematic representation of the three flow regimes which may occur
during flow regulation through the sluice gates

For the hydraulic jump occurrence as well as for drowned flow, flow depths
downstream of the gate computed from energy basis (specific energy) and momentum
basis have to be equal (Table Al). Flow depth Y4 for drowned flow (Table A1) based on
momentum basis is calculated as follows,

Y, =%, \/1+ 2Fr32{1 —%J (A3)

2

where Y = flow depth (ft) just downstream of the gate and for free flow conditions and
Fr; =Froude Number (subcritical flow) at the tailwater.

A-2



The length of the hydraulic jump (L;) on a horizontal surface can be estimated as
follows,

L =Y, x9.75x(Fr,—1)*" (AG)

where Y and Fr; = flow depth (ft) and Froude Number, respectively, both for free flow
conditions and just downstream of the gate. The L; value indicates whether the hydraulic
jump is contained within the culvert (as it compares with the box culvert length).

Energy head loss (AE) in a horizontal hydraulic jump can be estimated as follows,

3

AE:(Ys_Yz) (A7)
47,7,

where Y; = downstream or tailwater flow depth (ft) which is equal to the sequent depth

(vs), in this case. As shown in Table Al (bold numbers), the hydraulic jump losses

computed from Equation A7 are the same as those estimated as the difference between

the specific energies upstream and downstream of the hydraulic jump (i.¢., E2 = E; + AE).

As Y exceeds the critical depth (y¢), the flow regime changes to full flow conditions.
This condition occurs as Y, exceeds y. and Fr; becomes less than one (columns 6 and 11
in Tables Al). Subsequent to drowned flow conditions, Y24 will exceed the box culvert
height (H=5.0 ft) and full flow conditions will begin with both GO and Y3 (Tw stage)
increasing. This regime is characterized by total submergence.

For full flow conditions the total head loss in the culvert has to match exactly the
available head represented as the difference between Headwater and Tailwater stages
(Hw—Tw) at the upstream and downstream of the culvert, respectively. There are friction
and local head losses in a culvert. Entrance, expansion, and exit are all local head losses
created by geometrical changes in the path of the flow as well as characteristics and
material of the box culvert.

Entrance head loss, h, (f1), is estimated as follows,

2
vG

2g

h =K, x (AR)

where K, = entrance loss coefficient and vg = average flow velocity (ft/sec) through the
gate opening (GO). This head loss depends on the shape and characteristics of the inlet.

Expansion head loss, hex (ft), 1s produced by the transition from the gate opening
(GO) to the box culvert section, and 1s computed by the following equation,




=K x-S < (A9)

exp exp

where K.y, = expansion loss coefficient and ve = average flow velocity (fi/sec) through
the full box culvert. This equation shows that the smaller the GO is, the larger the
expansion head loss becomes. This head loss, evidently, becomes null when the gate is
fully open (i.e., vg= v¢).

Exit head loss, h,, is created at the culvert outlet and computed as follows,

2

e (A10)

where K, = exit loss coefficient and is generally equal to one.

Friction head loss, he (ft), 1s estimated from Manning equation as follows,

h 0xn__T ; (A1)
= X
7149 x Ax R

where (J = discharge (cfs), » = Manning’s roughness coefficient (sec/ftm), A = full flow
box culvert area (fi*), R, = full flow box culvert hydraulic radius (ft), . = box culvert
length (ft), and 1.49 = conversion factor for English units.

The K. K, and Manning’s n coefficients are 0.28, 1.0 and 0.012 sec/ftm,
respectively, and coincide with those used for design (Table 5). The selected value for
Kexp was 0.60.

Model Simulations

The first simulation was performed for Q equal to 500 cfs (Table Al). The two boxes
of the S-13A culvert are equally operated and each box discharges 250 cfs. Headwater
stage was maintained at 3.0 ft NGVD (Y; = 7.0 ft) and the tailwater ranged from 0.0 to
2.46 ft NGVD (Y3 from 4.0 to 6.46 ft).

Free flow was obtained for a GO of 1.52 ft from the minimum tailwater stage of 0.0 ft
NGVD (Y; = 4.0 ft) to 0.88 ft NGVD (Y; = 4.88 ft) which corresponds to the sequent
depth (y:) of the hydraulic jump. From then on, Y3 and GO begin to increase up to 6.05
and 2.51 ft (y. = 2.69 f1), respectively to yield drowned flow conditions. For drowned
flow condition, the drowned flow depths (Y24q) downstream of the gate computed from
the specific energy (A2) and momentum (AS) equations are equal (columns 15 and 16,
respectively). The free flow depth (Y,) downstream of the gate is smaller than the critical
depth (vc), and therefore Fr, will be greater than one (columns 6 and 11). However
drowned flow tends to be subcritical (Fr smaller than one) at least for conditions apart
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from the transition zone with the free flow regime. Additional increases to Y; and GO
will create eventually the transition to full flow regime. The GO should be greater than y,
(2.69 f1), which indicates the transition to subcritical flow downstream of the gate (Fr, <
1). For full flow, total submergence will exist and the total head loss will match the
available head (columns 27 and 28) imposed by the upstream and downstream stages at
the culvert (Hw — Tw). When the two gates are fully open, the total head loss of (.54 ft
matches exactly the result obtained from the design using the culvert equation (Figure 6).

Additional simulations were performed for discharges from 450 to 250 cfs in
increments of 50 cfs (Tables A2 through A6) and Hw stage at 3.0 ft NGVD (Y; = 7.0 f1).
Tables A7 through A12 contain the simulations for discharges from 500 to 250 cfs also in
increments of 50 cfs and Hw stage at 2.5 ft NGVD (Y, = 6.5 ft). The last row in cach
table contains the simulation for the gates fully open. Total head loss values equal those
values computed for design from the culvert equation as depicted in Figure 6.

Figures A2 and A3 depict the flow regulation results through the gates from the
simulations with Hw stages at 3.0 and 2.5 ft NGVD (Y; = 7.0 and 6.5 ft, respectively).
The three flow regimes are represented by the downstream flow depth (Y3) as a function
of the gate opening (GO) expressed as a percent of the box culvert height (H) which is
5.0 ft.

Discharge coefficient (Cy) for the gates under free flow conditions were computed
from the following equation,

O=C, xGO xBx.2g Y, (Al12)

Table A13 contains the discharge coefficients computed from Equation A12 for free
flow conditions simulations with the two Hw stages selected (3.0 and 2.5 ft NGVD). For
free flow conditions under constant inlet control, the discharge coefficient (Cy) increases
as the flow (Q), gate opening (GO), and downstream flow depth (Y3) decrease. Free flow
conditions cannot occur for flow smaller than 350 cfs (175 cfs through each box) because
their sequent depths (vg) are smaller than Y; y, of 4.0 ft which corresponds to a minimum
Tailwater stage of 0 ft NGVD imposed to the simulations (Tables A5, A6, All, and
Al2).

Finally, for inlet control (i.e., no influence of the tailwater stage) under constant flow,
the Hw stage decreases as Cy decreases. Decreases in Cg will become smaller as the flows
diminish.
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Figure A2. Flow results from simulations for Hw stage at 3.0 ft NGVD (Y ;=7.0 1)
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Table Al. Hydraulic model for flow regulation through the sluice gates of the new S-13A Structure (double-box concrete culvert, each box 250 cfs) in the C-11 Canal.
Q=500 cfs and Hw Stage = 3.0 ft NGVD (Y, =7.0 ft)

Invert Elevation (ft NGVD) -4.00 IEntrance loss coeffident, K, 0.28' Full Flow Culvert Computations Hydraulic Jump Computations
No. of Boxes 2 IEXpansion loss coefficient, Kﬂ 0.60' [Box Flow Area, A (l'tz) 5000 13 |Sequent Depth, y, (ft) 4881t is the mazimum Tw for free Flow conditions (=7 )
Box Culvert Height, H (ft) 500 IExit loss coefficient, K, 1.00' [Box W etted Perimeter, P, (ft) 30,00 17 |H. J. Length, LI (ft) 2541
Box Culvert Width, B (ft) 10.00 |Manning"s n coefficient (Sedftm) O'OIZI IBOX Hydraulic Radius, R, (ft) 167 18_[H. J. Loss, AF (ft) 13301 55 must match the difference between Specific Energy U/S and
Inlet Width (ft) 13.00/ [Vena Coniracta Coefficient, C,, O.SSIFlow depth DVS of gate (¥4) for free flow conditiens {C, *GO) DS of Hydraulic Jump (=E,-E3)
Box Culvert Length, L (ft) 50.00/
*¥.= 2.69 ft Flow Depth hlan TV Drowned Depth Yo, | Spedific Full Flow Conditions |
Flow Flawy Stage Opening|  Hw DIS of G Twi Specific Energy Froude Number [Free Flow |Drowned| OIS of Gate Energy | Box |Velocity Hea Culvert Head Losses Awaillable
Regime Q Hin Tww GO Yy Yz Ya E, E. = Frz Fry Yoz Flow? |Energy] Momentum|  Ezy Full? | Gate | Box |Entrance| Expans Exit | Friction | Total Head |Comments
{cfs) | (ENGVDY (it NGVD) {ft) {ft) (ft) (ft) (ft) (ft) (it} [Free Flo Tw (ft) YesMo| (i) (ft) {ft) YesMNol (it (ft) (ft) (ft) {ft) (ft) {ft) {ft)
1 2 3 4 5 [ 7 ] E 10 11 12 13 14 15 16 19 20 21 2-2 23 24 25 26 27 28
Free Flow [ 500 3.00 0.00 152 .00 1.29 4.00 712 | 712 | 461 301 055 4.83 No 129 HNUMI MN/A MNo 421 | 039 ~ 3.000
D/s Gate 500 3.00 020 152 T.00 1.29 420 712 | 712 | 475 301 051 4.88 MNo 129 HNUMI A Mo 421 | 039 2.800
500 3.00 0.40 152 T.00 1.29 440 712 | 712 | 480 301 048 488 MNo 129 H#NUMI /A Mo 421 | 039 2600
500 3.00 0.60 152 .00 1.29 4.60 TA2 | 712 | 506 301 045 4.83 No 1.29 HNUM! N/A Mo 421 039 2400
500 3.00 0.88 1.52 7.00 1.29 4.88 712 | 712 | 629 301 041 4.88 MNo 1.28 1.28 /A Mo 4.21 | 0.39 2122 |Hydraulic Jump for 250 cfs
Drowned 500 3.00 0.95 184 7.00 1.39 495 TA2 | 640 535 268 040 4.63 Yes 21 291 429 Mo 362|038 1.1 1.94 0.29 0.04 3379 | 2.050 |Drowned flow for ¥,s up to
Flow 500 3.00 1.15 1.79 .00 152 515 TAZ | 571 852 235 0.33 4.35 Yes 282 282 4.06 No 303)|038] 08 1.58 0.39 0.04 2862 | 1.850 |5.01t (Box Culvert Height)
500 3.00 1.25 1.86 T.00 1.58 525 T2 | 548 | 580 222 037 4.23 Yes 323 323 416 Mo 281039 079 1.45 0.29 0.04 26685 | 1.750 |and GO =y,
500 3.00 1.45 189 T.00 169 545 T2 | 508 | 578 201 035 4.02 Yes i i 442 Mo 246 038 089 1.24 0.39 0.04 2357 | 1.550
500 300 1.65 214 .00 1.82 565 7121 475 59 1.80 033 3.80 Yes 418 418 473 Mo 212|038 058 1.04 0.29 0.04 2081 1.250
500 3.00 1.85 230 .00 1.96 585 712|443 | 613 1.61 0.31 358 Yes 458 458 5.04 No 1831 039 051 0.87 0.39 0.04 1811 1.150
500 3.00 2.05 2.51 7.00 213 5.05 712 ] 427 | 632 142 0.30 3.33 Yes 4.98 4.98 5.37 Mo 1.55 | 039] 042 0.69 0.39 0.04 1.556 | 0.850
Full Flowy 500 3.00 2.07 34 .00 290 6.07 T2 ] 405 633 088 029 249 Yes 5.86 546 MN/A Yes 083]038] 023 0.27 0.39 0.04 0930 | 0.830 |Full flow Q = 250 cfs by
500 3.00 210 348 T.00 296 6.10 712 | 407 | 636 0386 029 243 Yes 6.01 552 A Yes 080) 039 022 025 0.29 0.04 0900 | 0800 |increasing GO
500 3.00 220 376 T.00 320 620 712 | 415 | 645 077 029 223 Yes 617 571 /A Yes 069] 038 019 0.18 0.39 0.04 0800 | 0800 |Flow totally submerged
500 3.00 2.30 412 .00 350 630 T2 428 | 64 067 0323 20 Yes 6.33 5.80 N/A Yes 057|038 018 on 0.39 0.04 0700 | 0700
500 3.00 240 480 T.00 3m 640 T12 | 454 | 684 057 027 1.75 Yes 548 6.09 /A Yes 0461 038] 013 0.04 0.29 0.04 0600 | 0600
500 3.00 2.46 5.00 7.00 425 546 712 ] 450 | 689 050 0.27 1.57 Yes 6.58 6.22 MN/A Yes 039]038] oM 0.00 0.39 0.04 0.538 | 0538 |Gates fully open
*  Critical Depth for box culvert computed from Eq A1 Yoy, — Fras1.0 It doesn't correspond with drowned flow It matches Culvert Equation in Figure 8
1. Flow Discharge 15. Drowned Flow Depth computed (Energy basis) from Specific Energy (Eq. AZ2)
2. Headwater Stage (west side of structure) 16. Drowned Flow Depth computed MMomentum basis) from Eq. A5
3. Talwater Stage (east side of structure) 17 Length of the Hydraulic Jump {only for free flow conditions) computedfrom Eq. A6
4 Gate Opening from invert elevation of -4.0 ft NGV D 18. Energy losses in a honizontal Hydraulic Jump computed from Eq A7
5. Upstream (Hw) Flow Depth (west side of structure) 19. Speaific Energy ust downstream of gate for drowning condittens (TW=Y;>Sequent Depth [13]) computed from Eq A2
6. Flow Depth (Free Flow) just downstream of gate based on assumed Vena Contracta Coefficient (C) 20, Is the culvert flowing full ? Both boxes are equally operated and carry the same flow, in this case
7. Downstream (Tw) Flow Depth {(west side of structure) 21, Velocity Head at gate entrance [w/(2g)], through GO
8. Specific Energy upstream of structure computed from Eq. A2 with Inlet Width (Refer to Fig. A1) 22, Velocity Headin culwert box (full flow conditions)
9. Specific Energy just downstream of gate (contracted jet only) computed from Eq. A2 (Refer to Fig. A1) 23. Entrance Head Loss considering full flow through the gate epening (GO) from Eq. A8
10. Specific Energy downstream of structure computed frem Eq. A2 (Refer to Fig. A1) 24. Ezxpansion Head Loss D/'S of gate to account for GO from Eq. A9
11. Froude Number of contracted jet under free flow cenditions computedfrom Eq. A3 25 Exit Head Loss at the culvert outlet from Eq. 410
12. Froude Mumber for flow downstream of structure (Tw) computed from Eq. A3 26, Friction Head Loss under full flow conditions (using Marming Equation) from Eq. A11
13. Sequent Depth of hydraulic jump downstream of gate computed from Eq. A4 27. Total Head Loss under full flow conditions ([23)1H 24 H{251+[26])
14. Is jet drowned by Hydraulic Tump downstream of gate? If ¥ is greater than ¥s p, (570, Yes 28 Available Head as the difference between Hw and Tw ([2]-]3])

Criteria to Estimate the Required GO
A. Free Flow

If free flow conditions exist D/S of the gate (> < y;), then Specific Energy just U/S and D/S of the gate must be equal, so[8] = [9]

B. Drowned Flow

If jet downstream of gate is drowned (5 greater than Sequent Depth of Hydraulic Jump), then the Flow Depth (¥,) computed from Energy basis must be equal to that computed from Momentum basis, therefore[15] = [16]
C. Full Flow

If culvert is flowing full (Y24 greater than or equal to 5.0 ft the Box Culvert Height), then the Total Head Loss must match the Available Head, thus [27] = [28]
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Table A2. Hydraulic model simulation for Q = 450 cfs and Hw Stage = 3.0 t NGVD (Y, = 7.0 ft). Two-box culvert under same operation, 225 cfs each

Invert Elevation (ft NGVD) -4.00 IEntrance loss coefficient, K, 0.28

[No. of Boxes 2 IEXpansion loss coefficient, K., 0.60 Full Flow Culvert Computations Hydraulic Jump Computations

B ox Culvert Height, H () 5.00 IEXit loss coefficient, K, 1.00 Box Flow Area, A (ﬂz) 50.00 13 |Sequent Depth, v, (ft) 4.69'

Box Culvert Width, B (ft) 10.00 P tanning’s n coefficient sec/t'™) 0.012 Box Wetted Perimeter, P, (ft) 30.00 17 |H. 1. Length, L (i) 25.04]

Inlet Width (ft) 13.00 IVena contracta coefficient, 0.85 Box Hydraulic Radius, R, (ft) 1.67 18 |H. 7. Loss, AE (ft) 2.05'

Box Culvert Length, L (ft) 50.00

¥.= 251 1t I Flow Depth Max TW Drowned Depth Yo | Specific Full Flow Conditions

Flow Flow Stage Opening| Hw |D/Sof G| Tw Specific Energy | Froude Number | Free Flow| Drowned D/S of Gate Energy | Box |Velocity Hea Culvert Head Losses Available

Regime Q Hw I Tw GO Y, Y2 Y3 Ey E. E; Fr; Fr; Fimar Flow? | Energy |Momentum] Eazg Full? | Gate | Box |Entrance|Expans.| Exit |Friction] Total Head
(cfs) | (ft NGVD) (ft) (ft) (ft) ) | ot | ) | (&) | Free Flow (ff) Yes/No | (i) () (ff) | YeaNo| () | () (ft) (ft) (ft) () () (ft)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 19 20 21 2'_2. 2'_3 24 24 26 27 28

FreeFlow | 450 | 3.001000]| 135 | 700 1.15 | 4.00]7.09]7.09] 4.49 3.22 0.50 4.69 No 115 | #NUM! NIA No | 430031 3.00

D/S Gate 4501 3.00]0.10] 135 | 700 115 | 410 | 7.09] 7.09] 4.57 3.22 048 4.69 No 1.15 | #NUMI N/A No | 4.30] 031 2.90
450130010201 135 | 700 115 | 420]17.09]7.09]4.65 322 0.46 4.69 No 115 | #NUM! NIA No | 4.30] 031 2.80
4501 3.001030] 135 | 700 1.15 | 430]7.09]7.09]14.73 3.22 0.44 4.69 No 145 | #NUM! N/A No | 4.30] 031 2.70
450 | 3.001 050 135 | 700 1.15 | 450]7.09] 7.09]4.89 3.22 042 4.69 No 145 | #NUM! N/A No | 4.30] 031 2.50
4501 3.0010868] 135 | 700 1.15 | 468 ] 7.09] 7.09] 5.04 3.22 0.39 4,89 No 1.15 1.14 N/A No | 4.30] 031 2.32

Drowned 45013001080 149 | 700| 126 | 480]17.09]1619]5.14 279 0.38 4.40 Yes 217 247 384 No |356]031] 1.00 1.95 | 0.31]| 0.03 | 3.29 2.20

Flow 450 13.00]085] 152 | v00| 129 | 485]7.09]601]5.18 27 0.37 4.33 Yes 237 287 377 No |341]1031] 096 186 | 0.31]| 0.03 | 3.16 2.15
450 1 3.0011.10] 166 | 7.00| 1.41 510 ]| 7.09] 537|540 237 0.34 4.07 Yes 3.14 314 394 No |285)]031] 080 153 | 0.31]| 003 | 268 1.90
450 | 3.00011.30] 1.77 | 700 1.51 530 | 7.09]| 497|558 215 0.32 3.88 Yes 363 3.63 422 No |250]031] 070 1.31 |0.31]| 0.03 | 2.36 1.70
4501 3.0011.50] 189 | 700 1861 550 |7.09]|465]576 1.95 0.31 3.69 Yes 4.05 4.05 453 No |220]031] 062 113 | 0.31] 0.03 | 210 1.50
450 |1 3.00011.70] 202 | 700 172 | 570]7.09]4.38]594 1.76 0.29 3.50 Yes 444 444 4.84 No 1921031 054 096 | 0.31] 003 | 1.85 1.30
4501 3.00]190] 218 | 7v00| 185 | 590]17.09]414]6.13 1.57 0.28 3.30 Yes 481 4.81 515 No 165]031] 046 080 1 0.31] 003 | 1.61 1.10

Full low | 450 | 3.0012.10| 3.05 | 7.00| 259 | 610]7.09]3.76]6.31 0.95 0.26 242 Yes 592 5.50 5.76 Yes | 085]031] 024 0.32 | 0.31] 003 | 0.90 0.90
450 |1 3.001215] 317 | 700| 269 | 615]7.09]3.78]6.36 0.90 0.26 232 Yes 6.01 559 584 Yes | 0.78]031] 022 0.28 1 0.31] 003 | 0.85 0.85
450 |1 3.001225] 342 | 700 291 625 |7.09]| 384|645 0.80 0.25 2.14 Yes 6.16 577 6.00 Yes | 067 031] 019 0.21 1 0.31] 003 | 0.75 0.75
450 |1 3.001235] 375 | 7.00| 319 | 635]7.09]3.96]654 0.70 0.25 1.93 Yes 6.32 5:95 6.17 Yes | 056|031 0186 0.15 | 0.31]| 0.03 | 0.65 0.65
450 1 3.001245] 421 | 700| 358 | 645]17.09]1419]664 0.59 0.24 1.67 Yes 6548 6.14 6.35 Yes | 044]1031] 012 0.08 | 0.31] 003 | 0.55 0.55

Gates Open | 450 | 3.00| 256 500 | 7.00| 425 | 656 | 7.09|450]6.75 0.45 0.24 1.33 Yes 6.66 6.36 656 Yes | 0.311031]| 009 0.00 |0.31] 0.03 | 0.44 044

Yooy, — Fr<1.0

It doesn't correspond with drovned flow

It matches culvert Eq. (Figure 6)
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Table A3. Hydraulic model simulation for Q = 400 cfs and Hw Stage = 3.0 t NGVD (Y, = 7.0 ft). Two-box culvert under same operation, 200 cfs each

Invert Elevation (ft NGVD) -4.00 IEntrance loss coefficient, K, 0.28

[No. of Boxes 2 IEXpansion loss coefficient, K., 0.60 Full Flow Culvert Computations Hydraulic Jump Computations

B ox Culvert Height, H () 5.00 IEXit loss coefficient, K, 1.00 Box Flow Area, A (ﬂz) 50.00 13 |Sequent Depth, v, (ft) 4.47

Box Culvert Width, B (ft) 10.00 |1\,1aming-S n coefficient (sec/t"™) 0.012, Box Wetted Perimeter, P,, (ft) 30.00 17 [H. 7. Length, I () 24.51

Inlet Width (ft) 13.00 IVena contracta coefficient, C,, 0.85 Box Hydraulic Radius, R, (ft) 1.67 18 |H.J. Loss, AE (i) 229

Box Culvert Length, L (ft) 50.00

¥o= 232 It I Flow Depth Max TW Drowned Depth Yo | Specific Full Flow Conditions

Flow Flow Stage Opening| Hw |D/Sof G| Tw Specific Energy | Froude Number | Free Flow| Drowned D/S of Gate Energy | Box |Velocity Hea Culvert Head Losses Available

Regime Q Hw I Tw GO Y, Y2 Y3 Ey E; E; Fr; Fr; Fimar Flow? | Energy |Momentum] Ezg Full? | Gate | Box |Entrance|Expans.| Exit |Friction] Total Head
(cfs) | (ft NGVD) (ft) (ft) (ft) ) | ot | ) | (&) | Free Flow (ff) Yes/No | (i) () (ff) | YeaNo| () | () (ft) (ft) (ft) () () (ft)

1 & 3 4 5 6 7 8 9 10 11 12 13 14 15 16 19 20 21 2_2. 2_3 24 24 26 27 28

FreeFlow | 400 | 3.001000]| 119 | 7.00 1.01 400 1 7.08] 7.08] 4.39 346 0.44 4.47 No 1.01 #NUM! NIA No | 438025 3.00

D/S Gate 400|3.00]0.10] 119 | 7.00 1.01 410 | 7.08| 7.08] 4.47 3.46 042 4.47 No 1.01 #NUM! N/A No | 4.38] 025 2.90
40030010201 119 | 7.00 1.01 420 17.08] 7.08] 4.55 346 0.41 4.47 No 1.01 #NUM! NIA No | 438025 2.80
400 | 3.001 030 1.19 | 7.00 1.01 430 17.08] 7.08] 464 346 0.40 4.47 No 1.01 #NUM! N/A No |4.38]025 2.70
400 | 3.00]1 047 119 | 7.00 1.01 447 | 7.08] 7.08] 4.78 346 0.37 4.47 No 1.01 1.01 N/A No |4.38]025 2.53

Drowned 400 | 3.00| 065 1.33 | 7.00 113 | 465 |7.08| 597|494 2.92 0.35 4.15 Yes 224 2.24 348 No |350)025] 098 1.5 | 0.25] 0.03 | 3.20 2.35

Flow 4003001085 143 | 7.00 1.21 48517.08]543]5.11 264 0.33 3.96 Yes 286 288 362 No |305]025] 085 1.68 | 0.25] 0.03 | 2.81 215
400 |3.0011.10] 154 | 7.00 1.31 510 ]| 7.08] 493|534 236 0.31 3.75 Yes 345 345 397 No |262]025] 073 142 | 0.25] 0.03 | 243 1.90
400 | 3.0011.30| 163 | 7.00 1.39 | 530 ]7.08]461]552 215 0.29 3.59 Yes 3.86 3.86 4.28 No |233]|025] 0865 1.25 | 0.25] 0.03 | 217 1.70
400 | 3.0011.50| 1.74 | 7.00 1.48 | 550 ]7.08]4.31]571 1.96 0.27 342 Yes 4.24 4.24 4.59 No |205]|025] 057 1.08 | 0.25] 0.03 | 1.93 1.50
400 | 3.0011.70| 1.86 | 7.00 158 | 570]7.08]4.06]589 1.77 0.26 3.25 Yes 4.60 4.60 4.89 No 1.79]1 025] 050 092 | 0.25] 003 | 1.70 1.30
400 | 3.0011.90] 2.04 7.00 1.71 590 |7.08]|384]|6.08 1.58 0.25 3.05 Yes 4.95 4.95 5.20 No 1541 025] 043 0.77 | 0.25] 003 | 1.48 1.10

Full low | 400 |3.001205]| 258 | v.00| 233 | 6.05]7.08]347]6.22 0.99 0.24 2.30 Yes 543 548 5.69 Yes | 093] 025] 026 041 1 0.25] 003 | 095 0.95
40013001215 274 | 700 252 | 615]7.08]350]6.31 0.88 0.23 213 Yes 6.09 5.66 585 Yes | 083]|025] 023 0.35 | 0.25] 003 | 0.85 0.85
40013001225 296 | 700| 274 | 625]7.08]357]641 0.78 0.23 1.94 Yes 6.25 5.83 6.01 Yes | 0.71]025] 020 0.28 | 0.25] 003 | 0.75 0.75
400 | 3.0012.35] 322 | 700| 3.06 | 635]7.08]3.72]650 0.66 0.22 1.70 Yes 641 6.01 6.18 Yes | 060] 025] 017 0.21 | 0.25]| 0.03 | 0.65 0.65
400 | 3.001245] 360 | 7.00| 425 | 645]7.08]459]660 0.40 0.22 1.08 Yes 6.73 6.29 645 Yes | 048] 025] 013 0.14 | 0.25] 0.03 | 0.55 0.55

Gates Open| 400 | 3.00| 266| 5.00 | 7.00| 425 | 666 | 7.08]| 4.50]6.80 0.40 0.21 1.09 Yes B.73 8.50 6.64 Yes | 025]|025] 007 0.00 | 0.25] 003 | 0.34 0.34

Y=y, — Fry<1.0

Tt doesn’t correspond with drovwned flow

It matches culvert Eq. (Figure 6)
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Table A4. Hydraulic model simulation for Q = 350 cfs and Hw Stage = 3.0 t NGVD (Y, = 7.0 ft). Two-box culvert under same operation, 175 cfs each

Invert Elevation (ft NGVD) -4.00 IEntrance loss coefficient, K, 0.28

[No. of Boxes 2 IEXpansion loss coefficient, K., 0.60 Full Flow Culvert Computations Hydraulic Jump Computations

B ox Culvert Height, H () 5.00 IEXit loss coefficient, K, 1.00 Box Flow Area, A (ﬂz) 50.00 13 |Sequent Depth, v, (ft) a.24)

Box Culvert Width, B (ft) 10.00 P tanning’s n coefficient sec/t'™) 0.012 Box Wetted Perimeter, P, (ft) 30.00 17 |H. 1. Length, L (i) 23.79

Inlet Width (ft) 13.00 IVena contracta coefficient, 0.85 Box Hydraulic Radius, R, (ft) 1.67 18 |H. 7. Loss, AE (ft) 2.564

Box Culvert Length, L (ft) 50.00

¥o= 212 1t I Flow Depth Max TW Drowned Depth Yo |Specific Full Flow Conditions

Flow Flow Stage Opening| Hw |D/Sof G| Tw Specific Energy | Froude Number | Free Flow| Drowned D/S of Gate Energy | Box |Velocity Hea Culvert Head Losses Available

Regime Q Hw I Tw GO Y, Y2 Y3 Ey E. E; Fr; Fr; Fimar Flow? | Energy |Momentum] Eazg Full? | Gate | Box |Entrance|Expans.| Exit |Friction] Total Head
(cfg) | (RNGVD)| ) (ft) (ft) ) | ot | ) | (&) | Free Flow (ff) Yes/No | (i) () (ff) | YeaNo| () | () (ft) (ft) (ft) () () (ft)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 19 20 21 2_2. 2_3 24 24 26 27 28

FreeFlow | 350 | 3.001000| 103 | 700 088 | 400]7.06]7.06]4.30 375 0.39 4.24 No 088 | #NUM! NIA No | 447019 3.00

D/S Gate 350 | 3.00]0.05| 1.03 | 7.00] 088 | 405]|7.06]7.06]4.34 3.75 0.38 4.24 No 0.88 | #NUM! N/A No | 4.47] 019 2.95
360 300]010| 103 |700] 088 | 410]|706] 7.06]4.38 375 0.37 4.24 No 088 | #NUM! NIA No | 447019 2.90
350 3.00|]015] 103 | 700] 088 | 415]|7.06] 706|443 375 0.36 4.24 No 0.88 0.35 N/A No | 4.47] 019 2.85
350 3.00)]020| 103 |700] 088 | 420]|706| 706|447 3.75 0.36 4.24 No 0.88 0.70 N/A No | 4.47] 019 2.80
350]|3.00)]024| 103 | 700] 088 | 424 ]|7.06]7.06|4.50 3.75 0.35 4.24 No 0.88 0.88 N/A No | 447019 2.76

Drowned 30| 300|050 118 | 700 1.1 450 17.06]570]14.73 3.05 0.32 3.87 Yes 236 2.36 321 No |332]019] 095 192 | 0.19] 0.02 | 3.08 2.50

Flow 350 3.00]075] 127 | 700] 108 | 475]|7.06] 514|496 2.74 0.30 3.69 Yes 3.00 3.00 53 No |293]|019] 082 165 | 0.19] 0.02 | 268 2.25
3B0|300]|100| 137 |700] 116 | 5.00]|7.06] 469|519 247 0.28 3.51 Yes 352 352 81 No |255)019] 071 142 | 0.19] 0.02 | 2.34 2.00
350 3.00|]1.20| 144 | 700] 123 | 520]|7.06]4.39]|538 227 0.26 3.37 Yes 3.90 3.90 4.21 No | 228|019 064 1.26 | 0.19] 0.02 | 2.11 1.80
350)|3.00|140| 153 | 700] 130 | 540]|7.06]4.11]|556 2.08 0.25 3.23 Yes 4.25 4.25 451 No | 203|018 057 1.10 | 0.19] 0.02 | 1.88 1.60
350)|300|160| 163 | 700] 139 | 560]|7.06]386]575 1.80 0.23 3.07 Yes 459 458 481 No 1.70]1 019] 050 0.96 | 0.19] 0.02 | 1.67 1.40
350 300]180| 175 | 700] 149 | 580]|7.06] 364|594 1.70 0.22 29 Yes 491 4.91 511 No 1551019 044 0.82 | 0.19] 002 | 1.46 1.20

Full low | 350 | 3.001205]| 222 | 700 189 | 605]7.06]3.22]6.18 148 0.21 237 Yes 572 545 5.61 Yes | 096|019 027 046 | 0.19] 002 | 0.95 0.95
360300225 253 | 700] 215 | 6.25]|7.06] 3.18]6.37 0.98 0.20 2.09 Yes 6.03 577 591 Yes | 074]019] 021 0.33 | 0.19] 002 | 0.75 0.75
350 3.00|245| 303 | 700] 258 | 645]|7.06]329]|6.56 0.75 0.19 1.72 Yes 6.34 6.10 6.22 Yes | 052|019 015 0.20 | 0.19] 0.02 | 0.55 0.55
350 3.00]265| 403 | 700] 343 | 665]|7.06]383]|6.76 0.49 0.18 1.20 Yes 6.65 644 6.56 Yes | 020 019] 008 0.06 | 0.19] 0.02 | 0.35 0.35

Gates Open| 350 | 3.00] 2.74| 500 | 700 425 | 674 |7.06]|450]|6.84 0.35 0.18 0.87 Yes 6.79 6.61 672 Yes | 019]019] 005 0.00 | 0.19] 0.02 | 0.26 0.26

Y=y, — Fry<1.0

Tt doesn’t correspond with drovwned flow

It matches culvert Eq. (Figure 6)
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Table A5. Hydraulic model simulation for Q = 300 cfs and Hw Stage = 3.0 t NGVD (Y, = 7.0 ft). Two-box culvert under same operation, 150 cfs each

Invert Elevation (ft NGVD) -4.00 IEntrance loss coefficient, K, 0.28

[No. of Boxes 2 IEXpansion loss coefficient, K., 0.60 Full Flow Culvert Computations Hydraulic Jump Computations

B ox Culvert Height, H () 5.00 IEXit loss coefficient, K, 1.00 Box Flow Area, A (ﬂz) 50.00 13 |Sequent Depth, v, (ft) 3.98]

Box Culvert Width, B (ft) 10.00 P tanning’s n coefficient sec/t'™) 0.012] Box Wetted Perimeter, P,, (ft) 30.00 17 |H. 7. Length, I () N/A|

Inlet Width (ft) 13.00 IVena contracta coefficient, 0.85 Box Hydraulic Radius, R, (ft) 1.67 18 |H. T. Loss, AE (1) N/A]

Box Culvert Length, L (ft) 50.00 Free flow cannot occur since ¥%5Y 3y (4.0 )

Y= 191 10 | Flow Depth Max TW Drowned Depth Y, [Specific Full Flow Conditions

Flow Flow Stage Opening| Hw |D/Sof G| Tw Specific Energy | Froude Number | Free Flow| Drowned D/8 of Gate Energy | Box |Velocity Hea Culvert Head Losses Available

Regime Q Hw I Tw GO Y, Y, Y; E; E,; E; Fr; Fr; Yo Flow? | Energy |Momentum| E;4 Full? | Gate | Box |Entrance|Expans.| Exit |Friction| Total Head
(cfs) | (ANGVD)| &) () (ft) (ft) | (ft) | (f) | ft) | Free Flow () Yes/No | (ff) (ft) (f) | YesNo| @& | (@ (ft) () (ft) (ft) (ft) ()

1 2 3 4 5 [ 7 8 9 10 11 12 13 14 15 16 19 20 21 22 23 24 24 26 27 28

Free Flow | 300 | 3.00]0.00| 088 | 700] 074 | 4.00 | 7.04| 7.04 | 4.22 4.1 0.33 3.98 No 0.74 0.85 N/A No | 455|014 3.00

Drowned 300]3.00]000| 091 700 077 | 400]17.04]664]4.22 3.90 0.33 3.89 Yes 1.18 1.18 3.70 No |424]1014] 119 246 | 0.14] 001 | 3.80 3.00

Flow 300 | 3.00)1050| 1.07 | 700) 081 450 |7.04|5.12]4.67 3.04 0.28 3.49 Yes 283 2.83 3.27 No | 3.04]| 014 085 1.74 | 0.14| 0.01 | 2.75 2.50
300 |3.00010.75| 114 | 7.00| 087 | 4.75]|7.04|4.68]4.980 2.76 0.26 3.3 Yes 333 3.33 3.65 No | 268|014 075 1.52 | 0.14| 0.01 | 243 2.25
300|300]1.00| 122 | 7.00 1.03 | 5.00]|7.04|4.30]5.14 2.51 0.24 3.19 Yes 3.78 3.78 4.02 No | 236|014 0.66 1.33 | 0.14| 0.01 | 2.15 2.00
300]|300])1.25| 1.30 | 7.00 1.1 525|7.04]396]5.38 227 0.22 3.04 Yes 419 4.19 4.39 No | 206|014 058 1.15 | 0.14| 0.01 | 1.88 1.7
300]|300]150]| 140 | 7.00 1.19 | 550 | 7.04| 3.65] 5.62 2.03 0.20 2.88 Yes 459 4.59 4.76 No 1.77]1 014 | 050 0.98 | 0.14]| 001 | 1.83 1.50
300]|3.00]1.70] 150 | 7.00 128 | 5.70 | 7.04| 342] 5.81 1.83 0.19 273 Yes 4.90 4.90 5.05 No 1541 014 | 043 0.84 | 0.14]| 001 | 1.43 1.30

Full Flow | 300 | 3.00]1.80| 1.73 | 7.00 147 | 5.80 | 7.04| 3.09] 6.00 1.48 0.18 2.43 Yes 543 5.26 5.39 Yes | 1.17] 014 | 033 0.62 | 0.14| 0.01 | 1.10 1.10
300|3.00]210]| 1.92 | 7.00 163 | 6.10]|7.04|294]16.19 1.27 0.18 222 Yes 5.73 5.56 5.68 Yes | 0.85]| 014 | 027 048 | 0.14 | 0.01 | 0.80 0.90
300 | 3.0001230]| 2.21 7.00 188 | 6.30]|7.04| 287]6.39 1.03 0.17 1.85 Yes 6.05 5.87 5.97 Yes | 0.72] 014 | 0.20 0.35 | 0.14 | 0.01 | 0.70 0.70
300]|3.001240| 242 | 700 206 | 640 |7.04| 288|649 0.90 0.16 1.77 Yes 6.22 6.03 6.13 Yes | 080 014 | 017 0.27 | 0.14| 0.01 | 0.60 0.60
300]|3.00)260| 3.08 | 700 262 | 660 |7.04]| 313|668 0.62 0.16 1.35 Yes 6.53 6.35 644 Yes | 0.37 ] 014| 010 0.14 | 0.14| 0.01 | 040 0.40

Gates Open| 300 | 3.00|281| 5.00 | 700| 425 | 681 | 7.04]|450]6.88 0.30 0.15 0.67 Yes 6.85 6.72 6.79 Yes | 0.14 | 014 | 0.04 0.00 | 0.14]| 001 | 0.19 0.19

Y2y, — Frp<1.0

It maiches culvert Eq. (Figure 6)
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Table Aé. Hydraulic model simulation for Q = 250 cfs and Hw Stage = 3.0 t NGVD (Y, = 7.0 ft). Two-box culvert Under same operation, 125 cfs each

Invert Elevation (ft NGVD) -4.00 IEntrance loss coefficient, K, 0.28

[No. of Boxes 2 IEXpansion loss coefficient, K., 0.60 Full Flow Culvert Computations Hydraulic Jump Computations

B ox Culvert Height, H () 5.00 IEXit loss coefficient, K, 1.00 Box Flow Area, A (ﬂz) 50.00 13 |Sequent Depth, v, (ft) 3.68]

Box Culvert Width, B (ft) 10.00 |1\,1aming-S n coefficient (sec/t"™) 0.012, Box Wetted Perimeter, P,, (ft) 30.00 17 [H. 7. Length, I () N/A|

Inlet Width (ft) 13.00 IVena contracta coefficient, 0.85 Box Hydraulic Radius, R, (ft) 1.67 18 |H. T. Loss, AE (1) N/A]

Box Culvert Length, L (ft) 50.00 Free flow cannot occur since ¥%5Y 3y (4.0 )

Ye= 169 1t | Flow Depth Max TW Drowned Depth Y, [Specific Full Flow Conditions

Flow Flow Stage Opening| Hw |D/Sof G| Tw Specific Energy | Froude Number | Free Flow| Drowned D/8 of Gate Energy | Box |Velocity Hea Culvert Head Losses Available

Regime Q Hw I Tw GO Y, Y, Y; E; E,; E; Fr; Fr; Yo Flow? | Energy |Momentum| E;4 Full? | Gate | Box |Entrance|Expans.| Exit |Friction| Total Head
(cfs) | (ANGVD)| &) () (ft) (ft) | (ft) | (f) | ft) | Free Flow () Yes/No | (ff) (ft) (f) | YesNo| @& | (@ (ft) () (ft) (ft) (ft) ()

1 2 3 4 5 [ 7 8 9 10 11 12 13 14 15 16 19 20 21 22 23 24 24 26 27 28

Free Flow | 250 | 3.00]0.00| 072 | 7.00] 0861 400 | 7.03)7.03]4.15 4.57 0.28 3.68 No 0.61 1.63 N/A No | 4.64 | 010 3.00

Drowned 250 3.00]000| 083 |700] 071 4.00]17.03]557]4.15 3.7 0.28 17 Yes 218 2.16 268 No |352]010] 098 205 ]1010] 001 | 314 3.00

Flow 250 |3.001050| 094 | 700 079 | 450 |7.03|4.64]4.62 3.1 0.23 3.12 Yes 3.19 3.19 343 No |278]|010| 078 1.61 | 0.10| 0.01 | 249 2.50
250 | 3.0010.75| 099 | 700 084 | 4.75]|7.03|4.25]14.86 2.84 0.21 3.00 Yes 3.62 3.62 3.81 No | 246]| 010| 0.69 142 | 0.10| 0.01 | 2.21 2.25
250|300)1.00| 1.06 | 700 080 | 5.00|7.03]|3.91]5.10 2.59 0.20 2.87 Yes 4.01 4.01 417 No | 2.18]| 010| 061 1.256 | 0.10| 0.01 | 1.87 2.00
250 |3.0011.25] 113 | 700 096 | 525]|7.03]|3.60]534 2.35 0.18 2.74 Yes 4.39 4.39 452 No 1.91]1010| 053 1.09 | 0.10| 0.01 | 1.73 1.7
2503001150 1.22 | 7.00 1.03 | 550]7.03|3.30]558 2.09 0.17 2.59 Yes 4.76 4.76 4.86 No 1.64 | 010| 0486 0.92 | 0.10| 001 | 1.49 1.50
250 |3.00)1160| 1.26 | 7.00 1.07 | 560|7.03|3.20]568 2.00 0.17 253 Yes 4.90 4.90 5.00 No 1.54 |1 010| 043 0.86 | 0.10| 0.01 | 1.40 1.40

Full Flow | 250 | 3.00]1.85| 1.39 | 7.00 1.18 | 585 ]| 7.03| 291|582 1.71 0.16 2.33 Yes 5.30 5.26 5.35 Yes | 1.25] 010| 0.35 0.69 | 0.10| 0.01 | 1.15 1.15
250 | 3.001205| 1564 | 7.00 1.31 6.05 | 7.03] 2.73]6.12 1.47 0.15 215 Yes 5.61 5.65 5.63 Yes | 1.03] 010| 0.29 0.56 | 0.10| 0.01 | 0.85 0.95
250 |3.001225| 1.74 | 7.00 148 | 6.25]|7.03| 259]6.31 1.22 0.14 1.83 Yes 5.92 5.84 5.91 Yes | 0.80| 010| 0.22 042 | 0.10| 0.01 | 0.75 0.75
250 |3.001245| 2.06 | 7.00 175 | 645 |7.03| 254]6.51 0.95 0.13 1.64 Yes 6.24 6.13 6.19 Yes | 057 | 010| 0186 0.28 | 0.10| 0.01 | 0.55 0.55
250 |3.00)1265| 268 | 700 228 | 665|7.03]|275]6.70 0.64 0.13 1.22 Yes 6.56 6.44 649 Yes | 0.34 | 010| 0.09 0.14 | 0.10| 001 | 0.35 0.35

Gates Open| 250 | 3.00| 287| 5.00 | 7.00| 425 | 687 | 7.03]| 4.38]6.92 0.25 0.12 0.48 Yes 6.89 6.80 6.85 Yes | 0.10] 010| 0.03 0.00 | 0.10| 001 | 0.13 0.13

Y2y, — Frp<1.0

It maiches culvert Eq. (Figure 6)
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Table A7. Hydraulic model simulation for Q = 500 cfs and Hw Stage = 2.5 ft NGVD (Y, = 6.5 t). Two-box culvert under same operation, 250 cfs each

Invert Elevation (ft NGVD) -4.00 IEntrance loss coefficient, K, 0.28

[No. of Boxes 2 IEXpansion loss coefficient, K., 0.60 Full Flow Culvert Computations Hydraulic Jump Computations

B ox Culvert Height, H () 5.00 IEXit loss coefficient, K, 1.00 Box Flow Area, A (ﬂz) 50.00 13 |Sequent Depth, v, (ft) 4.72

Box Culvert Width, B (ft) 10.00 P tanning’s n coefficient sec/t'™) 0.012 Box Wetted Perimeter, P, (ft) 30.00 17 |H. 1. Length, L (i) 23.81

Inlet Width (ft) 13.00 IVena contracta coefficient, 0.85 Box Hydraulic Radius, R, (ft) 1.67 18 |H. 7. Loss, AE (ft) 1.494

Box Culvert Length, L (ft) 50.00

¥ = 2.69 It I Flow Depth Max TW Drowned Depth Yo |Specific Full Flow Conditions

Flow Flow Stage Opening| Hw |D/Sof G| Tw Specific Energy | Froude Number | Free Flow| Drowned D/S of Gate Energy | Box |Velocity Hea Culvert Head Losses Available

Regime Q Hw I Tw GO Y, Y2 Y3 Ey E. E; Fr; Fr; Fimar Flow? | Energy |Momentum] Eazg Full? | Gate | Box |Entrance|Expans.| Exit |Friction] Total Head
(cfg) | (RNGVD)| ) (ft) (ft) ) | ot | ) | (&) | Free Flow (ff) Yes/No | (i) () (ff) | YeaNo| () | () (ft) (ft) (ft) () () (ft)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 19 20 21 2'_2. 2'_3 24 24 26 27 28

FreeFlow | 500 | 250]1000| 160 | 650 1.36 | 4.00 | 6.64] 6.64]4.61 279 0.55 4.72 No 1.36 | #NUM! NIA No | 3.81]039 2.50

D/S Gate 500 | 2501010 160 | 650 1.36 | 4.10 | 6.64] 6.64 ] 4.68 279 0.53 4.72 No 1.36 | #NUMI N/A No | 3.81]039 2.40
5001 250]020| 160 | 650 136 | 420]|664]|664]|4.75 279 0.51 472 No 1.36 | #NUM! NIA No | 3.81]039 2.30
500 ]| 250|030 160 | 650 136 | 430 ]|664]| 664|482 2.79 0.49 4.72 No 1.36 | #NUM! N/A No |3.81]039 2.20
500 | 250|050 160 | 650 136 | 450 |664]|664|4.98 2.79 0.46 4.72 No 1.36 049 N/A No |3.81]039 2.00
500 250|072 160 | 650 136 | 472]|664]6.64]5.15 2.79 0.43 4.72 No 1.36 1.36 N/A No |3.81]039 1.78

Drowned 500 250]080| 174 | 650] 148 | 480 |664]590]522 2.4 042 4.43 Yes 222 2.22 419 No |319]039] 089 1.68 | 0.39| 0.04 | 3.00 1.70

Flow 500 250]|085| 179 | 650 152 | 485 |664]570]526 234 0.41 4.34 Yes 246 248 4.06 No |302]039] 085 158 | 0.39]| 0.04 | 285 1.65
500 250|110 200 | 650 1.70 | 510 | 6.64] 5.06] 547 1.8 0.38 4.00 Yes 3.28 3.28 418 No |243]|039] 068 1.22 | 0.39] 0.04 | 233 1.40
500 | 2.50|1.30| 218 | 650 185 | 530 | 664]| 469|565 1.75 0.36 3.75 Yes 380 3.80 447 No |205]|039] 057 1.00 | 0.39| 0.04 | 2.00 1.20
500 | 250|150 238 | 650 202 | 550 |664]|440]|582 1.53 0.34 349 Yes 4.26 4.26 4.79 No 1.71]1 039 048 0.80 | 0.39] 004 | 1.71 1.00
500 | 2.50|1.70| 261 | 650 222 | 570 ]|664]|4.19]6.00 1.33 0.32 3.22 Yes 4.67 4.67 512 No 1421039 040 0.62 | 0.39] 004 | 1.45 0.80
500250185 284 | 650 242 | 585|664 408|613 1.17 0.31 2.98 Yes 498 4.98 837 No 1.201039] 034 049 1 039] 004 | 1.25 0.65

Full low | 500 | 250]11.90| 457 | 650 389 | 590 ]664]453]6.18 0.58 0.31 1.77 Yes 598 5.60 S Yes | 046]039] 013 0.05 | 0.39] 0.04 | 060 0.60
500 | 250192 472 | 650] 401 592 |664|461]6.20 0.55 0.31 1.70 Yes 6.03 5.65 595 Yes | 044 039] 012 0.03 | 0.39] 004 | 058 0.58
500 | 250|194| 484 | 650 412 | 594 | 664]|469]6.22 0.53 0.30 1.64 Yes 6.06 5.69 5.99 Yes | 0.41]039] 012 0.02 | 0.39]| 0.04 | 0.56 0.56

Grates Open| 500 | 2.50| 1.96| 500 | 650 425 | 596 | 664]|450]6.24 0.50 0.30 1.57 Yes 6.10 5.74 6.03 Yes | 030]1039] 011 0.00 | 0.39] 0.04 | 0.54 0.54

Yy, — Fr<1.0

It doesn't correspond with drovned flow

It matches culvert Eq. (Figure 6)
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Table A8. Hydraulic model simulation for Q = 450 cfs and Hw Stage = 2.5 ft NGVD (Y, = 6.5 t). Two-box culvert under same operation, 225 cfs each

Invert Elevation (ft NGVD) -4.00 IEntrance loss coefficient, K, 0.28

[No. of Boxes 2 IEXpansion loss coefficient, K., 0.60 Full Flow Culvert Computations Hydraulic Jump Computations

B ox Culvert Height, H () 5.00 IEXit loss coefficient, K, 1.00 Box Flow Area, A (ﬂz) 50.00 13 |Sequent Depth, v, (ft) 4.54'

Box Culvert Width, B (ft) 10.00 P tanning’s n coefficient sec/t'™) 0.012 Box Wetted Perimeter, P, (ft) 30.00 17 |H. 1. Length, L (i) 23.60]

Inlet Width (ft) 13.00 IVena contracta coefficient, 0.85 Box Hydraulic Radius, R, (ft) 1.67 18 |H. 7. Loss, AE (ft) 1.69'

Box Culvert Length, L (ft) 50.00

¥.= 251 1t I Flow Depth Max TW Drowned Depth Yo |Specific Full Flow Conditions

Flow Flow Stage Opening| Hw |D/Sof G| Tw Specific Energy | Froude Number | Free Flow| Drowned D/S of Gate Energy | Box |Velocity Hea Culvert Head Losses Available

Regime Q Hw I Tw GO Y, Y2 Y3 Ey E. E; Fr; Fr; Fimar Flow? | Energy |Momentum] Eazg Full? | Gate | Box |Entrance|Expans.| Exit |Friction] Total Head
(cfg) | (RNGVD)| ) (ft) (ft) ) | ot | ) | (&) | Free Flow (ff) Yes/No | (i) () (ff) | YeaNo| () | () (ft) (ft) (ft) () () (ft)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 19 20 21 2'_2. 2'_3 24 24 26 27 28

FreeFlow | 450 | 2501000 142 | 650 1.21 4.00 | 6.61 ] 6.61]4.49 2.99 0.50 4.54 No 1.21 #NUM! NIA No | 390031 2.50

D/S Gate 450 |1 250|010 142 | 650 1.21 410 | 6.61] 6.61 ] 4.57 2.99 048 4.54 No 1.21 #NUM! N/A No | 3.90] 031 2.40
450 |1 25010201 142 | 650 1.21 420 | 6.61]6.61]4.65 2.99 0.46 4.54 No 1.21 #NUM! NIA No | 390031 2.30
450 | 2501030 142 | 650 1.21 430 | 6.61]6.61]4.73 2.99 0.44 4.54 No 1.21 #NUM! N/A No | 3.80] 031 2.20
450 | 2501040 142 | 650 1.21 4.40 | 6.61 ] 6.61 ] 4.81 2.99 0.43 4.54 No 1.21 0.66 N/A No | 3.90] 031 210
450 | 2501054 142 | 650 1.21 454 | 6.61]6.61]4.92 2.99 0.41 4.54 No 1.21 1.21 N/A No | 3.80] 031 1.96

Drowned 450 | 2501065 157 | 650 133 | 485]661]575]501 257 0.40 4.23 Yes 220 2.20 383 No |319]1031] 089 1.72 | 0.31]| 0.03 | 2.97 1.85

Flow 4501 250]1085] 171 | 650 145 | 485]661]517]5.18 2.26 0.37 3.98 Yes 2.89 2.89 383 No |2862]031] 075 142 | 0.31] 003 | 252 1.65
450 | 250]11.10] 189 | 650 160 | 510 ]661]4.66]540 1.95 0.34 3.70 Yes 355 355 417 No |221]031] 0862 1.14 | 031 003 | 210 1.40
450 | 2501 1.30] 2.03 | 650 1.73 | 530 ]6.61]4.36]558 1.74 0.32 349 Yes 398 23.88 448 No 1.00]1031] 053 0.95 | 0.31] 003 | 1.83 1.20
450 | 2501150 221 | 650 188 | 550]661]411]1576 1.54 0.31 3.26 Yes 4.38 4.38 4.79 No 1.61]031] 045 0.78 | 0.31] 003 | 1.58 1.00
450 | 2501 1.70] 243 | 650 206 | 570 ]6.61]3.91]1594 1.34 0.29 3.00 Yes 4.77 4.77 512 No 1331031 037 0.61 | 0.31] 003 | 1.33 0.80
450 | 2501180 257 | 650 219 | 580 ]661]3.83]6.03 1.23 0.28 285 Yes 497 4.97 5.28 No 1191 031] 033 052 1 031] 003 | 1.20 0.70

Full low | 450 | 25011.90| 394 | 650 | 347 | 590 ]661]412]6.13 0.61 0.28 1.74 Yes 596 i g 583 Yes | 051]031] 014 0.12 1 0.31] 003 | 060 0.60
450 | 2501193 408 | 650 360 | 593 ]1661]421]6.15 0.58 0.27 1.66 Yes 6.00 5.63 588 Yes | 047]031] 013 0.09 | 0.31] 003 | 057 0.57
450 | 2501 1.96] 423 | 650 3.81 596 | 661]|4.35]6.18 0.53 0.27 1.54 Yes 6.07 5.70 595 Yes | 044 031] 012 0.07 | 0.31] 003 | 0.54 0.54
450 | 2501 2.00] 448 | 7.00| 400 | 6.00]7.09]449]622 0.49 0.27 1.44 Yes 6.60 5.78 6.01 Yes | 030]1031] 011 0.05 | 0.31]| 0.03 | 0.50 0.50
450 |1 2501203 471 | 650 425 | 603 |661]469]6.25 045 0.27 1.33 Yes 6.17 5.85 6.08 Yes | 035]031] 010 0.02 | 0.31] 003 | 047 0.47

Gates Open | 450 | 250 | 2.06| 500 | 650 | 425 | 6.06 | 661|4.50]6.28 0.45 0.27 1.33 Yes 6.17 5.88 6.1 Yes | 0.311031]| 009 0.00 |0.31] 0.03 | 0.44 044

Yooy, — Fr<1.0

It doesn't correspond with drovned flow

It matches culvert Eq. (Figure 6)
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Table A9. Hydraulic model simulation for Q = 400 cfs and Hw Stage = 2.5 ft NGVD (Y, = 6.5 t). Two-box culvert under same operation, 200 cfs each

Invert Elevation (ft NGVD) -4.00 IEntrance loss coefficient, K, 0.28

[No. of Boxes 2 IEXpansion loss coefficient, K., 0.60 Full Flow Culvert Computations Hydraulic Jump Computations

B ox Culvert Height, H () 5.00 IEXit loss coefficient, K, 1.00 Box Flow Area, A (ﬂz) 50.00 13 |Sequent Depth, v, (ft) 4.34'

Box Culvert Width, B (ft) 10.00 P tanning’s n coefficient sec/t'™) 0.012 Box Wetted Perimeter, P, (ft) 30.00 17 |H. 1. Length, L (i) 23.23)

Inlet Width (ft) 13.00 IVena contracta coefficient, 0.85 Box Hydraulic Radius, R, (ft) 1.67 18 |H. 7. Loss, AE (ft) 1.92'

Box Culvert Length, L (ft) 50.00

¥o= 232 It I Flow Depth Max TW Drowned Depth Yo |Specific Full Flow Conditions

Flow Flow Stage Opening |Hw DisSof G| Tw Specific Energy | Froude Number | Free Flow| Drowned D/S of Gate Energy | Box |Velocity Hea Culvert Head Losses Available

Regime Q Hw I Tw GO Y, Y2 Y3 Ey E. E; Fr; Fr; Fimar Flow? | Energy |Momentum] Eazg Full? | Gate | Box |Entrance|Expans.| Exit |Friction] Total Head
(cfg) | (RNGVD)| ) (ft) (ft) ) | ot | ) | (&) | Free Flow (ff) Yes/No | (i) () (ff) | YeaNo| () | () (ft) (ft) (ft) () () (ft)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 19 20 21 2_2. 2_3 24 24 26 27 28

FreeFlow | 400 | 2501000 125 | 650 1.06 | 400 | 659]6.59]4.39 3.23 0.44 4.34 No 1.06 | #NUM! NIA No | 399025 2.50

D/S Gate 4001 250|005 125 | 650 1.06 | 4.05)659]659]|443 3.23 043 4.34 No 1.06 | #NUMI N/A No | 3.99]025 2.45
4001 250]010] 125 | 650 1.06 | 410 ]659]659]4.47 3.23 042 4.34 No 1.06 | #NUM! NIA No | 399025 2.40
400 | 2501015 125 | 650 1.06 | 415 ]659]6.59]4.51 3.23 0.42 4.34 No 1.06 | #NUM! N/A No |3.90]025 2.85
400 | 2501020 125 | 650 1.06 | 420 | 659]659]4.55 3.23 0.41 4.34 No 1.06 0.35 N/A No | 3.90]025 2.30
400 | 2501034 125 | 650 1.06 | 434 | 659] 6.59] 4.67 3.23 0.39 4.34 No 1.06 1.06 N/A No | 398]025 216

Drowned 4001 2501050 140 | 650 119 | 450 ]1659]556]4.81 27 0.37 4.01 Yes 222 2.22 348 No |316]025] 088 1.74 | 0.25] 0.03 | 2.90 2.00

Flow 400 250]1075] 154 | 650 1.31 475 1659]493]503 236 0.34 3.75 Yes 287 297 367 No |262]025] 073 142 | 0.25] 0.03 | 243 1.75
400 | 2501100 168 | 650 143 | 500]659]447]1525 2.06 0.32 3.51 Yes 355 355 4.04 No |220]025] 061 117 | 0.25] 0.03 | 2.06 1.50
400 | 25011.20] 181 | 650 154 | 520]1659]4.17]543 1.85 0.30 3.33 Yes 395 2.85 4.35 No 1.00]025] 053 0.99 | 0.25] 0.03 | 1.80 1.30
4001 2501140 195 | 650 166 | 540]659]3.92]5861 1.65 0.28 3.13 Yes 4.33 4.33 4.66 No 1.63]025] 046 0.83 | 0.25] 003 | 1.56 1.10
400 | 2501160 214 | 650 1.82 | 560 ]659]3.70]580 1.44 0.27 2.90 Yes 4.71 4.71 4.99 No 136 025] 038 0.66 | 0.25] 0.03 | 1.32 0.90
400 ) 25011.70] 225 | 650 1.91 570 | 659] 361]589 1.34 0.26 278 Yes 4.88 4.88 5.14 No 1.23]1025] 035 059 10.25] 003 | 1.21 0.80

Full low | 400 | 25011.90| 340 | 650 289 | 590 ]659]3.64]6.08 0.72 0.25 1.82 Yes 585 i o 572 Yes | 054 025] 015 017 | 0.25] 0.03 | 060 0.60
400 | 250]11.94] 356 | 650 303 | 594 |659]370]16.12 067 0.24 1.73 Yes 591 559 579 Yes | 048] 025] 014 0.14 | 0.25] 0.03 | 0.56 0.56
400 | 2501 1.98] 3.74 | 650 3.18 | 5908 ]659]3.79]6.15 0.62 0.24 1.63 Yes 597 5.67 586 Yes | 044 ] 025] 012 0.12 | 0.25]| 0.03 | 0.52 0.52
400 | 2501212 466 | 650 396 | 612 ]1659]4.36]6.29 045 0.23 1.21 Yes 6.19 5.94 6.11 Yes | 020 025] 008 0.02 | 0.25] 0.03 | 0.38 0.38

Gates Open| 400 | 250 216] 500 | 650 425 | 6.16 | 659] 450] 6.32 0.40 0.23 1.09 Yes 6.24 8.01 6.18 Yes | 025]|025] 007 0.00 | 0.25] 003 | 0.34 0.34

Y=y, — Fry<1.0

Tt doesn’t correspond with drovwned flow

It matches culvert Eq. (Figure 6)
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Table A10. Hydraulic model simulation for Q = 350 ¢fs and Hw Stage = 2.5 ft NGVD (Y, = 6.5 f). Two-box culvert under same operation, 175 cfs each

Invert Elevation (ft NGVD) -4.00 IEntrance loss coefficient, K, 0.28

[No. of Boxes 2 IEXpansion loss coefficient, K., 0.60 Full Flow Culvert Computations Hydraulic Jump Computations

B ox Culvert Height, H () 5.00 IEXit loss coefficient, K, 1.00 Box Flow Area, A (ﬂz) 50.00 13 |Sequent Depth, v, (ft) 4.12

Box Culvert Width, B (ft) 10.00 P tanning’s n coefficient sec/t'™) 0.012 Box Wetted Perimeter, P, (ft) 30.00 17 |H. 1. Length, L (i) 22.65

Inlet Width (ft) 13.00 IVena contracta coefficient, C,; 0.85 Box Hydraulic Radius, R;, () 1.67 18 |H. 7. Loss, AE (ft) 2.17]

Box Culvert Length, L (ft) 50.00

4.117562
¥o= 212 1t I Flow Depth Max TW Drowned Depth Yo |Specific Full Flow Conditions

Flow Flow Stage Opening| Hw |D/Sof G| Tw Specific Energy | Froude Number | Free Flow| Drowned D/S of Gate Energy | Box |Velocity Hea Culvert Head Losses Available

Regime Q Hw I Tw GO Y, Y2 Y3 Ey E. E; Fr; Fr; Fimar Flow? | Energy |Momentum] Eazg Full? | Gate | Box |Entrance|Expans.| Exit |Friction] Total Head
(cfg) | (RNGVD)| ) (ft) (ft) ) | ot | ) | (&) | Free Flow (ff) Yes/No | (i) () (ff) | YeaNo| () | () (ft) (ft) (ft) () () (ft)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 19 20 21 2_2. 2_3 24 24 26 27 28

FreeFlow | 350 | 2501000 1.08 | 650 092 | 400 |657]6.57]4.30 3.51 0.39 412 No 092 015 NIA No | 4.08] 019 2.50

D/S Gate 350 | 2501 0.05| 1.08 | 650 092 | 4.05|6567]6.57]4.34 3.51 0.38 4.12 No 092 0.61 N/A No | 4.08] 019 2.45
360 250]010| 108 | 650] 092 | 410 ]| 657]|657]4.38 3.51 0.37 412 No 092 0.85 NIA No | 4.08] 019 2.40
350 250|012| 108 | 650 092 | 412]657] 6.57| 4.40 3.51 0.37 412 No 0.92 0.92 N/A No | 4.08] 019 2.38

Drowned 350 250]050| 1.31 6.50 1.11 450 |1 657]14.96]14.73 2.63 0.32 3.62 Yes 271 21 3.36 No | 278|019 078 1.56 | 0.19] 0.02 | 255 2.00

Flow 350 250]075] 142 | 650 120 | 475 657]449]14.96 234 0.30 342 Yes 3.28 3.28 372 No |237]|019] 066 1.31 | 0.19] 0.02 | 2.18 1.75
350 250]1.00] 153 | 650 1.30 | 500 ]657]410]15.19 207 0.28 3.22 Yes 377 3.77 410 No |202]019] 057 1.10 | 0.19] 0.02 | 1.88 1.50
350 250]1.20] 164 | 650 140 | 520 ]1657]3.83]5.38 1.87 0.26 3.06 Yes 413 413 441 No 1.76 1 019] 049 0.94 1 0.19] 002 | 1.65 1.30
380 250]140] 1.78 | 650 1.51 540 | 657] 359|556 1.66 0.25 287 Yes 448 448 472 No 1.51]1019] 042 0.79 | 0.19] 002 | 1.42 1.10
350 250|160 193 | 650 164 | 560 ]657]340]5.75 1.46 0.23 2.68 Yes 481 4.81 5.02 No 1271019 036 0.65 | 0.19] 002 | 1.22 0.90
350250165 199 | 650 169 | 5865 ]657]3.36]580 1.40 0.23 2.61 Yes 4.90 4.90 5.10 No 1201 019] 034 0.61 | 0.19] 002 | 1.16 0.85

Full low | 350 | 250]11.85| 274 | 650 233 | 585]657]3.21]5989 0.87 0.22 1.92 Yes 5.69 541 558 Yes | 0863|019 018 0.27 | 0.19] 0.02 | 0.65 0.65
350 250]195| 303 | 650 258 | 595 ]|657]329]|6.08 0.75 0.21 1.72 Yes 585 o] 574 Yes | 052]019] 015 0.20 | 0.19] 002 | 055 0.55
350|250 205| 344 | 650 292 | 6.05]|657]348|6.18 0.62 0.21 1.48 Yes 6.01 il S Yes | 040]1019] 011 0.13 | 0.19] 002 | 045 0.45
380250215 409 | 650 348 | 615 ]| 657] 387|628 0.48 0.20 1.18 Yes 6.17 5.95 6.09 Yes | 028 019] 008 0.06 | 0.19] 0.02 | 0.35 0.35

Gates Open| 350 | 2.50| 2.24| 500 | 650 425 | 6.24 | 657]|450]6.36 0.35 0.20 0.87 Yes 6.30 6.12 6.25 Yes | 0.19] 019] 005 0.00 | 0.19] 0.02 | 0.26 0.26

Yoy, — Frp<1.0

It doesn't correspond with drovned flow

It maiches culvert Eq. (Figure 6)
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Table Al1. Hydraulic model simulation for Q = 300 ¢fs and Hw Stage = 2.5 ft NGVD (Y, = 6.5 f). Two-box culvert under same operation, 150 cfs each

Invert Elevation (ft NGVD) -4.00 IEntrance loss coefficient, K, 0.28

[No. of Boxes 2 IEXpansion loss coefficient, K., 0.60 Full Flow Culvert Computations Hydraulic Jump Computations

B ox Culvert Height, H () 5.00 IEXit loss coefficient, K, 1.00 Box Flow Area, A (ﬂz) 50.00 13 |Sequent Depth, v, (ft) 3.87]

Box Culvert Width, B (ft) 10.00 P tanning’s n coefficient sec/t'™) 0.012] Box Wetted Perimeter, P,, (ft) 30.00 17 |H. 7. Length, I () N/A|

Inlet Width (ft) 13.00 IVena contracta coefficient, 0.85 Box Hydraulic Radius, R, (ft) 1.67 18 |H. T. Loss, AE (1) N/A]

Box Culvert Length, L (ft) 50.00 Free flow cannot occur since ¥%5Y 3y (4.0 )

Y= 191 10 | Flow Depth Max TW Drowned Depth Y, [Specific Full Flow Conditions

Flow Flow Stage Opening| Hw |D/Sof G| Tw Specific Energy | Froude Number | Free Flow| Drowned D/8 of Gate Energy | Box |Velocity Hea Culvert Head Losses Available

Regime Q Hw I Tw GO Y, Y, Y; E; E,; E; Fr; Fr; Yo Flow? | Energy |Momentum| E;4 Full? | Gate | Box |Entrance|Expans.| Exit |Friction| Total Head
(cfg) | (ANGVD)| ) (ft) (ft) () | ot | oty | () | Free Flow () YesNo | (i) () (ff) | YesNo| () | (B (ft) (ft) (ft) (i) (i) (ft)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 19 20 21 22 23 24 24 26 27 28

FreeFlow | 300 | 250]1000| 092 | 650 078 | 400 | 655]655]4.22 3.85 0.33 3.87 No 0.78 1.24 NfA No | 4.17] 014 2.50

Drowned 300 250]000| 1.01 | 650] 086 | 4.00]|655]563]4.22 3.3 0.33 3.64 Yes 1.77 1.77 288 No | 345|014 097 1.99 1 0.14] 0.01 | 3.11 2.50

Flow 300 250]050| 118 | 650 1.00 | 450 |655]| 449|467 264 0.28 3.27 Yes 3.06 3.06 344 No |252]014] 071 143 | 0.14] 0.01 | 2.29 2.00
300 250|075 127 | 650 1.08 | 475]|655]|4.09]|4.90 237 0.26 3.10 Yes 354 3.54 382 No | 218 014] 061 1.22 | 0.14] 0.01 | 1.99 1.75
300)|250|1.00] 137 | 650 117 | 5.00]|655]3.73]|5.14 210 0.24 2.93 Yes 3.98 3.98 4.20 No 1.85]014] 052 1.03 | 0.14] 0.01 ] 1.70 1.50
300 250]1.20] 147 | 650 1.25 | 520 ]|655]3.50]533 1.90 0.22 278 Yes 4.30 4.30 449 No 163|014 0486 0.89 | 0.14] 001 | 1.50 1.30
300)250]140| 158 | 650 135 | 540 | 655] 328|552 1.69 0.21 262 Yes 4.62 462 4.79 No 1381 014] 039 0.75 | 0.14] 001 | 1.30 1.10
300250160 173 | 650 147 | 560 |655]3.09]571 1.48 0.20 243 Yes 493 493 5.08 No 1171 014] 033 062 | 0.14] 001 | 110 0.90

Full low | 300 | 2501180 221 | 650 188 | 580]655]287]590 1.03 0.19 1.95 Yes 5.56 Biag 547 Yes | 0.72]014] 020 0.35 | 0.14] 001 | 0.70 0.70
300 250]|195| 254 | 650] 216 | 5.95]|655]291]6.05 0.83 0.18 1.68 Yes 5.80 558 570 Yes | 054 014] 015 0.24 | 0.14] 0.01 | 055 0.55
300 250]|210| 306 | 650 260 | 6.10]655]3.12]6.19 0.63 0.18 1.36 Yes 6.03 5.84 594 Yes | 0.37]|014] 010 0.14 | 0.14 ] 0.01 | 0.40 0.40
300)250])220| 370 | 650 315 | 6.20]|655]350]6.29 047 017 1.06 Yes 6.20 6.02 6.12 Yes | 026|014 007 0.07 | 0.14] 0.01 | 0.30 0.30

Gates Open | 300 | 250 2.31] 500 | 650 425 | 6.31 | 655]|450]6.39 0.30 017 067 Yes 6.36 B.22 6.31 Yes | 0.14] 014 ] 0.04 0.00 | 0.14] 001 | 0.19 0.19

Yy, — Fr<l0

It matches culvert Eq. (Figure 6)
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Table A12. Hydraulic model simulation for Q = 250 ¢fs and Hw Stage = 2.5 ft NGVD (Y, = 6.5 f). Two-box culvert under same operation, 125 cfs each

Invert Elevation (ft NGVD) -4.00 IEntrance loss coefficient, K, 0.28

[No. of Boxes 2 IEXpansion loss coefficient, K., 0.60 Full Flow Culvert Computations Hydraulic Jump Computations

B ox Culvert Height, H () 5.00 IEXit loss coefficient, K, 1.00 Box Flow Area, A (ﬂz) 50.00 13 |Sequent Depth, v, (ft) 3.58]

Box Culvert Width, B (ft) 10.00 P tanning’s n coefficient sec/t'™) 0.012] Box Wetted Perimeter, P,, (ft) 30.00 17 |H. 7. Length, I () N/A|

Inlet Width (ft) 13.00 IVena contracta coefficient, 0.85 Box Hydraulic Radius, R, (ft) 1.67 18 |H. T. Loss, AE (1) N/A]

Box Culvert Length, L (i) 50.00 Free flow cannot occur since <Y g, (4.0 )

Ye= 169 1t | Flow Depth Max TW Drowned Depth Y, [Specific Full Flow Conditions

Flow Flow Stage Opening| Hw |D/Sof G| Tw Specific Energy | Froude Number | Free Flow| Drowned D/8 of Gate Energy | Box |Velocity Hea Culvert Head Losses Available

Regime Q Hw I Tw GO Y, Y, Y; E; E,; E; Fr; Fr; Yo Flow? | Energy |Momentum| E;4 Full? | Gate | Box |Entrance|Expans.| Exit |Friction| Total Head
(cfs) | (ANGVD)| (&) (ft) (ft) () | a0 | & | () | Free Flow (ff) Yes/No | () (f) (ff) | YesNo| () | (® (ft) (ft) (ft) () (i) (ft)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 19 20 21 22 23 24 24 26 27 28

Free Flow | 250 | 250 0.00| 0.75 | 650 | 064 | 400 | 653]|653]4.15] 4.29 0.28 3.58 No 0.64 1.82 N/A No | 4.26] 010 2.50

Drowned 250 | 2501000 090 | 650 077 | 4.00]|653]490]4.15 3.29 0.28 3.20 Yes 240 240 282 No |299]|010]| 084 1.73 1 0.10] 0.01 | 2.68 2.50

Flow 250 | 2.50| 0.50| 1.03 | 650 087 | 450 |653]4.05]|4.62 2.70 0.23 2.82 Yes 3.36 3.36 358 No |230]|010]| 064 1.32 | 0.10] 0.01 | 2.07 2.00
250 | 2501 0.75| 110 | 650 094 | 4.75|653]3.70]|4.86 2.43 0.21 2.78 Yes 3.77 3.77 3.94 No | 200|010 0586 1.14 | 0.10] 0.01 | 1.81 1.756
250 | 250 1.00] 119 | 650 1.01 5.00 | 653 3.38] 5.10 217 0.20 2.63 Yes 4.16 4.16 4.30 No 1.71]1010]| 048 0.97 | 010 0.01 | 1.56 1.50
250 | 2501120 128 | 650 1.09 | 520]|653]3.14]5.29 1.95 0.19 2.50 Yes 447 447 4.59 No 149 010]| 042 0.83 | 0.10| 0.01 | 1.36 1.30
250 | 2501 1.40| 137 | 650 1.17 | 540]|653]295]548 1.75 0.18 2.36 Yes 476 4.76 487 No 1.29]010]| 036 0.71 |0.10] 0.01 ] 1.18 1.10
250 | 250|150 144 | 650 122 | 550 |653]284]558 1.63 017 227 Yes 4.91 491 5.01 No 1171 010| 033 064 |0.10]| 0.01 | 1.08 1.00

Full Flow | 250 | 250 1.70| 169 | 650| 1.44 | 570 |653]|261]577 1.28 0.16 1.98 Yes 5.36 5.24 533 Yes | 085 010| 024 0.45 | 0.10| 0.01 | 0.80 0.80
250 | 2501 1.85] 189 | 650 1.61 5.85]6.53]| 255|592 1.08 0.16 1.78 Yes 559 546 554 Yes | 068 010]| 0.19 0.35 | 0.10| 0.01 | 0.65 0.65
250 | 250 2.00| 217 | 650 1.84 | 6.00 | 653]256]6.07 0.88 0.15 1.55 Yes 582 5.69 576 Yes | 052]010]| 0.14 0.25 | 0.10| 0.01 | 0.50 0.50
250 | 2501 215| 266 | 650 226 | 6.15]|653]274]6.21 0.65 0.14 1.23 Yes 6.08 5.93 599 Yes | 034 010]| 0.10 0.15 | 0.10| 0.01 | 0.35 0.35

Gates Open| 250 | 2.50| 2.37| 500 | 650 | 425 | 6.37 | 653|4.50] 643 0.25 0.14 0.48 Yes 640 6.31 6.37 Yes | 0.10| 010 0.03 0.00 |0.10] 0.01 ] 0.13 0.13

Yy, — Fr<l0

It matches culvert Eq. (Figure 6)




Table A13. Estimates of Cy for free flow regime (inlet control) from simulations

"Flow Stage (ft NGVD) | Gate Opening Flow Depth (fi) C

Q (cfs) Hw Tw GO (ft) Y, Y, 2 Y ¢
500 3.0 0.88 1.52 7.0 1.29 4.88 0.776
450 3.0 0.68 1.35 7.0 1.15 4.69 0.783
400 3.0 0.47 1.19 7.0 1.01 4.47 0.791
350 3.0 0.24 1.03 7.0 0.88 4.24 0.799
500 25 0.72 1.60 6.5 1.36 4.72 0.766
450 2.5 0.54 1.42 6.5 1.21 4.54 0.775
400 2.5 0.34 1.25 6.5 1.06 4.34 0.784
350 25 0.12 1.08 6.5 0.92 4.12 0.792

" total flow through the two boxes
? maximum downstream (Tw) flow depth to achieve free flow conditions
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