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Foreword 

This report describes the additional hydraulic tests 
conducted on three selected grate inlet designs identified in 
Volume 1 as possessing best overall qualities on bicycle-
safety, hydraulic efficiency and debris handling 
characteristics. From the results of this report, together 
with those presented in Volume 1 (FHWA-RD-77-24), hydraulic 
efficiencies can be estimated for these three grates of any 
size within the widths of 15 in. to 36 in. (0.38 m to 
0.91 m) and lengths of 24 in. to 48 in. (0.61 m to 1.22 m). 

This research is being conducted by the Bureau of Reclamation's 
Engineering and Research Center for the Federal Highway 
Administration, Office of Research, Washington, D.C. under 
P.O. 5-3-0166. Subsequent reports will cover the results 
of tests on these three grates at the low point of a sag 
vertical curve (or the so-called "sump condition") and on the 
slotted drain design. 

This report is disseminated under the sponsorship of the 
Department of Transportation in the interest of information 
exchange. The United States Government assumes no liability 
for its contents or use thereof. 

Sufficient copies of this report are being distributed to 
provide a minimum of two copies to each FHWA Regional Office, 
one copy to each Division Office, and two copies to each 
State highway agency. Direct distribution is being made tc 
the Division Offices. 

Charles F. Sch~~y 
Director, Office of Research 
Federal Highway Administration 

This document is disseminated under the sponsorship of the Department of 
Transportation in the interest of information exchange. The United States 
Government assumes no liability for its contents or use thereof. The 
contents of this report reflect the views of the contractor, who is 
responsible for the accuracy of the data presented herein. The contents 
do not necessarily reflect the official views or policy of the Department 
of Transportation. This report does not constitute a standard, specification, 
or regulation 

The United States Government does not endorse products or manufacturers. 
Trade or manufacturers' names appear herein only because they are considered 
essential to the object of this document. 
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SUMMARY 

Additional tests were conducted with three grate inlet designs that 
were selected as bicycle and pedestrian safe as well as hydraulically 
efficient in volume 1 of this series - Bicycle Safe Grate Inlets 
Study. The purpose of these additional tests was to broaden the 
available design data for grate inlet widths from the 2 ft (0.61 m) 
width of volume 1 to include widths of 1.25 ft (0.38 m) and 3.0 ft 
(0.91 m). Four full scale grate inlet sizes were tested. They 
included: 1.25 ft by 2.0 ft (0.38 m by 0.61 m), 1.25 ft by 2.67 ft 
(0.38 m by 0.81 m), 3.0 ft by 2.0 ft (0.91 m by 0.61 m), and 3.0 ft by 
4.0 ft (0.91 m by 1.22 m). 

The three grate inlet designs tested included a parallel bar grate 
with a 3/4 in (19 mm) clear spacing between bars, a parallel bar 
grate with transverse rods on 4 in (102 mm) centers at the surface, 
and a cast grate with transverse curved vane bearing bars. Hydraulic 
efficiency tests were conducted at cross slopes of 1/48, 1/24, and 
1/16 and longitudinal slopes of 0.5, 1.0, 2.0, 4.0, 6.0 9.0, and 
13.0 percent with gutter flows up to 5.6 ft3/s (0.158 m~/s). 

In general for the higher energy gutter flow conditions the P - 1-1/8 
and CV - 3-1/4 - 4-1/4 grate inlets were more efficient than the 
P - 1-7/8 - 4. For low energy gutter flow conditions, the CV - 3-1/4 -
4-1/4 grate inlet was normally somewhat less efficient than the fabri-
cated steel grates. 
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NOTATION 

E = hydraulic efficiency 

QI  = flow intercepted by grate 

QT  = gutter flow 

Sp = longitudinal slope 

T = calculated width of spread 

T' = measured width of spread 

y = depth of flow at the curb 

Z = reciprocal of the cross slope, T/y 
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CHAPTER 1 

INTRODUCTION 

This volume presents the results of additional hydraulic tests con-
ducted on three bicycle safe grate inlets identified in volume 1. 
The objective of the original study was to identify, develop, and 
analyze selected grate inlets which maximize hydraulic efficiency 
and bicycle safety. As a result of the original study, three of the 
eight grates tested were identified as superior in performance, 
using the criteria of bicycle safety, hydraulic efficiency, and 
debris handling ability. 

The three grates included (1) a parallel bar grate with 3/4 in (19 mm) 
spacers (smaller than the 7/8 in (22 mm) narrowest bicycle tires), 
designated the P - 1-1/8, because the center-to-center spacing of the 
parallel bars is 1-1/8 in (28.6 mm); (2) a parallel bar grate with a 
1-7/8 in (47.6 mm) center-to-center spacing of the parallel bars, 
and transverse rods spaced 4 in (102 mm) on centers called a 
P - 1-7/8 - 4; and (3) a curved vane grate, designated CV - 3-1/4 -
4-1/4, because the longitudinal bars are spaced 3-1/4 in (82.6 mm) 
center-to-center and the transverse curved vane members spaced at 
a nominal 4-1/4 in (108 mm). 

The hydraulic efficiency tests were conducted on the same hydraulic 
test facility described in volume 1. The additional tests were con-
ducted on four grate sizes, 1.25 ft by 2.0 ft (0.38 m by 0.61 m), 
1.25 ft by 2.67 ft (0.38 m by 0.81 m), 3.0 ft by 2.0 ft (0.91 m by 
0.61 m), and 3.0 ft by 4.0 ft (0.91 m by 1.22 m). As in the previous 
tests, using 2.0 ft by 2.0 ft (0.61 m by 0.61 m) and 2.0 ft by 4.0 ft 
(0.61 m by 1.22 m) grate sizes, the grate inlets were tested at cross 
slopes of 1/48, 1/24, and 1/16 and longitudinal slopes of 0.5, 1.0, 
2.0, 4.0, 6.0, 9.0, and 13.0 percent. 

The analysis of bicycle and pedestrian safety was presented in chapter 3 
of volume 1. Details of experimental equipment and test procedures were 
covered in chapter 5 of volume 1. 

Grate inlet capacity curves were developed for the four grate sizes 
tested and can be used to ,determine hydraulic efficiency, E, for 
intercepted flow, QI , for various combinations of gutter flow, QT, 
longitudinal, and cross slopes, S0, and 1/Z. The structural and 
hydraulic analyses of each grate inlet design are summarized in the 
individual chapters and in the Discussion of Results and Conclusions 
chapter of this volume. 
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CHAPTER 2 

THE PARALLEL BAR GRATE WITH SPACERS - 

P - 1-1/8 

This chapter contains the results of additional hydraulic tests con-
ducted on parallel bar grates with a 3/4 in (19 mm) clear spacing 
between 3/8 in (9.5 mm) wide longitudinal bars. Since the longitudinal 
bars are on 1-1/8 in (28.6 mm) centers, this grate will be referred to 
as the P'- 1-1/8 grate (chapter 12, vol. 1). There is no need for 
transverse bars with this grate since the close spacing prohibits the 
narrowest of bicycle tires from falling between the longitudinal bars. 
Spacer bars and 1/2 in (13 mm) pipe 3/4 in (19 mm) wide are used to 
maintain the 3/4 in (19 mm) space along the length of the grate. The 
four P - 1-1/8 grate sizes tested are illustrated in figure 2-1. 
Table 2-1 summarizes the required depth of bearing bars for the four 
grate inlet sizes. Chapter 2 of vol. 1 describes the analytical 
approach used to determine bearing bar size. A simple beam analysis 
was used for all sizes of the P - 1-1/8 grate inlet. 

Hydraulics 

The hydraulic test results for the P - 1-1/8 grates are shown in 
figures 2-2 through 2-5. For a specific gutter flow, QT, the steeper 
cross slopes, 1/Z, result in higher hydraulic efficiencies. For both 
the 1.25 ft and 3 ft (0.32 m and 0.91 m) wide grates, the longer lengths 
of grates are more efficient for the same test conditions. 

The grate width has more impact on hydraulic efficiency than grate 
length since the major portion of the intercepted flow enters the 
grate from the upstream end of the grate inlet. As further evidence, 
one can compare figure 2-3 of this volume with figure 12-2, volume 1. 
The 3 ft by 2 ft (0.91 m by 0.61 m) grate in figure 2-3 has a surface 
area of 6 ft2  (0.56 m2). The 2 ft by 4 ft (0.61 m by 1.22 m) rate 
in figure 12-2 of volume 1 has a surface area of 8 ft2  (0.74 J) , a 
third greater than the 3 ft by 2 ft (0.91 m by 0.61 m) grate. In 
general, the 3 ft by 2 ft (0.91 m by 0.61 m) grate is considerably 
more efficient than the larger 2 ft by 4 ft (0.61 m by 1.22 m) grate. 
This results from the greater portion of cross-sectional flow area 
intercepted by the 3 ft (0.91 m) wide grate compared to that inter-
cepted by the 2 ft (0.61 m) wide grate. 

Although there is relatively little splash resulting from the 
P - 1-1/8 design, figure 2-6a, shorter lengths of the grate will 
result in severe splash, figure 2-6b. Table 2-2 identifies the max-
imum efficiency slopes, S0, for given lengths of the P - 1-1/8 grate 
under specific cross slope conditions. 
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Table 2-1. - Required depth of bearing bars for P - 1-1/8  grates 

Bar 
N thickness 
w 

in (mm) 

0.50 (12.70) 
0.375 (9.53) 
0.25 (6.35) 

3.0 by 4.0 ft 
(0.91 by 
1.22 m) 

Span (S) = 3.88 ft 
(1.18 m) 

in (mm) 

3.06 (77.7) 
3.30 (83.8) 
3.82 (97.0) 

3.0 by 2.0 ft 
(0.91 by 
0.61 m) 

S = 1.88 ft 
(0.57 m) 

in (mm) 

2.00 (50.8) 
2.16 (54.9) 
2.50 (63.5) 

1.25 by 2.67 ft 
(0.38 by 
0.81 m) 

S = 2.54 ft 
(0.77 m) 

in (mm) 

2.41 (61.2) 
2.60 (66.0) 
3.00 (76.2) 

1.25 by 2.0 ft 
(0.38 by 
0.61 m) 

S = 1.88 ft 
(0.57 m) 

in (mm) 

2.00 (50.8) 
2.16 (54.9) 
2.50 (63.5) 
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a. 4 ft (1.22 m) long grate E = 94.2% 

T' = 4.5 ft (1.37 m) QT  = 5.21 ft3/s (0.148 m3/s) 

Photo 166-6A 

b. 2 ft (0.61 m) long grate E = 74.7% 

T' = 4.5 ft (1.37 m) QT  = 5.26 ft3/s (0.149 m3/s) 

Photo 175-13A 

Figure 2-6. - Development of splash on the 3.0 ft (0.91 m) wide 
P - 1-1/8 grate, Z = 16, SO = 13%. 
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Table 2-2. - Maximum efficiency longitudinal slopes for 
P - 1-1/8 grates 

L = 2.0 ft L = 2.67 ft L = 4.0 ft 
(0.61 m) (0.81 m) (1.22 m) 

1/Z = 1/16 4% 6% 9% 

1/Z = 1/24 6% 9% 13% 

1/Z = 1/48 >13% >13% >13% 

At these longitudinal slopes and steeper, the gutter flow strikes 
the vertical face of the downstream cast steel spacers. Flow which 
hits the spacer is deflected up and out of the grate inlet in a 
"rooster tail" splash pattern. Flow energy is small enough at the 
1/48 cross slope that splashing does not occur for any gutter flow 
condition tested. 

Figures 2-7 through 2-10 show the relationship between measured width 
of spread, T', and hydraulic efficiency, E, for the grate sizes 
tested. As stated in volume 1, the flatter longitudinal slopes are 
more efficient for the same measured width of spread, T', however, 
the total gutter flow, QT, and in turn, the intercepted flow, QI , 
is considerably less for the flatter slopes with the same measured 
width of spread as the steeper slopes. 

Figures 2-11 through 2-22 present the 12 grate inlet capacity curves 
for the four P - 1-1/8 grate sizes and three cross slope conditions 
tested. Hydraulic efficiency of the P - 1-1/8 grate is excellent 
for all gutter flow conditions when the grate is long enough to accept 
the flow without striking the downstream spacer blocks. When the 
flow strikes the downstream spacer blocks, the hydraulic efficiency 
of the grate decreases quite rapidly for steeper longitudinal slopes. 
This is indicated in figures 2-12, 2-14, 2-16, 2-17, and 2-18 by the 
sharp reversal in the hydraulic efficiency curves. 

As noted in figure 2-1, the cast spacers are 24/16 - 13/16 = 
11/16 in (17.5 mm) from the end of the grate inlet. Relocating the 
cast spacers flush with the ends of the longitudinal bars would 
increase the effective length of the P - 1-1/8 grates by 1-3/8 in 
(35 mm). 

Summary 

As stated previously, the P - 1-1/8 grate is bicycle safe and hydraul-
ically efficient. Its major drawback, as described in chapter 12 of 
volume 1, is its poor debris handling capability. 
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P - 1-1/8 grate. 
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Figures 2-23 through 2-25 show the performance of six grate sizes 
(including the two sizes in chapter 12 of volume 1) for a given width 
of spread, T', as the longitudinal slope, So, varies. The width of 
spread, T', chosen for each cross slope is near the maximum tested 
on the hydraulic test facility. Several conclusions can be made con-
cerning the P - 1-1/8 grate from studying these three figures: 

1. Grate width is an important variable in determining the 
hydraulic efficiency of the P - 1-1/8 grate. A greater per-
centage increase in hydraulic efficiency, E, is realized with 
an incremental increase in grate width as compared to the same 
increase in grate length. This is particularily noticable for 
the 1/48 cross slopes, figure 2-25. (Note the increase in 
hydraulic efficiency, E, for the 2.0 ft (0.61 m) long grate 
as the width increases from 1.25 ft (0.38 m) to 3.0 ft (0.91 m). 
Keeping the width the same, 2.0 ft (0.61 m), and doubling the 
length to 4.0 ft (1.22 m) results in a minimal increase in 
efficiency.) 

2. For high energy gutter flow conditions, the hydraulic effi-
ciency of the P - 1-1/8 grate decreases rapidly for inadequate 
grate lengths. The performance curves for the 2 ft and 2.67 ft 
(0.61 m and 0.81 m) long grates in figures 2-23 and 2-24 clearly 
illustrate the rapid decrease in efficiency for these shorter 
grate lengths. The limiting longitudinal slopes given in table 2-2, 
also are verified by these curves. 

To achieve the desired hydraulic characteristics of the P - 1-1/8 
grate, hydraulic design engineers should be cognizant of the length 
limitations of this grate and choose a grate length consistent with 
the design gutter flow conditions. 
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CHAPTER 3 

THE PARALLEL BAR GRATE WITH TRANSVERSE RODS - 

P - 1-7/8 - 4 

This chapter contains the results of the additional hydraulic test 
conducted on four sizes of the parallel bar grate with transverse 
rods P - 1-7/8 - 4 (chapter 11, volume 1). The grate consists of 
1/4 in (6.35 mm) wide longitudinal bars on 1-7/8 in (47.6 mm) centers 
and 3/8 in (9.53 mm) transverse rods electroforged flush to the top 
of the longitudinal bars on 4 in (102 mm) centers. The four grate 
sizes tested are illustrated in figure 3-1. Table 3-1 summarizes 
the required depth of bearing bars for the four grate inlet sizes. 
Details of the structural analysis are covered in chapter 2 of 
volume 1. A simple beam analysis was used for the three smaller 
inlet sizes and a computer program called the STR5 (described in 
volume 1) was used to analyze the 3.0 ft by 4.0 ft (0.91 m by 1.22 m) 
size inlet. Since the longitudinal bars are 1-7/8 in (47.6 mm) 
centers and the transverse bars are 4 in (102 mm) centers, the grate 
will be referred to as P - 1-7/8 - 4 grate. 

Hydraulics 

The hydraulic test results for the P - 1-7/8 - 4 grates are shown in 
figures 3-2 through 3-5. For a specific gutter flow, QT, and longi-
tudinal slope, S0, the steeper cross slopes, 1/Z, result in higher 
hydraulic efficiencies. For both the 1.25 ft and 3 ft (0.38 m and 
0.91 m) wide grates, the longer lengths of grate are more efficient 
for the same gutter  flow conditions due to the added side flow. 

For low energy flows (SO < 5% for 1/Z = 1/16, SO < 7% for 1/Z = 1/24, 
and SO < 13% for 1/Z = 1/48) the width of the P - 1-7/8 - 4 grate 
has more impact on its hydraulic efficiency than its length. As 
shown with the P - 1-1/8 grate, the 3 ft by 2 ft (0.91 m by 0.61 m) 
size of the P - 1-7/8 - 4 grate is also more efficient than the 2 ft by 
4 ft (0.61 m by 1.22 m) size, figures 3-3 of this volume and 11-2 of 
volume 1. 

The 3/8 in (9.53 mm) rods at the surface of the P - 1-7/8 - 4 grate 
caused considerable splash at higher energy gutter flow conditions. 
It is evident in figures 3-2 through 3-5, that for a constant gutter 
flow, QT, hydraulic efficiency, E, increases with an increase in 
longitudinal slope, S0, to a point, and then decreases at a rapid 
rate. This same phenomena occurred with the test results for the 
2 ft by 4 ft (0.61 m by 1.22 m) and 2 ft by 2 ft (0.61 m by 0.61 m) 
P - 1-7/8 - 4 grates reported in volume 1. By studying these fig-
ures and the grate inlet capacity curves, the maximum efficiency 
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Figure 3-1. - Fabricated steel P - 1-7/8 - 4 grate. 



Table 3-1. - Required depth of bearing bars for P - 1-7/8 - 4 grates 

w 
w 

0.50 (12.70) 
0.375 (9.53) 
0.25 (6.35)  

3.20 (81.3) 
3.90 (99.1) 
4.90 (124) 

3.0 by 2.0 ft 
(0.91 by 
0.61 m) 

S = 2.0 ft 
(0.61 m) 

in (mm)  

2.76 (70.1) 
3.18 (80.8) 
3.90 (99.1) 

1.25 by 2.67 ft 
(0.38 by 
0.81 m) 

S = 2.67 ft 
(0.81 m) 

in (mm) 

3.28 (83.3) 
3.78 (96.0) 
4.63 (118) 

1.25 by 2.0 ft 
(0.38 by 
0.61 m) 

S = 2.0 ft 
(0.61 m) 

in (mm)  

2.76 (70.1) 
3.18 (80.8) 
3.90 (99.1) 

Bar 
thickness 

in (mm) 

3.0 by 4.0 ft 
(0.91 by 
1.22 m) 

Span (S) = 4.0 ft 
(1.22 m) 

in (mm) 

4 
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longitudinal slopes can be identified for a given size grate and 
cross slope condition. These are presented in table 3-2. 

The maximum efficiency slopes identify the approximate longitudinal 
slope for a specific cross slope, 1/Z. When this longitudinal slope 
is exceeded the hydraulic efficiency decreases rapidly as a result 
of splashing over the transverse bars. 

For the 1/Z = 1/48 cross slope, the P - 1-7/8 - 4 grate drops very 
little in efficiency as the longitudinal slope is increased. A 
weak flow layer develops on the grate, but the flow does not have 
the energy compared to the steeper cross slopes of 1/24 and 1/16. 
Figure 3-6 illustrates a 3 ft by 4 ft (0.91 m by 1.22 m) P - 1-7/8 - 4 
grate at 13 percent longitudinal slope with 1/16 and 1/48 cross 
slopes. 

Figures 3-7 through 3-10 show the relationship between measured width 
of spread, T', and hydraulic efficiency, E, for the four grate sizes 
tested. For the same width of spread, T', hydraulic efficiencies 
increase as the longitudinal slope is decreased. 

Figures 3-11 through 3-22 present the 12 grate inlet capacity curves 
for the four P - 1-7/8 - 4 grate sizes and three cross slope con-
ditions. The grate inlet capacity curves clearly illustrate, by the 
change in direction of efficiency curves, the start of the splash or 
flow layer, as longitudinal slope, S0, is increased. These curves 
further verify the maximum efficiency longitudinal slopes identified 
in table 3-2. 

Summary 

The P - 1-7/8 - 4 grates have bicycle safety characteristics as dis-
cussed in chapter 3 of volume 1. It also is a hydraulic efficient 
grate at or below the specific longitudinal and cross slopes identi-
fied in table 3-2. For steep cross slopes, 1/Z = 1/16 or 1/24, the 
P - 1-7/8 - 4 grate does not perform well above S0 _ 4 percent. For 
the cross slope, 1/Z = 1/48, the longitudinal slope should not exceed 
6 to 13 percent. 

Figures 3-23 through 3-25 show the performance of the six grate sizes 
(including the two sizes in chapter 11 of volume 1) for a given width 
of spread, T', as the longitudinal slope, S0, varies. As stated in 
chapter 2, the width of spread, T', chosen for each cross slope, is 
near the maximum tested on the hydraulic test facility. To maintain 
the same width of spread, T', the gutter flow, QT, is increased as 
the longitudinal slope is increased from 0.5 percent to 13 percent. 
There is a resultant decrease in the hydraulic efficiency of the 
grates. 
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Table 3-2. - Maximum efficiency Longitudinal slopes for P - 1-7/8 - 4 grates 

3.0 by 4.0 ft 3.0 by 2.0 ft 1.25 by 2.67 ft 1.25 by 2.0 ft 
(0.91 by 1.22 m) (0.91 by 0.61 m) (0.38 by 0.81 m) (0.38 by 0.61 m) 

1/Z = 1/16 4% 2% 30 2% 

1/Z = 1/24 6-13% 3% 4% 4% 

1/Z = 1/48 >13% 9-13% 9-13% 6-13% 



a. Z = 16 E = 82.4% 

QT  = 5.24 ft3/s (0.148 m3/s) T' = 4.4 ft (1.34 m) 

Photo 186-8A 

b. Z = 48 E = 78.6% 

QT  = 3.50 ft3/s (0.099 m3/s) T' = 7.7 ft (2.35 m) 

Photo 186-19A 

Figure 3-6. - Development of flow layer on P - 1-7/8 - 4 grate, 
SO = 13%. 
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Figures 3-23 through 3-25 reveal several trends with the P - 1-7/8  - 4 
grate. 

1. For low longitudinal and cross slope conditions (SO less 
than 4 percent, or 1/Z = 1/48), the grate width is more impor-
tant than length (the 3 ft by 2 ft (0.91 m by 0.61 m) grate is 
more efficient than the larger 2 ft by 4 ft (0.61 m by 1.22 m) 
grate). 

2. Once splash conditions (SO greater than 4 percent, 1/Z = 
1/16 or 1/24) occur on the grate, the length of grate becomes 
more important. Above So = 4 percent on the 1/Z = 1/16 cross 
slope, the 2 ft by 4 ft (0.61 m by 1.22 m) grate size is more 
efficient than the 3 ft by 2 ft (0.91 m by 0.61 m) grate size. 

Although the P - 1-7/8 - 4 grate has better debris handling char-
acteristics than the P - 1-1/8 grate, it is not an efficient debris 
handling grate. (Chapter 11, volume 1.) 
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CHAPTER 4 

THE CURVED VANE GRATE 

CV - 3-1/4 - 4-1/4 

This chapter contains the results of additional hydraulic tests con-
ducted on four sizes of the curved vane grate (chapter 10, volume 1). 
The four grate sizes tested are shown in figure 4-1. It will be 
referred to in this chapter as the CV - 3-1/4 - 4-1/4. The longitu-
dinal bars are placed approximately 3-1/4 in (83 mm) on centers and 
the curved vane bearing bars are approximately 4-1/4 in (108 mm) on 
centers. 

Structural analysis of the curved vane section shown in figure 4-1 
showed that for the widths of 1.25, 2.0, and 3.0 ft (0.38, 0.61, and 
0.91 m), compressive and tensile stresses for the curved vane bar 
meet the allowable stresses for the ductile cast iron. The STRS 
computer program described in volume 1 was used to analyze the curved 
vane grate. Ductile cast iron with an allowable tensile stress of 
16,000 lb/in2  (110 MPa) and an allowable compressive stress of 
22,000 lb/in2  (152 MPa) in the extreme fibers was used in the design. 

Hydraulics 

The hydraulic test results for the curved vane grate are shown in 
figures 4-2 through 4-5. For a specific gutter flow, QT, and longi-
tudinal slope, S0, the steeper cross slopes, 1/Z, produce higher 
hydraulic efficiencies. However on the 24 in (0.61 m) grate lengths 
at the steeper cross slopes and longitudinal slope (1/Z = 1/16, 1/24, 
and SO = 13 percent) the hydraulic efficiencies at the two cross 
slopes are nearly the same for the same grate sizes at large dis-
charges (note figures 4-3 and 4-5). For both the 1.25 ft and 3 ft 
(0.38 m and 0.91 m) wide grates, the longer lengths of grate are more 
efficient for the same gutter flow conditions due to the added side 
flow and larger surface area. However, for a given surface area, 
the width of the CV - 3-1/4 - 4-1/4 grate is more important than 
its length. As with the other two grates tested the 3 ft by 2 ft 
(0.91 m by 0.61 m) size of the grate is more efficient than the 
larger 2 ft by 4 ft (0.61 m by 1.22 m) size (figure 4-3 of this 
volume and figure 10-2 of volume 1). 

The transverse curved vane bars of the CV - 3-1/4 - 4-1/4 grate were 
very efficient for the majority of the roadway conditions tested. 
The curved vane bars capture the gutter flow along the width of the 
bars and direct it vertically into the catch basin. It is only at 
the high-energy gutter flow conditions that the curved vane bars 
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produce a flow layer at the surface which reduces the grate's effi-
ciency. The results of this flow layer are particularly evident for 
the 1.25 ft by 2 ft (0.38 m by 0.61 m) grate in figure 4-5. At the 
1/Z = 1/16 cross slope condition and for a constant gutter flow, the 
hydraulic efficiency, E, increases with an increase in longitudinal 
slope, S0, to a particular slope, S0 = 6 percent, and then decreases 
at higher longitudinal slopes. The sequence of photographs in fig-
ure 4-6 shows the development of this flow layer for the 1.25 ft by 
2 ft (0.38 m by 0.61 m) grate at 1/Z = 1/16 for longitudinal slope 
conditions of SO = 4, 6, 9, and 13 percent. 

By studying figures 4-2 through 4-5 and the grate inlet capacity 
curves for the CV - 3-1/4 - 4-1/4, the maximum efficiency longitu-
dinal slopes can be identified for the four grate sizes studied. 
These are presented in table 4-1. 

The maximum efficiency slopes identify the approximate longitudinal 
slope and cross slope. When this longitudinal slope is exceeded 
the hydraulic efficiency decreases rapidly as a result of splashing 
over the transverse bars. 

Figures 4-7 through 4-10 show the relationship between measured width 
of spread, T', and hydraulic efficiency, E, for the four grate sizes 
tested. For the same width of spread, T', hydraulic efficiencies 
increase as the longitudinal slope is decreased. 

Figures 4-11 through 4-22 present the 12 grate inlet capacity curves 
for the four CV - 3-1/4 - 4-1/4 grate sizes and three cross slope 
conditions tested. These curves further identify the maximum effi-
ciency longitudinal slopes by the change in direction of the hydraulic 
efficiency curves. 

Summary  

The curved vane grates have excellent hydraulic efficiency and debris 
handling characteristics as discussed in this chapter and chapter 10 
of volume 1. 

Figures 4-23 through 4-25 compare the hydraulic efficiencies of the 
four grate sizes covered in this chapter and the two grate sizes 
discussed in chapter 10 of volume 1. A width of spread, T', near 
the maximum tested, was selected for each of the three cross slope 
conditions. To maintain the width of spread constant, the gutter flow, 
QT, increases as the longitudinal slope is increased. As one would 
expect, there is a decrease in hydraulic efficiency as the longitu-
dinal slope is increased and the width of spread held constant. 

As with the P - 1-1/8 and P - 1-7/8  - 4 grates, there are several con-
clusions which can be stated about the CV - 3-1/4 - 4-1/4 grate based 
on a review of figures 4-23 through 4-25. 
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a. S0=4% 

QT  = 5.50 ft3/s (0.156 m3/s) 

T' = 5.5 ft (1.68 m) 

E = 49.1% 

b. S0 = 6% 

QT  = 5.50 ft3/s (0.156 m3/s) 

T' = 5.2 ft (1.58 m) 

E = 49.4% 

C. S0=9% 

QT  = 5.31 ft3/s (0.150 m3/s) 

T' = 4.9 ft (1.49 m) 

E = 44.4% 

d. SO = 13% 

QT  = 5.21 ft3/s (0.148 m3/s) 

T' = 4.4 ft (1.34 m) 

E = 36% 

Figure 4-6. - Development of the flow layer on the 1.25 ft by 2.0 ft 
(0.38 m by 0.61 m) CV - 3-1/4 - 4-1/4 grate, Z = 16. 
Photo 1765-440 
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Table 4-1. - Maximum efficiency longitudinal slopes for 
CV - 3-1/4 - 4-1/4 grates 

3.0 by 4.0 ft 3.0 by 2.0 ft 1.25 by 2.67 ft 1.25 by 2.0 ft 
(0.91 by 1.22 m) (0.91 by 0.61 m) (0.38 by 0.81 m) (0.38 by 0.61 m) 

1/Z = 1/16 >13% 5-9% 6-130 60 

1/Z = 1/24 >13% >13% >13% 6% 

1/Z = 1/48 >13% >13% >13% >13% 



0.7 
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 

WIDTH OF SPREAD T'-FEET 

I 
0.31 0.50 1.00 1.5 2.0 2.44 

WIDTH OF SPREAD T'-METRES 

Figure 4-7. - Hydraulic efficiency vs. width of spread 
3.0 ft by 4.0 ft (0.91 m by 1.22 m) 
CV - 3-1/4 - 4-1/4 grate. 

1.0 x 

S o (%) 

o-0.5 
p-1.0 
❑-2.0 
• -4.0 
■ -6.0 
•-9.0 Z=16 
X -13.0 

1.0 

0.9 

d d 

W 

0.8 

Z =48 

0.7 
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 

WIDTH OF SPREAD T'-FEET 

1.0 

Z=24 

0.7 L- 
1.0 

WIDTH OF SPREAD T'FEET 

4-10 



0.7 1,0 71.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 

WIDTH OF SPREAD T-FEET 

L 
I 

0.31 0.50 1.00 1.5 2.0 2.44 

WIDTH OF SPREAD T'-METRES 

Figure 4-8. - Hydraulic efficiency vs. width of spread 
3.0 ft by 2.0 ft (0.91 m by 0.61 m) 
CV - 3-1/4 - 4-1/4 grate. 

0.9 

O O 

w 

0.8 

1.0 

SOM) 
0-0.5 
"I-I.0 
0- 2- 0 X 
• -4.0 
■ - 6.0 
♦-9.0 Z= 16 
X-13.0 

1.0 

0.9 

w 

0.8 

Z=48 

0.7 
3.0 4.0 5.0 0 

WIDTH OF SPREAD T'-FEET 

1.0 

Z=24 

0.7 L-- 
1.0 

WIDTH OF SPREAD T- FEET 

4-11 



WIDTH OF SPREAD V-FEET 

LO 

0.9 

0.8 

17 

~\\X 
0.6 

0.5 

nd 

Z=24 

WIUIH OF SPHtAD 1-1-ttl 

0.9 

0,8 

ob 
w 0.7 

0.6 
Scx 

e -0.5 
0 

WIDTH OF SPREAD T-FEET 

0.0 0.50 1.00 150 2.00 244 
WIDTH OF SPREAD TL METRES 

Figure 4-9. - Hydraulic efficiency 
vs. width of spread 
1.25 ft by 2.67 ft 
(0.38 m by 0.81 m) 
CV - 3-1/4 - 4-1/4 
grate. 

4-12 

LO 

0.9 

0.8 

010 

0.7 



0.', 

0.1 

0, 

oio 
w 0 

0; 

0 

0 
Go 1.0 2.0 30 4.0 50 60 7.0 6.0 

WIDTH OF SPREAD V-FEET 

1 9 F 6 

olo 

4F-- 

Z=24 

WIDTH 01-  SPREAD T-FEET 

lU 

0.9 

OB 

07 

~o 

w 0.6 

0.5 

6o(%) 

o
e-05 
-I 

0.4 

-13 

O Z=16 

0.3 
00 10 20 30 40 50 60 70 80 

WIOTH OF SPREAD T -FEET 

I I 
00 050 1.00 150 200 244 

WIDTH OF SPREAD T'-METRES 

Figure 4-10. - Hydraulic efficiency 
vs. width of spread 
1.25 ft by 2.0 ft 
(0.38 m by 0.61 m) 
CV - 3-1/4 - 4-1/4 
grate. 

4-13 



13.0 

12.0 

11.0 
I- 
z 
w IOA 
Q 
M 
a 9.0 

In 8.0 
w 
0 7.0 
J 
rn 6.0 

4p- J 
1 Q 

z 5.0 ~ o 
F 4.0 

Z 3.0 
O 
J 

2.0 

1.0 
0.5 

T=1 -S ft 20 2.5 3.0 3.5 4.0 

4.5 

5.0 

5.5 

■■ ■oommm~MMEM 
■I m■//■■II ■MMEME■OI■■■N■P 

■■■~ M ommo mmmm■rdEm~ 
■m /Am■mm oomm ■III ■%■/~■~% 

6.0 

6.5 

7.0 
7.5 

6.0 0.0 1.0 2.0 3.0 4.0 5.0 

GUTTER FLOW Q -ft 3/s 

0.00 0.05 O.1 O 0.15 

GUTTER FLOW QT-m 3/s 

Figure 4-11. - Grate inlet capacity curves, 3.0 ft by 4.0 ft (0.91 m by 1.22 m) 
CV - 3-1/4 - 4-1/4 grate, Z = 16. 



13.0 

12.0 

11.0 
H 

w 100 
U 
0: 
a 9.0 

9.0 
W 
0 7.0 
J 
H 6.0 

~ J i QQ 
c~n Z 5.0 

0 
4.0 

Z 3.0 
O 
J 

2.0 

1.0 
0.5 

T=1.Sft 20 2.5 3.0 3.5 4.0 

4.5 

5.0 

5.5 

s  !I,,  ■■ ,.■m 

Em 

m■tjow

AS 

M  
1 0 

■ M■„■■,I ■ ■ , ."■ 

■ MOMM ,■MM.■UMME ■■~I.,\~■■~1.►.■■■ 

ice_!_■■■~■_C /II/%■%■%p■%■■■~!%ii~_ ■_■__~~_ 
6.0 

6.5 

7.0 
7.5 

6.0 0.0 1.0 2.0 3.0 4.0 5.0 

GUTTER FLOW Q -ft 3/s 

0.00 0.05 O.I 0 0.15 

GUTTER FLOW QT -m;/s 

Figure 4-12. - Grate inlet capacity curves, 3.0 ft by 2.0 ft (0.91 m by 0.61 m) 
CV - 3-1/4 - 4-1/4 grate, Z = 16. 



13.0 

12.0 

11.0 

Z 10.0 W 
U 
Cr 
Ujj 9.0 
a 

8.0 

a 7.0 
0 
J 
N 6.0 

A J  

~+ = 5.0 

4.0 

0 
0 3.0 
J 

2.0 

1.0 
0.5 

T_1 5 fr 2 n 2 5 3.0 3.5 4.0 

mmim 
■ nil ~~Iii■ I■rig ■■in 
■i ~Eli,, Eli,, ~~■ISSIE i~■■Ir  no ■■VE ■101■■■ ~ 
IIIIII1I01A 0911/1■~~■■!1/~1 ■ENS ■■■~■m 
~~~■ I■14 MrAyil■■  NMI S■■ 1//,■t1■■p/►!/■■■ 

■ II~III 1■ 11 ~Ifl/1■§■I ■■~ ~~l■■~/~~~■■■■ 
■ IIs1'll ,m ■ IN~MEN ~/ N■■ 1~~ ~ 1
IWO

, 

mwAm P. ■III /J./,, ./I ~ ~ ,~,~_ w -A ~~~_~~~~~__-- FAI►aI AIIO/,/►I/I.~I ~,. V ~~_ da/~WO __S.W~_~~ 
wwwwwwww WAN 

■rwwwwwiwwww~■wwwwwiwwww ■
ig 

0.0 1.0 2.0 3.R 4.0 5.0 

GUTTER FLOW QT-itl/s 

L r i 

0.00 0.05 0.10 0.15 

GUTTER FLOW QT m3h 

Figure 4-13. - Grate inlet capacity curves, 1.25 ft by 2.67 ft (0.38 m by 0.81 m) 
CV - 3-1/4 - 4-1/4 grate, Z = 16. 

6.0 

6.5 

7.0 
7.5 

6.0 

4.5 

5.0 

5.5 



13.0 

12.0 

wo, 
H 
w 10.0 
U 
W 9.0 
a 

~0 8.0 

a. 7.0 
0 J 
N 6.0 
J 
=0 5.0 

~ 4.0 
cD 
0 3.0 
J 

9V 

■ IIIINI~ 1~'~~ I~II111 1 ~~■d1■►.~ \\~ ►_~i 
■ 11111 /Il ~ ■■~N■~~►/ ■■~~~~~ ~ ~._ ~~■~~ 

■ III /Q ,/I / 
~ 
! /,/~%■Il■~/~1~■■~ ~/i 

■I~I/I ~►/ , . .~ ~ mil /~d~■~ ~■~~■■ 
I.' ~/ I Ali .~ ..~ / ~/ !/ • ~, ~~~•• 

w■~iwwww~iNwwiwwNwwwwwww■~wwwrwwwww 
1.0 c.0 J.v 

GUTTER FLOW QT-ft3/s 

1.5 

• 
• 

• 

5.0 

5.5 

6.0 

6.5 
7.0 
7.5 

0 

i r 4n 

0.00 0.05 0.10 0.15 

GUTTER FLOW QT-M% 

Figure 4-14. - Grate inlet capacity curves, 1.25 ft by 2.0 ft (0.38 m by 0.61 m) 
CV - 3-1/4 - 4-1/4 grate, Z = 16. 



• 
• I 

• ■ ■I■1J■F N ■■ ■■
AMM • ~~~■ 

~■ 
■■KMV ■■mw■ 

■ m1■1m■1 ■ ■I~ ■■, ■/ • ■m moom■ 
■1500■ ■■■■ ■E I ■/1I ■ ■I M■■■■■ 
Eimmmm■„ ■ a■m..m.■o.■■ENUMM■■: 

0111.'■,I■1 I9 ~ G■NN■,A■'S■■ ,.■M■.'. 

■II~~1■~~■1111■■f■■ ■̀■~■ ■~/./Ia■■~■!~■'■ 
III/1//■IIIN%■I~%■■/.~■■~~/■~/i■►7.~ME 

"111,1 ~.~.I..,~~~.!~ _,.,~;,~•_.~•~._ 

III■■~./~~~•:~■~ ■_■~~~~_~_ ■~_~_~_ ~~~ _~~~ 

13.0 

12.0 

11.0 
F- 
W 10.0 
U 
Cr 
w 9.0 
a 

U)0 8.0 

w 
0 7.0 
J 

A 
J 6.0 
a 
2 5.0 0 
F 4.0 

p 3.0 
J 

2.0 

1.0 
0.5 

/T= 1.5 ft 

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 

6.0 

6.5 

7.0 

7.5 

•.0 

6.0 0.0 1.0 2.0 3.0 4.0 5.0 
GUTTER FLOW QT ft% 

0.00 0.05 0.10 0.15 
GUTTER FLOW QT m 3/s 

Figure 4-15. - Grate inlet capacity curves, 3.0 ft by 4.0 ft (0.91 m by 1.22 m) 
CV - 3-1/4 - 4-1/4 grate, Z = 24. 



13.0 

12.0 

11.0 
F-

w 
10.0 

U 
w 9.0 
M 

W 
0- 7.0 
J 
N 

6.0 
J 
Q 
Z 5.0 
0 
f 4.0 

p 3.0 
J 

1.0 
0.5 

0.0 

6.0 

2.0 

1.0 2.0 3.0 4.0 5.0 6.0 
GUTTER FLOW OT ft% 

6.0 

6.5 

7.0 

7.5 

11.0 

0.00 0.05 0.10 215 
GUTTER FLOW aT m 3/s 

Figure 4-16. - Grate inlet capacity curves, 3.0 ft by 2.0 ft (0.91 m by 0.61 m) 
CV - 3-1/4 - 4-1/4 grate, Z = 24. 



13.0 

12.0 

11.0 
z 
w 10.0 
K 
a 9.0 
i 
0 
(n 8.0 
w 
a 7.0 0 
J 
y 6.0 A 

~ J 
N  
O z z 5.0 

D 
4.0 

F- 

0 3.0 z 
O 
J 

2. 

1.0 
0.5 

MEMO[ so onsommom 
If, -1155111111111H arl, IM11 Mal ME 

No 

I~~~ . ■ / 11d ►11111  1 Igo IN
wi 

0 PA NMI 0 
No! 

. . 
AFAMFA so 05i 

51 //CIE% 9 No E //JOEMENION 
1.11A, VArZwjHw xxNw ~n■~~ SEENNE MNAMM 

~111~1I/1111MV,~M //% w OWN 
NFAVARIAME 

_ CAMP  ...'s 
A/,, 5095A oi_amoom BEEN 
VAN PRAMPA,  Ron 

Mw■jai■■r■Mwwr.wwwwwwwwwwwwwwwwwwww 
summon 

6.0 

6.5 

7.0 

7.5 

8.0 

0.0 1.0 2.0 3.0 4.0 a.v o.v 

GUTTER FLOW QT-ft~A 

0.00 0.05 0.10 0.15 

GUTTER FLOW QT-m3/s 

Figure 4-17. - Grate inlet capacity curves, 1.25 ft by 2.67 ft (0.38 m by 0.81 m) 
CV - 3-1/4 - 4-1/4 grate, Z = 24. 



i 
13.0 

12.0 

11.0 
Z 
W 10.0 0 
Ix 
IL 9.0 
I 0 
y 8.0 
W 
0. 7.0 0 
J 
rn 6.0 
J 
Q 
Z 5.0 

0 
4.0 

H 

O 3.0 Z 
O 
"j  2.0 

6.0 

6.5 

7.0 

7.5 

8.0 

1.0 2.0 3.0 4.0 5.0 6.0 

GUTTER FLOW QT-tt% 

0.00 0.05 0.10 0.15 

GUTTER FLOW QT-m3/s 

Figure 4-18. - Grate inlet capacity curves, 1.25 ft by 2.0 ft (0.38 m by 0.61 m) 
CV - 3-1/4 - 4-1/4 grate, Z = 24. 



T-i Sff 

13.0 

12.0 

11.0 

W 10.0 
V 

W 9.0 

a- 
0 8.0 

W 
a 7.0 
O 
J 
V) 6.0 

~ J I 
N Z 5.0 
N ~ 

4.0 

C7 
0 3.0 
J 

2.0 

1.0 
0.5 

00 1.0 2.0 3.0 4.0 5.0 6.0 

GUTTER FLOW QT-ft% 

I I I I I I L I I I I I I 

0.00 0.05 0.10 0.15 
GUTTER FLOW QT-malls 

Figure 4-19. - Grate inlet capacity curves, 3.0 ft by 4.0 ft (0.91 m by 1.22 m) 
CV - 3-1/4 - 4-1/4 grate, Z = 48. 



~~~~ . ~~ ~~~ 

FM 
r~■I/ 

MA 
l/I Emir

I 
■I . /I ■■~~■■~~■■■■ 

m 
a, MEMEMENEEMME 

I III I'~~~~~ ~'~~~,■■■■■■■■■■■■■■■■■■■■ 

1 1.0 

W 10.0 
L) 
ir 
4l 9.0 

08.0 

7.0 

1 
N 
W 

J 
In 6.0 
J 
Z 5.0 
D 
H 4.0 

O 3.0 

J 
2.0 

6 $6 

00 1.0 2.0 3.0 4.0 5.0 6.0 

GUTTER FLOW QT-ft 3/a  

0.00 0.05 0.10 0.15 
GUTTER FLOW QT M3/S 

Figure 4-20. - Grate inlet capacity curves, 3.0 ft by 2.0 ft (0.91 m by 0.61 m) 
CV - 3-1/4 - 4-1/4 grate, Z = 48. 



rr,.:n 

13.0 

12.0 

11.0 
H 
W 10.0 
U 
Cr 
I+1 9.0 
aI 
U) 8.0 

a 7.0 

J 
N 6.0 

A J  
I 
N Z 5.0 
A 

a 

4.0 

O 3.0 
J 

2.0 

1.0 

0.5 

00 1.0 2.0 3.0 4.0 5.0 6.0 

GUTTER FLOW QT-ff% 

0.00 0.05 0.10 0.15 

GUTTER FLOW OT m3fi 

Figure 4-21. - Grate inlet capacity curves, 1.25 ft by 2.67 ft (0.38 m by 0.81 m) 
CV - 3-1/4 - 4-1/4 grate, Z = 48. 



13.0 

12.0 

11.0 

W 10.0 
U 
Cr 
w 9.0 

N 8.0 

7.0 

J 
N 6.0 
J 
Z 5.0 

4.0 

3.0 
J 

2.0 

1.0 
0.5 

11 II illll~lh ' 1~~/11■ I■■I . I■/■■■■■■/■■■■■■ 
II III1~ ~ 111/ . ~I =1II ■/~ ■■ 1 ■~■■I ■■~■■■■■■■ 
II11 it►~r Iri it ~~■►~ - i ■r~i■~i■■i~■■■■■■■ 
II 1~ 111 ill  1 ~II,~I//■/ I// ■■~/I ■■%■■I ■■■■■■■■■ 
II111111~1 ~~fII ~I ~I ~~[~/ ■~I ■~I ■■■■■■■■■■ 
II 111 111/f a~/~l ■II III ■■/~~■■/~■■■■■■■■■■■ 
II III ~ ~~ ~ ~~~J~~~~~~~~~~,1~~~■■■■■■■■■■■■■ 

I I'i MAP, M/14P//_■/ ■■■■■■■■■■■■■■■■■■■ 
00 1.0 2.0 3.0 4.0 5.0 6.0 

GUTTER FLOW QT-ft3/9  

0.00 0.05 0.10 0.15 

GUTTER FLOW QT m3/s 

Figure 4-22. - Grate inlet capacity curves, 1.25 ft by 2.0 ft (0.38 m by 0.61 m) 
CV - 3-1/4 - 4-1/4 grate, Z = 48. 



36x48 

0.90 

0.80 

Cp 
N, 

H 
d 
■ 0.70 

W 

} 

U 
Z 
W 
U 0.60 

W 
LL 
W 

A 

0.50 

Q 
Ir 
0 
} 

0.40  

24 x 48 
36x24 

24x24 

15x32 

T'= 4.5 ft 

I 
15 x 24 

16 

0.30 

Z=16 

0.20 
0.5 1.0 2.0 4.0 6.0 9.0 13.0 

LONGITUDINAL SLOPE So-PERCENT 

Figure 4-23. - Hydraulic efficiency vs. longitudinal slope 
for a constant width of spread, CV - 3-1/4 - 4-1/4 
grate, T' = 4.5 ft (1.37 m), Z = 16. 

4-26 



.. 

0.90 

V 
Z 
W 

U 0.60 

W 
W 
W 
z 

j 0.50 

Q 
ac 
0  

36 x48 

36x24 

24x48 

2 4 x 24 

15 x32 

0.40 
15x24 

T'=5.5 ft 
I 

24 
0.30 

Z=24 

0.20 0.5 1.0 2.0 4.0 6.0 9.0 13.0 

LONGITUDINAL SLOPE SO -PERCENT 

Figure 4-24. - Hydraulic efficiency vs. longitudinal slope 
for a constant width of spread, CV - 3-1/4 - 4-1/4 
grate, T' = 5.5 ft (1.68 m), Z = 24. 

4-27 



0.80 

I.- 
co 

N 
d 
M 0.70 
W 

} 

U 
Z 
W 

U 0.60 

W 
W 
W 

U 

j 0.50 

Q 
ac 
} 

a 

NM93  

36x48 

36 x 24 

24 x 48 

24x24 

15x32 

15 x 24 

0.90 

T'=7.0 ft 

I 
48 

Z=48 

0.5 1.0 2.0 4.0 6.0 9.0 13.0 

LONGITUDINAL SLOPE So-PERCENT 

Figure 4-25. - Hydraulic efficiency vs. longitudinal slope 
for a constant width of spread, CV - 3-1/4 - 4-1/4 
grate, T' = 7.0 ft (2.13 m), Z = 48. 

4-28 

0.30 

0.20 



1. The grate width is an important variable with respect to 
hydraulic efficiency. Increases in hydraulic efficiency are 
greater with an incremental increase in grate width as compared 
to the same increase in grate length. With the exception of 
the 3.0 ft by 2.0 ft (0.91 m by 0.61 m) grate at SO = 13 percent 
in figure 4-23, the wider grates are more efficient, irrespec-
tive of grate length. 

2. For high-energy gutter flow, the hydraulic efficiency of 
the CV - 3-1/4 - 4-1/4 grate decreases rapidly for inadequate 
grate sizes. This is evident with the 1.25 ft by 2.0 ft, 
1.25 ft by 2.67 ft, and 3.0 ft by 2.0 ft (0.38 m by 0.61 m, 
0.38 m by 0.81 m, and 0.91 m by 0.61 m) grates in figure 4-23 
and the 1.25 ft by 2.0 ft (0.38 m by 0.61 m) grate in figure 
4-24. 
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CHAPTER 5 

DISCUSSION OF RESULTS AND CONCLUSIONS 

Discussion of Results 

As discussed in volume 1, the flow into and around each of the three 
grate styles is similar in many respects to the flow conditions near 
an open hole. For a constant gutter flow, all the grates show some 
increase in hydraulic efficiency if the cross slope is held constant 
and the longitudinal slope is increased. At the steeper longitudinal 
slopes a greater percentage of the gutter flow passes over the grate 
inlet. If no flow splashes over the grate, intercepted flow is 
greater and hence hydraulic efficiency is higher. This pattern of 
increased efficiency occurs for all three grates tested until a slope 
is reached where the increased velocity causes some of the flow to 
pass completely over the grate without being captured. Chapters 2, 
3, and 4 contain a table for each grate design which identifies the 
maximum efficiency longitudinal slope for each of the grate sizes 
and cross slope conditions tested. 

The relationship between hydraulic efficiency, E, and gutter flow, 
QT, for each grate design at a given gutter flow condition are com-
pared in figures 5-1 through 5-28. Figures 5-1 through 5-7 present 
the data for the 3.0 ft by 4.0 ft (0.91 m by 1.22 m) grates for 
S0 = 0.5, 1.0, 2.0, 4.0, 6.0, 9.0, and 13.0 percent. Figures 5-8 
through 5-14 present the 3.0 ft by 2.0 ft (0.91 m by 0.61 m) grates, 
figures 5-15 through 5-21 present the 1.25 ft by 2.67 ft (0.38 m by 
0.81 m) grates, and figures 5-22 through 5-28 present the 1.25 ft by 
2.0 ft (0.38 m by 0.61 m) grates. 

For gutter flow conditions where no splash occurs, the curves for 
the various grate designs are close together. The maximum difference 
in hydraulic efficiency between the grate designs for any gutter 
flow, QT, is approximately 6.0 percent. If the flow does not pass 
completely over the grate, differences in hydraulic efficiency can 
only be attributed to minor differences in the effective size of the 
grates. If one studies the detailed grate drawings in each chapter 
it is evident that although the nominal outside dimensions of the 
grates are the same, the effective openings may vary considerably. 
In general the fabricated steel grates (P - 1-7/8 - 4 and P - 1-1/8) 
have a larger effective opening than the cast grate (CV - 3-1/4 -
4-1/4). Therefore the fabricated steel grates have slightly higher 
hydraulic efficiency characteristics than the cast grate at the low-
energy gutter flow conditions. 

At high-energy gutter flow conditions the design of the individual 
grate inlets affect the hydraulic efficiency. In general the 
P - 1-1/8 fabricated steel grate is more efficient than the other 
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grates, SO = 6.0%. 
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grates, SO = 9.0%. 
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Figure 5-25. - Hydraulic efficiency vs. gutter flow for the 1.25 ft by 2.0 ft (0.38 m by 0.61 m) 
grates, SO = 4.0%. 
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two grate designs. The exception is the 3.0 ft by 2.0 ft (0.91 m by 
0.61 m) size grates, where due to the short length of the grates 
both the P - 1-7/8 - 4 and P - 1-1/8 have a larger amount of flow 
passing over the downstream end of the grate than the CV - 3-1/4 -
4-1/4 grate. This can best be illustrated by comparing the three 
grate designs with QT  = 5.30 ft3/s (0.15 m3/s), S0 = 13 percent, and 
1/Z = 1/16 in figure 5-29. For longitudinal slopes, So, of 4 per-
cent or less the P - 1-1/8 grate is more efficient than the 
CV - 3-1/4 - 4-1/4 for the 3 ft by 2 ft (0.91 m by 0.61 m) size. 

For longitudinal slope, S0, greater than 2 percent the P - 1-7/8 - 4 
grate is the least efficient. For S0 < 2 percent the CV - 3-1/4 -
4-1/4 grate is the least efficient due to its smaller effective inlet 
area. 

Figures 5-30 through 5-47 compare the performance of the three grate 
designs for a given size, width of spread, T', and cross slope, 1/Z, 
as the longitudinal slope, S0, varies from 0.5 to 13.0 percent. The 
2.0 ft by 2.0 ft (0.61 m by 0.61 m) and 2.0 ft by 4.0 ft (0.61 m by 
1.22 m) size grates from volume 1 are also included. The width of 
spread, T', selected for each cross slope is near the maximum tested 
on the hydraulic facility. The values for T' were 4.5, 5.5, and 
7.0 ft (1.37, 1.68, and 2.13 m) for the cross slope values of 1/Z = 
1/16, 1/24, and 1/48. 

For cross slope conditions of 1/Z = 1/16, the P - 1-1/8 and 
CV - 3-1/4 - 4-1/4 grates are hydraulically superior for all six 
grate sizes when SO > 4 percent. For S0 < 4 percent the CV - 3-1/4 - 
4-1/4 has the lowest hydraulic efficiency due to its smaller effective 
inlet area. Similar trends are observed for figures 5-36 through 
5-47 where 1/Z = 1/24 and 1/48. 

Conclusions 

This volume presents the results of the extension of the studies 
described in volume 1. The purpose of these additional tests was 
to broaden the available design data for grate inlet widths other 
than the 2 ft (0.61 m) width used in volume 1. Based on the recom-
mendations of volume l the three best grate inlets were selected 
for further tests using grate inlet widths of 1.25 ft and 3.0 ft 
(0.38 m and 0.91 m). Two fabricated steel parallel bar grates were 
selected (one had transverse bars at the surface and the other, small 
spacers), and a cast iron curved vane grate. Information dealing 
with the structural integrity, safety, and debris handling char-
acteristics of these three grates can be found in volume 1. 

In general for the higher energy gutter flow conditions (for 1/Z = 
1/16 SO > 40, for 1/Z = 1/24 SO > 6%, and for 1/Z = 1/48 So > 130) 
the P - 1-1/8 and the CV - 3-1/4 - 4-1/4 grate inlets are more 
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a. P - 1-1/8 grate inlet 

b. P - 1-7/8 - 4 grate inlet 

c. CV - 3-1/4 - 4-1/4 grate inlet 

Figure 5-29. - Flow characteristics for the 3.0 ft by 2.0 ft 
(0.91 m by 0.61 m) grates; QT  = 5.30 ft3/s 
(0.15 m3/s), So = 130, Z = 16. Photo 1765-441 
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for a constant width of spread, T' = 4.S ft 
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Figure 5-32. - Hydraulic efficiency vs. longitudinal slope 
for a constant width of spread, T' = 4.5 ft 
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(0.61 m by 1.22 m) grates. 
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for a constant width of spread, T' = 4.5 ft 
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(0.38 m by 0.81 m) grates. 
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Figure 5-35. - Hydraulic efficiency vs. longitudinal slope 
for a constant width of spread, T' = 4.5 ft 
(1.37 m), Z = 16, 1.25 ft by 2.0 ft 
(0.38 m by 0.61 m) grates. 
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Figure 5-36. - Hydraulic efficiency vs. longitudinal slope 
for a constant width of spread, T' = 5.5 ft 
(1.68 m), Z = 24, 3.0 ft by 4.0 ft 
(0.91 m by 1.22 m) grates. 
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Figure 5-37. - Hydraulic efficiency vs. longitudinal slope 
for a constant width of spread, T' = 5.5 ft 
(1.68 m), Z = 24, 3.0 ft by 2.0 ft 
(0.91 m by 0.61 m) grates. 
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for a constant width of spread, T' = 5.5 ft 
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Figure 5-39. - Hydraulic efficiency vs. longitudinal slope 
for a constant width of spread, T' = 5.5 ft 
(1.68 m), Z = 24, 2.0 ft by 2.0 ft 
(0.61 m by 0.61 m) grates. 
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Figure 5-40. - Hydraulic efficiency vs. longitudinal slope 
for a constant width of spread, T' = 5.5 ft 
(1.68 m), Z = 24, 1.25 ft by 2.67 ft 
(0.38 m by 0.81 m) grates. 
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Figure 5-41. - Hydraulic efficiency vs. longitudinal slope 
for a constant width of spread, T' = 5.5 ft 
(1.68 m), Z = 24, 1.25 ft by 2.0 ft 
(0.38 m by 0.61 m) grates. 
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Figure 5-42. - Hydraulic efficiency vs. longitudinal slope 
for a constant width of spread, T' = 7.0 ft 
(2.13 m), Z = 48, 3.0 ft by 4.0 ft 
(0.91 m by 1.22 m) grates. 
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Figure 5-43. - Hydraulic efficiency vs. longitudinal slope 
for a constant width of spread, T' = 7.0 ft 
(2.13 m), Z = 48, 3.0 ft by 2.0 ft 
(0.91 m by 0.61 m) grates. 
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Figure 5-44. - Hydraulic efficiency vs. longitudinal slope 
for a constant width of spread, T' = 7.0 ft 
(2.13 m), Z = 48, 2.0 ft by 4.0 ft 
(0.61 m by 1.22 m) grates. 
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Figure 5-45. - Hydraulic efficiency vs. longitudinal slope 
for a constant width of spread, T' = 7.0 ft 
(2.13 m), Z = 48, 2.0 ft by 2.0 ft 
(0.61 m by 0.61 m) grates. 
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Figure 5-46. - Hydraulic efficiency vs. longitudinal slope 
for a constant width of spread, T' = 7.0 ft 
(2,13 m), Z = 48, 1.25 ft by 2.67 ft 
(0.38 m by 0.81 m) grates. 
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Figure 5-47. - Hydraulic efficiency vs. longitudinal slope 
for a constant width of spread, T' = 7.0 ft 
(2.13 m), Z = 48, 1.25 ft by 2.0 ft 
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efficient than the P - 1-7/8 - 4. For low energy gutter flow con-
ditions, the CV - 3-1/4 - 4-1/4 grate inlet is normally somewhat 
less efficient than the fabricated steel grates. 

For a given grate inlet surface area an incremental increase in 
grate width results in a greater percentage increase in hydraulic 
efficiency, E, than an incremental increase in length. This was 
true for all three grate inlet designs. 

Recommendations related to specific grate inlet designs were pre-
sented in chapter 14 of volume 1 and are repeated here. 

1. Relocate the cast spacers used in the parallel bar with 
transverse spacers (P - 1-1/8) to set flush with the ends of 
the grate as compared to the 11/16 in (17 mm) offset used in 
the tested grates (figure 2-1). 

2. Roughen the surface of longitudinal bearing bars used in 
fabricated steel grates when the bar thickness exceeds 1/4 in 
(6.4 mm). This will help alleviate bicycle tire slippage when 
the grate is wet. 

3. Improve the design of the curved vane grates by placing a 
radius, possibly 1/4 in (6.4 mm), on the inside surface corners 
of the end and side members of the grate. 
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FEDERALLY COORDINATED PROGRAM OF HIGHWAY 
RESEARCH AND DEVELOPMENT (FCP) 

The Offices of Research and Development of the 3. Environmental Considerations in High- 
Federal Highway Administration are responsible way Design, Location, Construction, and 
for a- broad program of research with resources Operation 
including its own staff, contract programs, and a 
Federal-Aid program which is conducted by or 
through the State highway departments and which 
also finances the National Cooperative Highway 
Research Program managed by the Transportation 
Research Board. The Federally Coordinated Pro-
gram of Highway Research and Development 
(FCP) is a carefully selected group of projects 
aimed at urgent, national problems, which concen-
trates these resources on these problems to obtain 
timely solutions. Virtually all of the available 
funds and staff resources are a part of the FCP, 
together with as much of the Federal-aid research 
funds of the States and the NCHRP resources as 
the States agree to devote to these projects.* 

FCP Category Descriptions 

1. Improved Highway Design and Opera-
tion for Safety 

Safety R&D addresses problems connected with 
the responsibilities of the Federal Highway 
Administration under the Highway Safety Act 
and includes investigation of appropriate design 
standards, roadside hardware, signing, and 
physical and scientific data for the formulation 
of improved safety regulations. 

2. Reduction of Traffic Congestion and 
Improved Operational Efficiency 

Traffic R&D is concerned with increasing the 
operational efficiency of existing highways by 
advancing technology, by improving designs for 
existing as well as new facilities, and by keep-
ing the demand-capacity relationship in better 
balance through traffic management techniques 
such as bus and carpool preferential treatment, 
motorist information, and rerouting of traffic. 

*The complete 7-volume official statement of the FCP is 
available from the National Technical Information Service 
(NTIS), Springfield, Virginia 22161 (Order No. PB 242057, 
price .$45 postpaid). Single copies of the introductory 
volume are obtainable without charge from Program 
Analysis (HRD-2), Offices of Research and Development, 
Federal Highway Administration, Washington, D.C. 20590. 

Environmental R&D is directed toward identify-
ing and evaluating highway elements which 
affect the quality of the human environment. 
The ultimate goals are reduction of adverse high-
way and traffic impacts, and protection and 
enhancement of the environment. 

4. Improved Materials Utilization and Dura-
bility 

Materials R&D is concerned with expanding the 
knowledge of materials properties and technology 
to fully utilize available naturally occurring 
materials, to develop extender or substitute ma-
terials for materials in short supply, and to 
devise procedures for converting industrial and 
other wastes into useful highway products. 
These activities are all directed toward. the com-
mon goals of lowering the cost of highway 
construction and extending the period of main-
tenance-free operation. 

5. Improved Design to Reduce Costs, Extend 
Life Expectancy, and Insure Structural 
Safety 

Structural R&D is concerned with furthering the 
latest technological advances in structural de-
signs, fabrication processes, and construction 
techniques, to provide safe, efficient highways 
at reasonable cost. 

6. Prototype Development and Implementa-
tion of Research 

This category is concerned with developing and 
transferring research and technology into prac-
tice, or, as it has been commonly identified, 
"technology transfer." 

7. Improved Technology for Highway Main-
tenance 

Maintenance R&D objectives include the develop-
ment and application of new technology to im-
prove management, to augment the utilization 
of resources, and to increase operational efficiency 
and safety in the maintenance of highway 
facilities. 
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