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INCREASED ROUGHNESS IN REINFORCED 

CONCRETE BOX CULVERTS 

Abstract 
 
 

by Adam Samuel Hill, M.S. 
Washington State University 

August 2006 
 
 
 

Chair:  Rollin H. Hotchkiss 
 
 
 The purpose of this experimental investigation was to determine the extent to which 

trapezoidal-shaped corrugations placed within a barrel of a reinforced concrete box culvert 

decreased water velocity within the barrel.   

Flow measurements were conducted in a tilting flume in Albrook Hydraulics Laboratory 

at Washington State University in Pullman, WA, using a half-scale simulation of the 

corrugations expected to be used in the field.  Discharges ranged from 24.1-144 L/s and slopes 

ranged from 0.3-10.1 percent.  Tests were also conducted in a flume in Sloan Teaching 

Laboratory using a quarter-scale simulation, where discharges ranged from 13.9-97.1 L/s.  The 

flume slope was zero.  Depths were measured using a point gage at seven different locations in 

both flumes. 

Sixty-eight tests were used to determine the Manning ‘n’ value.  Manning’s ‘n’ is 

inversely proportional to the submergence ratio and to the aspect ratio.  Experimental errors in 

the determination of Manning’s ‘n’ ranged from 4.3-10 percent.  Manning’s ‘n’ values for 

replication tests were within 3.2 percent of the original test. 
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Undular jumps did not occur in experimental testing; however, hydraulic jumps did form 

in some experiments upon initially reaching the corrugations.  The jumps are caused by the 

change in critical slope due to the increase in roughness.  Three different flow situations were 

observed during upstream supercritical flow experiments. 

Velocities within the corrugations decreased 44-66 percent compared to upstream 

supercritical velocity.  Broken-back Culvert Analysis Program (BCAP) outputs compared 

reasonably well with experimental results within the corrugations if inputs were set so the 

hydraulics at the break were the same as the upstream experimental data.  The program suggests 

a hydraulic jump will form within the corrugated outlet section of a broken-back culvert. 

Velocity data were collected using an Acoustic Doppler Velocimeter (ADV) and 

compared with a study by Ead et al. (2000).  The velocity profile was found to fit a log law 

profile using the Prandtl equation for rough turbulent flow for data points above the corrugation 

crest.  The shear velocity was 2.9 times higher and the Nikuradse equivalent sand roughness was 

100 times higher than values found by Ead et al. (2000). 
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NOTATION 

The following notations are used in this thesis: 

n = Manning’s roughness coefficient 

yc = Critical depth [L] 

z = Corrugation height [L] 

φ, S = Slope 

V = Velocity [LT-1] 

R = Hydraulic radius (A/P) [L] 

Q = Discharge [L3T-1] 

A = Cross-sectional area of flume/culvert [L2] 

y = Water depth [L] 

b = Flume/culvert width [L] 

Rs = Submergence ratio (y/z) 

RA = Aspect ratio (b/y) 

Fr = Froude number (V/(gy)1/2) 

g = Gravitational constant [LT-2] 

FrB = “Barrier” Froude number 

Q* = Dimensionless discharge (10-9Qg1/3ν-5/3) 

ν = Kinematic viscosity [L2T-1] 

u = Streamwise velocity [LT-1] 

y0 = Vertical depth position [L] 

u* = Shear velocity [LT-1] 

ks = Nikuradse equivalent sand roughness [L] 

  x



κ = von Karman constant 

∆u = velocity change over reference shift [LT-1] 

  xi



CHAPTER ONE 

INTRODUCTION AND BACKGROUND 

 

Culverts are important hydraulic structures used to pass water under roadways.  In certain 

situations, a culvert may be required to have a steep slope, which increases flow velocity.  High 

velocity at a culvert outlet may scour the channel bed, causing erosion of the natural channel. 

For years, the Nebraska Department of Roads (NDOR) has been using the Broken-back 

Culvert Analysis Program, also known as BCAP (Shafer and Hotchkiss 1998).  The program 

predicts that in larger broken-back reinforced concrete box (RCB) culverts, which would 

otherwise be designed with an expensive external energy dissipater, the culvert exit velocity can 

be effectively reduced by increasing the Manning’s roughness coefficient to approximately 0.035 

within the outlet section of the culvert.   

It is theorized that placing trapezoidal-shaped corrugations similar to the shape of bridge 

decking inside a RCB culvert will increase Manning’s ‘n’ to the desired roughness.  The 

increased roughness is expected to significantly reduce velocities within the culvert, sometimes 

triggering a hydraulic jump. 

The objectives of this research are to: 

1) Experimentally determine the Manning’s ‘n’ of the proposed corrugations within a 

RCB culvert. 

2) Attempt to create an undular jump within the experimental flume as expected by 

BCAP predictions. 
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3) Determine the impact the increased roughness has on flow conditions, including flow 

in a broken-back culvert if the corrugations are applied to the outlet section, as well as 

if BCAP can be used to model the corrugations in a broken-back culvert. 

4) Determine if the corrugations follow a log law velocity profile and compare 

experimental data with a previously published study on corrugated metal pipe (CMP) 

culverts. 
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CHAPTER TWO 

PREVIOUS WORK 

 

Previous research related to this subject has focused on skimming flow in stepped 

spillways and corrugated pipes for use as culverts.  Recent research has looked at dissipating 

energy in culverts by forcing a hydraulic jump within the barrel using end weirs (Hotchkiss et al. 

2005).  This chapter will briefly review skimming flow and corrugated culverts (see Appendix A 

for extended literature review on skimming flow). 

Skimming Flow 

Two main types of flow exist in stepped spillways.  Nappe flow generally occurs on 

larger steps with small discharges and on relatively mild-sloped spillways (Pegram et al. 1999).  

Nappe flow is described as having an air pocket at each step (Ohtsu et al. 2004).  In contrast, 

skimming flow generally occurs on steep-sloped spillways with small steps relative to the water 

depth (Pegram et al. 1999).  Skimming flow is described as having a so-called “pseudo-bottom” 

along the step edges with circulating eddies formed at each step (Ohtsu et al. 2004).   

Several findings have been developed from previous work.  Boes and Hager (2003) 

determine the transition between skimming flow and nappe flow to be dependent on critical 

depth yc, step height z, and spillway slope φ in the following equation: 

φtan14.091.0 −=c       
z

Ohtsu et al. (2004) find the friction factor in a stepped channel to be anyw

y (1) 

here from 5.5 

to 13 times that of a smooth channel with similar slope and material.   
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Corrugated Culverts 

Corrugated pipe has been used for drainage structures for several decades.  Steel pipe is 

typically used due to the large strength to dead weight ratio, which allows for lightweight pipe.  

Lightweight pipe is easy to install, which results in a low cost per unit length of pipe (Smith 

1988).  Other advantages include a large availability of sizes and shapes and fast assembly in the 

field (Ring 1984).  This increase in availability was widespread in the 1960s and 1970s, when 

corrugated pipe was found to be an alternative to short-span bridges (Moore et al. 1995).  Major 

disadvantages include decreased flow due to the corrugations, loss of metal through abrasion, 

pipe corrosion, and a controlled backfill in order to have proper support from the soil (Ring 

1984). 

Sinusoidal corrugations have gathered the most attention from researchers due to its high 

availability and widespread use.  Smith (1988) determined the Manning’s ‘n’ for standard 

corrugated pipe flowing full at high Reynolds numbers to range from 0.013-0.025.  Ead et al. 

(2000) studied the velocity field in turbulent open-channel flow in a corrugated pipe and found 

the Manning’s ‘n’ to equal 0.023.  Velocity profiles were found to follow the log law and can be 

described by the Prandtl equation for rough turbulent flow.  The Nikuradse equivalent sand 

roughness was found to equal the amplitude of the corrugations. 
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CHAPTER THREE 

EXPERIMENTAL SETUP 

 

Tilting Flume 

Flow measurements were conducted in Albrook Hydraulics Laboratory at Washington 

State University in Pullman, WA (see Figure 1).  Wood cut to the shape of bridge decking 

(“Bridge” 2006) was used as a half-scale simulation of the concrete forms expected to be used in 

the field (see Figure 2).  Spacing between corrugations was set using a half-scale distance as 

well. 

 
(a) 

 

 
(b) 

 
Figure 1.  (a) Schematic of elevation view (not to scale) and (b) photograph looking 

upstream ilting flume setup in Albrook Hydraulics ratory.    of t Labo
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(a) (b) 

 
Figure 2.  (a) Photograph and (b) dimensions of half-scale wood corrugations.  Flow is fro

left to right over the corrugations in this elevation view. 
 

The trapezoidal wood corrugations were primed and painted to protect against warping 

and water retention and nailed to a concrete board base. Concrete board was placed in the b

of the rectangular tilting flume 21.06 meters long, 0.90 meters wide, and 0.53 meters deep.  

Wood corrugations on both flume walls were attached to the bottom corrugations by angle 

braces, and all wall corrugations were attached to the flume with C-clamps.  This bracing 

m 

ottom 

protect

ty-

d the flume width to become 0.82 meters at the corrugation crests.  A variable-

height weir was loc he flume. The 

weir w aw d 

Depth m surements were collected at points upstrea  of 

corrugations (see Table 1 and Figure 3).  Depths were measured at both the crest and the trough 

within corrugations.  Uniform flow prevailed over the corrugation  Depths 

ed against buoyancy effects and maintained perpendicularity between the planes of the 

side and bottom corrugation faces.  Corrugations began 5.00 meters downstream of water 

entering the flume to allow flow to fully develop before encountering the corrugations.  Seven

two corrugations were placed in the flume with a total distance of 13.62 meters.  The side 

corrugations cause

ated 2.44 meters beyond the final corrugation at the end of t

as set to move drre down or b er effects anackwat thus facilitate measurements.  

ea m of tream, within, and downs

 reach as a whole. 
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were measured at the centerline of the ing a point gage connected to a gantry system 

above the flum

Table 1.  Depth measurement locations in tilting flume. 
Measurement # Location (from head tank) Description 

 flume us

e. 

1 3.05 m Upstream from corrugations 
2 4.88 m Upstream from corrugations 
3 6.09 m Corrugation trough 
3c 6.19 m Corrugation crest 
4 12.57 m Corrugation trough 
4c 12.67 m Corrugation crest 
5 18.48 m Corrugation trough 
5c 18.57 m Corrugation crest 
6 19.93 m Downstream from corrugations
7 21.06 m Weir 

 

 
Figure 3.  Dimensions and sampling locations of tilting flume.   

Flow is from left to right in this elevation view. 
 

ater was pumped from the sump to the head tank of the flume and returned to the sump 

after traveling over the variable-height weir.  A combination of a Venturi meter and magnetic 

flow m easure discharge.  The tilting flume slope was determined using a 

surveying rod and level.  Table 2 shows the slope and discharge used in each experiment. 

 

 

 

W

eter was used to m
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le 2.  Su y of exp ental slopes a dischar ilting fl

Experiment # Discharge (L/s) Experiment # Slope Discharge (L/s) 
Tab mmar erim nd ges in t ume. 

Slope 
1 0.0028 26.9 26 0.04 24.1 
2 0.0028 41.3 27 0.04 41.7 
3 0.0028 57.7 28 0.04 57.1 
4 0.006 28.2 29 0.0463 24.8 
5 0.006 42.1 30 0.0463 39.9 
6 0.006 42.1 31 0.0463 57.1 
7 0.006 57.7 32 0.1008 140. 
8 0.009 26.9 33 0.1008 111 
9 0.009 41.7 34 0.1008 81.6 
10 0.009 57.4 35 0.1008 53.2 
11 0.0118 27.6 36 0.08 56.6 
12 0  .0118 42.1 37 0.08 83.5 
13 0  .0118 57.7 38 0.08 111 
14 0.015 26.9 39 0.08 137 
15 0.015 41.7 40 0.06 143 
16 0.015 58.0 41 0.06 113 
17 0.0183 28.2 42 0.06 85.2 
18 0.0183 42.1 43 0.06 54.4 
19 0.0183 57.7 44 0.0388 51.5 
20 0.021 28.2 45 0.0388 82.7 
21 0.021 42.6 46 0.0388 112 
22 0.021 58.0 47 0.0388 140. 
23 0.03 25.5 48 0.0235 144 
24 0.03 41.3 49 0.0235 114 
25 0.03 57.7 50 0.0235 82.4 

 

Sloan 

tate 

 

 half-

Flume  

Additional tests were completed in the Sloan Teaching Laboratory at Washington S

University in Pullman, WA (see Figure 4).  These tests were completed using wood corrugations

at quarter-scale.  These tests were completed to assure scaling remained consistent between

scale and quarter-scale models and the full-scale prototype. 

  8



 
Figure 4.  Photograph looking downstream of Sloan flume experimental setup. 

imilar strategies were used to prepare the flume for testing.  The flume used had 

dimensions of 14.08 meters long by 0.45 meters wide by 0.90 meters high.  Corrugations began 

3.07 m entering the flume to allow flow to fully develop before 

encountering the co Sixty-two 

corrugations were placed in the flum tance o e 

corrugations caused the flume width t  0.41 meters at the corrugation crests.  The flume 

terminated in a free drop 5.15 meters b he final corrugatio

Depth surements were collected using a point gage sy ilting 

flume.  Depths were measured at the u

upstream and downstream of the corrugations, and three points w

Table 3 and Figure 5).  Depths were measured at both the crest and the trough within 

corrugations.  Depths were measured at the centerline of the flume. 

 

 

 

 

S

eters downstream of water 

rrugations.  Water entered the flume beneath a sluice gate.  

e a total dis through f 5.86 meters.  The sid

o become

eyond t n.  

mea stem similar to the t

pstream sluice gate and downstream drop, one point each 

ithin the corrugations (see 
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Table 3.  Depth measurement locations in Sloan flume. 
Measurement # Location (from head tank) Description 

1 0.00 m Upstream sluice gate 
2 2.08 m Upstream from corrugations 
3 3.62 m Corrugation trough 
3c 3.67 m Corrugation crest 
4 5.71 m Corrugation trough 
4c 5.76 m Corrugation crest 
5 8.67 m Corrugation trough 
5c 8.71 m Corrugation crest 
6 11.71 m Downstream from corrugations
7 14.08 m Downstream drop 

 

 
Figure 5.  Dimensions and sampling locations of Sloan flume.   

Flow is left to right in this elevation view. 
 

Water was pumped from the sump to the head tank of the flume and returned to the sump 

after traveling beyond the downstream drop.  A combination of a weigh tank and a stopwatch 

was used to measure discharge.  Discharges ranged from 13.9-97.1 L/s in this zero-percent-

sloped flume.  
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CHAPTER FOUR 

DETERMINATION OF MANNING ‘N’ VALUE 

 

A total of fifty tests in the tilting flume and eighteen tests in the Sloan flume were 

completed to determine the Manning ‘n’ value of the corrugations (see Appendix B for raw 

data).  Several flow characteristics were calculated for each depth location, including cross-

sectional area, Froude number, and flow velocity, for example (see Appendix C for example).  

Relationships were established between Manning’s ‘n’ and other flow characteristics.  These 

relationships were scaled to prototype size.  Scaling was governed by the Froude number.  The 

prototype Manning’s ‘n’ was found to be a function of the length scale to the 1/6th power.  All 

results are independent of the Reynolds number due to flow being in the completely rough 

regime (see Appendix D for a discussion on scaling Manning’s ‘n’).   

Depths from the six measuring locations (three points on the crests of corrugations and 

three points on the troughs of corrugations) were averaged assuming a bottom channel depth 

halfway between the crest and trough.  These three average depths were used to determine 

Manning’s ‘n’ using the well known Manning equation in metric units (Jain 2001): 

SR 
n

V        (2) 

Given continuity, Q = VA, (2) can be written as: 

  

3
21

=

SAR
n

Q 3
21

=       (3) 

, (3) can be written as: 

  

Expanding the area and hydraulic radius terms and solving for n

Q
Sybby 3

2
3
5

)2()(
−

+n =      (4) 
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Equatio

gence 

 Manning’s ‘n’ less than 0.030 were assigned a constant Manning’s ‘n’ of 0.024.  For 

experiments with Manning’s ‘n’ greater than 0.030, the following relationship exists (see Figure 

6): 

  

n (4) will yield a Manning ‘n’ value for each measurement.  These three values were 

averaged to find the average Manning’s ‘n’ for the corrugations for each experimental run. 

From the results of the experimental runs, both tilting flume tests and Sloan flume tests 

showed the same relationship.  Manning’s ‘n’ was found to be dependent on the submer

ratio and the aspect ratio.  Submergence ratio is defined as Rs = y / z, where z is the corrugation 

height, and aspect ratio is defined as RA = b / y.  Experiments were split into those with 

Manning’s ‘n’ greater than 0.030 and those with a Manning’s ‘n’ less than 0.030.  Experiments 

with

306.0

024.0
−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

A

s

R
Rn       (5) 
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Figure 6.  Relationship comparing submergence ratio (Rs) and aspect ratio (RA) to 

Manning’s ‘n’. 
 

This relationship (5), combined with the Manning equation (3), could be used to 

determine the expected Manning ‘n’ value for a given discharge and slope in a concrete box 

culvert (see Appendix E for example). 

Errors in the experimentally determined Manning ‘n’ values ranged from 4.3-10% (see 

Appendix F for details).  Errors were based on the precision of the measurement devices.  

Replications were completed on four experimental runs.  Results were within 3.2% of the 

initially derived values (see Table 4). 

Table 4.  Replication experiment results. 

Exp. Slope 

Original 
Discharge 

(L/s) 

Replicate 
Discharge

(L/s) 
% 

Difference
Original

‘n’ 
Replicate 

‘n’ 
% 

Difference
9 0.009 41.6 41.3 -0.7% 0.0315 0.0305 -3.2% 
14 0.015 26.9 27.5 2.2% 0.0356 0.0353 -0.8% 
16 0.015 58.1 57.8 -0.5% 0.0315 0.0309 -1.9% 
22 0.021 58.1 57.8 -0.5% 0.0335 0.0335 0.0% 

Constant n = 0.024 
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CHAPTER FIVE 

ATTEMPTS TO CREATE AN UNDULAR JUMP 

 

  Undular jumps occur during the transition from supercritical to subcritical flow and the 

supercritical Froude number is below 1.7 (Henderson 1966).  They are caused by channel friction 

that slows the velocity until any disturbance in the flow generates a spontaneous jump.  An 

undular jump is described by Chanson and Montes (1995) as: “A hydraulic jump of low height 

[that] is characterized by free-surface undulations downstream of the jump.”  An undular jump is 

sometimes preferable because a high tailwater is not required to produce it.    

All attempts to create an undular jump in experimental runs failed due to the relatively 

low submergence ratios and high Froude numbers used in the experiments.  However, some 

experiments had a hydraulic jump form upon initially reaching the corrugations. 

Three different situations developed when supercritical flow reached the corrugations, as 

follows: (1) Flow remained supercritical throughout the corrugations (see Figure 7); (2) Flow 

went through a hydraulic jump upon initially reaching the corrugations, but returned to 

supercritical flow after the corrugations (see Figure 8); and (3) Flow went through a hydraulic 

jump upon initially reaching the corrugations and remained subcritical beyond the corrugations 

(see Figure 9). 

 
Figure 7.  Schematic of Situation 1, flow remaining supercritical throughout corrugations 

(not to scale). 

 

yc
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Figure 8.  Schematic of Situation 2, flow went through a hydraulic jump upon initially 

reaching the corrugations and returning to supercritical flow after the corrugations  
(not to scale). 

 

 

reaching the corrugations and remaining subcritical beyond the corrugations  

 

y

Figure 9.  Schematic of Situation 3, flow going through hydraulic jump upon initially 

(not to scale). 

Twenty-seven of the 68 total experiments were run with supercritical flows upstream 

from the corrugations.  Of the 27 experiments, 17 can be described as Situation 1, eight can be 

described as Situation 2, and two can be described as Situation 3 (see Table 5). 

 
 

yc

c
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T 5.  S y of eam ritic erim
pstr rrug wnstream 

able ummar  upstr  superc al exp ents. 
  U eam Co ation Do  

Exp. Depth (m) Depth (m) Depth (m) SituationSlope Fr Fr Fr 
21 0.021 3.33 0.027 0.75 0.076 0.24 0.158 3 
22 0.021 3.87 0.030 0.82 0.088 0.28 0.177 3 
23 0.030 3.67 0.018 0.72 0.055 3.67 0.018 2 
24 0.030 3.22 0.027 0.86 0.067 4.15 0.024 2 
25 0.030 2.93 0.037 0.94 0.082 3.91 0.030 2 
26 0.040 3.46 0.018 0.72 0.055 4.16 0.015 2 
27 0.040 3.89 0.024 0.95 0.064 5.31 0.021 2 
28 0.040 3.81 0.030 1.03 0.076 4.86 0.027 1 
29 0.046 3.56 0.018 0.70 0.055 5.48 0.015 2 
30 0.046 3.72 0.024 0.86 0.067 5.08 0.021 2 
31 0.046 3.81 0.030 1.03 0.076 5.86 0.024 1 
32 0.101 5.29 0.046 1.90 0.091 4.33 0.052 1 
33 0.101 5.29 0.040 1.68 0.085 5.29 0.040 1 
34 0.101 7.15 0.024 1.46 0.076 5.12 0.030 1 
35 0.101 4.67 0.024 1.30 0.061 4.67 0.024 1 
36 0.080 4.97 0.024 1.23 0.067 4.97 0.024 1 
37 0.080 5.24 0.030 1.43 0.079 5.24 0.030 1 
38 0.080 4.21 0.046 1.51 0.091 5.30 0.040 1 
39 0.080 4.25 0.052 1.56 0.104 5.19 0.046 1 
40 0.060 3.71 0.058 1.51 0.107 5.40 0.046 1 
41 0.060 4.27 0.046 1.39 0.098 5.01 0.040 1 
42 0.060 3.23 0.046 1.31 0.085 4.73 0.034 1 
43 0.060 4.77 0.024 1.08 0.070 4.32 0.027 1 
44 0.039 4.52 0.024 0.92 0.076 4.52 0.024 2 
45 0.039 3.95 0.040 1.14 0.091 3.95 0.040 1 
46 0.039 4.25 0.046 1.22 0.107 4.25 0.046 1 
47 0.039 4.35 0.052 1.34 0.116 4.35 0.052 1 

 

According to Jain (2001), if a single bump in a channel floor is higher than the critical 

bump height, flow approaching the bump at supercritical Froude numbers will be forced through 

a hydraulic jump.  A “barrier” Froude number can therefore be calculated for a given discharge 

where flow with lower Froude numbers when reaching the bump will go through a hydraulic 

jump and flow with higher Froude numbers when reaching the bump will stay supercritical (see 

Appendix G for detailed work).  For example, given the full-scale prototype with corrugations on 
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the bottom and sides of a 1.83 meter wide culvert, the “barrier” Froude number can be described 

in metric units as follows (see Figure 10): 

        (6) 160.086.5 −= QFrB

FrB = 5.86Q-0.160
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Figure 10.  “Barrier” Froude number using 1.83 meter wide culvert with 0.076 meter 
bottom and side corrugations. 

 
If the data from all three situations are placed on the identical graph, no data points are in 

the area below the curve (see Figure 11).  Therefore, it can be concluded that the hydraulic jumps 

seen in the experiments are not caused by the height of the corrugation itself.  Instead, hydraulic 

jum

Hydraulic jump will 
not occur due to 
corrugation height 

Hydraulic jump will 
occur due to 
corrugation height 

ps are formed due to the change of the critical slope by the increased roughness.   
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Figure 11.  Data of experiments with supercritical flow upstream (scaled to full size) 
compared to the “Barrier” Froude number. 

 
Hydraulic jumps formed in Situations 2 and 3 because the slope required to produce 

supercritical flow above the corrugated section of the flume was greater than the actual slope.  

Hydraulic jumps did not form in Situation 1 because the flume slope was greater than that 

required to produce supercritical flow above the corrugated section of the flume.    
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CHAPTER SIX 

IMPACT OF INCREASED ROUGHNESS 

 

Impact on Velocity 

Although a hydraulic jump did not form in many cases, a significant decrease in velocity 

was found when comparing upstream and corrugation velocities in upstream supercritical flow 

conditions (see Figure 12).  Decreases in upstream velocities to corrugation velocities range from 

44-66 percent in supercritical flow.  Using a full size prototype, the percentage decrease in 

velocity follows a relationship with the dimensionless discharge given by the following equation 

(see Figure 13): 

       (7) *14.067% Qdecrease −=
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Figure 12.  Comparison of corrugation velocity to upstream velocity for supercritical 
upstream flow conditions on a full size culvert. 
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Figure 13.  Percentage decrease between upstream velocity and corrugation velocity 
compared to discharge. 

 
The above relationship is expected due to e decrease in Manning’s ‘n’ when the depth 

increases.  Higher discharge leads to a  ratio and lower aspect ratio, which 

lowers the Manning ‘n’ value from equation (5).  A lower Manning ‘n’ value means less 

roughness, which means a lesser decrease in velocity.  

Impact in a Broken-back Culvert 

A broken-back culvert is defined as a culvert that has changes of slope within the culvert 

barrel.  A single broken-back culvert has an initial section of steep slope followed by an outlet 

section of mild slope (see Figure 14).  Due to the steep slope in the initial section, the outlet 

section has supercritical flow unless a hydraulic jump occurs within the barrel (Hotchkiss et al. 

2004). 

th

higher submergence
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Figure 14.  Generic shape of a single broken-back culvert in elevation view.  Flow would be 

from left to right. 
   

As described above, the hydraulic jumps seen in the experiments were caused by 

increasing s 

greater than the slope of the fl g the

outlet s he slope required to maintain s cal flow nou  a 

hy

 can b ele e B -ba ve

(BCAP).  BCAP analyzes the hydraulics of 

CAP 

here flow remained supercritical throughout (Situation 1), 

 th wae roughness enough that the slope required to maintain supercritical flow 

ume.    In a broken-back culvert, increasin  roughness in the 

ection may increase t upercriti  e gh that

draulic jump will form.     

Broken-back culverts e mod d by th roken ck Cul rt Analysis Program 

a broken-back culvert using well-known and 

accepted equations (Hotchkiss et al. 2004).  In order to model the proposed corrugations, B

outputs must be compared to the experimental results to determine if BCAP can be used as a 

valid modeler for the corrugations. 

The results for three experiments were tested in BCAP to check how the program 

compared with scaled results.  The three experiments corresponded to situations 1, 2, and 3 as 

described earlier.  Experiment 40, w
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experiment 27, where a hydraulic jump took place but flow returned to supercritical downstream 

of the corrugations (Situation 2), and experiment 22, where a hydraulic jump took place 

(Situation 3), were compared with the outputs of BCAP (see Appendix H for BCAP outputs).  

Each experiment went th :  (a) BCAP inputs 

matched the experimental setup in the tilting flume; (b) Same as (a), hat  ini

section’s slo s s ed AP s flo ract cs at gin f the outlet 

section were the sam e e ent  c eris nd (c e a xce t 

the out

Note:  Experiments 22 and 27 showed a hydraulic jump on test (b),  

 Experiment 22 Experiment 27 Experiment 40 

rough three BCAP tests, as follows (see Table 6)

 except t the tial 

pe wa teepen  in BC o the w cha eristi the be ning o

e as th xperim al flow haract tics; a ) Sam s (b), e pt tha

let section’s slope was reduced in BCAP until a hydraulic jump was predicted. 

Table 6.  BCAP setup for testing program to scaled experimental results.   

therefore, test (c) was not necessary. 

Test a b a b a b c 
Experiment Slope 0.021 0.040 0.060 
Discharge (cms) 0.328 0.236 0.806 

Corrugation Manning’s ‘n’ 0.0376 0.0434 0.0347 
Steep section slope 0.021 0.571 0.040 0.790 0.060 0.410 0.410 
Outlet section slope 0.021 0.021 0.040 0.040 0.060 0.060 0.025 
 
When comparing BCAP results to experimental results, the most important test to 

compare is test (b), where the upstream data are similar.  If the results from BCAP in the 

corrugated section are comparable to the actual experimental results, the program can be used as 

a viable prediction tool in these situations.  Because of this, a comparison between BCAP test (b) 

and experimental results for Measurement 5 was made.  Measurement 5 was chosen because its 

location was at the end of the corrugations and would most likely represent the outlet station in 

the BCAP program (see Table 7). 
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Table 7.  Comparis utlet predictions to  
Measurement 5 in tilting flume experiments. 

 Exp eriment 40 

on of BCAP test (b) o

eriment 22 Experiment 27 Exp
 BCAP 5 % Diff. BCAP 5 % Diff. BCAP 5 % Diff. 
y  

(m) 0.15 0.18 -16.7 0.12 0.12 0.0 0.21 0.21 0.0 

V  1.21 1.07 (m/s) 13.1 1.09 1.11 -1.8 2.18 2.22 -1.8 

 
As shown in Table 7, the depths and velocities predicted by BCAP are relatively close to 

the experimental results for the test experiments.  Based on the comparison of BCAP outputs to 

the experimental results, BCAP can be reasonably used to predict corrugation data given the 

am. 

 in 

) 

p 

 and 3) had a hydraulic jump prediction from BCAP.  This result 

nfirms that BCAP can be used to predict corrugation data given the flow data upstream. 

 

d will cause flow to decrease in velocity, creating a 

the culvert in many cases. 

flow data upstre

Furthermore, all 27 experiments with supercritical flow upstream were reproduced

BCAP using test (b).  All 17 experiments where a hydraulic jump was not observed (Situation 1

had no hydraulic jump prediction from BCAP, and all ten experiments where a hydraulic jum

was observed (Situations 2

further co

For BCAP test (c), the corrugation section required a slope of less than 2.5% to trigger a 

hydraulic jump in the experiment tested.  In most cases, the outlet section of a broken-back 

culvert is on a zero percent slope.  Based on this analysis, it can be assumed that broken-back

culverts fitted with the corrugations teste

hydraulic jump within 
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CHAPTER SEVEN 

VELOCITY PROFILES OVER CORRUGATIONS 

Background 

 Velocity prof in rough turbulent flow a own to fit the log law.  Ead et al. (2000) 

found this to be the case in corrugated metal pipe (CMP) culverts.  The flow was found to fit the 

Prandtl equation for rough turbu , as follo

  

 

iles re kn

lent flow ws: 

50.8  log 0

*

+=
sk

y
u
u     (8) 

where u is the streamwise velocity, u  is the shear velocity, κ is the von Karman constant 

(assumed to be 0.40), y  is the depth at which the velocity is measured, and k  is the Nikuradse 

equivalent sand roughness.  Little to no research has been completed on velocity profiles for 

trapezoidal corrugations. 

Purpose 

 The purpose of this portion of the research was to determine if the velocity profiles in the 

proposed design of the corrugations within a reinforced concrete box (RCB) culvert fit the log 

law.  The shear velocity and the Nikuradse equivalent sand roughness were compared to the 

experimental work of Ead et al. (2000). 

Experimental Setup 

 Velocity data were collected in the tilting flume in Albrook Hydraulics Laboratory in the 

corrugated section at measurement station 3.  Data were also collected at measurement station 4 

to assure fully developed flow, which was confirmed.  Ten trials of varying slopes and 

discharges were completed (see Table 8).  Measurements were taken at the crest and the trough 

for each experiment.  Discharges were collected using a flow meter, slopes were collecting using 

30.2
κ

*

0 s
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a surveying rod an pth was defined 

as halfway b tween the trough 

Table 8.  Summary of slopes, discharges, and wa depths r velocity profile experiments. 
Experiment # Slope Discharge (L/s) ater Dept m) 

d level, and depths were collected using a point gage.  Zero de

e and crest. 

ter  fo
W h (

69 0.0188 107 0.125 
70 0.0188 152 0.160 
71 0.035 1 0.114 61 
72 0.035 77 0.091 .0 
73 0.002 67 0.163 .4 
74 0.002 1 0.253 72 
75 0.0095 115 0.149 
76 0.0095 57 0.105 .8 
77 0.031 0.091 58.3 
78 0.031 111 0.120 

 

 Velocities were collected in the streamwise, transverse, and vertical directions usin

Acoustic Doppler Velocimeter (ADV).  The ADV was connected to a gantry system above the

tilting flume that could be moved in all three dimensions w

g an 

 

ithin the flow.   

ing the 

Wahl 

  

Data were collected at several sample points within the flow field (see Table 9).  Data 

were collected at a rate of 25 samples per second for 120 seconds (3000 samples total) us

Sontek HorizonADV computer program (see Appendix I for raw data).  Data were processed 

using the WinADV computer program to calculate measured velocities within the flow field 

( 2000).  Those data whose signal-to-noise ratio (SNR) fell below 5dB were discarded 

according to accepted practice.  
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Table 9.  Summary of collection points in each direction  

 Measurement 3  
for each velocity profile experiment. 

Measurement 3c 
Experiment # Vertical Transverse Total Vertical Transverse Total 

69 3 5 15 2 5 10 
70 3 5 15 2 5 10 
71 3 2 5 10 5 15 
72 3 5 15 2 5 10 
73 3 5 15 2 5 10 
74 6 5 30 4 5 20 
75 13 1 13 13 1 13 
76 12 1 12 8 1 8 
77 11 1 11 7 1 7 
78 11 1 11 9 1 9 

 

Results 

 Many samples with a low SNR were located close to the water surface.  In higher 

velociti s, the flow separates around the stem The air 

bubbles scatter the signal and cause the SNR to decrease. 

 Many experimental runs had problems of inconsistent readings from the ADV due to the 

low SNR.  Experiment 75 was found to have consistent data that had a similar slope and 

discharge when compared with the experimental setup of Ead et al. (2000).  For these reasons, 

the results from this experiment were used to compare against results from Ead et al. (2000). 

 The streamwise velocity u was found to generally fit a typical log law velocity profile 

when c ostly 

negativ t.  

kimming flow research shows a “pseudo-bottom” at a 

corrugated culverts have not s

trapezoidal shape of the corrugations likely has a greater effect on the flow than corrugated 

e  of the ADV, which creates air bubbles.  

ompared to the vertical depth y0 (see Figure 15).  The streamwise velocity remains m

e until approximately 5 cm above the datum, which is 3.1 cm above the corrugation cres

This value is higher than expected, as s

depth of the step crest, and hown negative velocities.  The 
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culverts, which is confirmed with the higher Manning ‘n’ value in the experimental corrugated 

culverts compared to sinusoidal corrugated culverts.  
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In order to deter e shear velocity u eamwise velocity was plotted against 

uation, 

where ∆u is

 

 15. mp Velocity profile co g streamwise
rim  

 to depth po
ent 75.

 
mine th *, the str

the vertical depth on a semilog scale (see Figure 16).  Data points collected at depths below the 

corrugation crest caused inconsistent results; however, one can use Rotta’s method (1962) to 

shift the reference depth to the top of the corrugation bed and use all data points above the 

reference depth.  Combining this shift with the Prandtl equation (8) gives the following eq

 the velocity change over the reference shift: 

** uku sκ
0log + 50.8 uu ∆

−=     (9) 30.2 y
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In Experiment 75, ∆u is assumed to be 0 because the velocity was not observed to change 

below the corrugation crest.  The shear velocity is the slope of the best fit curve in Figure 16 

divided by 5.75 (2.30/κ), as described by Ead et al. (2000).  The shear velocity is found to be 

28.0 cm/s in Experiment 75. 

 

u = 161Log(y0) - 94.4
R2 = 0.84
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Figure 16.  Velocity profile of Experiment 75 used to calculate shear velocity. 

The Nikuradse equivalent sand roughness ks was found using the Prandtl equation (8).  

Solving for ks, (8) can be rewritten as: 

  
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

=
5.8

30.2

0

*10 u
us

y
k

κ
      (10) 

The mean Nikuradse equivalent sand roughness was found to equal 119 cm for Experiment 75.  

This value is much higher than the amplitude of the corrugations (3.8 cm).  While this is unusual, 

it is possible for values to get this high.  Baptist and Mosselman (2002) describe Nikuradse 
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equivalent sand roughness values of 8 ssland and 200 cm for ruderal 

vegetation. 

 Comparison to Ead et al. (2000) 

 nce 

t of Ead’s experiment 

15 in b

000). 
 Experiment 75 Ead experiment 15 

0 cm for floodplain gra

The above results were compared to results from Ead et al. (2000).  The major differe

between the experimental setup is the type of corrugations used (see Table 10).  As shown, 

Experiment 75 has corrugations approximately three times larger than tha

oth amplitude and wavelength.   

Table 10.  Comparison of experimental setup with Ead et al. (2

Culvert type Modified RCB CMP 
Average width/diameter Width = 0.86 m Diameter = 0.622 m 
Corrugation amplitude 3.8 cm 1.2 cm 
Corrugation wavelength 19.05 cm 6.8 cm 

Corrugation type Trapezoidal Sinusoidal 
Discharge 115 L/s 160 L/s 

Slope 0.0095 0.0055 
 

 This difference in corrugation amplitude and wavelength should give a similar difference

in shear velocity and  the Nikuradse equivalent sand roughness

 

.  These values were compared 

with the values from Ead’s experiment 15 using both the original and the alternate method of 

determining shear velocity and  the Nikuradse equivalent sand roughness (see Table 11). 

Table 11.  Comparison of experimental results with Ead et al. (2000). 
 Experiment 75 Ead experiment 15 

Shear velocity 
u* (cm/s) 28.0 9.65 

Nikuradse equivalent sand roughness 
ks (cm) 119 1.2 

 
 When determining shear velocity and the Nikuradse equivalent sand roughness, the she

velocity is 2.9 times the value of Ead et al. (2000).  This is a reasonable value as the Manni

ar 

ng 

roughness coefficient is higher than that of Ead’s experiment.  A higher roughness leads to a 

higher shear velocity.  It is also reasonable because the amplitude and wavelength are about 3 
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times higher than that of Ead’s experiment.  When comparing the Nikuradse equivalent sand

roughness, the experimental value is much higher (about 100 times) than

 

 that of Ead’s 

experiment.  Since the flow can be classified as skimming flow, with recirculating eddies 

between each corrugation, a high Nikuradse equivalent sand roughness can be expected. 
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C  

SUMMARY AND CONCLUSIONS  

The first objective of this research was to experimentally determine the Manning ‘n’ 

value o d to be 

The second objective was to attempt to create an undular jump within the experimental 

flume a

The third objective was to determine the impact the corrugations have on flow conditions, 

includi

elocities were reduced by 44-66 percent through the corrugations when the upstream section 

ad supercritical flow; this reduction percentage was related to the flow discharge, given by 

equatio ed 

oncrete box culvert with corrugations to increase roughness. 

rofile 

nd to compare experimental data with a previously published study on corrugated metal pipe 

ulverts.  The shear velocity was found to be 2.9 times that of a study from Ead et al. (2000), and 

the Nik f the 

me study.  This is expected due to the higher amplitude and wavelength of corrugations. 

ocity 

hen encountering supercritical flow, (2) increase the occurrence of hydraulic jumps, and (3) 

may be

HAPTER EIGHT

 

f the proposed corrugations within a RCB culvert.  Manning’s ‘n’ was determine

related by the submergence ratio and aspect ratio, given by equation (5). 

s expected by BCAP predictions.  An undular jump was not observed. 

ng flow in a broken-back culvert, if the corrugations are applied to the outlet section.  

V

h

n (7).  BCAP can reasonably be used to predict hydraulic characteristics in a reinforc

c

The final objective was to determine if the corrugations follow a log law velocity p

a

c

uradse equivalent sand roughness was found to be approximately 100 times that o

sa

Based on this research, increased roughness from corrugations will: (1) decrease vel

w

 an effective means of decreasing the flow energy within a reinforced concrete box 
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culvert.  It is recommended that this design be tested in the field for constructability and to 

compare field results to experimental results presented in this research. 
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APPENDIX A 

EXTENDED SKIMMING FLOW LITERATURE SEARCH 

 

Abstract 
 
    Stepped spillways have gained interest in hydraulic studies due to the advantages of 

construction in roller compact concrete dams and greater energy dissipation than that of smooth 

spillways.  Stepped spillwa ming flow.  

Experimental setup includes certain variables such as spillway slope, step height, step length, and 

critical depth.  Different measurement techniques are discussed.  Skimming flow is observed to 

have recirculating flow, water flow with air bubbles, and air flow with water droplets.  Equations 

determining onset of skimming flow, uniform mixture depth, and friction factors are presented.  

Stepped spillways have a friction factor of 5.5-13 times greater than friction factors of smooth 

spillways.  Stepped spillways also dissipate more than half the energy that would remain at the 

toe of the spillway if a smooth spillway were installed. 

1—Introduction  

 1.1—Stepped Spillways 

  1.1.1—Importance 

    Stepped spillways are an important hydraulic structure used to dissipate energy.  Stepped 

spillways have been used in hydraulic design for over three millennia.  By the end of the 1800s, 

almost one-third of all spillways in North America were of this design.  New progress in the 

1920s in hydraulic jump energy dissipation characteristics led to the abandonment of stepped 

spillways, but due to construction techniques such as roller compacted concrete (RCC) dams and 

ys have two main types of flow, nappe flow and skim
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design techniques like embankment protection, stepped spillways have increased in importance 

since the 1960s [1]. 

    Stepped spillways have two main advantages when compared to smooth spillways.  

Stepped spillways hold an economical benefit over smooth spillways in RCC dams due to their 

quick construction time.  Stepped spillways also have significant energy dissipation along the 

spillway because of their “macroroughness  by Boes and Hager (2003).  This 

dissipation of energy reduces the dimensions of stilling basins at the toe of the spillway.  Lower 

flow velocities and high air entrainment reduces the risk of cavitation.  A disadvantage to the 

high air entrainment is that it produces bulking, which increases the required sidewall height [2]. 

  1.1.2—Types of Flow 

    Two main types of flow exist in stepped spillways.  Nappe flow generally occurs on 

larger steps with small discharges and on relatively mild-sloped spillways [3].  Nappe flow is 

described as having an air pocket at each step [4].  Nappe flow is also known as jet flow [5].  A 

sketch of nappe flow is shown in Figure A-1. 

,” as termed

 
Figure A-1.  Sketch of nappe flow [6] 

 
 Skimming flow generally occurs on steep-sloped spillways with small steps relative to the 

water depth [3].  Skimming flow is described as having a so-called “pseduo-bottom” along the 

h step [4].  A sketch of skimming flow is shown 

in Figure A-2. 

 

step edges with circulating eddies formed at eac
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Figure A-2.  Sketch of skimming flow [6] 

 

    There is some debate about whether a third type of flow exists between nappe flow and 

skimming flow.  Some publications describe transition flow as a separate flow where qualities of 

both nappe flow and skimming flow exist.  Ohtsu, Yasuda, and Takahashi describe transition 

flow as “flow in which a nappe with an air pocket is not always formed and corner eddies are 

partly formed at some steps” [4]. 

 1.2—Purpose 

    The purpose of this appendix is to explore characteristics of skimming flow in stepped 

spillways from previous work.  Typical experimental methods of previous publications will be 

described, results from sele esented, and conclusions 

s s), a constant step 

ngth l, and a critical depth yc (also denoted as hc) [2].  Typical variables are shown in Figure A-

cted recent published experiments will be pr

from these experiments will be discussed. 

2—Methods 

 2.1—Experimental Setup 

    Although several details regarding the experimental setup are different among studied 

publications, all have the same general characteristics.  All experiments use a stepped channel 

with a slope of some constant φ, a constant step height h (also denoted a

le
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3.   A sketch of a typical laboratory setup is shown in Figure A-4, and a photograph of this setup 

is shown in Figure A-5.  Experiments generally vary the setup characteristics to create a broad 

range of situations that the experimental results are valid [4].  See Table A-1 for an example of 

experimental conditions used in one of the experiments. 

 
Figure A-3.  Typical va e are described in this 

 

riables [2] (Note: not all variables shown abov
appendix) 

 

  39



Figure A-4:  Sketch of experimental setup [6] 

 
Figure A-5:  Photograph of experimental setup [5] 

Table A-1:  Experimental conditions [4] 

 

 2.2—Experimental Measurement Techniques 

    Publications studied present various methods of taking measurements for their 

xperiments.  Ohtsu, Yasuda, and Takahashi measure water discharge with a sharp-edge weir, 

rical void probe [4].  Boes and 

ager use a two-tip fiber optical probe to measure air concentration and flow velocity [2].  

ed video camera to record 

eir experiment [5].   

3—Results 

 3.1—Observational Results 

e

water depths with a point gage, and air concentration with an elect

H

Chamani and Rajaratnam use a magnetic flow meter to measure the discharge and a Prandtl tube 

to measure velocity.  Chamani and Rajaratnam also use a high-spe

visual observations in th
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    Observations from experimental work are not as useful in written publications; however, 

they serve an important purpose to the reader.  Much of the description of skimming flow is 

finition itself, but some publications go into more detail.   

. 

embedded in the de

    Pegram, Officer, and Mottram observe skimming flow as “moving down the spillway 

almost without touching the steps” and a vortex of rotating aerated water in the space between 

steps [3].  A sketch from their publication is shown in Figure A-6

 
Figure A-6:  Sketch of skimming flow [3] 

    Chamani and Rajaratnam describe flow in their experiment as being “self-aerated, with 

air bubbles penetrating to the bottom of the channel.”  Chamani and Rajaratnam also observe tw

regions, also referred to as phases, where air bubbles travel in water flows in the lower region 

and water drops tra

the 

o 

vel in air flow in the upper region [5].  Pegram, Officer, and Mottram also 

 mention this phenomenon, although they do not describe it in detail [3].  A photograph included

in the publication by Chamani and Rajaratnam is shown in Figure A-7. 
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Figure A-7:  Photograph of skimming flow [5] 

 3.2—Numerical Results 

    The majority of results in publications studied are numerical.  Although all publications 

create equation and figures from their results, the only publication studied that includes a tabu

form of initial results is the experiment of Chamani and Rajaratnam.  This table, which shows 

typical data collected for skimming flow experiments, is shown in Table A-2. 

 

lar 
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Table A-2: Initial Results of Experiment [5] 

 

 3.2.1—Formation of Skimming Flow 

    Extensive research attempts to find an equation that determines the situation at which 

skimming flow occurs has been done.  Chamani and Rajaratnam determine that skimming flow 

formation depends on the step height, step length, and critical depth in the following equation 

[6]: 

     1]5.1)()[(89.0 34.01 −+−= −−

h
y

h
y

l
h cc    (A-1) 
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ine the transition between skimming flow and nappe flow to be 

, and spillway slope in the equation [2]: 

Boes and Hager determ

dependent on critical depth, step height

     φtan14.091.0 −=
h
yc       (A-2) 

3.2.2—Uniform Mixture Depth 

The uniform mixture depth, y90, is the depth where the air concentration equals 0.9.  This 

depth is important in that it determines the sidewall height for design purposes [2].  It is also 

important in that many experiments studied used this value as an upper limit for determining 

properties such as flow velocity and air concentration.  Boes and Hager determine the uniform 

mixture depth to fit the following equation [2]: 

     5.0tan1.0
*

90 50.0 += φF
h

y       (A-3) 

  3.2.3—Friction 

    Many publications discuss friction in the results of their experiments.  Chamani and 

Rajaratnam give friction in terms of a skin friction coefficient, cf, which is found to be a function 

of the uniform mixture depth and of the roughness height, as shown in the following equation 

[5]: 

 

     

    

  

53.3)log(85.3 90 +=
k

y
     (A-4) 

 

ine the friction factor to height, channel slope, 

and hydraulic diameter.  They present the following equation [2]: 

     

1
c f

Boes and Hager determ

2.0))](2sin(42.05.0[
h

b D
kf φ−=     (A-5) 

be a function of roughness 



Ohtsu, Yasuda, and Takahashi find the friction factor in a stepped channel to be anywhere from 

5.5 to 13 times that of a smooth channel with similar slope and material [4]. 

  3.2.4—Energy 

    Energy is of major importance in studied publications, as energy dissipation is one of the 

major advantages to having a stepped spillway compared to a smooth spillway.  Pegram, Officer, 

and Mottram describe the energy dissipation ratio (EDR) as [3]: 

     
smooth

steppedsmooth

E
EE

EDR
−

=     (A-6) 

They find the EDR to be 54-60% when the spillw  at equilibrium, which is higher than 

previous works that predicted the EDR at 89% [3 hamani and Rajaratnam agree with the 

above results, as they find the EDR to be 48-63% [5]. 

4—Discussion 

    From the above results, it is important to realize that different experiments create 

different equations, even though the expe ents are testing a similar situation.  In the formation 

of skimming flow, one is tempted to use ed by Boes and Hager due to its 

simplicity; however, one must review the original publication to determine if the equation is 

valid for the situation for which it will be lied order to create equations valid for a wide 

range of situations, previous work should be compiled and added to additional experiments and 

full-scale models. 

    It is interesting to note that Chamani and Rajaratnam is the only publication researched 

that included both a descriptive analysis and a sketch of their experimental setup.  This makes 

the experiment more easily replicable than those that only give a description (Pegram, Officer, 

and Mottram) or those that refer to other publications to describe their experimental setup (Boes 

and Hager).   

ay is

].  C

.  In 

rim

the equation form

 app
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5—Conclusion 

recirculating flow in a vortex in between spillway ubbles skimming over 

the spillw y steps ter droplets in an ai ab e lo im flo

properties are dependent on the spill p ri p st h e

length.  e spillw e re ec ic cto p  t h

Energy d ipation h  in ed a pa sm p ; , 

a stepped spillway in skimm w io p re than ha n at would 

have been at the toe of a sm il Th no s ” other in 

these ca studied d, o r r u on te wh

equation e valid ch on p of u , a a im

tests, an sting o a el ec to ce a at  u a 

wide variety of situations. 

6—Notation 

    b u hi nd

    cf skin iction coeffi

    Dh hydraulic diameter es dr ad

    ED energy dissip tion 

    Esm specific energy at toe of smoo  spil

    Este specific energy at toe of stepped spil

    F* roughness F de n  [  φ

    fb friction factor of bottom roughness 

    h step eight 

    Skimming flow in stepped spillways is unique in that it has three unique phases of flow: 

steps, water with air b

a , and wa r flow ove th water f w.  Sk ming w 

way slo e, the c tical de th, the ep heig t and th  step 

Th ay slop has a g ater eff t on fr tion fa rs com ared to he roug ness.  

iss  is muc greater  stepp  spillw ys com red to ooth s illways usually

ing flo  situat ns dissi ates mo lf the e ergy th

ooth sp lway.  ere is  equation that i “better than an

ses ; instea  one sh uld refe to the o iginal p blicati s to de rmine ich 

s ar  for ea  situati .  Com ilation  previo s work ddition l exper ental 

d te n full-sc le mod s are n essary  produ  an equ tion th  can be sed in 

The following sym ols are sed in t s appe ix: 

=  fr cient  

=  (4 tim  the hy aulic r ius) 

R = a ratio 

ooth = th lway 

pped = lway 

= rou umber q/(g sin h3)1/2] 

= 

=  h
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    k = roughness

  step ngth

    yc c depth 

    y90 uniform m  depth 

    φ sp y s
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RAW D TA 



 
Figure B-1.  L ion of measurement points in tilting flume. 

 

 

ocat

Figure B-2.  L ion of measurement points in Sloan flume.  ocat



Table B-1.  Slope g  b g flume (in feet).  
Measurements 1 and 2 did not have any point gage readin
not go to those points. er entries may gs due to high slopes. 

  Measurement nu

 and point ga e readings for channel ottom for tiltin
gs because the gantry system did 

 Oth  not have point gage readin
mber 

Experiment Slope 3 3c 4c 5 5c 6 7 4 
1 0.0028 0.307 0.434 0.236 0.363 0.164 0.291 0.104 0.345 
2 0.0028 0.307 0.434 0.236 0.363 0.164 0.291 0.104 0.343 
3 0.0028 0.307 0.434 0.236 0.363 0.164 0.291 0.104 0.373 
4 0.006 0.4  0.263 0.063 0.271 02 0.527 0.267 0.394 0.138
5 0.006 0.402 0 0.138 0.263 0.063 0.303 .527 0.267 0.394 
6 006 02 00. 0.4 .527 0.2  0.394 0.138 0.263 0.063 0.272 67
7 6 2 0 0. 0.13 .263 63 0.302 0.00 0.40 0.527 .267 394 8 0  0.0
8 0.009 0.496 0.619 0.298 0.423 0.112 0.237 0.023 0.234 
9 0.009 0.496 0.619 0.298 0.423 0.112 0.237 0.023 0.232 

10 0.009 0.496 0.619 0.298 0.423 0.112 0.237 0.023 0.232 
11 0.0118 0.682 0.805 0.422 0.546 0.179 0.303 0.075 0.287 
12 0.0118 0.682 0.805 0.422 0.546 0.179 0.303 0.075 0.284 
13 0.0118 0 82 .805  0.  0 75 283 .6 0 0.422 0.546 0.179 303 .0 0.
14 0.015 0.777 0.898 0.453 0.574 0.152 0.274 0.033 0.241 
15  8 5 .574 0.152 0.274 0.033 0.242 0.015 0.777 0.89  0.4 3 0
16  8 5 .574 0.152 0.274 0.033 0.242 0.015 0.777 0.89  0.4 3 0
17 0  9 5 .674 0.185 0.306 0.049 0.288 .0183 0.947 1.06  0.5 2 0
18 0  9 5 .674 0.185 0.306 0.049 0.259 .0183 0.947 1.06  0.5 2 0
19 0  9 5 .674 0.185 0.306 0.049 0.288 .0183 0.947 1.06  0.5 2 0
20  9 5 .778 0.237 0.358 0.087 0.327 0.021 1.109 1.22  0.6 6 0
21  9 5 .778 0.237 0.358 0.087 0.328 0.021 1.109 1.22  0.6 6 0
22  9 5 .778 0.237 0.358 0.087 0.326 0.021 1.109 1.22  0.6 6 0
23  5 0 .024 0.314 0.431 0.119 0.024 0.03 1.548 1.66  0.9 5 1
24  5 0 .024 0.314 0.431 0.119 0.024 0.03 1.548 1.66  0.9 5 1
25  5 0 .024 0.314 0.431 0.119 0.024 0.03 1.548 1.66  0.9 5 1
26  9 .3 0 1 0.04 - - 1.1 1 1 07 .399 0.513 0.152 0.02
27  9 .3 0 1 0.04 - - 1.1 1 1 07 .399 0.513 0.152 0.02
28  9 .3 0 1 0.04 - - 1.1 1 1 07 .399 0.513 0.152 0.02
29 0  0 .6 0 8 .0463 - - 1.5 7 1 71 .647 0.756 0.371 0.21
30 0  0 .6 0 8 .0463 - - 1.5 7 1 71 .647 0.756 0.371 0.21
31 0  0 .6 0 8 .0463 - - 1.5 7 1 71 .647 0.756 0.371 0.21
32 0  - 0.1008 - - - .009 0.103 - - 
33 0.1008 - - - - 0.009 0.103 - - 
34 0.1008 - - 1.973 2.071 0.009 0.103 - - 
35 0.1008 - - 1.973 2.071 0.009 0.103 - - 
36 0.08 - - 1.571 1.674 0.003 0.105 - - 
37 0.08 - - 1.571 1.674 0.003 0.105 - - 
38 0.08 - - 1.571 1.674 0.003 0.105 - - 
39 0.08 - - 1.571 1.674 0.003 0.105 - - 
40 0.06 - - 1.726 1.835 0.55 0.659 0.202 0.005 
41 0.06 - - 1.726 1.835 0.55 0.659 0.202 0.005 
42 0.06 - - 1.726 1.835 0.55 0.659 0.202 0.005 
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Table B-1 (continued). 
  mMeasure ent number 
Experiment Slope 3 3c 4 4c 5 5c 6 7 

43 0.06 - 1.726 1.835 0.5- 5 0.659 0.202 0.005 
44 0.0388 603 1. 0.768 884 0.00 .119 - - 1. 713 0. 5 0
45 0.0388 603 1. 0.768 884 0.00 .119 - - 1. 713 0. 5 0
46 0.0388 603 1. 0.768 884 0.00 .119 - - 1. 713 0. 5 0
47 0.0388 603 1. 0.768 884 0.00 .119 - - 1. 713 0. 5 0
48 0.0235 1.22 1.339 0.71 832 0.243 0.363 0.079 0.003 0.
49 0.0235 1.22 1.339 0.71 832 0.243 0.363 0.079 0.003 0.
50 0.0235 1.22 1.339 0.71 832 0.243 0.363 0.079 0.003 0.

 

Table B-2.  Point gage r ing for w level fo ting flum eet).  In cases where the 
point gage was unable t ach the remen int, the d  the actual water depth, 

taken by a ruler.  In ent 2 does not have data due to the high 
variability in depths at the measurement point. 

 Measu ber

ead ater r til e (in f
o re  measu t po ata is
 some cases, measurem

rement num  
Experiment 1  3 3c 4 4c 5 5c 6 7 2

1 0.42 4 0.695 3 0.61 0.613 0.50.4 0.69 5 40 0.538 0.551 0.520
2 0.49 2 0.758 0 68 0.681 0.60.5 0.76 0. 3 03 0.601 0.623 0.586
3 0.58 0.60 0.841 0.841 0.770 0.701 0.699 0.721 0.6760.768
4 0.35 0.39 0.719 0.731 0.593 0.593 0.459 0.453 0.476 0.448
5 0.43 0.47 0.808 0.784 0.668 0.664 0.562 0.561 0.584 0.550
6 0.43 0.47 0.807 0.782 0.663 0.661 0.519 0.515 0.550 0.518
7 0.50 0.54 0.864 0.843 0.731 0.728 0.609 0.613 0.646 0.601
8 0.31 0.36 0.794 0.792 0.603 0.601 0.417 0.412 0.438 0.403
9 0.39 0.45 0.846 0.856 0.664 0.661 0.474 0.471 0.509 0.474
10 0.46 0.52 0.915 0.917 0.716 0.714 0.525 0.521 0.567 0.536
11 0.28 0.36 0.975 0.975 0.709 0.703 0.460 0.460 0.488 0.462
12 0.37 0.43 1.027 1.020 0.762 0.762 0.518 0.514 0.557 0.529
13 0.43 0.50 1.069 1.064 0.811 0.811 0.562 0.551 0.609 0.583
14 0.24 0.34 1.049 1.047 0.726 0.721 0.414 0.411 0.435 0.412
15 0.33 0.43 1.108 1.105 0.778 0.775 0.473 0.466 0.513 0.487
16 0.39 0.50 1.165 1.153 0.829 0.829 0.517 0.510 0.576 0.545
17 0.22 0.34 1.222 1.219 0.826 0.818 0.467 0.459 0.495 0.466
18 0.28 0.40 1.267 1.261 0.866 0.863 0.490 0.481 0.528 0.506
19 0.30 0.48 1.318 1.306 0.911 0.911 0.563 0.563 0.627 0.594
20 0.18 0.31 1.372 1.372 0.919 0.914 0.505 0.497 0.531 0.507
21 0.09 0.36 1.423 1.418 0.966 0.957 0.554 0.551 0.606 0.573
22 0.10 0.44 1.466 1.461 1.004 1.004 0.591 0.591 0.664 0.636
23 0.06 0.26 1.796 1.792 1.151 1.144 0.559 0.542 0.179 0.099
24 0.09 0.33 1.839 1.834 1.197 1.187 0.597 0.578 0.195 0.128
25 0.12 0.40 1.890 1.880 1.235 1.228 0.633 0.611 0.218 0.153
26 0.06 0.23 0.250 0.130 1.425 1.416 0.629 0.617 0.205 0.096
27 0.08 0.28 0.290 0.140 1.469 1.456 0.668 0.651 0.217 0.130
28 0.10 0.09 0.330 0.180 1.504 1.487 0.705 0.686 0.237 0.155
29 0.06 0.21 0.250 0.120 1.790 1.777 0.884 0.859 0.416 0.296
30 0.08 0.06 0.290 0.170 1.824 1.812 0.911 0.894 0.436 0.332
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Table B-2 (continued). 
 Measurement number 

Experiment 1  5c 6 7 2 3 3c 4 4c 5
31 0.10 0.08 0.310 0.180 1.864 1.847 0.943 0.926 0.446 0.336 
32 0.15 - 0.354 0.229 0.375 0.229 0.389 0.323 0.167 0.208 
33 0.13 - 0.333 0.229 0.354 0.208 0.351 0.300 0.125 0.146 
34 0.08 - 0.313 0.188 2.292 2.252 0.318 0.282 0.104 0.104 
35 0.08 - 0.271 0.146 2.242 2.201 0.270 0.240 0.083 0.083 
36 0.08 - 0.292 0.167 1.853 1.824 0.282 0.247 0.083 0.125 
37 0.10 - 0.333 0.188 1.901 1.869 0.322 0.278 0.104 0.167 
38 0.15 - 0.375 0.229 1.944 1.919 0.360 0.318 0.125 0.208 
39 0.17 - 0.417 0.292 1.972 1.935 0.395 0.356 0.146 0.208 
40 0.19 - 0.417 0.271 2.158 2.139 0.964 0.938 0.348 0.228 
41 0.15 - 0.375 0.250 2.121 2.102 0.931 0.902 0.333 0.199 
42 0.15 - 0.333 0.208 2.075 2.054 0.891 0.859 0.315 0.152 
43 0.08 - 0.292 0.167 2.02 2.007 0.849 0.825 0.291 0.113 
44 0.08 - 1.915 1.910 1.080 1.068 0.315 0.294 0.083 0.125 
45 0.13 - 1.960 1.944 1.140 1.125 0.365 0.335 0.125 0.146 
46 0.15 - 2.001 1.994 1.195 1.178 0.410 0.388 0.146 0.208 
47 0.17 - 2.023 2.015 1.236 1.218 0.452 0.420 0.167 0.208 
48 0.60 - 1.767 1.756 1.234 1.22 0.723 0.689 0.327 0.249 
49 0.63 - 1.706 1.693 1.174 1.167 0.676 0.657 0.282 0.214 
50 0.50 - 1.638 1.627 1.110 1.106 0.626 0.599 0.245 0.170 

 

Table B-3.  Discharge readings for tilting flume.  Some experiments have no manometer 
readings because the data was gathered directly from a magnetic flowmeter. 

Experiment Manometer reading (ft) Discharge (cfs) 
1 0.20 0.95 
2 0.47 1.46 
3 0.92 2.04 
4 0.22 1.00 
5 0.49 1.49 
6 0.49 1.49 
7 0.92 2.04 
8 0.20 0.95 
9 0.48 1.47 
10 0.91 2.03 
11 0.21 0.97 
12 0.49 1.49 
13 0.92 2.04 
14 0.20 0.95 
15 0.48 1.47 
16 0.93 2.05 
17 0.22 1.00 
18 0.49 1.49 
19 0.92 2.04 
20 0.22 1.00 
21 0.50 1.50 
22 0.93 2.05 

  52



Table B-3 (continued). 
Experiment Manometer reading (ft) Discharge (cfs) 

23 0.18 0.90 
24 0.47 1.46 
25 0.92 2.04 
26 0.16 0.85 
27 0.48 1.47 
28 0.90 2.02 
29 0.17 0.88 
30 0.44 1.41 
31 0.90 2.02 
32  4.93 
33  3.91 
34  2.88 
35  1.88 
36  2.00 
37  2.95 
38  3.92 
39  4.84 
40  5.04 
41  3.98 
42  3.01 
43  1.92 
44  1.82 
45  2.92 
46  3.96 
47  4.95 
48  5.08 
49  4.03 
50  2.91 

 

Table B-4.  Replication slope and point gage readings for channel bottom for tilting flume 
(in feet). 

  Measurement number 
Experiment Slope 3 3c 4 4c 5 5c 6 7 

22b 0.021 1.124 1.245 0.663 0.783 0.238 0.359 0.088 0.326
16b 0.015 0.814 0.935 0.487 0.611 0.183 0.305 0.064 0.272
14b 0.015 0.814 0.935 0.487 0.611 0.183 0.305 0.064 0.272
9b 0.009 0.628 0.752 0.426 0.551 0.235 0.358 0.144 0.353

Table B-5.  Replication point gage reading for water level for tilting flume (in feet). 
 Measurement number 
Experiment 1 2 3 3c 4 4c 5 5c 6 7

22b 0.10 0.46 1.483 1.477 1.013 1.007 0.592 0.586 0.663 0.633
16b 0.39 0.49 1.195 1.184 0.863 0.858 0.546 0.534 0.615 0.578
14b 0.25 0.35 1.085 1.083 0.766 0.758 0.450 0.446 0.472 0.444
9b 0.39 0.44 0.977 0.980 0.782 0.777 0.586 0.586 0.621 0.595

  53



Table B-6.  Replication discharge readings for tilting flume. 
Experiment Manometer reading (ft) Discharge (cfs) 

22b 0.92 2.038 
16b 0.92 2.038 
14b 0.21 0.974 
9b 0.47 1.457 

Table B-7.  Point gage readings for channel bottom for all Sloan flume experiments (in 
feet).  Measurements 1, 6, and 7 did not have any point gage readings because the gantry 

system did not go to those points. 
Measurement number 

2 3 3c 4 4c 5 5c 
0.031 0.08 0.143 0.08 0.143 0.08 0.143 

Table B-8.  Point gage readings for water level in Sloan flume (in feet).  In cases where the 
point gage was unable to reach the measurement point, the data is the actual water depth, 

taken by a ruler. 
 Measurement number 

Experiment 1 2 3 3c 4 4c 5 5c 6 7 
51 0.858 0.945 0.876 0.887 0.833 0.827 0.625 0.613 0.367 0.342
52 0.808 0.947 0.844 0.893 0.827 0.817 0.623 0.613 0.367 0.325
53 0.800 0.944 0.878 0.884 0.824 0.834 0.619 0.618 0.475 0.333
54 0.575 0.936 0.887 0.886 0.818 0.814 0.618 0.612 0.558 0.283
55 0.825 0.914 0.859 0.873 0.792 0.791 0.604 0.599 0.533 0.283
56 0.800 0.917 0.857 0.874 0.798 0.792 0.605 0.601 0.450 0.292
57 0.675 0.917 0.855 0.863 0.801 0.804 0.608 0.599 0.475 0.292
58 0.733 0.799 0.768 0.749 0.702 0.705 0.533 0.523 0.400 0.242
59 0.692 0.802 0.770 0.764 0.700 0.703 0.535 0.523 0.442 0.225
60 0.592 0.735 0.696 0.689 0.648 0.647 0.493 0.486 0.367 0.233
61 0.525 0.737 0.698 0.694 0.647 0.645 0.489 0.487 0.433 0.217
62 0.608 0.659 0.627 0.629 0.580 0.579 0.447 0.445 0.342 0.200
63 0.542 0.658 0.618 0.628 0.575 0.576 0.445 0.437 0.350 0.200
64 0.475 0.653 0.620 0.624 0.583 0.575 0.446 0.442 0.350 0.208
65 0.400 0.458 0.436 0.437 0.408 0.407 0.320 0.315 0.225 0.108
66 0.358 0.453 0.436 0.436 0.410 0.407 0.324 0.316 0.225 0.108
67 1.108 1.119 1.073 1.050 0.977 0.965 0.736 0.729 0.475 0.450
68 0.550 1.092 1.052 1.043 0.966 0.960 0.725 0.716 0.467 0.425
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Table B-9.  Weigh tank data for Sloan flume. 
Experiment Weight (lb) Time (s) Discharge (cfs) 

51 3000 20 2.40 
52 3000 20 2.40 
53 3000 20 2.40 
54 3000 20 2.40 
55 3000 21 2.29 
56 3000 21 2.29 
57 3000 21 2.29 
58 3000 28 1.72 
59 3000 8 1.72 2
60 3000 3 1.46 3
61 3000 33 1.46 
62 3000 42 1.14 
63 3000 42 1.14 
64 3000 42 1.14 
65 3000 98 0.49 
66 3000 99 0.49 
67 3000 14 3.43 
68 3000 16 3.00 
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APPENDIX C 

DATA CALCULATIONS EXAMPLE 

W1 0.10ft:= W3c 1.461ft:= W5 0.591ft:=

W2 0.44ft:= W4 1.004ft:= W5c 0.591ft:=
Water readings

W3 1.466ft:= W4c 1.004ft:= W6 0.664ft:=

W7 0.636ft:=

Mano 0.93ft:= Manometer reading

Calculate average channel reading within corrugations:

C3
C3 C3c+

2
:= C3 1.169ft=

C4
C4 C4c+

2
:= C4 0.717ft=

C5
C5 C5c+

2
:= C5 0.297ft=

Example calculations using experiment 22 from tilting flume:

Collected data: S 0.021:= Channel slope

b 2.95ft:= Channel width

bc 2.815ft:= Average channel width within corrugations

bw 2.685ft:= Channel width at weir

z 0.125ft:= Corrugation height

C3 1.109ft:= C4c 0.778ft:=
C6 0.087ft:=C3c 1.229ft:= C5 0.237ft:= Channel readings
C7 0.326ft:=C4 0.656ft:= C5c 0.358ft:=
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y6 0.577ft=

Calculate discharge: Q 2.125 Mano derived eq. from Venturi meter

Q 2.125
ft

5

2

sec
Mano⋅:=

Q 2.049
ft3

sec
=

Calculate cross-sectional area: A b y⋅

A1 b y1⋅:= A4 bc y4⋅:= A7 bw y7⋅:=

A2 b y2⋅:= A5 bc y5⋅:=

A3 bc y3⋅:= A6 b y6⋅:=

A1 0.295ft2= A4 0.808ft2= A7 0.832ft2=

A2 1.298ft2= A5 0.826ft2=

A3 0.829ft2= A6 1.702ft2=

Calculate average water reading within corrugations:

W3
W3 W3c+

2
:= W3 1.463ft=

W4
W4 W4c+

2
:= W4 1.004ft=

W5
W5 W5c+

2
:= W5 0.591ft=

Calculate water depth: y W C−

y1 W1:= y4 W4 C4−:= y7 W7 C7−:=

y2 W2:= y5 W5 C5−:=

y3 W3 C3−:= y6 W6 C6−:=

y1 0.1ft= y4 0.287ft= y7 0.31ft=

y2 0.44ft= y5 0.293ft=

y3 0.295ft=
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R6 0.415ft=R3 0.244ft=

R5 0.243ft=R2 0.339ft=

R7 0.252ft=R4 0.238ft=R1 0.094ft=

R6
A6
P6

:=
R3

A3
P3

:=

R5
A5
P5

:=R2
A2
P2

:=

R7
A7
P7

:=
R4

A4
P4

:=R1
A1
P1

:=

R
A
P

Calculate hydraulic radius:

P3 3.404ft=
P6 4.104ft=

P5 3.402ft=P2 3.83ft=

P7 3.305ft=P4 3.389ft=P1 3.15ft=

P6 b 2 y6⋅+:=
P3 bc 2 y3⋅+:=

P5 bc 2 y5⋅+:=P2 b 2 y2⋅+:=

P7 bw 2 y7⋅+:=P4 bc 2 y4⋅+:=P1 b 2y1+:=

P b 2y+Calculate wetted perimeter:
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V
Q

7 A7
:=

V5 2.48
ft
s

=V2 1.579
ft
s

=

V7 2.462
s
ft

=V4 2.537
s
ft

=V1 6.947
s
ft

=

V6
Q
A6

:=V3
Q
A3

:=

V5
Q
A5

:=2
Q
A2

V :=

Fr6 0.279=Fr3 0.803=

Fr5 0.807=Fr2 0.42=

Fr7 0.78=Fr4 0.835=Fr1 3.873=

Fr6
V6

g y6⋅
:=

Fr3
V3

g y3⋅
:=

5Fr
V5

g y5⋅
:=

V2
Fr2 g y2⋅

:=

Fr7
V7

g y7⋅
:=Fr4

V4

g y4⋅
:=Fr1

V1

g y1⋅
:=

gy
Fr

VCalculate Froude number:

V 1.204
ft

6 s
=V3 2.472

s
ft

=

V4
Q
A4

:=V1
Q
A1

:=

V
Q
A

Calculate velocity:
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1

Rsa 2.333=Rsa
R + +s3 Rs4 Rs5

3
:=

Rsa
ΣRs

3
Calculate average submerge

Rs5 2.348=

nce ratio:

Rs4 2.296=Rs3 2.356=

Rs5 z

y5
:=R

zs4
y4

:=z
Rs3

y3
:=

Rs
y
z

Calculate corrugation submergence ratio:

na 0.033=na
n3 n4+ n5+

3
:=

5

Calculate corrugation average Manning's 'n':

n 0.034=n 0.033=4n3 = 0.034

n5

1.486
ft 3

1

s
A⋅ R 3

5 5

2

⋅ S⋅

Q
:=

n4

1.486

1

ft 3

s
A4⋅ R4

2

3
⋅ S⋅

Q
:=

n3

1.486
ft

1

3

s
A3⋅ R3

2

3
⋅ S⋅

Q
:=

n
1.486

ft 3

s
A⋅ R 3

2

⋅ S⋅
Calculate corrugation Manning's 'n':

Q

 

  60



Calculate corrugation aspect ratio: R
b

A y
RA3

bc
y3

:= R
bc

A4 y4
:= R

bc
A5 y5

:=

RA3 9.559= RA4 9.80= 8 RA5 9.591=

Calculate average aspect ratio: RAa 3

ΣRA

RAa 3

RA3 RA4+ RA5+
:= RAa 9.653=
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Example calculations using experiment 51 from Sloan flume:

Collected data: t 20s:= Weigh tank collection time

wt 3000lb:=

lb

ft3

C5c 0.143ft:= Channel readings
C3

Weight of water collected

ρ 62.4:= Density of water

b 1.48ft:= Channel width

bc 1.355ft:= Average channel width within corrugations

een measured corrugations
x 9.71ft:=

80ft

3

x34 6.70ft:=
Distance betw

45
z 0.0625ft:= Corrugation height

C2 0.031ft:= C4 0.080ft:= C5 0.0:=

C 0.080ft:= C4c 0.143ft:=

c 0.143ft:=

5 0.625ft:=

W 0.945ft:= W 0.833ft:= W5c 0.613ft:=
Water readings

W3 0.876ft:= W4c 0.827ft:= W6 0.367ft:=

7

Calcula

2

W1 0.858ft:= W3c 0.887ft:= W

2 4

W 0.342ft:=

te average channel reading within corrugations:

C3
C3 C3c+

:= C3 0.111ft=

C4 2

C4 C4c+
:= C4 0.111ft=

C5
5 5c

2

C C+
:= C5 0.111ft=
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Calculate average water reading within corrugations:

W
W3 W3c+

3 2
:= 3 881ftW 0.=

W

y6 0.367ft=

Calculate discharge: Q
wt
t ρ⋅

Q
wt
t ρ⋅

:=

Q 2.404
ft3

sec
=

Calculate cross-sectional area: A b y⋅

A1 b y1⋅:= A4 bc y4⋅:= A7 b y7⋅:=

A2 b y2⋅:= A5 bc y5⋅:=

A3 bc y3⋅:= A6 b y6⋅:=

A1 1.27ft2= A4 0.974ft2= A7 0.506ft2=

A2 1.353ft2= A5 0.688ft2=

A3 1.043ft2= A6 0.543ft2=

4 2

W4 W4c+
:= W 0.83ft=4

W
25

W5 W5c+
:= 9ftW5 0.61=

C depth y W C−alculate water :

y1 := y7 W7:=

y2 C2−:=

y3 W3 C3−:= y6 W6:=

W1 y4 W4 C4−:=

W2 y5 W5 C5−:=

y1 0.858ft= y4 0.718ft= y7 0.342ft=

y2 0.914ft= y5 0.508ft=

y3 0.77ft=
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R6
A6
P6

:=

R1 0.397ft= R4 0.349ft= R7 0.234ft=

R2 0.409ft= R5 0.29ft=

R3 0.36ft= R6 0.245ft=

Calculate velocity: V
Q
A

V1
Q
A1

:= V4
Q
A4

:= V7
Q
A7

:=

V2
Q
A2

:= V5
Q
A5

:=

V3
Q
A3

:= V6
Q
A6

:=

V1 1.893
ft
s

= V4 2.469
ft
s

= V7 4.749
ft
s

=

V2 1.777
ft
s

= V5 3.496
ft
s

=

V3 2.304
ft
s

= V6 4.426
ft
s

=

Calculate wetted perimeter: P b 2y+

P1 b 2y1+:= P4 bc 2 y4⋅+:= P7 b 2 y7⋅+=:

P2 b 2 y2⋅+:= P5 bc 2 y5⋅+:=

P3 bc 2 y3⋅+:= P6 b 2 y6⋅+:=

P1 3.196ft= P4 2.792ft= P7 2.164ft=

P2 3.308ft= P5 2.37ft=

P3 2.895ft= P6 2.214ft=

Calculate hydraulic radius: R
A
P

R1
A1
P1

:= R4
A4
P4

:= R7
A7
P7

:=

R2
A2
P2

:= R5
A5
P5

:=

R3
A3
P3

:=
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Fr3 0.463= Fr6 1.28= 8

Calculate corrugation average velocity:

Fr
Fr3 Fr4+ Fr5+

a 3
:= Fr 0.614=a

Calculate corrugation submergence ratio: Rs
y
z

Rs3
y3
z

:= Rs4
y4
z

:= Rs5
y5
z

:=

Rs3 12.32= Rs4 11.496= Rs5 8.12=

Calculate average submergence ratio: Rsa
ΣRs

3

R
Rs3 Rs4+ Rs5+

sa 3
:= R 10.645=sa

Calculate corrugation average velocity:

Va
V3 V4+ V5+

3
:= a s

V 2.756
ft

=

Calculate Froude number: Fr
V

gy

Fr1
V1

g y1⋅
:= Fr4

V

g y⋅

4

4
:=

Fr
V7

7 g y7⋅
:=

Fr2
V2

g y2⋅
:= Fr5

V5

g y⋅ 5
:=

Fr3
V3

g y3⋅
:=

Fr6 g y6⋅

V6
:=

Fr1 0.36= Fr4 0.514= Fr7 1.432=

Fr2 0.328= Fr5 0.865=
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S45 =S45
45

x45
0.012

E−
:=

S34 5.858 10 3−×=
E34−

S34 x34
:=

Determine e

E45 0.116− ft=

nergy slope between corrugations:

E34 0.039− ft=

E45 E5 E4−:=E34 E4 E−:= 3

E5 0.697ft=

Determine difference in specific energy between corrugations

E5 y5
5

2g

V 2

+:=

E4 0.813ft=
E4 y4

V 2

2g
4

+:=

E3 0.852ft=
E3

V 2

y3
3

2g
+:=

Determine specific energy of each corrugation:

RAa 2.105=

Use Gradually Varied Flow Equation to determine Manning's 'n':

RAa
RA3 RA4+ RA5+

3
:=

Calculate corrugation average aspect ratio:

RA5 2.67=RA4 1.886=RA3 1.76=

RA5
bc
y5

:=RA4
bc
y4

:=
RA3

bc
y3

:=

RA
b
y

Calculate corrugation aspect ratio:
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Determine Manning's 'n' for each section: 

R3 R4+

2

⎛
⎜
⎝ ⎠

2

3
⎞

n34

1.486
ft 3

1

s
S34

V3 V4+

2

⎛
⎜

⎞
:= n34 0.024=

⎝ ⎠

n45

ft 3
1.486

1

s

R4 R5+

2

⎛
⎜
⎝

⎞
⎠

2

3

S45

V V+

2
4 5⎛

⎜
⎝

⎞
⎠

:= n45 0.025=

Determine average Manning's 'n':

n
2

n34 n45+
n 0.025=:=
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APPENDIX D 

SCALING MANNING’S ‘N’ DISCUSSION 

 

It is difficult to scale Manning’s ‘n’ due to the fact that it is empirical in nature.  In order 

to maintain a proper scale, similarity between the model and the p type chieved in 

the geometric, dynamic, and kinematic senses.  For simplicity in the model, a single length scale 

is used, λ , where λ  = λ  / λ , l being a characteristic length and the subscripts m and p for model 

and prototype, respectively. 

When considering open channel flow situations, gravity and inertia are major forces 

acting on the fluid.  Surface tension and viscous forces must also be considered.  Three 

dimensionless numbers are considered in this case, Reynolds number (Re), Froude number (Fr), 

ber (We).  When comparing similarity, the ratio of the m

these three dimensionless numbers should be equal to unity (Henderson 1966).   

In order to have all three ratios equal to unity, the model would have to be run in a 

different gravitational field or using a fluid with a different density and viscosity of water.  These 

solutions are expensive and impractical, so it is necessary to maintain unity in the dimensionless 

ratios in order of importance and check to confirm that the model will still be valid even if not all 

ratios are equal to unity. 

Since gravity and inertia forces are dominant in open channel flow, the Froude number 

ratio should maintain unity: 

roto  must be a

l l m p

and Weber num odel to the prototype for 

1==
p

m
Fr Fr

Fr
λ       (D-1) 

Given the definition of Froude number (Jain 2001): 
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gl
VFr =        (D-2) 

Combining (D-1) and (D-2) result in the complete Froude number ratio: 

  ( ) ( ) 12
1

2
12

1
2
1

==⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

−−

lgV
m

p

m

p

p

m
Fr l

l
g
g

V
V

λλλλ   (D-3) 

It is impractical to run tests in a different gravitational field, so λg = 1, which leads to: 

  ( ) ( )2
1

2
1

1 lVlV λλλλ =→=
−

    (D-4) 

Given (D-4), Manning’s ‘n’ can be scaled as follows (Henderson 1966): 

  
( ) ( ) ( )

( )
( )6

1

2
5

3
8

2

3
2

3
5

2

l

l

l

Vl

ll

p

m
n n

n
λ

λ

λ
λλ
λλ

λ ====

−

  (D-5) 

From (D-5), for the half-scale setup in this experiment, Manning’s ‘n’ should be multiplied by 

1.12 (21/6) to reach full-scale values. 

To check validity of this scaling, the Reynolds number ratio should be checked for unity 

for viscous effects.  Given the definition of Reynolds number (Young, Munson, and Okiishi 

2001): 

  
υµ

ρ VlVl
==Re      (D-6) 

From (D-6), the Reynolds model ratio can be written as: 

       (D-7) 

Most models in open channel flow use identical fluids to their prototype counterpart, so λν = 1, 

 (D-7) can be written as: 

      (D-8) 

( ) 11
Re == −

νλλλλ lV

so

 11 −=→= lVlV λλλλ 
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(D-4) and (D-8) create a problem in that the velocity ratio is not equal.  Because of this, the 

Reynolds number ratio must not be held to unity: 

  ( ) ( ) ( )2
3

2
11 λλλλ == −

Re llllV λλλ ν =    (D-9) 

(D-9) may create problems when scaling model results to a prototype.  In order to 

nning’s ‘n’ will be affec  

Reynolds number and Manning’s ‘n’ mu

Weisbach friction factor 

  

determine if Ma ted from this difference, the relationship between

st be observed.  Manning’s ‘n’ is related to the Darcy-

f as the following equation: 

3R
1

28f =   -10

Reynolds nu er is r  t  lativ ghn / 4 h t ody m.  

Since the relative roughness is dime ess eom l, t tive roughness ratio is 

equal to uni Obser h d ram tion  f becomes nde

Reynolds n er in t io dep t of lds 

number in t egion in  r e roughness ratio is equal to un ann n’ will 

be independ  of Re s r  wh urb low n. fore  model 

and the prototype act under wholly t nt f ey nu il ve ct on 

the scaling annin ’ e 966

The ber nu  sh al  checked for or e t  effe iven 

the definition of Weber numb o un nd i 2

  

gn     (D ) 

mb elated o f and the re e rou ess (ε R) wit he Mo  diagra

nsionl  and g etrica he rela

ty.  ving t e Moo y diag , fric  factor indepe nt of 

umb he reg n of wholly turbulent flow.  Since f is in enden  Reyno

his r  and s ce the elativ ity, M ing’s ‘

ent ynold numbe  in the olly t ulent f  regio   There , if the

urbule low, R nolds mber w l not ha an effe

of M g’s ‘n (Hend rson 1 ). 

 We mber ould so be unity f  surfac ension cts.  G

er (Y ung, M son, a Okiish 001): 

σ
ρ lV 2

We =    -11

From (D-11), the Web odel ratio can be written as: 

  = σρ λλλλλ lVWe (D-12) 

   (D ) 

er m

( ) (2 ) 11 =−     
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As mentioned above, m ls an proto es are e sam ype o uid, ds to 

λρ and λσ eq to unit us 2 be r en a

  )

ode d typ  usually sh  th e t f fl  which lea

ual y.  Th , (D-1 ) can ewritt s: 

( ) ( 2
−

= llWe λλ   (D-13) 

As in  case  R d ber, eber number creates a different relationship 

of the velocity ratio to n tio  doe Frou m s he R ds 

number, the Weber number ra nn  uni

  )2
lWe λλ == −   (D-14) 

In his text, H erson o t s e te can or o ter  are 

maintained above 0.167 feet.  If the water level is kept above 0.167 feet, the Weber number has 

no effect on Manning’s ‘n’ (1966). 

Notations 

The following symbols are used in this appendix: 

 λl = length scale     

 (X)m = characteristic of model (Fr, e.g.) 

 (X)p = characteristic of prototype   

 λFr = Froude number ratio  

 Fr = Froude number 

 V = velocity (ft/s) 

 g = gravitational constant (ft/s2)   

 l = characteristic length (ft)    

 λV = velocity scale 

 λg = gravitational constant scale   

 λn = Manning’s ‘n’ scale 

1
 2λλ 1→= =λVV

 the of the eynol s num  the W

 the le gth ra  than s the de nu ber.  A  with t eynol

tio ca ot be ty: 

(λλρ ) (λλ σ
2λ  1 λ= lllV

end  menti ns tha urfac nsion be ign ed if m del wa  depths
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 Re = Reynolds num  

 ρ 

 µ = dynamic viscosity (lb s/ft2)   

 ν = kinematic viscosity (ft2/s) 

 λRe = Reynolds number ratio     

 λν = kinematic viscosity scale 

 f = Darcy-Weisbach friction factor 

 R = hydraulic radius (ft)   

 ε = roughness (ft) 

 We = Weber number     

 σ = surface tension (lb/ft) 

 λWe = Weber number ratio    

 λρ = density scale 

 λσ = surface tension scale    
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ber   

= density (slugs/ft3) 
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APPENDIX E 

DESIGN EXA

 

MPLE 

n 0.08327y

5

3 6 2y+( )

2−

3
⋅

Solving for n in terms of y

n
1.486 6 y⋅( )⋅

6 y⋅
6 2 y⋅+

⎛⎜
⎝

⎞
⎠

2

3
⋅ 0.005⋅

25

Solving for nn
1.486 A⋅ R

2

3
⋅ S⋅

Q

Manning equation (equation 3)Q
1.486

n
A R

2

3 S

definition of hydraulic radiusR
A
P

:=

definition of perimeterP b 2y+:=

definition of areaA b y⋅:=

finition of su nce ratioRs
y
z

de bmerge:=

finition of as oRA
b
y

de pect rati:=

itial guessy 1ft:=

00525
ft3

sec

in

S 0.:=Q :=z .25ft:=Defining knowns:Solutio

Determ :  Mann

Given ncrete b ert, 6' wide rugations on om and bo
          5 cfs, S

b 6ft:=n:

ine ing's 'n'

:  Co ox culv , 3" cor  the bott th sides
 Q=2 =0.5%
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Using equation 5:

n 0.029
Rs
RA

⎛
⎜
⎝

⎞

⎠

0.184−

5

30.08327y 6 2y+( )

2−

3
⋅ 0.029

2y
6 0.25⋅( )

⎡
⎢

⎤
⎥

⎣ ⎦

0.184−

Putting in terms of y

Solving for y:

y 1.24ft:=

Solving for n:

0.184

n 0.029
1.24( )2

−
⎡ ⎤

6 0.25( )⋅
⎢ ⎥
⎣ ⎦

n 0.0288:=   
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APPENDIX F 

’S ‘N’ 

 

ainties in collected data. 
Measurement (units) Uncertainty 

ERROR ANALYSIS FOR MANNING

Table F-1.  Uncert

Slope distance, SSx (ft) 0.05 
Rod height, SSy (ft) 0.01 

Channel width, Sb (ft) 0.01 
Water depth, Sy (ft) 0.01 

Manometer reading, S  (ft) mano 0.01 
Flowmeter reading, SQ (cfs) 0.10 
Weigh tank weight, Swt (lb) 5 

Weigh tank time, St (s) 0.5 
 

In order to determine the error of Manning’s ‘n’, the Manning equation must be solved 

for ‘n’: 

  
Q

n =   AR 3486.1
2

S     (F-1) 

(F-1) can be rewritten as: 

12
1

3
2

3
5

486.1
−

= SPAn −Q      (F-2) 

From (F-2), Manning’s ‘n’ is a function of A, P, S, and Q.  Therefore, the uncertainty of 

Manning’s ‘n’ can be described as: 

2
1

2222 ])()()()[( QSPAn S
Q
nS

S
nS

P
nS

A
nS

∂
∂

+
∂
∂

+
∂
∂

+
∂
∂

=  (F-3) 

The first term on the right hand side of (F-3) can be manipulated to: 

AAA S
A
n

A
AQSPAS

A
QSPAS

A
n

3
5)486.1(

3
5]486.1[ 12

1
3
2

3
212

1
3
2

3
5

==
∂

∂
=

∂
∂ −

−−
−

  

The second term on the right hand side of (F-3) can be manipulated to: 
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PPP P
S

P ∂
=

∂
S

P
n

P
PQSPASQSPAn

3
2)486.1(2]486.1[ 12

1
3
5

3
512

1
3
2

3
5

−
=

−
= −

−−
−

 

anipulated to: 

∂∂
3

The third term on the right hand side of (F-3) can be m

SS S
S
n

S
SQSPAS

S
QSPA

2
)486.1(

2
1]86 12

1
3
2

3
5233

==
∂

−
−−

 

of (F-3) can be manipulated to: 

1
125

−
−

SSn∂ 4.1[∂
=

S∂

The fourth term on the right hand side 

QQQS
Q ∂

=
∂

S
Q

n
Q
QQSPAS

Q
QSPA −

=−=
∂ −

−−−
−

)486.1(]486.1[ 22
1

3
2

3
512

1
3
2

3
5

 n∂  

From this, (F-3) becomes: 

2
1

2222

3
()

3
[( An S

A
S +=

5n ])()
2

()2
QSP S

Q
nS

S
nS

P
n −

++
−  (F-4)   

(F-4) can be rewritten as: 

2
1

2222 )2()5[( PAn ++=  ])()(
Q
S

S
S QS −

+   (F-5) 

, and Q) require their own measurements, so a separate error 

 the equation for area, A = by, the uncertainty of area 

: 

  

SSS −
233 PAn

Each of these terms (A, P, S

analysis for each term is required.  Given

can be described by the following equation

2
1

22 ])()[( ybA S
y
AS

b
AS

∂
∂

+
∂
∂

=      (F-6) 

Following similar steps as above, (F-6) can be rewritten as: 

  2
1

22 ])()[(
y

S
b
S

A
S ybA +=      (F-7) 

Given the equation for perimeter, P = b + 2y, the uncertainty of perimeter can be 

described as: 
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2
1

222P∂ ])()()[( yS
y
PSPSS
∂
∂

+
∂

+=    (F-8)   ybP yb ∂∂

(F-8) can be rewritten as: 

  2
1

22 ]2S+       (F-9) [SS =P yb

n for slope, S = Sy / Sx, the uncertainty of slope can be described as: Given the equatio

222 ])( SxS
Sx
SSSS

∂
∂

+
∂

=   
1

  (F-10) )[( SyS Sy∂

(F-10) can be rewritten as: 

2
1

22 )()[(
SSxSyS +=  ]      (F-11) 

e and on the pump 

e collected using a manometer connected to a Venturi meter, 

nk, and some were collected directly from a flow meter.  

rom a flow meter do not require an additional error analysis, but 

 weigh tank or from a Venturi meter require additional error analysis. 

cted from a Venturi meter, the following equation was used: 

  

SS −
SxSyS

Discharge was gathered in three different ways depending on the flum

used.  Some discharge data wer

some were collected from a weigh ta

Discharges collected directly f

discharges collected from a

If the discharge was colle

2
1

)(125.2 ManoQ =       (F-12a) 

Assuming there is no error in the coefficient, the error analysis for discharge determined by the 

Venturi meter used is: 

  2
1

2 ])[( ManoQ S
Mano

QS
∂
∂

=      (F-13a) 

(F-13a) can be rewritten as: 
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MManoQ 22 ano
S Mano])[( 2

1
2 ==     (F-14a) 

SS ManoQ

If the discharge was collected from a weigh tank, the following equation was used: 

  
t

Q
4.2

=  wt       (F-12b) 

ined by a weigh tank is: 

6

The error analysis for discharge determ

2
1

22 ])()[( SQ∂
twt S

t
Q

wt ∂
∂

+     (F-13b) QS =  
∂

(F-13b) can be rewritten as: 

  
SQ 2

1
22 ])()[(

SS twt −
+=

t
     (F-14b) 

 (F-5) with (F-7), (F-9), (F-11), and (F-14) gives the following relationships: 

wtQ

Combining

For discharge from the Venturi meter: 

2
1

222
1

2

2
2
1

22
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)
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]2[2
(

Mano
S

P
SS

Mano
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+

+−

  (F-15a) 
2222 )])()5

y
SSS ybn ++=

1

[(
3

[(
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2 ()[(1( Sy −
++

2 SxSy
SS Sx

For discharge from the weigh tank: 

2
1
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1
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1

22

2
2
1
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1
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3
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 (F-15b) 

For discharge from the flow meter: 
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1

222
1

221

3
SSS

P

QSxSy −−

2
2
1

221

])()])

)
]2[2

(5

Q

SSSSS yb

+

+−
+

  (F-15c) 

1

P5 3.401ft=ft
Perimeter dat

2222 )])()[(
3

[(
ybn

ybn +=
  

(+ ()[(
2 SxSy

+

Error anaylsis calculatio

Manning 'n' valuesn5 0.034:=n4 0.033:=n3 0.034:=

Manometer readingMano 0.93ft:=

Sy 0.84ft=Sy S Sx⋅:=
Slope data

SSx 40ft:= 0.02:=

P 3.385=43
a

P5 b 2y5+:=

Uncertainties in measurements0.01ft:=

:=

 equation F-15a.

n example using experiment 22:

Using Venturi meter, so use

SS 0.01ft:= Sx 0.05ftb

SManoS 0.01ft:=y

SSy 0.01ft:=

Channel widthsb 2.815ft:=

y3 0.297ft:=

Water depthsy 0.285ft:=4

y5 0.293ft:=

P4 b 2:=P3 b 2y3+:= y4+

P 3.409ft=
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Determine uncertainty:
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After the error for each point is found, the error for the average Manning’s ‘n’ can be 

found.  The error for Manning’s ‘n’ can be described as: 

2
1

2
5

5

2
4  

4
3

3 33 nna nn ∂∂
2)(1[ a S

n
S +

∂
= ])(

3
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  (F-16) 

: (F-16) can be rewritten as

2
12

5
2
4

2

  3( n
naS =

S
)nn SS ++

     (F-17) 

d error for Manning’s ‘n’ for tilting flume experiments. 
0) Sn/n 

3

Table F-2.  Calculate
 Sn (multiplied by 100

Experiment 3 4 5 Average 3 4 5 Average 
1 2.26 2.19 2.17 2.21 7.3% 7.4% 7.4% 7.4% 
2 1.69 1.66 1.62 1.66 6.3% 6.4% 6.4% 6.4% 
3 1.47 1.47 1.48 1.47 5.8% 5.8% 5.8% 5.8% 
4 2.20 2.21 2.17 2.19 7.1% 7.1% 7.2% 7.2% 
5 1.68 1.69 1.78 1.72 5.6% 5.5% 5.2% 5.4% 
6 1.67 1.68 1.62 1.66 5.6% 5.6% 5.8% 5.7% 
7 1.36 1.38 1.41 1.38 4.8% 4.7% 4.6% 4.7% 
8 2.59 2.64 2.63 2.62 7.7% 7.5% 7.5% 7.6% 
9 1.84 1.88 1.86 1.86 6.0% 5.8% 5.9% 5.9% 
10 1.50 1.49 1.47 1.49 4.9% 5.0% 5.1% 5.0% 
11 2.83 2.75 2.72 2.77 7.7% 8.0% 8.1% 7.9% 
12 2.00 1.99 1.98 1.99 6.2% 6.2% 6.3% 6.2% 
13 1.58 1.59 1.55 1.57 5.3% 5.3% 5.5% 5.4% 
14 3.06 3.06 2.95 3.03 8.4% 8.4% 8.8% 8.5% 
15 2.21 2.18 2.15 2.18 6.4% 6.5% 6.7% 6.5% 
16 1.75 1.73 1.68 1.72 5.3% 5.4% 5.7% 5.5% 
17 3.22 3.18 3.27 3.22 8.2% 8.3% 8.1% 8.2% 
18 2.34 2.31 2.25 2.30 6.7% 6.8% 7.1% 6.8% 
19 1.87 1.85 1.92 1.88 5.6% 5.7% 5.4% 5.5% 
20 3.34 3.30 3.35 3.33 8.6% 8.7% 8.5% 8.6% 
21 2.45 2.41 2.47 2.44 6.8% 6.9% 6.7% 6.8% 
22 1.96 1.93 1.95 1.94 5.8% 5.9% 5.8% 5.8% 
23 4.25 4.18 4.10 4.17 9.3% 9.6% 9.8% 9.6% 
24 2.86 2.84 2.75 2.82 7.4% 7.4% 7.9% 7.6% 
25 2.27 2.21 2.13 2.20 6.1% 6.3% 6.8% 6.4% 
26 5.31 4.94 4.85 5.04 9.3% 10.2% 10.5% 10.0% 
27 3.13 3.12 3.03 3.10 7.9% 7.9% 8.3% 8.0% 
28 2.51 2.47 2.42 2.47 6.6% 6.8% 7.0% 6.8% 
29 5.40 5.59 5.10 5.37 9.5% 9.1% 10.3% 9.6% 
30 3.67 3.66 3.39 3.58 7.4% 7.4% 8.4% 7.7% 
31 2.64 2.78 2.57 2.66 6.9% 6.3% 7.2% 6.8% 
32 1.86 1.91 1.90 1.89 6.1% 5.9% 6.0% 6.0% 
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Table F-2 (continued). 
 Sn (multiplied by 1000) Sn/n 

Experiment 3 4 5 Average 3 4 5 Average 
33 2.36 2.36 2.29 2.33 6.5% 6.5% 6.7% 6.6% 
34 3.10 3.10 3.04 3.08 7.5% 7.5% 7.7% 7.6% 
35 4.54 4.37 4.36 4.43 9.6% 9.9% 9.9% 9.8% 
36 4.07 3.86 3.77 3.90 8.9% 9.2% 9.4% 9.1% 
37 2.77 2.79 2.65 2.73 7.3% 7.2% 7.6% 7.4% 
38 2.21 2.24 2.11 2.19 6.1% 6.0% 6.4% 6.2% 
39 1.94 1.85 1.81 1.86 5.2% 5.5% 5.6% 5.4% 
40 1.57 1.64 1.58 1.60 5.3% 5.0% 5.3% 5.2% 
41 1.92 2.01 1.92 1.95 5.9% 5.7% 5.9% 5.8% 
42 2.41 2.51 2.41 2.44 7.0% 6.8% 7.0% 6.9% 
43 3.72 3.77 3.77 3.75 9.0% 8.9% 8.9% 8.9% 
44 3.55 3.47 3.39 3.47 8.6% 8.7% 8.8% 8.7% 
45 2.15 2.23 2.12 2.17 6.7% 6.5% 6.8% 6.6% 
46 1.66 1.74 1.65 1.68 5.6% 5.3% 5.6% 5.5% 
47 1.33 1.44 1.37 1.38 5.1% 4.7% 5.0% 4.9% 
48 1.25 1.20 1.09 1.18 4.1% 4.2% 4.7% 4.3% 
49 1.50 1.44 1.34 1.43 4.8% 4.9% 5.3% 5.0% 
50 1.98 1.90 1.76 1.88 5.9% 6.1% 6.4% 6.1% 
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APPENDIX G 

ER 

 

DETERMINATION OF “BARRIER” FROUDE NUMB

(Jain, p. 90)

delz .25 ft:=Fr c 1:=b c 5.5 ft:=b 1 6ft:=

umber where hydraulic jump will not occur when reaching corrugation.

 and both sides

Solve for y1, determine "barrier" Froude number

y 1
3 4.313 10 4−⋅ Q 2+ 0.1433 Q

2

3 y 1
2− 0.25 y 1

2− 0

Create a root equation

y 1
Q 2

b 1 y 1⋅( )2 2⋅ g
+ 0.1433 Q

2

3 0.25+

E1 0.1433 Q

2

3 0.25+:=

Ec 0.1433 Q

2

3:=

Ec 0.1009 Q

2

3 0.0424 Q

2

3+:=

Replacing yc in specific energy equation
Ec 0.1009 Q 3

2
Q 2

b c .1009 Q

2

3
⎛
⎜
⎝

⎞

⎠⋅

⎡⎢
⎢⎣

⎤⎥
⎥⎦

2

2⋅ g

+:=

y c 0.1009 Q 3

2

:=

Solve for yc

Q A c g y c⋅⋅:=

Vc g y c⋅:=Fr = 1 -->

(Jain, p. 84)Fr
g y⋅

V
:=

(Continuity equation, V=Q/A)c c
A 2 2⋅ g

E y
Q 2

c

+:=

(JainEc y c
c

2g
, p. 90) 

V 2

+:=

E E delz+:=1 c

DeSolution: fining known:

Determine:  "Barrier" Froude n

Given:  Concrete box culvert, 6' wide, 3" corrugations on the bottom
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Table G-1.  Numerical values of equations for various discharges. 
Disch. Crit. depth Crit. spec. ener. Upstr. spec. ener. 

E (ft) 
Upstr. depth 

y1 (ft) 
Froude num. 

FrB

Solved Q/(b1y1
3/2g1/2)

0.140 2.814 
0.952 0.247 2.388 
1.170 0.342 2.199 

1.115 1.365 0.429 2.087 
3 1.294 1.544 0.511 2.011 

1.461 1.711 0.588 1.955 
 1.869 0.661 1.911 

1.770 2.020 0.732 1.876 
1.914 2.164 0.800 1.847 
2.054 2.304 0.866 1.822 

2.438 0.930 1.801 
2.569 0.992 1.783 

2.446 2.696 1.053 1.767 
2.820 1.113 1.752 
2.941 1.171 1.739 

2.809 3.059 1.228 1.728 
25 3.175 1.283 1.717 
39 3.289 1.338 1.707 

1.392 1.698 
1.445 1.690 

Q (cfs)  yc (ft) Ec (ft) 1 

chosen Q2/3/(bc
2/3g1/3) yc + Vc

2/2g Ec + z 
.295 0.442 0.692 5 0

10 0.468 0.702 
15 0.614 0.920 
20 0.743 
25 0.86
30 0.974 
35 1.079 1.619
40 1.180 
45 1.2
50 1.36

76 
9 

55 1.459 2.188 
60 1.546 2.319 
65 1.631 
70 1.713 2.570 

1.794 2.691 75 
80 1.873 
85 1.950 2.9

2.026 3.090 
95 2.100 3.151 3.401 

3.510 100 2.173 3.260 
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APPENDIX H 

 

 OF ROADS 
 Analysis Program (BCAP) 

 

0 m 

, Square Edge (90-45 deg.) 
.012 
 Coeff.: 0.0376 

Steep Section Slope: 0 m/m 
Outlet Section Slope: 0 m/m 
CULVERT PROFILE DATA 
Type: Single Broken-Back 
Inlet Station: 0.000 m 
Inlet Elevation: 10.000 m 
Lower Break Station: 10.000 m 
Lower Break Elevation: 9.790 m 
Outlet Station: 37.200 m 
Outlet Elevation: 9.220 m 

BCAP PROGRAM OUTPUTS 

Experiment 22, test (a) setup: 
 
NEBRASKA DEPARTMENT

k CulvertBroken-Bac
PROJECT INFO 
Project: Increasing Rougness 

xperiment 22a Station or Location: E
Date: 05 / 04 / 2006 
DISCHARGE DATA 
Minimum: 0.000 cms 
Design Discharge: 0.328 cms 
Maximum: 1.000 cms 
Number of Barrels: 1 
TAILWATER DATA 
Type: Downstream 
Channel Shape: Rectangle 
Bottom Width
Bottom Slope:

: 1.80 m 
 0.021 m/m

Roughness Coefficient: 0.012 
CULVERT DATA 
Type: Concrete Box 
Span (per barrel): 1.8
Rise: 1.80 m 
Inlet Type: Headwall
Roughness Coefficient: 0

ssOutlet Section Roughne
Inlet Section Slope: N.A. 
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Experiment 22, test (a) results: 

P) 

uare Edge (90-45 deg.) 
ILE 

ocity: 1.06 m/s 
lic Jump: N/A m 

Jump: N/A m/s 
p: 0.08 m 

 
NEBRASKA DEPARTMENT OF ROADS 

Culvert Analysis Program (BCABroken-Back 
PROJECT INFO 
Project: Increasing Rougness 
Station or Location: Experiment 22a 
Date: 05/04/2006 
CULVERT DATA 
Discharge: .328 cms 
Shape: Box 
Material: Concrete 
Size: 1-1.8 m x 1.8 m 

all, SqInlet Type: Headw
WATER SURFACE PROF
Inlet Depth: 0.15 m 

 Inlet Velocity: 1.21 m/s
Upper Break Depth: 0.15 m 
Upper Break Velocity: 1.21 m/s 
Lower Break Depth: 0.17 m 
Lower Break Vel
Depth at End of Hydrau
Velocity at End of Hydraulic 

 Hydraulic JumDepth at End of
Velocity at End of Hydraulic Jump: 2.22 m/s 
OUTPUT DATA 
Head Water Depth: 0.25 m 

5 m Inlet Control Elevation: 10.2
Break Control Elevation: 0 m 
Critical Depth: 0.15 m 
Tailwater Depth: 0.08 m 
Hydraulic Jump? NO 
Outlet Depth: 0.17 m 
Outlet Velocity: 1.04 m/s 
Outlet Froude No.: .8 
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Experiment 22, test (b) setup: 
 
NEBRASKA DEPARTMENT OF ROADS 
Broken-Back Culvert Analysis Program (BCAP) 
PROJECT INFO 
Project: Increasing Rougness 

2b 
2006 

 

0.328 cms 

e 

deg.) 
0.012 

: 0.0376 

m/m 
0.021 m/m 

ack 
0 m 

m 
000 m 

 9.790 m 
Outlet Station: 37.200 m 
Outlet Elevation: 9.220 m 

Station or Location: Experiment 2
Date: 05 / 04
DISCHARGE DATA

 / 

Minimum: 0.000 cms 
Design Discharge: 
Maximum: 1.000 cms 
Number of Barrels: 1 
TAILWATER DATA 
Type: Downstream 
Channel Shape: Rectangl
Bottom Width: 1.80 m 
Bottom Slope: 0.021 m/m 

.012 Roughness Coefficient: 0
CULVERT DATA 
Type: Concrete Box 
Span (per barrel): 1.80 m 
Rise: 1.80 m 

Headwall, Square Edge (90-45 Inlet Type: 
Roughness Coefficient: 
Outlet Section Roughness Coeff.
Inlet Section Slope: N.A. 

0.571 Steep Section Slope: 
Outlet Section Slope: 

A CULVERT PROFILE DAT
Type: Single Broken-B
Inlet Station: 0.00
Inlet Elevation: 15.500 

10.Lower Break Station: 
Lower Break Elevation:
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Experiment 22, test (b) results: 
 
NEBRASKA DE
Broken-Back Culvert Analysis Program (BCAP) 
PROJECT INFO 
Project: Increasing Rougness 
Station or Locati
Date: 05/04/2006 
CULVERT DATA 
Discharge: .328 cms 
Shap
Material: Concrete 
Size: 1-1.8 m x 1.8 m 
Inlet Type: Headwall, Square Edge (90-45 deg.) 
WATER SURFACE PROFILE 
Inlet Depth: 0.15 m 
Inlet Velocity: 1.21 m/s 
Upper Break Depth: 0.15 m 
Upper Break Velocity: 1.21 m/s 
Lower Break Depth: 0.06 m 
Lower Break Velocity: 3.10 m/s 
Depth at End of Hydraulic Jump: 0.73 m 
Velocity at End of Hydraulic Jump: .90 m/s 
Depth at End of Hydraulic Jump: 0.08 m 
Velocity at End of Hydraulic Jump: 2.22 m/s 
OUTPUT DATA 
Head Water Depth: 0.16 m 
Inlet Control Elevation: 15.66 m 
Break Control Elevation: 0 m 
Critical th: 0.15 
Tailwater pth: 0.08
Hydraulic Jump? YES 
Jump Stat : 11.24 m
Jump Length: 0.70 m 
Outlet Depth: 0.15 m 
Outlet Velocity: 1.21 m/s 
Outlet Fr e No.: 1.

PARTMENT OF ROADS 

on: Experiment 22b 

e: Box 

Dep m 
 De  m 

ion  

oud 0 
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Experiment 27, test (a) setup: 
 
NEBRASKA DEPARTMENT OF ROADS 
Brok ve s AP)
PROJECT INFO 
Project: Increasing Rougness 
Station or Location: Experiment 27a 
Date: 05 04 / 200
DISCHARGE DATA 
Minimum: 0.000 cms 
Design Discharge: 0.236 cms 
Maximum: 1.000 cms 
Number o arrels: 
TAILWATER DATA 
Type: Downstream 
Channel Shape: Rectangle 
Bottom W h: 1.80 
Bottom Slope: 0.04 m/m 
Roughness Coefficient: 0.012 
CULVERT DATA 
Type: Concrete Box 
Span (per barrel): 1.80 m 
Rise: 1.80 m 
Inlet Ty  Headwall Square Edg (90-45 deg.
Roughness Coefficient: 0.012 
Outlet Section Roughness Coeff.: 0.0434 
Inlet Section Slope: N.A. 
Steep Section Slope: 0.571 m/m 
Outlet Section Slope: 0.021 m/m 
CULVERT FILE DATA
Type: Single Broken-Back 
Inlet Station: 0.000 m 
Inlet Elevation: 10.000 m 
Lower Break Station: 10.000 m 
Lower Break Elevation: 9.600 m 
Outlet Station: 37.200 m 
Outlet Elevation: 8.510 m 

en-Back Cul rt Analy is Program (BC  

 / 6 

f B 1 

idt m 

pe: , e ) 

PRO  
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Experiment 27, test (a) results: 
 
NEBRASKA DEPARTMENT OF ROADS 
Bro l l  (B
PROJECT INFO 
Project: Increasing Rougness 
Station o ocation: E eriment 27a
Date: 05/04/2006 
CULVERT DATA 
Discharge: .236 cms 
Shape: Bo
Material: Concrete 
Size: 1-1.8 m x 1.8 m 
Inlet Type: Headwall, Square Edge (90-45 deg.) 
WATER SURFACE PROFILE 
Inlet Depth: 0.12 m 
Inlet Velocity: 1.09 m/s 
Upper Break Depth: 0.12 m 
Upper Break Velocity: 1.09 m/s 
Lower Break Depth: 0.13 m 
Lower Break Velocity: 1.04 m/s 
Depth at End of Hydraulic Jump: N/A m 
Velocity at End of Hydraulic Jump: N/A m/s 
Depth at End of Hydraulic Jump: 0.06 m 
Velocity at End of Hydraulic Jump: 2.27 m/s 
OUTPUT DATA 
Head Water Depth: 0.20 m 
Inlet Control Elevation: 10.20 m 
Break Control Elevation: 0 m 
Critical th: 0.12 
Tailwater pth: 0.06
Hydraulic Jump? NO 
Outlet Depth: 0.13 m 
Outlet Velocity: 1.04 m/s 
Outlet Froude No.: .9 

ken-Back Cu vert Ana ysis Program CAP) 

r L xp  

x 

Dep m 
 De  m 
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Experiment 27, test (b) setup: 
 
NEBRASKA DEPARTMENT OF ROADS 
Broken-Back Culvert Analysis Program (BCAP) 
PROJECT INFO 
Project: Increasing Rougness 
Station or Location: Experiment 27b 
Date: 05 / 04 / 2006 
DISCHARGE DATA 
Minimum: 0.000 cms 
Design Discharge: 0.236 cms 
Maximum: 1.000 cms 
Number of Barrels: 1 
TAILWATER DATA 
Type: Downstream 
Channel Shape: Rectangle 
Bottom Width: 1.80 m 
Bottom Slope: 0.04 m/m 
Roughness Coefficient: 0.012 
CULVERT DATA 
Type: Concrete Box 
Span (per barrel): 1.80 m 
Rise: 1.80 m 
Inlet Type: Headwall, Square Edge (90-45 deg.) 
Roughness Coefficient: 0.012 
Outlet Section Roughness Coeff.: 0.0434 
Inlet Section Slope: N.A. 
Steep Section Slope: 0.79 m/m 
Outlet Section Slope: 0.0401 m/m 
CULVERT PROFILE DATA 
Type: Single Broken-Back 
Inlet Station: 0.000 m 
Inlet Elevation: 17.500 m 
Lower Break Station: 10.000 m 
Lower Break Elevation: 9.600 m 
Outlet Station: 37.200 m 
Outlet Elevation: 8.510 m 
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Experiment 27, test (b) results: 
 
NEBRASKA DEPARTMENT OF ROADS 
Broken-Back Culvert Analysis Program (BCAP) 
PROJECT INFO 
Project: Increasing Rougness 
Station or Location: Experiment 27b 
Date: 05/04/2006 
CULVERT DATA 
Discharge: .236 cms 
Shape: Box 
Material: Concrete 
Size: 1-1.8 m x 1.8 m 
Inlet Type: Headwall, Square Edge (90-45 deg.) 
WATER SURFACE PROFILE 
Inlet Depth: 0.12 m 
Inlet Velocity: 1.09 m/s 
Upper Break Depth: 0.12 m 
Upper Break Velocity: 1.09 m/s 
Lower Break Depth: 0.05 m 
Lower Break Velocity: 2.82 m/s 
Depth at End of Hydraulic Jump: 1.20 m 
Velocity at End of Hydraulic Jump: .80 m/s 
Depth at End of Hydraulic Jump: 0.06 m 
Velocity at End of Hydraulic Jump: 2.27 m/s 
OUTPUT DATA 
Head Water Depth: 0.12 m 
Inlet Control Elevation: 17.62 m 
Break Control Elevation: 0 m 
Critical Depth: 0.12 m 
Tailwater Depth: 0.06 m 
Hydraulic Jump? YES 
Jump Station: 10.76 m 
Jump Length: 0.56 m 
Outlet Depth: 0.12 m 
Outlet Velocity: 1.09 m/s 
Outlet Froude No.: 1.0 
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Experiment 40, test (a) setup: 
 
NEBRASKA DEPARTMENT OF ROADS 
Broken-Back Culvert Analysis Program (BCAP) 
PROJECT INFO 
Project: Increasing Rougness 
Station or Location: Experiment 40a 
Date: 05 / 04 / 2006 
DISCHARGE DATA 
Minimum: 0.000 cms 
Design Discharge: 0.806 cms 
Maximum: 1.000 cms 
Number of Barrels: 1 
TAILWATER DATA 
Type: Downstream 
Channel Shape: Rectangle 
Bottom Width: 1.80 m 
Bottom Slope: 0.06 m/m 
Roughness Coefficient: 0.012 
CULVERT DATA 
Type: Concrete Box 
Span (per barrel): 1.80 m 
Rise: 1.80 m 
Inlet Type: Headwall, Square Edge (90-45 deg.) 
Roughness Coefficient: 0.012 
Outlet Section Roughness Coeff.: 0.0347 
Inlet Section Slope: N.A. 
Steep Section Slope: 0.06 m/m 
Outlet Section Slope: 0.0599 m/m 
CULVERT PROFILE DATA 
Type: Single Broken-Back 
Inlet Station: 0.000 m 
Inlet Elevation: 10.000 m 
Lower Break Station: 10.000 m 
Lower Break Elevation: 9.400 m 
Outlet Station: 37.200 m 
Outlet Elevation: 7.770 m 
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Experiment 40, test (a) results: 
 
NEBRASKA DEPARTMENT OF ROADS 
Broken-Back Culvert Analysis Program (BCAP) 
PROJECT INFO 
Project: Increasing Rougness 
Station or Location: Experiment 40a 
Date: 05/04/2006 
CULVERT DATA 
Discharge: .806 cms 
Shape: Box 
Material: Concrete 
Size: 1-1.8 m x 1.8 m 
Inlet Type: Headwall, Square Edge (90-45 deg.) 
WATER SURFACE PROFILE 
Inlet Depth: 0.27 m 
Inlet Velocity: 1.64 m/s 
Upper Break Depth: 0.27 m 
Upper Break Velocity: 1.64 m/s 
Lower Break Depth: 0.21 m 
Lower Break Velocity: 2.18 m/s 
Depth at End of Hydraulic Jump: N/A m 
Velocity at End of Hydraulic Jump: N/A m/s 
Depth at End of Hydraulic Jump: 0.11 m 
Velocity at End of Hydraulic Jump: 4.20 m/s 
OUTPUT DATA 
Head Water Depth: 0.44 m 
Inlet Control Elevation: 10.44 m 
Break Control Elevation: 0 m 
Critical Depth: 0.27 m 
Tailwater Depth: 0.11 m 
Hydraulic Jump? NO 
Outlet Depth: 0.21 m 
Outlet Velocity: 2.18 m/s 
Outlet Froude No.: 1.5 

  94



Experiment 40, test (b) setup: 
 
NEBRASKA DEPARTMENT OF ROADS 
Broken-Back Culvert Analysis Program (BCAP) 
PROJECT INFO 
Project: Increasing Rougness 
Station or Location: Experiment 40b 
Date: 05 / 04 / 2006 
DISCHARGE DATA 
Minimum: 0.000 cms 
Design Discharge: 0.806 cms 
Maximum: 1.000 cms 
Number of Barrels: 1 
TAILWATER DATA 
Type: Downstream 
Channel Shape: Rectangle 
Bottom Width: 1.80 m 
Bottom Slope: 0.06 m/m 
Roughness Coefficient: 0.012 
CULVERT DATA 
Type: Concrete Box 
Span (per barrel): 1.80 m 
Rise: 1.80 m 
Inlet Type: Headwall, Square Edge (90-45 deg.) 
Roughness Coefficient: 0.012 
Outlet Section Roughness Coeff.: 0.0347 
Inlet Section Slope: N.A. 
Steep Section Slope: 0.41 m/m 
Outlet Section Slope: 0.0599 m/m 
CULVERT PROFILE DATA 
Type: Single Broken-Back 
Inlet Station: 0.000 m 
Inlet Elevation: 13.500 m 
Lower Break Station: 10.000 m 
Lower Break Elevation: 9.400 m 
Outlet Station: 37.200 m 
Outlet Elevation: 7.770 m 
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Experiment 40, test (b) results: 
 
NEBRASKA DEPARTMENT OF ROADS 
Broken-Back Culvert Analysis Program (BCAP) 
PROJECT INFO 
Project: Increasing Rougness 
Station or Location: Experiment 40b 
Date: 05/04/2006 
CULVERT DATA 
Discharge: .806 cms 
Shape: Box 
Material: Concrete 
Size: 1-1.8 m x 1.8 m 
Inlet Type: Headwall, Square Edge (90-45 deg.) 
WATER SURFACE PROFILE 
Inlet Depth: 0.27 m 
Inlet Velocity: 1.64 m/s 
Upper Break Depth: 0.27 m 
Upper Break Velocity: 1.64 m/s 
Lower Break Depth: 0.11 m 
Lower Break Velocity: 3.94 m/s 
Depth at End of Hydraulic Jump: N/A m 
Velocity at End of Hydraulic Jump: N/A m/s 
Depth at End of Hydraulic Jump: 0.11 m 
Velocity at End of Hydraulic Jump: 4.20 m/s 
OUTPUT DATA 
Head Water Depth: 0.33 m 
Inlet Control Elevation: 13.83 m 
Break Control Elevation: 0 m 
Critical Depth: 0.27 m 
Tailwater Depth: 0.11 m 
Hydraulic Jump? NO 
Outlet Depth: 0.21 m 
Outlet Velocity: 2.18 m/s 
Outlet Froude No.: 1.5 
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Experiment 40, test (c) setup: 
 
NEBRASKA DEPARTMENT OF ROADS 
Broken-Back Culvert Analysis Program (BCAP) 
PROJECT INFO 
Project: Increasing Rougness 
Station or Location: Experiment 40c 
Date: 05 / 04 / 2006 
DISCHARGE DATA 
Minimum: 0.000 cms 
Design Discharge: 0.806 cms 
Maximum: 1.000 cms 
Number of Barrels: 1 
TAILWATER DATA 
Type: Downstream 
Channel Shape: Rectangle 
Bottom Width: 1.80 m 
Bottom Slope: 0.06 m/m 
Roughness Coefficient: 0.012 
CULVERT DATA 
Type: Concrete Box 
Span (per barrel): 1.80 m 
Rise: 1.80 m 
Inlet Type: Headwall, Square Edge (90-45 deg.) 
Roughness Coefficient: 0.012 
Outlet Section Roughness Coeff.: 0.0347 
Inlet Section Slope: N.A. 
Steep Section Slope: 0.41 m/m 
Outlet Section Slope: 0.0254 m/m 
CULVERT PROFILE DATA 
Type: Single Broken-Back 
Inlet Station: 0.000 m 
Inlet Elevation: 13.500 m 
Lower Break Station: 10.000 m 
Lower Break Elevation: 9.400 m 
Outlet Station: 37.200 m 
Outlet Elevation: 8.720 m 
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Experiment 40, test (c) results: 
 
NEBRASKA DEPARTMENT OF ROADS 
Broken-Back Culvert Analysis Program (BCAP) 
PROJECT INFO 
Project: Increasing Rougness 
Station or Location: Experiment 40c 
Date: 05/04/2006 
CULVERT DATA 
Discharge: .806 cms 
Shape: Box 
Material: Concrete 
Size: 1-1.8 m x 1.8 m 
Inlet Type: Headwall, Square Edge (90-45 deg.) 
WATER SURFACE PROFILE 
Inlet Depth: 0.27 m 
Inlet Velocity: 1.64 m/s 
Upper Break Depth: 0.27 m 
Upper Break Velocity: 1.64 m/s 
Lower Break Depth: 0.11 m 
Lower Break Velocity: 3.94 m/s 
Depth at End of Hydraulic Jump: 0.95 m 
Velocity at End of Hydraulic Jump: 1.20 m/s 
Depth at End of Hydraulic Jump: 0.11 m 
Velocity at End of Hydraulic Jump: 4.20 m/s 
OUTPUT DATA 
Head Water Depth: 0.33 m 
Inlet Control Elevation: 13.83 m 
Break Control Elevation: 0 m 
Critical Depth: 0.27 m 
Tailwater Depth: 0.11 m 
Hydraulic Jump? YES 
Jump Station: 12.86 m 
Jump Length: 1.33 m 
Outlet Depth: 0.27 m 
Outlet Velocity: 1.64 m/s 
Outlet Froude No.: 1.0 
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APPENDIX I 

RAW DATA FOR VELOCITY PROFILE EXPERIMENTS 

 

Table I-1.  Sampling positions for each experiment. 

Experiment # Sample # Measurement # 

Vertical 
Distance from 

Datum (ft) 

Transverse 
Distance from 

Center (ft) 
69 1 3 0.06 0.94 
69 2 3 0.06 0.45 
69 3 3 0.06 0.03 
69 4 3 0.06 0.49 
69 5 3 0.06 1.01 
69 6 3 0.18 1.01 
69 7 3 0.18 0.49 
69 8 3 0.18 0.03 
69 9 3 0.18 0.45 
69 10 3 0.18 0.94 
69 11 3 0.30 0.94 
69 12 3 0.30 0.45 
69 13 3 0.30 0.03 
69 14 3 0.30 0.49 
69 15 3 0.30 1.01 
69 16 3c 0.17 1.01 
69 17 3c 0.17 0.49 
69 18 3c 0.17 0.03 
69 19 3c 0.17 0.45 
69 20 3c 0.17 0.94 
69 21 3c 0.28 0.94 
69 22 3c 0.28 0.45 
69 23 3c 0.28 0.03 
69 24 3c 0.28 0.49 
69 25 3c 0.28 1.01 
70 1 3 0.09 0.97 
70 2 3 0.09 0.48 
70 3 3 0.09 0 
70 4 3 0.09 0.48 
70 5 3 0.09 0.97 
70 6 3 0.24 0.97 
70 7 3 0.24 0.48 
70 8 3 0.24 0 
70 9 3 0.24 0.48 
70 10 3 0.24 0.97 
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Table I-1 (continued). 

Experiment # Sample # Measurement # 

Vertical 
Distance from 

Datum (ft) 

Transverse 
Distance from 

Center (ft) 
70 11 3 0.39 0.97 
70 12 3 0.39 0.48 
70 13 3 0.39 0 
70 14 3 0.39 0.48 
70 15 3 0.39 0.97 
70 16 3c 0.21 0.97 
70 17 3c 0.21 0.48 
70 18 3c 0.21 0 
70 19 3c 0.21 0.48 
70 20 3c 0.21 0.97 
70 21 3c 0.36 0.97 
70 22 3c 0.36 0.48 
70 23 3c 0.36 0 
70 24 3c 0.36 0.48 
70 25 3c 0.36 0.97 
71 1 3 0.05 1.14 
71 2 3 0.05 0.61 
71 3 3 0.05 0.08 
71 4 3 0.05 0.45 
71 5 3 0.05 0.99 
71 6 3 0.16 0.99 
71 7 3 0.16 0.45 
71 8 3 0.16 0.08 
71 9 3 0.16 0.61 
71 10 3 0.16 1.14 
71 11 3 0.27 1.14 
71 12 3 0.27 0.61 
71 13 3 0.27 0.08 
71 14 3 0.27 0.45 
71 15 3 0.27 0.99 
71 16 3c 0.16 1.03 
71 17 3c 0.16 0.51 
71 18 3c 0.16 0.01 
71 19 3c 0.16 0.53 
71 20 3c 0.16 1.04 
71 21 3c 0.28 1.04 
71 22 3c 0.28 0.53 
71 23 3c 0.28 0.01 
71 24 3c 0.28 0.51 
71 25 3c 0.28 1.03 
72 1 3 0.12 1.11 
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Table I-1 (continued). 

Experiment # Sample # Measurement # 

Vertical 
Distance from 

Datum (ft) 

Transverse 
Distance from 

Center (ft) 
72 2 3 0.12 0.58 
72 3 3 0.12 0.05 
72 4 3 0.12 0.48 
72 5 3 0.12 1.02 
72 6 3 0.21 1.02 
72 7 3 0.21 0.48 
72 8 3 0.21 0.05 
72 9 3 0.21 0.58 
72 10 3 0.21 1.11 
72 11 3 0.30 1.11 
72 12 3 0.30 0.58 
72 13 3 0.30 0.05 
72 14 3 0.30 0.48 
72 15 3 0.30 1.02 
72 16 3c 0.14 1.14 
72 17 3c 0.14 0.60 
72 18 3c 0.14 0.06 
72 19 3c 0.14 0.48 
72 20 3c 0.14 1.03 
72 21 3c 0.22 1.03 
72 22 3c 0.22 0.48 
72 23 3c 0.22 0.06 
72 24 3c 0.22 0.60 
72 25 3c 0.22 1.14 
73 1 3 0.09 1.14 
73 2 3 0.09 0.56 
73 3 3 0.09 0.02 
73 4 3 0.09 0.60 
73 5 3 0.09 1.18 
73 6 3 0.24 1.18 
73 7 3 0.24 0.60 
73 8 3 0.24 0.02 
73 9 3 0.24 0.56 
73 10 3 0.24 1.14 
73 11 3 0.39 1.14 
73 12 3 0.39 0.56 
73 13 3 0.39 0.02 
73 14 3 0.39 0.06 
73 15 3 0.39 1.18 
73 16 3c 0.22 1.14 
73 17 3c 0.22 0.56 
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Table I-1 (continued). 

Experiment # Sample # Measurement # 

Vertical 
Distance from 

Datum (ft) 

Transverse 
Distance from 

Center (ft) 
73 18 3c 0.22 0.02 
73 19 3c 0.22 0.60 
73 20 3c 0.22 1.18 
73 21 3c 0.38 1.18 
73 22 3c 0.38 0.60 
73 23 3c 0.38 0.02 
73 24 3c 0.38 0.56 
73 25 3c 0.38 1.14 
74 1 3 0.07 1.15 
74 2 3 0.07 0.57 
74 3 3 0.07 0.01 
74 4 3 0.07 0.59 
74 5 3 0.07 1.16 
74 6 3 0.20 1.16 
74 7 3 0.20 0.59 
74 8 3 0.20 0.01 
74 9 3 0.20 0.57 
74 10 3 0.20 1.15 
74 11 3 0.33 1.15 
74 12 3 0.33 0.57 
74 13 3 0.33 0.01 
74 14 3 0.33 0.59 
74 15 3 0.33 1.16 
74 16 3 0.46 1.16 
74 17 3 0.46 0.59 
74 18 3 0.46 0.01 
74 19 3 0.46 0.57 
74 20 3 0.46 1.15 
74 21 3 0.59 1.15 
74 22 3 0.59 0.57 
74 23 3 0.59 0.01 
74 24 3 0.59 0.59 
74 25 3 0.59 1.16 
74 26 3 0.72 1.16 
74 27 3 0.72 0.59 
74 28 3 0.72 0.01 
74 29 3 0.72 0.57 
74 30 3 0.72 1.15 
74 31 3c 0.21 1.15 
74 32 3c 0.21 0.57 
74 33 3c 0.21 0.01 
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Table I-1 (continued). 

Experiment # Sample # Measurement # 

Vertical 
Distance from 

Datum (ft) 

Transverse 
Distance from 

Center (ft) 
74 34 3c 0.21 0.59 
74 35 3c 0.21 1.16 
74 36 3c 0.36 1.16 
74 37 3c 0.36 0.59 
74 38 3c 0.36 0.01 
74 39 3c 0.36 0.57 
74 40 3c 0.36 1.15 
74 41 3c 0.51 1.15 
74 42 3c 0.51 0.57 
74 43 3c 0.51 0.01 
74 44 3c 0.51 0.59 
74 45 3c 0.51 1.16 
74 46 3c 0.66 1.16 
74 47 3c 0.66 0.59 
74 48 3c 0.66 0.01 
74 49 3c 0.66 0.57 
74 50 3c 0.66 1.15 
75 1 3 -0.02 0 
75 2 3 0.02 0 
75 3 3 0.06 0 
75 4 3 0.10 0 
75 5 3 0.14 0 
75 6 3 0.18 0 
75 7 3 0.22 0 
75 8 3 0.26 0 
75 9 3 0.30 0 
75 10 3 0.34 0 
75 11 3 0.38 0 
75 12 3 0.42 0 
75 13 3 0.46 0 
75 14 3c 0.09 0 
75 15 3c 0.12 0 
75 16 3c 0.15 0 
75 17 3c 0.18 0 
75 18 3c 0.21 0 
75 19 3c 0.24 0 
75 20 3c 0.27 0 
75 21 3c 0.30 0 
75 22 3c 0.33 0 
75 23 3c 0.36 0 
75 24 3c 0.39 0 
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Table I-1 (continued). 

Experiment # Sample # Measurement # 

Vertical 
Distance from 

Datum (ft) 

Transverse 
Distance from 

Center (ft) 
75 25 3c 0.42 0 
75 26 3c 0.45 0 
76 1 3 -0.03 0 
76 2 3 0.00 0 
76 3 3 0.03 0 
76 4 3 0.06 0 
76 5 3 0.09 0 
76 6 3 0.12 0 
76 7 3 0.15 0 
76 8 3 0.18 0 
76 9 3 0.21 0 
76 10 3 0.24 0 
76 11 3 0.27 0 
76 12 3 0.30 0 
76 13 3c 0.09 0 
76 14 3c 0.12 0 
76 15 3c 0.15 0 
76 16 3c 0.18 0 
76 17 3c 0.21 0 
76 18 3c 0.24 0 
76 19 3c 0.27 0 
76 20 3c 0.30 0 
77 1 3 -0.03 0 
77 2 3 0.00 0 
77 3 3 0.03 0 
77 4 3 0.06 0 
77 5 3 0.09 0 
77 6 3 0.12 0 
77 7 3 0.15 0 
77 8 3 0.18 0 
77 9 3 0.21 0 
77 10 3 0.24 0 
77 11 3 0.27 0 
77 12 3c 0.09 0 
77 13 3c 0.12 0 
77 14 3c 0.15 0 
77 15 3c 0.18 0 
77 16 3c 0.21 0 
77 17 3c 0.24 0 
77 18 3c 0.27 0 
78 1 3 -0.02 0 
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Table I-1 (continued). 

Experiment # Sample # Measurement # 

Vertical 
Distance from 

Datum (ft) 

Transverse 
Distance from 

Center (ft) 
78 2 3 0.02 0 
78 3 3 0.06 0 
78 4 3 0.10 0 
78 5 3 0.14 0 
78 6 3 0.18 0 
78 7 3 0.22 0 
78 8 3 0.26 0 
78 9 3 0.30 0 
78 10 3 0.34 0 
78 11 3 0.38 0 
78 12 3c 0.09 0 
78 13 3c 0.12 0 
78 14 3c 0.15 0 
78 15 3c 0.18 0 
78 16 3c 0.21 0 
78 17 3c 0.24 0 
78 18 3c 0.27 0 
78 19 3c 0.30 0 
78 20 3c 0.33 0 
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Table I-2.  SNR and average streamwise velocity for each sample. 
Experiment # Sample # SNR (dB) Streamwise velocity (cm/s) 

69 1 21.8 -4.57 
69 2 22.1 0.88 
69 3 19.1 -3.02 
69 4 16.0 -15.9 
69 5 16.6 -10.7 
69 6 20.0 6.65 
69 7 20.3 9.59 
69 8 20.4 17.1 
69 9 20.4 24.9 
69 10 21.0 25.1 
69 11 5.89 47.4 
69 12 0.56 - 
69 13 1.06 - 
69 14 7.70 45.5 
69 15 21.0 77.0 
69 16 16.3 -2.31 
69 17 15.3 10.8 
69 18 12.6 -31.6 
69 19 14.8 20.4 
69 20 17.9 23.4 
69 21 7.42 42.7 
69 22 1.61 - 
69 23 2.16 - 
69 24 13.2 18.9 
69 25 21.2 40.4 
70 1 26.0 -13.8 
70 2 28.2 -11.8 
70 3 42.3 -7.03 
70 4 56.3 0.95 
70 5 47.9 0.35 
70 6 24.3 65.3 
70 7 23.7 73.2 
70 8 23.5 75.3 
70 9 23.6 77.5 
70 10 24.2 84.2 
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Table I-2 (continued). 
Experiment # Sample # SNR (dB) Streamwise velocity (cm/s) 

70 11 2.54 - 
70 12 1.10 - 
70 13 1.46 - 
70 14 1.48 - 
70 15 3.61 - 
70 16 40.3 14.7 
70 17 50.5 6.96 
70 18 48.2 17.5 
70 19 31.2 29.2 
70 20 26.1 58.3 
70 21 9.85 74.4 
70 22 1.93 - 
70 23 1.70 - 
70 24 2.71 - 
70 25 9.81 69.2 
71 1 43.2 -0.11 
71 2 37.6 -6.38 
71 3 20.5 -3.85 
71 4 18.4 -42.4 
71 5 21.3 -12.8 
71 6 25.1 -18.4 
71 7 10.6 0.50 
71 8 17.1 1.87 
71 9 10.7 7.24 
71 10 17.9 21.0 
71 11 6.18 36.0 
71 12 0.57 - 
71 13 0.79 - 
71 14 0.65 - 
71 15 1.64 - 
71 16 22.7 25.7 
71 17 13.5 7.75 
71 18 17.8 7.79 
71 19 14.8 21.0 
71 20 13.0 25.2 
71 21 0.88 - 
71 22 0.64 - 
71 23 0.96 - 
71 24 0.74 - 
71 25 2.29 - 
72 1 15.9 -12.2 

 
 



  108

Table I-2 (continued). 
Experiment # Sample # SNR (dB) Streamwise velocity (cm/s) 

72 2 15.5 -23.7 
72 3 19.9 -15.4 
72 4 13.9 16.2 
72 5 27.6 -15.9 
72 6 23.9 -17.6 
72 7 20.6 -7.41 
72 8 20.8 -10.7 
72 9 19.9 -12.8 
72 10 19.2 -10.4 
72 11 10.8 56.6 
72 12 0.41 - 
72 13 0.53 - 
72 14 0.88 - 
72 15 2.01 - 
72 16 12.8 -92.3 
72 17 12.3 8.92 
72 18 21.3 9.49 
72 19 35.5 1.56 
72 20 25.4 -0.53 
72 21 1.23 - 
72 22 1.12 - 
72 23 1.43 - 
72 24 1.54 - 
72 25 12.8 38.6 
73 1 21.1 -18.8 
73 2 39.8 9.09 
73 3 53.5 0.62 
73 4 32.9 -1.89 
73 5 17.2 -2.99 
73 6 17.4 41.2 
73 7 16.6 43.6 
73 8 15.4 39.9 
73 9 13.6 30.6 
73 10 15.2 25.8 
73 11 16.8 47.1 
73 12 14.7 44.2 
73 13 16.6 51.0 
73 14 18.3 60.3 
73 15 18.6 54.5 
73 16 40.8 8.16 
73 17 46.8 5.32 
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Table I-2 (continued). 
Experiment # Sample # SNR (dB) Streamwise velocity (cm/s) 

73 18 30.4 13.6 
73 19 18.2 24.3 
73 20 16.6 39.4 
73 21 18.4 51.9 
73 22 17.5 55.9 
73 23 16.5 49.4 
73 24 15.1 46.2 
73 25 15.7 47.8 
74 1 16.8 -13.1 
74 2 11.1 2.54 
74 3 15.0 -0.13 
74 4 25.0 -2.34 
74 5 40.0 -11.7 
74 6 19.7 31.0 
74 7 18.3 17.3 
74 8 17.6 6.78 
74 9 19.4 2.60 
74 10 21.4 9.41 
74 11 21.5 53.5 
74 12 21.2 59.8 
74 13 20.7 55.3 
74 14 18.8 42.3 
74 15 20.0 50.9 
74 16 20.2 54.6 
74 17 18.8 46.5 
74 18 20.8 58.6 
74 19 21.6 59.6 
74 20 20.4 53.9 
74 21 21.3 68.5 
74 22 20.9 68.5 
74 23 20.6 65.5 
74 24 20.6 60.3 
74 25 21.6 61.8 
74 26 22.5 58.6 
74 27 20.0 61.9 
74 28 4.73 - 
74 29 15.4 65.5 
74 30 22.9 68.3 
74 31 14.3 12.7 
74 32 15.4 17.4 
74 33 12.1 16.1 
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Table I-2 (continued). 
Experiment # Sample # SNR (dB) Streamwise velocity (cm/s) 

74 34 19.6 13.2 
74 35 20.5 31.6 
74 36 20.9 54.0 
74 37 20.1 53.4 
74 38 21.0 65.3 
74 39 21.1 70.3 
74 40 21.2 62.0 
74 41 21.9 68.9 
74 42 22.2 78.7 
74 43 21.3 69.2 
74 44 20.3 54.9 
74 45 20.9 54.1 
74 46 21.2 54.7 
74 47 21.0 58.5 
74 48 21.7 70.1 
74 49 22.5 79.3 
74 50 22.5 71.2 
75 1 22.4 -5.34 
75 2 33.2 -1.71 
75 3 16.2 -4.04 
75 4 44.4 -3.00 
75 5 16.7 -14.9 
75 6 17.0 9.42 
75 7 17.1 50.6 
75 8 17.4 62.0 
75 9 17.5 69.9 
75 10 17.9 75.1 
75 11 11.9 77.2 
75 12 2.15 - 
75 13 4.69 - 
75 14 21.8 -1.28 
75 15 28.5 1.10 
75 16 11.6 -5.11 
75 17 18.1 4.75 
75 18 39.0 13.5 
75 19 16.9 56.4 
75 20 17.1 44.5 
75 21 17.2 69.1 
75 22 17.3 73.3 
75 23 17.5 76.7 
75 24 6.67 68.5 
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Table I-2 (continued). 
Experiment # Sample # SNR (dB) Streamwise velocity (cm/s) 

75 25 1.77 - 
75 26 2.54 - 
76 1 21.4 1.93 
76 2 33.1 -2.31 
76 3 9.31 -42.6 
76 4 23.6 -28.0 
76 5 39.9 -4.88 
76 6 12.8 -8.38 
76 7 13.0 3.03 
76 8 13.0 15.1 
76 9 13.2 35.4 
76 10 13.6 48.5 
76 11 13.8 53.0 
76 12 3.74 - 
76 13 15.5 8.14 
76 14 26.3 -0.36 
76 15 7.93 -116 
76 16 13.9 9.43 
76 17 42.6 8.34 
76 18 13.8 41.5 
76 19 14.1 36.3 
76 20 1.46 - 
77 1 21.7 1.07 
77 2 30.8 4.39 
77 3 13.5 4.15 
77 4 26.6 -1.56 
77 5 43.6 -4.80 
77 6 19.6 -10.2 
77 7 18.5 2.26 
77 8 6.81 5.73 
77 9 0.74 - 
77 10 0.42 - 
77 11 3.31 - 
77 12 16.5 7.45 
77 13 21.3 -0.64 
77 14 13.5 -14.8 
77 15 7.63 8.45 
77 16 1.61 - 
77 17 1.11 - 
77 18 5.72 28.2 
78 1 27.0 -0.35 
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Table I-2 (continued). 
Experiment # Sample # SNR (dB) Streamwise velocity (cm/s) 

78 2 23.2 1.62 
78 3 19.0 -17.9 
78 4 50.5 -0.69 
78 5 20.8 -15.5 
78 6 18.4 6.78 
78 7 11.8 32.2 
78 8 3.86 - 
78 9 0.87 - 
78 10 0.65 - 
78 11 4.31 - 
78 12 14.6 -8.32 
78 13 26.8 1.61 
78 14 15.4 7.65 
78 15 20.3 25.9 
78 16 17.0 6.81 
78 17 2.08 - 
78 18 0.78 - 
78 19 0.51 - 
78 20 1.02 - 
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